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Abstract — The knowledge of the evapotranspiration of natecasystems and plant populations is of
fundamental importance in several branches of seiemesearch and practical uses. Nevertheless, the
harmonisation of the large number of methods awd needs often causes problems. The objective of
the analyses was to explore the output range amsitiséty of models of different physical approashe
under local conditions. We performed descriptiwaistical and sensitivity analysis of 10 commonly
used estimation models — one of them with two vasiaCorrelation between modelled and measured
evapotranspiration data series was assessed. Tgwtate of the model outputs, their variability and
responses to the changes of selected atmospherangi@rs were evaluated. Priestéqylor,
PenmarMonteith-FAO-56, ShuttleworthWallace (parameterized with alternative radiation
balance), Szasz and Makkink proved to be the marssidve methods. As regards the systematic
error, Makkink and Shuttlewor#tWallace showed the best agreement with pan evaparathile
ShuttlewortkrWallace, BlaneyCriddle and Makkink models were found to be thesekt to the
PenmarMonteith-FAO-56 method as a reference value.

evapotranspiration /estimation models / sensitivityanalysis

Kivonat —A referencia parolgas néhany becél médszerének 6sszehasonlitd vizsgélatdzamos
tudomanyterulet és kutatasi téma, valamint gyakiaalalmazas szamara bir alapvébntossaggal a
novényallomanyok, természetes Okoszisztémak ewapsyiraciéjanak ismerete. A nagyszamu
modszer és a valtozé felhasznal6i igények Osszeegfgse azonban gyakran probléméat okoz. A
vizsgalatok célja az volt, hogy helyi viszonyok &tizis megismerhessik az ediéfizikai
megkozelitést tikrdz modellek kimeneti értéktartomanyat, érzékenysédddird statisztikai-,
valamint érzékenységvizsgélatot végeztink 10 gyakhalmazott bec§imodell eredményeire, ezek
egyikének esetében két modellvaltozatra is. Vizagala kivalasztott modszerek korrelaciojat
egymashoz, illetve mért adatsorhoz képest. Ertigkest modellkimenetek nagysagrendjét, azok
valtozékonysagéat, valamint az egyes |égkdri pararaktvaltozasara adott reakcidjat. A vizsgalt
maodszerek kdzll a Priestleyaylor, PenmanMonteith-FAO-56, ShuttleworthWallace (egyedi
sugarzasi egyenleggel parametrizalva), Szasz ékiNaknodell bizonyult a legérzékenyebbnek.
Szisztematikus hiba tekintetében a Makkink és attBworth-Wallace mutatta a legjobb
egyezést a mért értékekkel, mig a Penmddonteith-FAO-56 modszert referenciaként valasztva
ahhoz a ShuttleworttWallace, a BlaneyCriddle és a Makkink modell allt a legk6zelebb.

evapotranspiracié / becdl modellek / érzékenységvizsgalat
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1 INTRODUCTION

Research of evapotranspiration plays an importale rin the field of agro- and
hydrometeorology. Due to the complexity of evapotgaration as a biophysical
phenomenon, several approaches and variants westged.

In physical sense, evapotranspiration (ET) is tin® ®f the evaporation (E) from the
water and soil surfaces and the amount of watesspiseed by plants (transpiration, T). It is
often limited by the currently available evaporatater, as well as by characteristics of the
plant cover and the soil. Based on these factarg, values can be distinguished, namely
potential (PET or EJ) and actual evapotranspiration (AET or JET Reference
evapotranspiration (EJ represents theoretical evapotranspiration fronexensive surface
of green grass of uniform height, actively growiegmpletely shading the ground, and not
short of water (Allen et al. 1998). This concepsustable for deriving ET values for any crop,
although significant differences between valuedioérse model equations may be confusing
for practical users.

