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Resumé

Opstilling af troveerdige vandbalancer pad markskdkr regionalt skala kraever ngjagtige estimater
af stgrrelsen af balancens enkelte led. Det ertaterset, at beregnede afstramningsopgerelser fra
vandlgbsoplande overstiger malte vaerdier med @Dt¥o, og det er sandsynliggjort at starstedelen
af denne fejlestimering stammer fra fejlberegnesl#bmrs- og evapotranspirationsveerdier. Fejl af
denne starrelsesorden vil pad mark- og oplandsskatifare veesentlige fejlskan i forbindelse med
fx vandingsplanlaegning, beregning af udvaskningsafingsstoffer og pesticider, baeredygtig
forvaltning af grundvandsindvinding, vandressoutaeleegning mv. Selv safremt blot halvdelen af
vandbalancens afvigelse pa 30 % stammer fra dvefeijnet evapotranspiration, vil ungjagtigheder
af denne stgrrelsesorden veere afggrende i foriseaetd eksempelvis vandingsplanleegning af
markafgrader. Blot halvvejs gennem vandingssaesahder veere oparbejdet en afvigelse mellem
faktisk og beregnet evapotranspiration pa 30 mnal &tadeficit af denne starrelsesorden vil

afgrader dyrket pa sandede jorder veere udsat fatsteess.

Ved beregning af evapotranspiration indgar et antteorologiske drivvariable. Usikkerheder i
disse meteorologiske ligningsinput medfarer betgealsikkerheder og bidrager til fejlskan af
evapotranspirationens stagrrelse. Fejlestimerirdeaiprimaere meteorologiske energiinput i form af
nettostraling savel som en undervurdering af mdeiopningen fra afgrader i forhold til en
graesbevokset jordoverflade kan bidrage til en exedninderestimering af evapotranspirationen.
For at teste disse hypoteser blev der gennemfahalyse af eksisterende modellers
tilstreekkelighed til at beregne langbglget indstidl PA baggrund heraf blev resultaterne fra savel
eksisterende som nyudviklede modeller til beregmifhgettostraling analyseret og sammenlignet
med op til fire uafhaengige meteorologiske data Batomheden af beregning af reference
evapotranspiration, dvs. evapotranspirationenriraeddefineret greesdeekket jordoverflade, i
forhold til den anvendte metode til at estimeraosttaling blev undersggt. Endelig blev
evapotranspirationen fra vinterhvede, malt vhayemivarians udstyr gennem afgrgdens
vaekstsaeson, sammenlignet med reference evapotatitspmed henblik pa udledning af
afgrgdekoefficienter. De anvendte meteorologiska deet stammede fra Taastrup og Foulum i
Danmark og Cérdoba og Zaragoza i Spanien. Fokeg palideligheden og gyldigheden af de
meteorologiske data seet, blev de forud for anveedehderkastet et omfattende

kvalitetskontrolprogram hvori eventuelle fejimalargolev identificeret og fejlene afhjulpet.



Resultaterne viste en markant forskel i resultaddandt de 20 afpravede modeller til beregning af
langbglget indstraling i dagtimerne under skyfrhimid. Sammenlignet med malte vaerdier af
langbglget indstraling under skyfri betingelsemaa$trup og Foulum varierede systematiske fejl
(MBE) fra -23 til 15 W ni. Resultaterne fra modellerne forbedredes vedug bf meget klare dag
(lav turbiditet af atmosfaeren) og 2) ved at aggredieneveerdier til degnveerdier. Resultaterne viste
derimod ingen eller lav falsomhed overfor 1) hvdtwpvindsomraderne var domineret af
henholdsvis vegetation eller befeestede arealer, 2)larstid. | alt fire modeller blev fundet avgi

tilfredsstillende resultater.

| forbindelse med beregning af nettostraling bleadeiler baseret pa henholdsvis 1) regression, 2)
fysisk-empirisk udledte sammenhaenge baseret parSBafltzman teori og 3) reducerede
sammenhaenge baseret pa Stefan-Boltzman teorivafpiodellerne blev anvendt under brug af
savel lokalt kalibrerede model koefficienter, kagéfnter kalibreret til det pageeldende klima som
koefficienter hentet i litteraturen. Resultaterigte;, at nettostralingsmodellerne som var baséret p
regression udviste god overensstemmelse med naltdier hvis de blev anvendt pa samme
lokalitet (med et uafhaengigt data saet) som hvoffikeanterne var beregnet, men stor variabilitet
hvis de blev anvendt pa andre lokaliteter. Modddseret pa Stefan-Boltzman teori udviste mindre
folsomhed overfor lokalitet, om end resultaterrevifbrbedret ved at graduere modellernes
koefficienter for skydaekke efter klimazone. Redeltae var i bedst overensstemmelse med malte
veerdier i forars- og sommermanederne, og nar niitiogjen blev beregnet pa dggnbasis frem for
pa timebasis. Resultaterne fra modellerne baséretcucerede Stefan-Boltzman sammenhaenge

var i overensstemmelse med resultaterne fra madelleaseret pa Stefan-Boltzman teori.

Falsomheden af beregningen af timeveerdier for eafsx evapotranspiration i forhold til hvordan
nettostraling var estimeret blev testet. Sammeatigmed reference fordampning beregnet under
brug af malte vaerdier af nettostraling, blev dexdiet en MBE ned til 0.01 mm pr. dag ved brug af

beregnede veerdier af nettostraling.

Der blev opnaet en overensstemmelse mellem nétliogien beregnet fra energibalancen fra eddy
covarians malingerne i en vinterhvede mark til afheengig maling af nettostraling foretaget i
samme mark pa mellem 55 og 75 %. Latent varmefiukginterhvede blev som gennemsnit over
to ars malinger i vaekstsaesonen fundet til at vedre Hajere end reference evapotranspiration.
Denne veerdi overstiger maximumtaersklen pa 1.0 stligdare har vaeret anvendt i Danmark. Dette
antyder, at evapotranspirationen har veeret undieret i tidligere vandbalancestudier.



Summary

Considerable uncertainties are involved when estahp a water balance at field or regional scale.
Discrepancies of up to 30 % between calculatednagasured stream flows have been observed.
The major uncertainties arise from the estimatmi®ecipitation and evapotranspiration
components of the water balances. On field andnregiscale this magnitude of error will cause
considerable mistakes in estimations of e.qg. itiggeand solute leaching, in sustainable ground
water management, water resource planning etc. Ewaty half the 30 % discrepancy is from an
incorrect evapotranspiration estimation, uncert@of this magnitude is intolerable for e.g. an
irrigation scheduler. Only half way through thegation season a 30 mm discrepancy between the
actual and calculated soil water content would oc&tithis deficit crops would experience water

stress on sandy soils.

Calculation of evapotranspiration includes a nundfeneteorological variables. Errors in net
radiation, which is the main meteorological enesgyrce in the calculations, and an
underestimation of the actual evapotranspiratiomfcrops compared to the evapotranspiration
from a grass covered surface may contribute tatioertainties in the water balances. In order to
test these hypothesises an analysis of the perfmenaf existing models to estimate daytime long
wave incoming radiation was conducted. Based antki@ predictions from existing and new
models to calculate net radiation was analyzedcanapared to measured values of net radiation
from up to four independent meteorological data.sBte sensitivity of calculating reference
evapotranspiration, i.e. the evapotranspiratiomfeowell defined grass covered surface, to the
method of establishing net radiation was analyEethlly was the evapotranspiration from winter
wheat, measured using an eddy covariance systangdhe growing season, compared to
reference evapotranspiration in order to estalglisp coefficients. The meteorological data sets
were from Taastrup and Foulum in Denmark and Cédotdl Zaragoza in Spain. The quality of
the meteorological data set were scrutinized ghieranalysis thereby identifying erroneous
measurements. Measurements flagged for some kied@f by the quality control system were

corrected or omitted from the analysis.

The results showed a large difference in the ptedis of twenty models for calculating daytime
long wave radiation. Compared to measured valueteaf sky long wave irradiance in Taastrup
and Foulum the mean bias error (MBE) of the modetijgtions varied from -23 to 15 WmnThe



predictions of the models were improved 1) whengisery clear days with low atmospheric
turbidity, and 2) when aggregating the daytime hounput to daily daytime input. No
improvements in the performance of the models vi@red when dividing the data set by 1)
whether the upwind surface type was mainly urbarovered with vegetation, and 2) season. Four

models were found to give consistent and satisfactsults.

When calculating net radiation models based omrdyession, 2) physical-empirical equations
based on full Stefan-Boltzman theory and 3) redu&tedan-Boltzman type models were used. The
models were used with locally calibrated model fioeits, model coefficients calibrated for the
climate at the site as well as using coefficieragfthe literature. Models based on regression
showed good agreement with measured net radiatilies when the models were used at the same
site as they were calibrated at (using a splitstagjaHowever, the regression type models showed
considerable variability when used with other aalilon coefficients than the locally calibrated
ones. Models based on Stefan-Boltzman theory vesiedensitive to whether locally calibrated
model coefficients were used. The performance edé¢hmodels did, however, improve when the
model coefficients accounting for cloud cover wadgusted with respect to climate regime. The
models made better predictions during spring amehser, and when calculating net radiation for
daily time steps rather than hourly time steps. pédormance of the reduced Stefan-Boltzman

models resembled the performance of the full St8fltzman theory models.

The sensitivity of the estimations of hourly valuéseference evapotranspiration with respect to
how net radiation was estimated was analyzed. Coedga reference evapotranspiration
calculated using measured net radiation, MBE asds®w.01 mm daywas found when using

calculated values of net radiation.

When comparing the eddy covariance measuremeats ittdependent measurement of net
radiation in the winter wheat field, there was aerrgy balance closure between 55 and 75 %.
Evapotranspiration from the winter wheat was fotmdxceed reference evapotranspiration by
1.14. This value is higher than the maximum valug.0 commonly used in Denmark. This
indicates that evapotranspiration has been und®as in previous water balance studies.

Vi
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1 Introduction

The process of when a liquid substance is convéotedpour phase is termed evaporation. In
cases where the phase change is from solid to vaipeyphenomena is called sublimation.
Vaporization of water through the stomata of livppignts is termed transpiration. For a
vegetated land surface the evaporation of waterthe air from the soil and wet vegetation
surfaces is difficult to separate from vegetatiamspiration, and the two terms are often

combined in the term evapotranspiration (ET) (MjIlE977; Marschner, 1995).

1.1 Rationale

In a natural ecosystem water is continuously ioutation. Water evaporates into the
atmosphere from land and sea surfaces, water vagptransported with the wind before the
vapour condenses and falls to the ground. Pretigitéalling on a land surface is either
intercepted by a vegetation canopy, infiltratesshigace, accumulates on the surface or run off
laterally. Water accumulated at the soil surfaatiarthe upper soil layers is either lost to the
atmosphere as evapotranspiration from the soiegetation, or percolates to deeper soil layers
and contributes to a change in storage of soil ma@téhe formation of ground water. From

here the water is stored or flows to streams, lakeisoceans (Brutsaert, 1982).

It is necessary to understand the mechanisms aridgiforces behind each part of the
hydrological cycle to fully encompass the mecharésmd magnitude of the overall water
circulation. One important part of the water cyisl¢he fate and function of water after arriving
at the upper or lower boundary of the strata aasediwith growing land plants, normally a

few metres above and below the ground surfaceaotume of soil at a suitable scale, i.e. a
field or a region and using the principle of conséion of mass a water balance can be set up,
keeping track of water added to and withdrawn ftbensystem. Water is added to the system
through precipitation, irrigation, upward capilldtgw and lateral flow into the system. Water
leaves the system through evapotranspiration, d@nshyercolation out of the root zone and
runoff. Water balances on regional scale is usialgulated by aggregation based on different
vegetation cover, soil type, climate regime et¢himithe region (Hillel, 1998).

At present, considerable uncertainties are invowkdn establishing a water balance on field
or regional scale. The major uncertainties arééntérms for precipitation and ET (Plauborg et
al., 2002; Refsgaard et al., 2003). Uncertaintiesedrom factors such as inappropriate

measurement technique and equipment, calculatronseand that estimations are normally



scaled from one point to e.g. field or regionallscln Denmark precipitation is measured at
meteorological stations scattered throughout thumicg using rain gauges of the Hellman type.
Its design causes a measurement loss from insttunetting and aerodynamic effects.
Corrections to account for these losses have hegyested (Allerup and Madsen, 1979;
Allerup et al., 1998; Vejen, 2002), but may be ffisient (Refsgaard et al., 2003). Examples
of errors in ET measurement are given in Paper V.

The implications of incorrect estimation of thentsrof the water balance can be large. When
estimating nutrient leaching from agricultural éielduring the National Land Monitoring
Programme (LOOP), Grant et al. (2001) calculatécta leaching for a individual fields by
multiplying an estimated percolation with a meadurgrate concentration. The magnitude of
calculated nitrate loss was therefore highly depahdn percolation being estimated correctly.
Percolation was estimated as the remaining unkrfoavn a water balance set up for the test
sites. Refsgaard et al. (2001, 2003) questionesahdity of the approaches for estimating
evapotranspiration and precipitation. When usirggpércolation values reported by Grant et al.
(2001) Refsgaard et al. (2001, 2003) found thatetied stream flows were 30 % higher than
measured stream flows in the LOOP catchments. silggested that Grant et al. (2001)
overestimated the percolation. Based on thesetseRafsgaard et al. (2003) and Henriksen
and Refsgaard (2003) recommended that the use agditade of correction factors for
precipitation measurements and the estimation apevanspiration should be scrutinized.
Even if incorrect evapotranspiration estimationyatplains half of the 30 % discrepancy, ET
under-predictions of a magnitude of 15 % is intalde for e.g. an irrigation scheduler. A 30
mm discrepancy between actual and calculated saénveontent would occur only half way
through the irrigation season. At this deficit csapould start to experience water stress on
sandy soils (Hillel, 1998; Twine et al. 2000).

As noted by e.g. Detlefsen and Plauborg (2001)Riadborg et al. (2002) lack of reliable
meteorological input has caused considerable waiogytin ET estimations. Although they are
considered to give better predictions of evapopaason, Penman-Monteith type equations
(Penman, 1948; Monteith, 1965; Shuttleworth andl&¢al 1985; Mikkelsen and Olesen,
1991; Allen et al., 1998; ASCE-EWRI, 2005) has bepted out in favour of the more simple
Makkink (1957) equation in a number of recent aggilons (Plauborg et al., 2002; Styczen et
al., 2005). The main advantages of the Makkink &gnare it requires fewer input data and is

relatively less sensitive to the quality of theuhmeteorological variables compared to



Penman-Monteith type equations (Aslyng and Hank@82; Hansen, 1984; Plauborg et al.,
2002).

One of the meteorological variables contributingstrto uncertainties when estimating ET is
estimating the energy available to drive evapopaaton, viz. net radiation and air
temperature (FAO, 1990; Allen et al., 1998). Meamgnts of solar radiation and air
temperature are part of the routine measuremegramume at most weather stations, including
the station network operated by the Danish Metegiio&l Institute (Scharling, 2000; Scharling
and Kern-Hensen, 2002; Styczen et al., 2005). aation is normally only measured at well
equipped research weather stations (Hansen, 200&;,d& and Duchon, 2000; Alados et al.,
2003). The commonly used Penman-Monteith type ampgmgenerally requires net radiation as
one of its meteorological input. The Makkink (19579del (and the Penman-Monteith based
model proposed by Mikkelsen and Olesen (1991)) ssks radiation as input. Hence, to
enable the use of the Penman-Monteith type equateonumber of additional calculations for

estimating net long wave radiation and net radmtrust be carried out.

1.2 Objectives

Considering the large differences between measanmddkstimated water balances and that
available water resources is becoming scarceritarhenderstanding of the uncertainties in the
estimation of evapotranspiration is of importaridee aim of this study was to evaluate the
magnitude of errors associated with calculatingiminig long wave radiation and devise
models that can be used in subsequent calculatfomst radiation. Another goal was to
develop new models for calculation of net radiathowl test their performance along with
existing models from the literature against measwedues in order to evaluate what
magnitude of errors there are associated withatkation estimations. As net radiation is
commonly used in estimation of evapotranspiratéonpther goal was to test the relative
magnitude of error introduced when using calculaétder than measured net radiation
estimations and to establish an estimate of tHg defual evapotranspiration for a winter
wheat crop

The improved knowledge is required at appropriatdes to establish reliable water balances,
water resources planning, in agricultural water aggment, studies of nutrient leaching from

arable land etc.