For each of the wide range of applications, suchyakological and ecosystem models,
aridity assessments, or irrigation planning et @FL996, Lieth 1975), it is crucial to find the
most appropriate method to estimateyEHDifferences among methods often reach hundreds
of millimetres per growing season (Federer et 8P6), and accuracy of a given method
depends heavily on the climatic conditions of thelg site. For humid climate the Penman-
Monteith-FAO-56 method is generally recommendechgda et al. 1990, Sumner — Jacobs
2005, Yoder et al. 2005, McMahon et al. 2012), #adextensions e.g. the Shuttleworth—
Wallace equation also proved to be effective (ZBOL1) because of its robust physical basis.
Several studies preferring Priestley-Taylor’s ajppfo(Lu et al. 2005, Adeboye et al. 2009),
point out that under such climatic conditions itfpans better than any other radiation and
temperature based methods. Most of the authorsrowmd that temperature and radiation
based methods tend to give the highest, while pafficient based ones result in the lowest
ETo values (Yates — Strzepek 1994, Tabari et al. 20Whyer arid and semi-arid climates
radiation based models may perform poorly (Er-Ratkal. 2010), however, use of locally
calibrated equations can make them more accurae tbmperature based and even
combination type ones (Bois et al. 2005, Schneatlat. 2007). In general, Penman-Monteith-
FAO-56 and radiation based methods estimate ldher than pan-coefficient methods do
(Rao — Rajput 1992) in arid environment.

The necessity of comparison, sensitivity testing ealibration of methods in a local context
is emphasized by a large number of studies. Adtitlg, in continental climate of Eastern

Hungary, there is a considerable variability of diand arid characteristics, thus, to find the
most suitable models, a local test appeared tadisgensable.

For our assessment we selected two methods of thacfour basic EJ approaches.
Since it is also highly recommended by literatitederer et al. 1996, McMahon et al. 2012)
to consider locally measured data, we decided Yolwe pan evaporation data series as a
reference value.

The main objectives of our study were the following

» statistical evaluation of the outputs of severaprapches to evapotranspiration

assessment,

» evaluation of the sensitivity of addressed appreacto change in input climate

variables.
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2 DATA AND METHODS

2.1 Climate data

The weather data used in our study were daily nvadunes derived from hourly values of
the basic parameters (global radiation (k¥ tour?), temperature at 2 m (°C), relative
humidity (%), sunshine duration (hour d§yand wind speed at 10 m height (f)sall
measured at Debrecen Airport station of the HuragaMeteorological Service. Therefore,
we obtained a useful basis for comparison with gha evaporation values measured at
the same location.

Pan evaporation measurements represent a convehtiogasurement method and
long data series are available at several Hungarnateorological stations. The method
refers to the daily amount of water evaporated ftomopen surface of a water filled pan.
Although such measurements may be subject to euwerto e.g. oasis effect, drinking
animals, etc. (Tanner 1968, Lim et al. 2011), isidl a widely used method. Our data
series contains the dailET (‘Pan’, B, in mm day’) data measured by class-A
evaporation pan at Debrecen Airport station (I&47.490° lon.: E21.611°) of the
Hungarian Meteorological Service (OMSZ) during tirewing seasons (April — October)
of test years (2005-2010). fable 1 we provide the descriptive statistics for the pan
evaporation data series.

Table 1. Descriptive statistics of the pan evaporatiata for the growing season (Apr.—Oct.)

2005 2006 2007 2008 2009 2010
Sum 613.6 751.1 1015 802.8 1091 750.7
Mean 87.66 107.3 145 114.7 155.8 107.2
St.D. 1.59 1.88 2.60 2.01 2.29 2.04
CVv 1.81 1.75 1.79 1.75 1.47 1.90

Unit: mm day*
St.D.: standard deviatiorGV: coefficient of variation (%)

2.2 Methods for modelling potential evapotranspiration
Equations for the applied models can be seen balosied by type.

Pan coefficient-based methods (time step: day)
Pereira model: (Pereira et al. 1995): (‘Per’, hereinafter)
ETo = Epan[Ky (1)
__ 085A+y) (2)
L [a+ y(a+ 0330,)]

FAO-56 (Allen et al. 1998): (‘FAO56’)
ETo = Epan[K> (3)
K, = 051206~ (0.0003211, +0.0422n(F ) +0.1434n(RH) - 0.00063{in(F)]? In(RH) (4)
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Temperature-based methods (time step: month or longer)
Blaney-Criddle-model: (BlaneyCriddle 1950, Doorenbe®ruitt 1977a, BurmatiPochop 1994):

(‘B&C)
ET, = a, +b,[p(046T + 813)] (5)
a, =0.0043RH,. —(n/N)-141 (6)
b, = 082-0.0041RH,y;, + 107(n/ N)+ 0.066u,4 — 0.006RH, i, (n/ N )= 0.0006RH 1, Uq (7)

Szasz method (Szasz 1973): (‘Széasz))
2

ET, = 0.00536(T +21)? [{1- RH)3 ¥ (u) (8)
f (u) =0.051% u, +0.905 9)

Radiation-based methods

(time step: day/month )

Makkink—FAO-24 (Makkink 1957, DoorenbePRruitt 1977b): (‘Mak’)
ETy=a,+ bz( = jRg (10)
A+y) A
a=-0,3 (11)
b, = Co + G RH + Collg + CaRHUy + C,RH? + Coliyg (12

Priestley-Taylor-model (PriestleyTaylor 1972, McNaughton — Jarvis, 1983): (‘P&T")

A
a—(R,-G)
ET, =21V (13)
P
a=1+ Y E& (14)
A+y 1y,

Methods based on mass-transfer

(time step: day)

WMO-1966 (WMO 1966): (‘WMO66')
ET, =(0.1298+0.09341,)[(e, - €,) (15)
Mahringer-model (Mahringer 1970): (‘Mah’)
ET, = 0.15720/36u, (e, —e,) (16)

Combination-type methods

(time step: day)

PenmanrMonteith—-FAO-56-model (Allen et al. 1998): (‘PMF56)
900
0.408A(R, G)+VT+7273U2(35 €) (17)

ETy =

A+ y(1+ 034u,)

Shuttlewortir-Wallace-model (ShuttleworttWallace 1985):

C.[ET, +C,[ET,
p)

Terms of the above equations are given in detailable 2

ET, =
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Table 2. Abbreviation of variables, coefficientslamits used in equations 1-17

Notation Name of variable Unit Equation no.
Uy daily mean wind speed at 2 m height kmday 2,4,9, 15, 16, 17
Uzg mean wind speed of daylight hours at 2 m height “ms 7,12
y psychrometric constant kPa™C 2,10, 13, 14, 17
A slope of the vapor pressure curve kPa °C 2,4,10, 13, 14, 17
F the fetch distance above the reference surface m 4
RH daily mean relative humidity % 4, 8,12
RHmin daily minimum of relative humidity % 6,7
a, b parameters for equation 5 - 5
&, by parameters for equation 10 - 10
(n/N) relative sunshine duration - 6,7
T daily mean temperature at 2 m height °C 5,7,8, 17
Co, G, G, coefficients for equation 12 - 12
C3 G G
Ry global radiation cal fday’ 10
R, net radiation MJ m?day® 13
water equivalent of net radiation mm day” 17
G soil heat flux MJ m?day® 13
water equivalent of soil heat flux mm day* 17
y) latent heat of vaporization carfday® 10
MJ kg™ 13,18
a Priestley-Taylor coefficient - 13
la aerodynamic resistance s'm 14
re canopy resistance s 14
& saturation vapor pressure hPa 15, 16
kPa 17
€ actual vapor pressure hPa 15, 16
kPa 17
C. weighting coefficient for canopy - 18
Cs weighting coefficient for soll - 18
ET. transpiration mm day 18
ET, evaporation mm day” 18

During the selection of the models, attributes takeo consideration were input data
requirements, sensitivity for different climaticriables and suitability to different humidity
conditions according to literature.

Pan-evaporation derived methods are relatively Empgomputation is based on
measured k&, values and an empirically determined pan-coefficas a correction factor. An
advantage of these methods, such as Per and FASX5@jr very little input data.

Temperature- and radiation based methods are afggeswith low number of input
variables, however, calculation of empirical cagéints used can be difficult. These methods
are recommended to be used for monthly or longeoge of time.