2. General literature review

Ancient Greek and Chinese philosophers trying solkee the mystery of why the oceans did
not overflow when rivers ran into them establisttelfirst rational explanations of
evapotranspiration on record. As early as in tigataicentury B.C. the Greek Hesiode (1928,
c.f. Brutsaert, 1982) made an attempt to deschbatmospheric part of the hydrological
cycle. In his fourth century B.C. work “Meteoroldgyhe Greek Aristotle proposed that
atmospheric moisture was a result of water evapdray solar radiation or other heat source
(Aristotle, 1952, c.f. Brutsaert, 1982). Some & #arliest experimental studies of evaporation
were conducted by Perrault (1733, c.f. Brutsa@&82) and Halley (Philip, 1979). Based on
their experiments Perrault and Halley suggestetntbiaonly solar energy but also wind and air
temperature influenced evaporation of water in r@atin the beginning of the nineteenth
century Dalton included air humidity as a factontrolling the rate of evaporation (Dalton,
1802, c.f. Brutsaert, 1982). Towards the end ofiheteenth century relationships between
evaporation and meteorological variables were bestgblished laying the basis for the
development of the empirical and physical baseg@enaion and evapotranspiration

calculation methods currently used (Brutsaert, 188nteith and Unsworth, 1990).

2.1 Radiation at the surface of the Earth
At temperatures above absolute zero all objects rgiation at intensities proportional to the
fourth power of their temperature. The flux of i@thn R over all wavelengths from an object
is calculated from Stefan-Boltzmans law

R=&oT* (1)

whereo is the Stefan-Boltzmann constants the emissivity of the object afds its absolute

surface temperature.

2.1.1 Short wave radiation

The spectrum of short wave radiation from the sgaeived at the top of the atmosphere
resembles the spectrum from an object having asetemperature of approximately 6000 K
ande=1. At the outer edge of the atmosphere the shavewadiation flux density is denoted

the solar constant. Based on satellite measurertfentolar constant has been estimated to be



in the 1367 — 1395 W frange (Hickey et al., 1982; Miller, 1981; Brut4ad®082; Arya,

2001). The deviating estimates may be attributeslitospot activity, improved measurement
technique and variations in sun-Earth distancel@k)ill981; Arya, 2001). Allen et al. (1998)
recommended 1367 W'

As a result of the curvature of the Earth andtitsosphere, radiation from the sun is received
at an angley to the normal. Following Lambert’s cosine law, thdiant energy absorbed by a
surface is proportional to cgs The short wave radiation flux density received abrizontal
plane at the top of the atmosphere is termed extestrial radiation (Arya, 2001).

Short wave radiation flux density, spectral composiand angular distribution are modified
as it passes through the atmosphere as a resdatéring, absorption and reflection by
clouds, atmospheric gasses, particles and aer@udst wave radiation incident on the ground
surface has two distinct directional propertieg, direct radiation from the sun, and diffuse
radiation scattered by the atmosphere (Jensen; 2Ig6 et al., 1998). Allen et al. (1998)
noted that on a clear sky day with low atmosphteribidity, potential clear sky radiation
incident on the ground surface is approximatelYw6f extraterrestrial radiation. This
percentage is smaller at low sun angles, as tha beaels through a larger quantity of air.

A fraction of the incoming short wave radiatigris reflected by the surface. The quantity
reflected relative t& is termed albedo and varies from 0.05 for wet Isareto 0.95 for fresh
snow (Brutsaert, 1982). For short vegetation sigcpraen grass and most field crops the
albedo is in the 0.18-0.27 range (Fritschen, 18&Ima and Badham, 1972; Brutsaert, 1982;
Meyer et al., 1999). Doorenbos and Pruitt (197¢pmemended 0.25 for most field crops. FAO
(1990), Allen et al. (1998) and ASCE-EWRI (2005jided a reference surface and used an
albedo of 0.23. The albedo value varies as conseguaf sun angle, and shows diurnal and
annual variations (Kalma and Badham, 1972; Pakrilgd Platt, 1976; Dong et al., 1992).
Also the leaf water status and the presence ofrvsateme on the vegetation alter its albedo
(Carlson et al., 1971). Models to calculate albasla function of sun angle was developed by
e.g. Dong et al. (1992), USDA-SCS (1993) and Iziorand Mayer (2002).

2.1.2 Long wave radiation
Long wave radiation is the radiant flux resultingrh emission of energy from gases or
particles in the atmosphere or by vegetation ogtleeind surface. An accurate estimation of

incoming long wave radiation reaching the ground surface requires detailednmtion



about the profiles and properties of emitting agenich as aerosols and gases, and temperature
in the atmosphere (Kasten and Czeplak, 1980; Mibnégid Unsworth, 1990; Niemela et al.,
2001). Since vertical profile measurements ardyaeilable, air temperatuii at screen

level (normally 2 m above the ground) is commordgdiwhen downward is calculated

using Eqg. 1. The error introduced when using scleesl T, measurements rather than
atmospheric temperature profiles are small, as itinane half the; received at the ground is
emitted within the lowest 100 m of the atmosph&hee magnitude of flux is highly influenced
by the temperature gradients that can be measeaadime ground (Monteith and Unsworth,
1990; Crawford and Duchon, 1999). A number of erogiror physically based models to
calculate the atmospheric emissivity under clegrcglnditions based of, and/or air water
vapour pressure, has been proposed (e.g. Angstrém, 1915; Brun2;188derson, 1954;
Swinbank, 1963; Idso and Jackson, 1969; Brutsa®n5; Satterlund, 1979; Idso, 1981; Prata,
1996; Crawford and Duchon, 1999; Iziomon et alQ30The model by Brunt (1932) has
further been calibrated in a number of studies (danteith, 1961; Swinbank, 1963; Sellers,
1965; Berger et al., 1984; Berdahl and Martin, 19840, 1990; Heitor et al., 1991; Korsgaard
et al., 1991 and Iziomon et al., 2003). To accdonthe increased; induced by clouds, an
additional term is normally added to the clear kkgalculation models (Crawford and

Duchon, 1999; Korsgaard et al. 1991).

Most natural surfaces has emissivities in the rédhge 1.0, and for grassy vegetation it is 0.97
- 0.98 (Brutsaert, 1982; FAO, 1990). Calculatiorofgoing long wave radiatidn, using EQ.

1 requires detailed information about the emispiaperties and temperatures of the surface
(soil, vegetation etc). This information is rarelyailable (Dilley and O’Brien, 1998). A
common assumption is therefore that the temperafibiee ground is equal to air temperature
at screen height (Jensen et al., 1990; Monteith_arsivorth, 1990; Crawford and Duchon,
1999). As a consequence temperature at the graufats is considered equal to screen height
temperature, which in turn is considered equahétémperature of the atmosphere.
Calculating net long wave outgoing radiationusing Eq. 1 thus depends on the net emissivity,
i.e. the difference in emissivities between theugband the atmosphere. Models for
calculating net emissivity is shown as models 5n Bable 1. Jensen et al. (1990), FAO (1990)
and Allen et al. (1998) based the calculation dfemissivity on the model by Brunt (1932)
assuming a ground surface emissivity of 0.98. Hai(2800) used the model for atmospheric

emissivity developed by Brutsaert (1975) assumisgréace emissivity of 0.97. These



procedures are shown as model 5 and 6 in Tableldoth cases, the presence of cloud cover
was adjusted using a regression function with #tie of observed to the potential solar
radiationSp, as suggested by Wright and Jensen (1972). Howesierg the Wright and Jensen
(1972) adjustment for cloud cover and the BrunB@)@nd Brutsaert (1975) atmospheric
emissivity expressions involve applying a numbemofel coefficients. These model
coefficients must be determined empirically, basee@xperiments. To reduce the number of
calibration coefficients, model 7 in Table 1 waseleped (Paper Ill) by forcing the Wright
and Jensen (1972) cloud cover regression fundtimugh the origin and merge the Stefan-
Boltzman constant, thE, expression, the net emissivity function and tlopalof the Wright
and Jensen (1972) cloudiness function into a simgldel coefficient.. Dr. Slob from the
Royal Netherlands Meteorological Institute (unpsitédid, c.f. De Bruin and Stricker, 1982)
developed a simildr, estimation method, shown as model 8 in Tabledb 8ked
extraterrestrial radiatio, in the numerator of the Wright and Jensen (19k®)cccover

function rather thay.