Methods based on mass-transfer mainly use temperahd humidity parameters. This
approach considers the energy and water vapousférabetween the surface and the air.
Equations are typically simple, with daily timeste

Combination-type methods unify aerodynamic and gyxealance theories. PMF56 and
S&W methods are particularly widely used and comsd to be accurate and robust models
with the disadvantage of high input data requiregser8&W equation, which is a
modification of PMF56, allows for local calibratiand parameterization, though it requires
abundant data describing air, soil and vegetatilitions either.
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The analysis was performed for the period of 200362 Winter periods during the
analysis, were deliberately neglected. Howevelydailues of ET could be considerable in
several cases, it has very little significanceaigro- and hydrometeorological use.

For our alternative Shuttleworth-Wallace 'S&W#25tevariant, estimated net radiation
values were used. Net radiation data was calcufabed global radiation of D.-Airport, with
linear regression method on the basis of four corapts net radiation measurements.
Net radiation was measured at Debrecen-Kismacs mgteorological Observatory
(lat.: N47.577°; lon.: E21.582°), approximately Kl north to the Airport station.

2.3 Methods for data analysis

The comparative analysis consisted of two partst,Fa descriptive analysis was performed;
the values of the final results obtained from eastimation algorithm, i.e., evapotranspiration
sums during the growing season and monthly amowet® examined in six test years.
Furthermore, the average differences of values ftben pan evaporation data were also
evaluated in the respective periods. By means sitkdescriptive statistical indices, such as
absolute maximum, absolute minimum, mean valua| tahge of values, standard deviation,
coefficient of variation and variance, models werlgjected to a statistical. Also, cross
analysis of the models’ root mean square error (RM8etween model outputs was
performed. RMSE is an informative which denotes éh®r between a model and a certain
basis for comparison. In this study we paired ewmgle model to all the others to assess the
magnitude of discrepancy between each pair. Inmalasi way we carried out a Pearson’s
correlation test. In addition to cross-analysesewamined residues calculated on the basis of
Pan and PMF-56 methods. Outputs of each model es@rpared to Pan and PMF-56 thus,
and forAET, values basic statistics (e.g. absolute maximumraimimum, mean bias error
(MBE), standard deviation, variance and total rangere calculated.

All the indices were calculated on the basis ofyddata in the entire examination period
except for the analysis of monthly or seasonal sums

Next, a sensitivity analysis was carried out toleai® the response of calculated ET to
selected atmospheric parameters. Changes of matj@ite and their variability induced by
change in atmospheric variables were evaluatedsdrefor the selection of these variables,
such as temperature measured at 2 m height (&jivelhumidity (RH), global radiation ¢R
and wind speed measured at 10 m (u), was that tresables are thought of as the most
decisive in the control of ET values in most of @&gpns used.

Mean values of these parameters and also from Thevalues of each model were
calculated. Then we calculated the deviatiah ffom these means for the daily data of the
atmospheric parameters and the,B/alues, respectively. In order to reach the best
comparability between the effects of changes iraatlospheric variabledy values of each
parameter and ETwere converted to changes in percentage. Fintdl,mean of output
changes (meafAET,) and the total range (R) of the changes for th@odewnere shown in
diagrams indicating the magnitude of changes inrthet on the x-axis.

3 COMPARATIVE ANALYSIS AND SENSITIVITY ANALYSIS

3.1 Descriptive statistics

Data inTable 3indicate that yearly sums of modelled Bfalues differ remarkably among
years and models. This high level of divergenceumanostly between different types
(e.g. temperature-based, radiation based, eterjettiods and only to a lesser extent between
methods of the same type.
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Table 3. Sums of BTHuring the growing seasons of the examined years

Year Pan Per FAO56B&C Szasz Mak P&T WMO66 Mah S&W PMF56 S&W#2

2005 649 425 517 914 692 861 663 481 582 864 925 828
2006 751 493 597 951 708 893 674 520 628 895 948 853
2007 1015 644 771 1126 797 1046 746 755 885 11131148 1065
2008 803 512 628 971 708 923 710 557 657 922 979 883
2009 1091 690 830 1153 789 1041 737 799 937 11641183 1117
2010 751 477 595 877 648 844 683 446 527 799 868 763

ET,: reference evapotranspiration (mm)

Table 4implies that there are differences between thectsdl models in terms of their
range and standard deviation. In addition, the grotimodels which estimate the highest
maximum — and the widest range — BT, (mass-transfer based and combination type
methods) and those which show the highest stardkarihtion (B&C, Mak and combination
type methods) is not necessarily the same. Nottaitissng, we could distinguish large
fluctuation models by their high range and standdediation values (Pan, B&C, mass-
transfer based and combination-type methods) asd alonservative’ ones with less
fluctuation can be specified (pan coefficient-baszhisz and P&T methods).

Table 4. Descriptive statistics calculated for thieole examined period (2005-2010)

Pan Per FAO56B&C Szasz Mak P&T WMO66 Mah S&W PMF56 S&W#2

Max. 12.10 7.67 8.18 11.79 6.49 9.70 7.17 16.05 17.34.76 12.85 14.92
Min.  0.00 0.00 0.00 0.33 0.21 -0.05 0.24 0.04 0.05 0.15 0.23 0.08
Avg. 394 252 3.07 4.67 3.38 4.37 3.28 2.77 3.284.48 4.71 4.29
R. 12.10 7.67 8.18 1146 6.28 9.75 6.93 16.00 17.294.61 12.62 14.84
StD. 218 141 161 232 151 231 155 1.82 204222 222 2.22
Cv 0.55 0.56 0.53 0.50 045 0.53 047 0.66 0.620.50 0.47 0.52
Var. 4.75 2.00 2.60 540 2.27 535 241 3.32 4.184.92 4.91 4.94

Max.: absolute maximum (mm ddy, Min. : absolute minimum (mm day, Avg.: mean value (mm daj),
R.: total range (mm day), St.D.: standard deviatiorGV: coefficient of variationyar.: variance
For explanation of method abbreviations see chapger

Annual time series of residua{Bigure 1) indicate that differences between modelled
and measured values were relatively stable, butcoostant. There are major changes in
residuals either between model outputs or betweend@ta and modelled EValues.

2

1,

difference from measured data [mm day

Pan Per FAO56 B&C Szasz Mak P&T
S&W  ————PMF56 ------- S&W#2

2005 2006 2007 2008 2009 2010

(Meanings of abbreviations are given in chaptey 2.2

Figure 1. Average daily difference of the modepatd and
measured values in the period 2005-2010
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The temporal course of the differences compare@aio data and the precipitation sums
of the examined growing seasons correlates wetlage of certain models. The following
precipitation sums were recorded in the intervavieen April and October: 473 mm (2005),
438 mm (2006), 369 mm (2007), 396 mm (2008), 256 (@609) and 571 mm (2010). The
value of the coefficients of determination’fRare 0.79 (Per), 0.82 (FAO56), 0.72 (Szasz),
0.69 (Mak) and 0.82 (P&T

It shows the fact that model response to the amoluavaporable water is stronger than
that of the evaporation pan. Although it should rmed that in case of other models
correlation was much weaker.

The quantification of the correlation of the modatsd the residuals compared to each
other is closely linked to our statistical examioas. Correlation was calculated for each pair
of models instead of averaging within model typ&able 5 summarises the values of
Pearson’s correlation coefficient.

Table 5. Cross analysis of Pearson’s correlatioiwsen modelled daily B Hata
(2005-2010)

Pan Per FAO56B&C Szasz Mak P&T WMO66 Mah S&W PMF56 S&W#2

Pan - 097 099 083 078 081 080 081 082 087 0.86.850
Per 097 - 099 087 083 084 081 075 079 08 0.84 0.84
FAO56 0.99 0.99 - 084 080 082 081 076 0.79 084 0.84 0.83
B&C 0.83 0.87 0.84 - 095 096 092 081 085 093 094 0.90
Szasz 0.8 083 080 095 -097 09 072 0.77 089 0.91 0.86
Mak 081 084 082 09 097 -097 075 080 092 0.95 0.89
P&T 080 081 081 092 095 097 - 070 0.73 0.88 0.92 0.85
WMO66 0.81 0.75 0.76 0.81 0.72 0.75 0.70 - 099 093 0.90 0.92