Table 1. Net radiatioR, calculation models based on solar radiati®nalbedos, minimum and maximum
absolute air temperatufig,., andT,,,, respectively, actual water vapour pres®jrelear sky potential solar
radiaionS, and extraterrestrial radiatid®. Model calibration coefficients are shown in Pajpend IIl.

Model Source Model

no
1 E.g. Jensen et al. (1990)Rn =a,S + b1
2 E.g. Jensen etal. (1990)R =a, (]__a/)sI +b,
3 Irmak et al. (2003) R, =56+ BX + BX, + BX5+ B X,
4 Paper Il R, =B+ BX,+ B X, + By X,
5 Allen et al. (1998) _T YT 47
R =5 -a)-o =T o vy o fa S ap,
2 So
6 Hansen (2000) r 4 47 Y7
T +T e S
:S 1—0' -0 maxK min,K ~a _b c ( +c
it C £ I (Y
7 Paper Il
R =56-0)-{a. ¢ |
So
8 Slob (unpublished, c.f.
De Bruin and Stricker, R =S (1-a)-|c,—
1982) a




2.1.3 Net radiation

Net radiationR, is the amount of energy available at the surfacemergy consuming
processes such as evapotranspiration ET and heditswg and atmosphere. Models to
calculateR, are normally based d&. The simplest models calculd® using linear (Fritchen,
1967; Aslyng, 1974; Kaminsky and Dubayah, 1997nattiple (Irmak et al., 2003) regression
models. These models are simple to use and regpiyeone or few explanatory variables.
Other models estimates net radiation by estimdhiegerms in the radiation balance

R =8-S+l -L,=S(-a)-L, (2)
individually. R, is net radiation§ andS, are incoming and outgoing shortwave radiation,
respectively andlj andL, are incoming and outgoing long wave radiationpeesively,a is the
albedo and., is net outgoing long wave radiation (here posiivey from the surface). In ET
contexts, it is common to express energy fluxesatied towards the surface positive (Allen et
al., 1998). Some common net radiation estimatiothods are shown in Table 1. Model
calibration coefficients are shown in papers Il #hdThe diurnal cycle of short wave radiation
is far more variable than long wave radiation, fasa in Fig. 1.

Reliable field measurements of radiation are ditito obtain. For ground based
measurements of outgoing radiatiorRait is difficult if not impossible to find a samp&eea
where the surface represents the area of intevagbletely (Twine et al., 2000). For larger
scale applications, satellite based measuremewmésdiwn promising results (Diak et al.,
2000). Philipona et al. (1995) and Ohmaru et &9@) stated that well calibrated instruments
should be able to measure short wave radiation avitarror of less than + 5 Wiand long
wave radiation with an error of less than + 20 V¥. /& common error in short wave radiation
measurements is the cosine error, i.e. that therpidge and reflective properties of the sensors
itself depend on the angle of the incident beanmu(§&m, 1975; Hansen et al., 1981). Coulson
(1975) noted that cosine error at sun angles <<&08ed an error in the measurements of 25 %
or more.

Net radiometers are delicate and require frequamtenance and calibration (Allen et al.,
1998; Alados et al., 2003Ylost types of net radiometers are equipped witbraal which

normally must be cleaned for dust and possibly mateplets frequently. The dome is often
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Figure 1. Daily radiation balance with long wavedming radiation long wave outgoing radiation, solar
radiation, reflected solar radiation and net radiatinder clear sky conditions on August 10 200Faastrup.

made of polyethylene. The transmissivity of polygthe gradually decreases after long term
exposure, increasing the measurement error if cagumted for. Also, the domes are likely to
be attacked and damaged by animals (Halldin andrbth, 1992). Condensation is likely to
occur both inside and outside the domes. The dedigre instrument may prevent
condensation e.g. by being equipped with a heaiimgto avoid the formation of dew and rime
on the exterior (Jensen and Aslyng, 1967; Jeng96)1Condensation on the inside can be
avoided by scrubbing moisture out of the air urtlerdome using a dessicant (Jensen and
Aslyng, 1967; Halldin and Lindroth, 1992). In aliecomparison, Halldin and Lindroth (1992)
found differences between net radiometers of 1g0t&6. Brotzge and Duchon (2000) found
differences between two sensors varied + 40 W Bomeless net radiometers were found to
deviate even more from a reference sensor (BrandeDuchon, 2000). However, with proper
calibration, installation and maintenance, theeddéhces between well calibrated net

radiometers are normally less than 6 % (Jenser§; I88ine et al., 2000).



2.2 Vaporisation of water from cropped surfaces

Water evaporates from a variety of surfaces suehgopen water bodies, soils and wet
vegetation. Evaporation from a soil surface isaéd by the degree of shading from
vegetation and residues (Ortega et al., 2002; Thetrad, 2005), and the amount of water
available for evaporation (Hillel, 1998). Wettinfitbe surface occurs during rain, irrigation
and from capillary rice from shallow ground watables. When the soil surface is wet, the rate
of evaporation is determined by meteorological cons. As the surface dries out the rate of
evaporation is determined by the hydraulic conditgtof the soil supplying water to the
surface. During continuous drying water startsviaperate from subsurface water menisci and
is transported to the ground surface via diffusiogonvection. With increasing drying of the
soil evaporation may cease almost completely wighiew days (Kristensen and Jensen, 1975;
Allen et al., 1998). If the soil is covered by vegg®n, the canopy intercepts part of the
precipitation or overhead irrigation. The occureit wet plant surfaces reduces transpiration,
as part of the available energy is used for evdjpgyghe intercepted water and that a reduced
water pressure deficit between the intercellulacsg of the leaf and the ambient air (Feddes et
al., 1999).

If the water available to plants is limited, thgimowth and productivity can be impaired. This
may be caused by closing of the stomata to redaosiration thus reducing photosynthesis
activity (Marschner, 1995; Taiz and Zeiger, 1998productive abortion during flowering
(Setter et al., 2001; Liu et al., 2003) and premaasenescence of the plants (Miller, 1977; Taiz
and Zeiger, 1998). The majority of water takensifranspirated into the atmosphere driving
the transport of nutrients and photosynthesis alsdes through the plant (Taiz and Zeiger,
1998). Since large quantities of energy is requicechange the phase of water from liquid to
vapour, transpiration is also an effective meansdéwling the leaves (Miller, 1977; Monteith
and Unsworth, 1990).

Where rainfall is inadequate to cover the crop watquirements the plants are often irrigated
to achieve greater production (Jensen et al., 1990her (1997) estimated that as much as 70
% of all fresh water withdrawals world wide is udedirrigation purposes. In Denmark, about
a quarter of the water consumption is used fogation in agriculture and horticulture
(Refsgaard et al., 2003). As water availabilitpften limited, it is important to be able to
predict how much water is required for irrigatigxlén et al., 1998).
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The rate of evapotranspiration from a vegetatiqredds on a number of interlinked factors
such as the physiological and morphological nab@itbe crop, management, climate, soil
properties, local topography and the regional lasel It is difficult to measure the effects of
each factor, and evapotranspiration estimatioargely based on empirical relations, with
predictions using a small subset of these factdm(eith and Unsworth, 1990; Feddes et al.,
1999).

Water vaporizes in the intercellular spaces withmleaf. As the cuticle covering the leaf is
almost impermeable to water, the degree of stoajatature controls the majority of the
vapour exchange. The relative humidity is 95 - 9th%he intercellular spaces, while it
typically is 50 - 90 % in the ambient air in subafid climate regimes such as Denmark
(Jensen, 1996; Taiz and Zeiger, 1998). If the staraee open, a net diffusion of water vapour
out of the leaf occurs (Jensen et al., 1990; TadzZeiger, 1998). Hence, regulating the
stomata aperture changes the resistance agairestwegour transport from the leaf. In
addition, the laminar sublayer along the leaf alsbas a resistance against transport into the
ambient air. Both resistances are very variabledapend on the closure of the stomata and the
thickness of boundary layer, respectively. If thenpis subject to water stress stomata will
open only a little increasing the resistance. Syl under conditions with low mixing of air
around the leaf the boundary layer gets thickeretneincreasing the resistance (Jensen et al.,
1990; Taiz and Zeiger, 1998).

The principal meteorological driving forces for paaation and transpiration aRg, T, €; and
wind speed. The source of energy required to ead@avater is solar radiation and, to a lesser
extent, sensible heat. The water vapour deficitedrthe vapour flux between the evaporating
surface and the surrounding air. By stirring upahienasses the wind maintains a vapour
pressure gradient between the evaporating surfatéhe ambient air (Taiz and Zeiger, 1998;
Feddes et al., 1999). For a bare soil and ungr dlfte emergence of vegetation nearly all of the
ET comes from evaporation, while at full crop comere than 90 % of ET comes from
transpiration (Allen et al., 1998).

2.3 Estimation of ET

The partition of the available energy at the swefatthe ground or vegetation, VR, is
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described by the energy balance, which for a sidypiged system has the form

R,=AE+H +G (3)

where/ is the latent heat of evaporatidhis the rate of evaporatioHl, is the flux of sensible

heat into the atmosphere a@ds soil heat flux. Other factors affecting the myyebalance such
as snow melt, freezing or thawing of water, phontisgsis, lateral advection and heat stored by
the vegetation are usually neglected (Miller, 19Vdnteith and Unsworth, 1990), but may
need to be considered depending on the scale efaimd space for the application (Kessler and
Jaeger, 1999R, is normally the dominating term in Eq. 3, as wal/ has the greatest values
and drives the other energy flux terms (Jenseh,et390).

The ratio of sensible to latent heat is termedBbeen ratio, which for stable atmospheric

conditions can be expressed as (Bowen, 1926; L4®85)

(4)

Ts andT, is the temperature of the evaporating surfaceaamdespectivelye; is the actual
vapour pressure of air near the evaporating sudade, is actual vapour pressure of the
ambient airy is the psycrometric constant which can be caledlais

cpP
0.6224

y= (5)

wherec; is the specific heat of air at constant pressndPas the atmospheric pressure.
If R, andG have been established, E can be calculated itlaésBowen ratio (Eg. 4) is known.
The rate of water vapour flux away from the surfata leaf is determined by diffusion over

the laminar boundary layer of the leaf. This isallsuexpressed using Fick’s law, i.e.

/]E:—ﬁK oe
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wherep andc, are the density and specific heat of the aipeesvely,K, in the eddy transfer
coefficient for vapourpe/oZ is the vertical gradient of atmospheric vapouspuee ang is
the psychrometric constant from Eq. 5. Analogoutig,rate of sensible heat transfer are

expressed as

oT

H :pcpKHa—Z

(7)

whereOoT /OZ is the temperature gradient akgl is the transfer coefficient for sensible heat.
When calculating evapotranspiration at field sdiaie often useful to distinguish between
different measures of evapotranspiration. Actualpeiranspiration EJis the actual amount of
water that is lost to the atmosphere from a suréddke given water supply and content, field
management, climatic conditions and vegetation ldgweent and density. Reference
evapotranspiration ildenotes the amount of water that is lost to theoaphere from clipped,
green, actively growing dense grass with an amlaleemsupply as defined by Doorenbos and
Pruit (1977) and Allen et al. (1998). Referencepateanspiration is used to describe the
atmospheric “demand” for water.

In the literature, the term potential evapotraregn is sometimes used. Its definition is
however ambiguous, as the expression is used Inaegeably for evaporation from a surface
resembling the definition of reference evapotraraimn (Penman, 1948; Hansen, 1984,
Mikkelsen and Olesen, 1991; Plauborg, 2002) as ag#vapotranspiration from any given
crop with amble water supply (Aslyng and Hanse®21 Hillel, 1998). For this reason it has
been strongly discouraged to use the term potesegbotranspiration (Allen et al., 1998).
Calculation of EF is tied to using the FAO Penman-Monteith equaffehO, 1990; Allen et
al., 1998). Other commonly used equations for datog ET from short grass is the methods
suggested by Penman (1948) and Makkink (1957).

2.3.1 The Penman combination method
Prior to 1948, equations based on either the Daitass transfer equation (Dalton, 1802, c.f.
Brutsaert, 1982) or the energy balance equation3eere used to calculate evaporation

(Penman, 1948). As input these equations requira&sons of the surface temperature of the
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evaporating surface, which is difficult to measi®#enman (1948) combined the two equations
to remove the surface temperature term.
Penman (1948) rearranged Eq. 3, divided itlbBynd assumed that the air adjacent to the

evaporating surface was saturated when using Exy.stibstituting?, and obtained

_(R,-6)_ (R,-G)
AE = @+ﬂ)_1+4?;—nj ®

wheree! is the saturation vapour pressure of air neaettaporating surface. At small

temperature differences between the evaporatirfgcand ambient air the gradient of the

saturation water vapour pressure cufvaan be approximated and rearranged as
0 0
e —-e
(T, —T):(S ) (9)

wheree,” is saturation vapour pressure of air. Under huttiidate conditionds is generally
close toT, (Penman, 1948). Hence, the gradi¢man be calculated at air temperature.
Substituting Eq 9 into Eq 8 produced

-G
@O—L

. (10)
)

e’-e

For Eq. 10Ts was required to calculags’ To remove they’ term Penman (1948) used Daltons

mass transfer equation
AE = f (u)(esO - ea) (11)

wheref(u) is an empirical wind function. Penman (1948) alsined a new mass transfer
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function

AE, = f(u)(e °-e ) (12)

(6" -e)_,_2E,
(eso _ea) =1 AE (13)

Substituting Eqg. 13 into Eq. 10 gave

JE = E/R" _i)E (14)
1+A(1_ AEJ

After being rearranged this produced the Penma#818quation

AE = A(Rn _G)+ A (u)(eao _ea) (15)
A+y

The Penman (1948) equation was developed to cédoelaporation from wet surfaces such as
open water surfaces, wet soils or wet crop surfaldes empiricaf(u) was based on linear
regression using wind speed as the independemblariJensen et al. (1990) and Dodds et al.
(2005) listed parameterizations of the Penman iandtions. The variation in the regression
coefficients suggests that they have only limitedtsl validity, and varies depending on the
surface characteristics (Penman, 1956). Doorentd®euitt (1977) noted, that using their

parameterization dfu) produced a systematic error of up to 30 % at sexperimental sites.

2.3.2 The Penman-Monteith method
The Penman equation use meteorological data onlylaes not include any physiological
behaviour of the plant. To include a physiologiedher than a strictly environmental control

of ET, Monteith (1965) and Rijtema (1965) appliedistances against water vapour transport
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to represent the water flux pathways from the oelular spaces in the leaves and into the
atmosphere. Using Egs. 6 and 7 and using the ajppat®n in Eq. 9 Monteith (1965) found

0

AR, -G)+p,c, = = ; =
JE= a (16)

A+;{1+r5]

which is referred to as the Penman-Monteith eqoatias surface resistance ands

=

atmospheric resistance. If appropriate valuas ahdr, are specified the ET from any
vegetation can be estimated (Wallace, 1995).

The use of resistances in transpiration calculatisranalogous to resistances in electrical
circuits. An important assumption when using theséstances is that the entire canopy is
represented as one big leaf at hedyhtzy,, whered is the zero-plane displacement height and
Zon is the roughness length for vapour transfer (Mitimt@981).

Thers describes the resistance against diffusional wetpour flow through stomata and
cuticula and through the soil surfacgalso contains some effects of vapour flow withia t
canopy. It may be subdivided into a stomatal rasst component and a component describing
the combined resistance over the leaf boundary kaye turbulent transfer inside the canopy
structure (Alves et al., 1998; Pereira et al., 2988r a wet surface is essentially zero and
increases with environmental stresses such amsasture deficit (Stewart, 1988; Hansen,
2002; Dodds et al., 2005).