Mah 082 079 0.79 085 0.77 0.80 0.73 0.99 095 091 0.94
S&W 087 085 084 093 089 092 088 093 095 -0.99 0.98
PMF56 0.86 084 0.84 094 091 095 092 090 0.6DB9 - 0.97
S&W#2 085 084 083 090 086 089 08 092 09488 0.97 -

n (number of cases) = 1284. Method abbreviatioagaplained in chapter 2.2

The closest correlation was observed between Padpambased models due to the fact
that these algorithms are closely related to thasmed data by the use of a correction factor.
Models that showed the weakest correlation with ather were mass-transfer-based ones.
The weakest correlation of all has been found betwemass-transfer and radiation-based
methods. Also, from a different perspective, thiéedence between the two model types can
be explained by use of different atmospheric patarae

The same analysis was performed with RMSEble § to determine ‘alignment’ of
the models compared to one another. With this a&malgur purpose was to find possible
reference values and evaluate error between mau#tss comparison.

Using pan evaporatiormeasurement (Pan) as a standard Per and FAO56Ismate
be highlighted by their lowest RMSE values. ChogsiPMF56 to be the basis of
comparison, the two variants of S&W show the bestoadance, also because of
belonging to the same type. As an alternative, @arched for the models that are closest
to the majority of methoddy selecting the lowest average RMSE. It is fodnat Per
(0.7), Szasz (0.73) and even P&T (0.78) showedidenably lower values than the rest of
the models.
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Table 6 Cross analysis of the Root-Mean-Square rHRMSE) of modelled daily ETdata
(2005-2010)

Pan Per FAO56B&C Szasz Mak P&T WMO66 Mah S&W PMF56 S&W#2

Pan - 034 020 131 094 136094 106 1.16 111 1.14 1.17
Per 0.53 - 024 114 084 127090 120 124 118 1.19 1.21
FAO56 0.28 0.21 - 127 091 133091 118 1.26 1.19 1.20 1.24
B&C 1.23 0.69 0.88 - 045 0.650.61 108 1.06 0.80 0.77 0.95
Szasz 1360.79 097 069 - 057050 126 130 1.01 0.90 1.13
Mak 128 0.7 093 066 037 - 037 1.20 124 0.86 0.70 1.02
P&T 131 0.82 095 092 0.49 0.55 - 130 1.40 1.05 0.88 1.18
WMO66 1.27 0.93 1.05 138 1.04 1.521.11 - 0.28 0.79 0.98 0.87
Mah 123 0.86 1.00 121 0.96 1401.06 0.25 - 068 0.90 0.76
S&W 1.09 0.75 0.87 084 0.68 0.890.74 0.65 0.62 - 0.32 0.49
PMF56 1.12 0.76 0.88 0.81 0.61 0.730.62 0.81 0.83 0.32 - 0.51

S&W#2 1.15 0.77 090 100 0.76 1.070.82 0.72 0.70 0.49 0.50 -
n (number of cases) = 1284

Table 7. Descriptive statistics calculated for cegs based on Pan and PMF56 (2005—-2010)