The main variables controlling stomata and thusihgnitude of s are light intensity, leaf
temperature, water vapour saturation deficit amdhiplvater potential (Jarvis, 1976; Lhomme,
2001; Allen et al., 2006). Estimationsrgibased on meteorological variables (Jarvis, 1976;
Stewart, 1988; Rochette et al., 1991; Todorovi@al RAlves and Peireira, 2000) or by
inverting Eq. 16 (De Bruin and Holtslag, 1982; lrecet al., 2003; Harris et al., 2004) have
been suggested. However, becays®ve been found to fluctuate substantially overdburse
of a day, during a drying cycle and between plaetges (DeHeer-Amissah et al., 1981;
Lindroth, 1984; Lecina et al., 2003), it is difficto establistrs. In other studies (e.g. Szeicz
and Long, 1969; Allen et al., 1989; FAO, 1990; Allet al., 1998, 2006) a fixed valuergivas

found to be adequate.
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Ther, describes the resistance against water vapoudltnom the canopy to a reference level
above the vegetation (Monteith, 1981; Allen et B998).

Under neutral stability conditionrg can be estimated from Garratt and Hicks (1973)

z, —d z,—d
In In
Z z,
r - om 0 (17)

2 k2u

z

wherez;, andz, is the measurement height for the wind speed arituenidity, respectivelyd
is the zero plane displacement heigh,is the roughness length governing momentum
transfer z,, is the roughness length governing transfer of uapoad heatk is the von Karman
constant (0.41) and, is the wind speed at height

2.3.3 Need for standardized ET calculation method

A large number of methods for calculating ET basedlifferent meteorological input have
been suggested during the last several decadese(@enal., 1990; Allen, 2000). Many of these
models are based on empirical relations with lga#ibrations of model coefficients and suffer
from a limited spatial and temporal validity. Whisisting models using the same
meteorological data sets Jensen et al. (1990) feandvarying results. The deviating
predictability is also clear from Fig. 2, where Rifedictions for short grass using 6 commonly
used models (Penman, 1948; Makkink, 1957; PriesiteyTaylor, 1972; Hargreaves, 1975;
Monteith, 1981; Allen et al., 1998) from June 18tdy 2 2005 at Taastrup compared to ET
measured using a floating lysimeter (Aslyng andstémsen, 1961) are shown.

The Penman and Penman-Monteith equations haveuseehnextensively and gained videly
acceptance (Allen et al., 2006), provided appropnalues fors andr, is applied (Jensen et
al., 1990; Wallace, 1995; Allen et al., 1998; van Keur et al., 2001)

To obtain reliable estimates of ET in varying cliesit is desirable to use a standardized
method following some general guidelines. The Fawd Agriculture Organization of the
United Nations (FAO) developed such guidelines m@dmmended four different ET
calculation methods (Doorenbos and Pruitt, 197&ci@pancies in the results among these

four models showed some weaknesses in the methpdslsuggested by Doorenbos and Pruitt
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(1977). In 1998, FAO published updated guidelireschlculating crop ET (FAO, 1990;
Jensen et al., 1990; Allen et al., 1998).

L

— Lysimeter

FAO Penman-Monteith
Penman
Penman-Monteith

1 - Makkink

Priestley-Taylor

—— Hargreaves

0 T T T T T T T
170 172 174 176 178 180 182

Day of year

Figure 2. Daily evapotranspiration ET from shortsgrat Taastrup in 2005 measured using a weighgditadter
and calculated using 6 commonly used models franitérature.

2.3.4 FAO Ef calculation method

To overcome the difficulties in establishing thegmidgudes of , andrsin Eq. 16 FAO (1990)
and Allen et al. (1998) defined a reference surtec®#\ hypothetical crop with an assumed
crop height of 0.12 m, a fixed surface resistarfcg0os nt and an albedo of 0.23This

surface resembles the surface of green, activelyigg grass with full ground cover and an
abundant water supply. Theof 70 s " was estimated based on Monteith (1981) and Alien e
al. (1989). Itenfisu et al. (2003), Lecina et 20@3) and Irmak et al. (2005) found a better
agreement between E€alculated on daily basis and 24-hour summeghidien a lower value
of rs were used in the hourly calculations. This lead tecommendation of using gof 50 s

m* during daytime and 200 s haluring night time for EJ calculations on an hourly time step
basis (Itenfisu et al., 2003; ASCE-EWRI, 2005; Alkt al., 2006).
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A main advantage of using a reference surfacedlmutating ET is that it is simpler to
measure or estimai, for the reference surface and then relatgt&ther crops than to
estimateR, for each crop at all growth stages (Jensen €1200).

Instability induced by large fluxes of sensible thatathe surface induces buoyancy which can
influence the transport of heat and vapour fromctr@opy. In cases where the sensible heat
flux is large, such as over dry or sparse vegetationay be necessary to correct the estimates
of ro from Eq. 17 for lack of stability in the bounddayer (Harris et al., 2004; Allen et al.,
2006). No corrections for stability were carried muthe FAO methodology. Allen et al.
(2006) argued, that under reference conditionsilsienseat flux is small relative to ET. Hence,
heat and vapour transfer is not strongly affectetumoyancy, and corrections for boundary
layer instability could be ignored with little err@Allen et al., 2006). Another problem when
applying one source (“big leaf”) models is thatngsihed + z, as the level of the evaporative
surface may lead to an overestimatiompfis the top layer of the canopy is an important
source of vapour fluxes (Alves et al. 1998). Howesgece the reference crop is low
vegetation, this error is small (Pereira et al99)9

Allen et al. (1998) used=2/3h whereh is crop height (Monteith, 19812,,=0.123 (Brutsaert,
1982),z,n=0.1z,, (Stricker and Brutsaert, 1978) akel).41 in Eq. 17 wherely became

208L. By substituting these expressions into Eq. 16gudie properties of the reference
surface, the FAO Penman-Monteith equation was obtb{Allen et al., 1998)

C 0
0.408A(R, —G)+yT +”273uz(ea -ea)
ET, = 2 18
0 A+y(1+C,u,) o)

ETo is reference ET (mm ddy, R, andG is measured in MJ fnday”, Tx in °C, ° and gis in
kPa and, is wind speed at 2 m height in M. €, is a numerator constant that changes with
calculation time step d&,=900 for daily time steps and 37 for hourly timeps.Cy is a
denominator constant that changes with the preferaue ofrs. Values forrs of 50, 70 and
200 s nT corresponds t€&4 values of 0.24, 0.35 and 0.96 & mespectively.

2.3.5 The Makkink method
Makkink (1957) proposed the equation
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A S, g (19)
A+y A

ET=A

to calculate ET from “standard” grass 8 to 13 cghhiextensively growing and well supplied
with water.A andB are empirical model coefficients. Makkink (195dpgested®=0.61 and
B=-0.12 for The Netherlands. After further studieakidink and van Heemst (1967) suggested
usingA=0.81 and3=-0.40. Based on 5 years of ET measurements udingtang lysimeter
(Aslyng and Kristensen, 1961) in Taastrup Hanseal. €1981) found®\=0.59 andB=0.40.
Aslyng and Hansen (1982) argued that the climati@dions between The Netherlands and
Denmark are similar and suggested using the averages between the latter coefficients,
A=0.70 andB=0.0. These coefficients have been used in a nuofleplications (Hansen,
1984; Plauborg et al., 2002; Scharling and Kerngg¢an2002).

2.3.6 Decoupled calculation of crop ET

Calculating ET from Eqgs. 18 or 19 acts as a measiutee atmospheric evaporative demand.
Differences in plant height and leaf anatomy, stainzharacteristics, aerodynamic properties
and albedo cause crop evapotranspiration to diiéen that calculated from ETunder same
meteorological conditions.

A common approach to estimate crop evapotranspirainder standard conditions H% to
relate ET to measured evaporation from an open water suffsslgng and Stendal, 1965;
Kristensen, 1979) or calculated ET using a multadion factor (Makkink, 1957; Doorenbos
and Pruitt, 1977; Kassam and Kowal, 1975; Montdiffg1; Allen et al. 1998).

FAO recommended for crops grown under standarditons, i.e. the crop is growing in large
fields, kept decease free, well watered and weiliteed, that ET is related to EJ (calculated
using the FAO Penman-Monteith equation) using thpigcal crop coefficientk. (Doorenbos
and Pruitt, 1977; FAO, 1990; Allen et al. 1998)is a bulk coefficient that integrates the
differences between reference and actual vegeteliaracteristics, soil water evaporation and
evaporation of intercepted water.