AETopan
Per FAO56 B&C Szasz Mak P&T WMO66 Mah S&W PMF56 S&W#H2
Max. 0.00 0.00 521 3.4/ 491 3.2C 4.68 5.20 6.44 6.21 7.15
Min. -576-4.00 -6.01 +7¢ —6.6( —7.3¢ —6.37 —6.16 -456-4.33 —-4.87
Avg. (MBE) -1.42-0.87 0.73 ©B.5¢ 0.4: -0.6e -1.17 —0.66 0.54 0.77 0.35
St.D 0.88 0.61 1.34 1.3¢ 1.4C 1.3z 1.27 1.26 1.14 1.17 1.21
Var. 0.77 0.38 1.79 1.8¢ 1.9 1.7¢ 1.62 1.58 1.30 1.37 1.46
R. 58 40 11.2 11.2115 10.6 11.0 11.4 11.0 10.5 12.0
AETopmrse
Pan Per FAO5@B&C Szasz Mak P&T WMO66 Mah S&W S&W#H2
Max. 4.33 2.07 2.88 3.200.24 1.24 0.35 3.19 445 1.91 3.68
Min. -6.21 -8.96 -8.30 -3.96-7.52 -4.35-7.16 —4.42 -3.7F2.27 -1.66
Avg. (MBE) -0.77-2.19 -1.65 -0.05-1.33-0.35-1.43 -1.94 -1.43-0.23 -0.42
St.D. 1.17 1.28 1.23 0.811.04 0.73 1.00 1.00 0.90 0.32 0.51
Var. 1.37 1.63 1.51 0.66 1.08 0.54 1.01 1.00 0.80 0.10 0.26
R. 105 11.0 11.2 7.1 7.8 5.6 7.5 7.6 8.2 4.2 53

AET,: residues comparetb Pan and PMF56 daily output data, respectivéax.: absolute maximum,
Min. : absolute minimumAvg. (MBE): mean value, (i.e., systematic error, MBE — Meés Error), all in mm day;
St.D.: standard deviation/ar.: varianceR.: total range

General descriptive statistics was performed ferrésiduesAET,) specifically calculated
based on the comparison outlined above, but oniglation to Pan and PMFS8able 7) The
smallest MBE, i.e. systematic error compared tontleasured pan data was shown by Mak and
the S&W+#2 with modified radiation balance calcwatilt is however the consequence of the fact
that the differences having high standard deviadioth variance compensate each other because
of their inverse signs. Therefore, despite the ¢eseelation, these models provided a relatively
small MBE, which also implies a larger proportidmon-systematic error.

In comparison with the PMF56 model, the B&C and Ntaddels show the same features
as the above, while S&W method provides a verylammesult to the standard both in terms
of its MBE and RMSE values. The real reason fos ffienomenon is the similarity of the
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principal bases of these two methods. The errathefmentioned methods thus presumed
mostly non-systematic.

3.2 Sensitivity analysis

In Figure 23 the impact of temperature on the models and thasored ‘Pan’ data set is
shown. The curve of average chang&T) of all models runs together in th60 — +40%
range, divergence can be seen above or below #mgeronly. At the same time, the
correlation between the input and output data chsuig nearly linear. Total range (R) of the
changes follows a typical span in most mod€&igure 2b) Small differences can be seen in
case of input change is in the negative range, lynpseiking near the mean, then starting to
decrease again with higher differences betweenntibelels. Nevertheless, the different
behaviour of mass-transfer-based algorithms caseke in this case, too, the total range of
the output change continuously extends in theseetsod’he lowest deviation of the two
temperature-based (B&C, Szasz) and the radiatiseebgMak, P&T) models is worth
mentioning, as the model response to the changesthe most stable in these methods.
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Figure 2a—b. Impact of the change of temperaturenodel outputs
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Figure 3a—b. Impact of the change of relative hutpidn model outputs

v il
[y »

Figure 3ashows the results of the sensitivity analysesgperéd in relation to relative
humidity. Due to the set of RH values, the curvapas are inverted, results of the analysis
were still similar to temperature. The reason toe similarities is that relative humidity
depends on temperature; therefore, the two parasneiee related. Nevertheless, the
correlation between the change in air humidity #meoutput changes can be best described
with a logistic trend. It is a further differencleat the models start to diverge after a 20%
reduction of the parameter value. Also, as regtrdise total rangeNigure 3b) Szasz, S&W,
Mak and PMF56 models resulted in the lowest valiess-transfer-based models proved to
be of different behaviour again: their total rargjechange in output was above at 200% at
-20% RH differences and below.
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Figure 4a—b. Impact of global radiation changestba model outputs