For crops growing under non-standard conditionseduny e.g. the presence of decease or
pests, low soil fertility, water stress or wategding etc., the evapotranspiration may deviate

from standard conditions. Crop coefficients forpg@rowing under non-standard conditions
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are adjusted by using a stress coefficieriv obtain adjusted actual evapotranspiration, &T
(Allen et al. 1998). The use &f to adjust the maximum obtainable evapotranspmdtiom a
crop i.e. ET, is commonly used in crop growth and crop productnodelling (Hansen, 2002;
Styczen et al., 2005)

In a number of Danish studigshave been considered to have a value between 0 and
(Kristensen and Jensen, 1975; Aslyng and Hans&2)18 value larger than unity has been
recommended abroad (Allen et al. 1998; Feddes,;198@ell et al., 2006) and in recent
Danish publications (Hansen, 2000; Plauborg eR@D2, Styczen et al., 2005).

When developing Eg. 19 Makkink (1957) used weigbdysimeters covered with short grass
to calibrate the model. Makkink used a crop cosadficdenoteda faktoro fto relate calculated
ET to evaporation measured using a pan. Valudsedfactorf relating ET calculated using the
Makkink equation to EJfrom crops, forests and wetlands have been puddidly e.g. Feddes
(1987), Feddes et al. (1999) and Plauborg et @02

To account for differences in ET based on the plogincal development of the crop, FAO
differentiated values fdt. in four growth stages, viz. initial, developmemigseason and late-
season stage (Doorenbos and Pruitt, 1977; Allah 998). The initial stage was defined as
the period from sowing to 10 % ground cover. Crepadopment stage was somewhat loosely
defined as the period from 10 % ground covereibettive full coveri.e. when the ground is
70-80 % covered by vegetation. For cereals, thetarfSlowering could also be used to
indicate the end of the development stage (Allead.e1998). The midseason stage runs from
effective full cover to start of maturity, whileghate season stage runs from start of maturity to
harvest or full senescence (Doorenbos and Pr@ift/ 1Allen et al., 1998).

In paper IV it was found that these definitions veradequate to describe crop development
satisfactorily. For winter wheat, flowering genéyalccurs around mid June in Denmark,
which according to the FAO definitions marks the efthe crop development stage. Leaf area
measurements, field records and visual observatibtiee winter wheat crop used in the
present study indicated that effective full coversweached four weeks prior flowering. This
suggested that a more detailed crop developmentiggsn should be used to determine the
growth stages, while still allowing for local difences in development rate. For other
agricultural purposes the phenological developménrtops are described using the
internationally recognized BBCH-scale (Zadoks et¥)74; Lancashire et al., 1989). An
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overall outline of the scale for winter wheat athwersion between the four development
stages set by the FAO and the BBCH scale usedper®d is shown in Table 2.

Table 2. The principal growth stages of the BBCHeséar the phenological development of winter whead the
conversion to FAO crop development stage used jieiP¥/ .

BBCH BBCH Principal FAO Crop
Code growth stage development stage
0 Germination Initial
10 Leaf development Initial/development
20 Tillering Development
30 Stem elongation Midseason
40 Booting Midseason
50 Heading Midseason
60 Flowering Midseason
70 Development of fruit Midseason
80 Ripening Late season
90 Senescence Late season

A main disadvantage of the single crop coefficient also incorporates soil evaporation.
However, the mechanisms for the reduction of evatpmr of soil water as the soil dries out is
different than the plant characteristicsoE§ based on. For use in detailed studies Allead.et

(1998) proposed using a dual crop coefficient as

k, =k, +k, (20)

wherekg, is a basal crop coefficient akglis a soil water evaporation coefficiekd; is the ratio

of ET. to ETp when the soil surface is dry, but the soil watartent is adequate to sustain full
crop transpirationk is the is the evaporation from the soil surfatéé soil surface is weke
may be large, but decreases sharply as the tapsesl out. Estimation d{; requires daily

water balance estimations of topsoil water contdnich require detailed information about the
soil water balance. Water intercepted by the can®pycluded irks, (Allen et al. 1998).
Partitioning evapotranspiration between transmratind soil evaporation is important in
applications such as crop production forecastiagrdy transpiration is related to crop yield.
Compared to the single coefficient approach, thed drop coefficient is more suitable for daily
irrigation scheduling or other research studiesreluily variations in the soil surface wetness

affect evapotranspiration and soil water fluxes &¢&, 1995; Allen et al., 1998).
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2.3.7 Coupled calculation of crop ET

Some controversy exists about estimating &Jing crop coefficients. Wallace (1995) found
that general crop coefficients were inadequatsparsely vegetated areas or heterogeneous
terrain, especially in arid and semi-arid environtse Shuttleworth and Wallace (1985)
developed a dual source model where transpiratidresaporation from the surface was
calculated individually using Penman-Monteith tyggpiations. These equations were modified
by breaking the aerodynamic resistance into a seff@undary resistance and a resistance
against vapour exchange between the surface boulagar and into the ambient air. The
resistances were calculated based on crop heigid,speed and leaf area index (Shuttleworth
and Wallace, 1985).

For sparse vegetation cover, going through thetiaddi calculations involved in Shuttleworth
and Wallace (1985) approach may be appropriatedeaieur et al., 2001). The method is,
however hampered by the difficulties in establighime energy input (i.€%, —G) for these

crops at all growth stages (Jensen et al., 199D}t general difficulties in establishing
appropriate atmospheric resistances (De Bruin asitsldg, 1982; Jensen et al., 1990; Allen et
al., 1998). Hence, for dense crop covers that [ieeglaring the main growing seasons in sub-

humid climates the single or dual crop coefficiapproach is adequate (Jensen et al., 1990).
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3 Overview of experimental studies

Meteorological data from up to four weather stagiorere used to test radiation anchET
estimation models, viz. Taastrup (55° 39" NS 2" E, 36 m a.s.l.), Foulum (56° 29" N, 9° 34
E, 56 m a.s.l.), Cordoba (41° 43" N, 0° 49" W, 224.s.l.) and Zaragoza (331" N, 4° 51°

W, 110 m a.s.l.). The data quality from the mettamical stations were scrutinized based on
the recommendations by Allen (1996) and Allen e{E398) (Paper I, Fig. 1; Paper lll, Figs. 1
and 2). Some outliers (< 25) in the radiation meaments were found and these outliers were
omitted. No gap filling was performed on the datsisk addition to the meteorological
measurements, a growing season campaign measurpragramme of EJwas conducted
during 2004 and 2005 using an eddy covariance gg€§tem in a winter wheat field. Alongside
the EC system measurement®RafG, precipitation and soil water content were coneddh

the field. A set of statistical procedures wereduseevaluate the predictions of the models
compared to observed values (Paper I, Table 3)gl®and Green, 1999; Vereckeen et al.,
1991).

3.1 Results and discussion

3.1.1 Daytime incoming long wave radiation estimmati

The performance of twenty models (Paper |, Tabldg tested against datasets containing 32
and 7 consecutive years of hourly data.

The results for the clear sky models showed normdgrece on whether the models usgde,

or both as input. This is in agreement with Swinb@®63) who argued that both variables can
be used as input based on the correlation betWwgande,, which is commonly expressed in
the saturation pressure Vs.curve.

The performances of the individual models on arrlydeasis were similar at both sites, with
mean bias errors (MBE) ranging from -23 to 15 ¥ (Raper |, Tables 4 and 5, Fig. 3). Model
performance was improved when using 1) a moret stefinition of clear sky, i.e. when using
very clear sky conditions with low turbidity and&hen aggregating the daytime hourly input
into daily daytime input (Paper I, Fig. 5). No impements in performance of the models were
found when dividing the dataset by 1) whether thewind surface type was mainly urban or
covered with vegetation or 2) season. Considetdéer and uncertainty was found in the

predicted values df; for all models. The residuals between predictatiagbserved values
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showed some sign of periodicity and exceeded thiduals found by Crawford and Duchon
(1999) and Niemela et al. (1999).