The value ofET, estimated by the models linearly increases with iticrease of global
radiation Figure 43. Of the four meteorological parameters, it is thee where the
correlation can be determined most clearly in i@hato the models. The usual divergence can
only be observed from around the +80% levels. Amrés the range of the output changes,
mass-transfer-based models can be distinguishedh, aghile the higher stability was
observed in case of the Mak, Szasz and P&T modlks.benefits of using the latter model
concerning the availability of the measured radratlata are also confirmed by other sources
(Lu et al. 2005). The extent of total range is kheest around the negative extreme value,
above the mean value (17.1 MJ?nday”) it stagnates or slightly decreases at high
uncertainty in the case of the majority of modé&lg(re 4H.
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Figure 5a—b. Impact of wind speed change on theetnmatputs

Figure 5a shows ET response to change in wind speed. Asseppto the other
parameters, there is not even a temporary lineaelation between the change dynamics of
the parameter and the output in relation to wind.this case, the correlation type is
presumably logarithmic. On days with wind speedowethe average (0.5-2.8 m')sthe
models provide results with rather close corretatidpproximately above the level of -50%
wind speed change (1.4 m'sand above), the extent of estimated evaporatiaupdly
increases in each model. After reaching the avevaliee, the extent of evaporation keeps its
level. It peaks mostly between 80-100% increasesind speed (5.1-5.7 m3, although
5 models do not show any increase notable. Thes#elndSzasz, P&T, B&C, Mak, Per)
appear to be insensitive to any further stiffenifigvind, as opposed to mass-transfer-based
models. As regards the total range of the deviafligure 5b) the same models are the
steadiest (except for the Pereira model); therelsthér strengthening their ‘conservative’
classification.
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4 CONCLUSIONS

Based on monthly and yearly amounts of estimategl ETvas concluded that evaluation
on the basis of seasonal sums is very sensitiveystematic differences between daily
model results. Differences of the order of evenesalvhundred millimetres can evolve
during a growing season. Nevertheless, the higlsshs were provided by the
Blaney-Criddle, PenmanMonteith—-FAO-56, ShuttleworthWallace and Makkink
methods, while the lowest amounts were providedhsy Pereira, FAO-56, WMO-1966
and Mahringer models.

On the basis of seasonal dynamics of the modelubsitghe distinct behaviour of
mass-transfer-based models (WMO-1966, Mahringeryl dhe sensitivity of pan-
coefficient models (Pereira, FAO-56), temperatuasdil (Szasz), and radiation-based
models (Makkink and Priestleyraylor) to the precipitation amounts could be dttdc

Large fluctuation models with high R and St.D. esyPan, B&C, mass-transfer based
and combination-type methods) and ‘steady’ ones (pzefficient-based, Szadsz and P&T
methods) with less variability of outputs were itged. Furthermore, mass-transfer-based
methods showed wide standard deviation and totadeaof the output data even in the
case of relatively loviET, levels.

Based on the correlations between the model resBiseira and FAO-56 models
agreed the most to the pan evaporation measurepveile Shuttleworth-Wallace model
showed the most similarity to the PenmMtonteith-FAO-56 method. As regards the
systematic error, Makkink and Shuttlewotthallace model were the closest to pan
evaporation, while ShuttleworthVallace, BlaneyCriddle and Makkink models were the
closest to the PenmaNlonteith method.

With the sensitivity analyses, two main groups wdedined: the Szasz, Makkink,
Priestley-Taylor and PenmatMonteith—-FAO-56 models can be considered steady, i.e.
these methods responded with lower fluctuationghéochanges of atmospheric variables.
At the same time, WMO-1966, Mahringer, Shuttlewektfallace methods, the pan
evaporation measurements and Pereira model arerra#nsitive. These showed large
magnitude and high range of changes in B a response to the increase or decrease of
the four main atmospheric inputs (temperaturehamidity, global radiation and wind).

In the light of these conclusions, Priestd@waylor, PenmanMonteith—-FAO-56,
Shuttlewortr-Wallace parameterized with alternative radiationlabee, Szasz and
Makkink methods were found to be the best perfogymodels for ET calculation. In order
to perform properly accurate estimations, howevers necessary to carry out further
parameterization of each model in accordance witlll circumstances.
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