The various parameterizations of the Brunt (193ja¢ion yielded very different results,
ranging from the overall poorest performing modmsiiig calibration coefficients suggested by
Brunt (1932)) to one of the very best performingdeils, i.e. using the calibration coefficients
suggested by FAO (1990). The good performanceeoSthinbank (1963) model was in
agreement with Skartveit et al. (1996). The twogitgl based models, viz. Brutsaert (1975)
and Prata (1996) were also found to give good t&sul

Crawford and Duchon (1999) and Korsgaard et aB1)9roposed adjustments for the
presence of clouds. It was found, that the twalaflirradiance models performed with
somewhat equal MBE and root mean square errorskéJiile Korsgaard et al. (1991) model

the Crawford and Duchon (1999) model did not regjlocal calibration.

3.1.2 Net radiation calculation

Models to calculat®, were tested, viz. the regression type models stasymodels 1-4 in

Table 1, Stefan-Boltzman type models includingematssivity and cloud cover functions
shown as model 5 and 6 in Table 1, and reducedrs®bltzman type models shown as
models 7 and 8 in Table 1.

The regression type models made good predictiomnwised with model coefficients
calibrated at the same site using a split datagbktdaily meteorological data. Applying the
model calibration coefficients at other sites is@d the MBE, especially when using
calibration coefficients from the literature (PapigrTables 3 - 6). The results confirmed that
the model calibration coefficients from regressiodels were sensitive to even small regional
meteorological differences, which confirmed thelfings by Fritchen (1967), Alados et al.
(2003) and Nandagiri and Kovoor (2005). This inteciethat the meteorological information
included in these equations was insufficient toecdte factors controlling,. For the multiple
regression model Irmak et al. (2003) found thatinverse distance Earth-sun was a significant
explanatory variable, which was confirmed in thegant study. One may speculate however, if
this distance is in fact a factor influenciRgor if it reflects seasonal effects, such as higher
degree of cloud cover at certain seasons or changdisedo over the year. Also, using the
formulation suggested by Irmak et al. (2003) inelddising minimum and maximum daily.

These two factors are likely to be correlated ihtimng a risk of multicollinearity (Der and
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Everitt, 2002), which may increase the variancthefregression and make the prediction
model less stable. In paper Il it was found thatrttulticollinearity was relatively weak and it
apparently did not affect the results. It was &amd, that daily meaii, could be used as a
substitute for minimum and maximum dally in the multiple regression model.

The Stefan-Boltzman type models showed considerable consistency between regions
compared to the regression models. The Allen €1.8P8) and Hansen (2000) models gave
very similar results. Before applying these modelsir calibration coefficients were tested
against meteorological datasets from Taastrup amdgdza. The net emissivity the
coefficients used by FAO (1990) and Allen et a@98), and Hansen (2000), respectively for
the Brunt (1932) and Brutsaert (1975) net emissiuihctions was found to give good results
at the Taastrup and Foulum sites (Paper I). Howéwvweas found that model performance was
improved when using locally calibrated model camdfnts for the cloud cover function (Paper
Il, Table 1; Paper lll, Table 2) at both the Darastu the Spanish sites. The values of the
locally calibrated coefficients were in agreemeithwensen et al. (1990). FAO (1990) also
suggested using the values found in our studiea sub-humid climate, while Allen et al.
(1998) omitted this recommendation. This suggestatthe calibration coefficients for the
cloud cover function should be adjusted to matehclimate under study. We also found, that
it required at least five years of meteorologicaadto perform a local check of the cloud cover
function coefficients. Model prediction were bettdren used on a daily rather than sub-daily
basis. It is likely that incorrect night time cloadver estimations for the sub-daily calculations
caused this. Dividing the datasets by season itetidhat during spring and summer the model
predictions showed good agreement with observagegalwvhile the performance were poorer
during winter. This was probably attributed to ghar albedo values caused by the low sun
angles during winter (Paper IlI, Fig. 4) (Dong bt 8992; Kessler and Jaeger, 1999; Iziomon
and Mayer, 2001).

No difference were observed whether using poteal&r sky solar radiation or extraterrestrial
radiation in the reduced Stefan-Boltzman model& gérformance of the reduced Stefan-
Boltzman models resembled the performance of th&fefan-Boltzman models. As the
former are simpler to use and easier to calibth&y, may be used as a substitute for the full

Stefan-Boltzman models. This is in agreement wilbrAand De Bruin (In prep).
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3.1.3 Estimation of latent heat flux

The sensitivity of the calculation of hourly £ howR, was established was tested.
Calculated values using tiRg estimation method shown as model 5 in Table lthe@deduced
Stefan-Boltzman model shown as model 7 in Tableefewompared to measured values.
Using locally calibrated model coefficients for thien et al. (1998, calculation method
and the values for surface and atmospheric resissasuggested by ASCE-EWRI (2005) and
Allen et al. (2006) gave an MBE 0.01 mm dayhis indicates that measured valueRptan
be used as a substitute of measiRedalues in EF calculations. Latent heat flux from a
winter wheat field was measured using an Eddy Gamee system. An energy balance closure
in the range of 55 — 75 % of the eddy covarianstesy compared to an independBnt
measurements was found. Possible causes are diddnd3aper IV. The lack of closure was
corrected following the recommendations of Twinale{2000). Daily ET for winter wheat
was found to be 1.14 times E{Paper IV, Table 4 and Fig 5). This value is higihan the K
value of 1.0 commonly used in Denmark. This indisathat evapotranspiration has been

underestimated in previous water balance studies.

3.2 Conclusions
Based on the experimental results, it was concldiaiat

* There was a considerable deviation among modelaltalate daytime incoming long
wave radiation with MBE from -23 to 15 Whtompared to measured values. Four
models were found have a consistent performandelawt MBE. Generally model
predictions improved when using very clear dayfatv atmospheric turbidity and
when using the models on a daily basis rather ¢éimaain hourly basis. No improvement
in model performance were found when dividing tagadet by whether the upwind
surface was mainly urban or covered with vegetatorseason.

* Models based on Stefan-Boltzman theory for calogatet radiation tracked measured
values well and showed more consistent performaimitelower MBE among sites
compared to regression type models. The performahgsing the Stefan-Boltzman
equations were improved when adjusting the modeffictents by climate regime.
Reducing the number of calibration coefficients1ird to 1 in the Stefan-Boltzman

type equations only rendered the model performamagyinally.

27



* The sensitivity of the estimations of hourly valuéseference evapotranspiration with
respect to how net radiation was estimated wasde§&tompared to reference
evapotranspiration calculated using measured deitran, MBE as low as 0.01 mm
day* was found when using estimated values of net tiadia

* When comparing the eddy covariance measuremeats ittdependent measurement of
net radiation in the winter wheat field, there aasenergy balance closure between 55
and 75 %. Evapotranspiration from the winter wiveas found to exceed reference

evapotranspiration by 1.14.

3.3 Perspectives
Focus in ET research has for many years been onagins of water consumption from
individual crops at scales ranging from individpkdnts to field scale. Research has been
abundant and provided large theoretical knowledigeibthe interrelationships between saill,
vegetation and atmosphere. Estimations of ET haea lnsed for irrigation scheduling, field
water balance studies, estimations of nutrientliggcas function of crop type and similar.
For applications on larger scale, e.g. a regioningamultiple types of surface cover and
vegetation, the approaches used presently is wftelequate. Direct estimations of H&.g.
using Penman-Monteith type equations) require edgioms of crop specific parameters such as
r, andrs. Estimations of these crop parameters are chatigngspecially during periods of
partial ground cover. Validation of these parangetequire accumulation of extensive data
sets and a standardized computational solutioro, Alisect estimations of ETequire
measurements of meteorological variables for eadlace cover type of the region in question.
Based on these shortcomings for direct estimatbisT. and K; ag;the use of crop coefficients
is the procedure to follow in the future. Howewgsing crop coefficients will require further
developments, such as
» Development of landscape coefficients rather thgrih€reby incorporating the
contributions from different sources in a landscaqil varying vegetation cover.
* Solving the uncertainties inJKalues related to water content in the upperlagérs,
e.g. the increased evaporation from soil (and \asmet) after an irrigation or
precipitation incident.
* Further testing and development of descriptionsrop densities, such as based on leaf

area index or a detailed description of the phegio& development stage.
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