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Abstract.This paper presents a study on the evaporatioraténirom the surface in the area
of the Lesser Pieniny Mts., determined on the basimeasurements at the climatic-lysimetric
station in Jaworki. The evaporation of water frdra surface is diversified in specific 10-day peri-
ods and months of the vegetation season, and takftm April-September was 334.1 mm. The
quantity of evaporating water was lower than th@soeed reference evapotranspiration, assumed to
be the evaporation of a well-watered, compact grassard, and lower than the reference
evapotranspiration calculated in accordance withRenman formula in French modification and
the Penman-Monteith formulén the area of the Lesser Pieniny Mts., the evaoraf water can
be expressed as a function of the deficit of amidity and — to a lesser extent — of air tempegtur
The seasonal plant coefficients determined on the basis of evaporation from opatemsurface
E, can be used successfully to determine the evasptiration of mountain grassland.

Keywords:water evaporation, reference evapotranspiratiamatic factors, seasonal plant
coefficients

INTRODUCTION

Evaporation from water surfage an essential element of water balance in
any drainage basin — along with transpiration, evagion from the soil and areas
not covered by vegetation. The amount of water Wwi@eaporates from the sur-
face of open water depends chiefly on the evaparatowers of the atmosphere
coming into contact with the water table. These gware determined by mete-

Y The research was realised within the Project N8-3337/KEKiOP/2014, financed from the re-
search grant allocated by the Ministry of Scienue Higher Education
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orological factors, and principally the followinthe deficit of air humidity, air
temperature, insolation, and wind velocity (Konopk®76, Szajda 2001). The
evaporation from the surface of open water is Wguaéasured using evaporime-
ters placed at ground level. These measurementsaaseto conduct in any habi-
tat, and for this reason they are often used inprehensive characterisation, as
an indicator that fairly accurately describes theal climatic conditions that exist
in various habitats (Hupet and Vanclooster 2001y Kad Davies 2008, Misztal
1985, Szajda 1997). They are also applied as otlgeoélements that help to de-
termine seasonal plant coefficients that have hessd to estimate the actual
evapotranspiration rate of wild or cultivated p&afAllenet al. 2005, Clothieret
al. 1982,Szajda 19975Szajda 2001a).

The aim of the study was to determine the valuevaoration from the sur-
face of open water, in the Pieniny Mts. region, @acthanges over time, as well
as to prove that water evaporation is a good indid@r comprehensive charac-
terisation of the local climatic conditions. Addtially, the study aimed to show
that in the conditions prevailing in the regiontioé Pieniny Mts. the evaporation
of water permits a relatively precise indirect detimation of water demand of
mountain grassland.

EXPERIMENTAL PROCEDURES — MATERIALS AND METHODS

The results presented in the article originate ftbemmeteo-lysimeter station
located in the Lesser Pieniny Mts., in the Grajkateeam basin, at the altitude of
about 600 m a.s.l.,, in te area of IMUZ Researcti@®tan Jaworki. Measurements
of water evaporation were conducted in 1974-1998 j)an evaporimeter with the
area of 0.2 rhand 0.5 m deep, placed flush with the ground adry grass
vegetation. Daily values of evaporation from theewasurface were determined
by means of a calibrated container enabling measeme of water level in the
evaporimeter, every day at 7.00, during the pefiioth the third decade of April
until September. The station was also equipped avittevenson screen, in which
standard measurements of meteorological factore e@mducted according to the
guidelines of the Institute of Meteorology and Wa#anagement (IMGW). Dec-
ade values of slow evaporation of the water tal®esvcompiled also for wet and
dry, and for cool and warm years. It was assumieel, Blarciloneket al. (1980),
that precipitation totals during the vegetationiger with 20% and lower prob-
ability of occurrence, characterise dry years, wherthose when the probability
was 80% and higher — wet years. If similar criteria applied for the air tempera-
tures, it was assumed that the temperatures tb20% and lower probability of
occurrence characterise cool years, whereas thbsa whe probability is 80%
and higher — warm years.
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Evapotranspiration research on grassland swardasadneadow (three cuts)
were conducted during the discussed period atybienkter station and in the
simulated pasture system (six time sward cuttibgyerse fertilisation was ap-
plied as a factor significantly diversifying yieldhe evapotranspiration was also
determined for grassland sward with constant haflabout 12 cm.

The results obtained allowed also to determineréfierence evapotranspira-
tion using two methods: the Penman method, whicluites aerodynamic factors
and thermal balance, and the modified by Monthéli®65) Penman-Monteith
method, additionally including standard parametdrsoughness and surface re-
sistance, which allows better estimation of theer@fice evapotranspiration and
eliminates the problem of overestimation in caltales using the original Pen-
man formula.

Statistical dependencies were described by meanggréssion equations.
Correlation coefficients r and determination cazéfint ¥ were calculated, as well
as standard estimation errors (SEE) and valuedatiStical significance test
(Fon). The significance of the dependencies obtainesl evaluated by comparing
the coefficients and rates of correlation withicat values at the significance
level a = 0.01, the values of significance tegf With R o; values, and by assess-
ment of the value of determination coefficieAtevidencing the magnitude of
dispersion error s =108r°. It was assumed that the dependence is significant
the calculated r >yp; Fon > Foo1and the determination coefficieritr 50%.

The conformity assessment of real evapotranspiratiue, computed using
plant coefficients k= ETr E, , with the measured values was conducted using Rela
tive Mean Square Error — CBK (Ozga-ziska, Nawalany 1979),a@and a coeffi-
cients in regression relationship Bhr= & + aETr,y, correlation coefficients be-
tween ETgmand ETyy;, histograms of residual values distribution fsfand ETgy,.

RESULTS
Evaporation from water surface

In the period of April-September, the evaporatidnvater at ground level,
measured as averages for 10-day periods, ranged 86 mm to 27.6 mm. In
the 10-day periods, the evaporation measured impdhntcular years of the study
was even more diversified (from 6.2 mm in Septembed5.7 mm in June, July,
and August). In the growing period, the average sifnevaporation from the
water table in the studied region was equal to B&4m, fluctuating in particular
years from 287.1 to 363.9 mm. In dry years, theaye evaporation of surface
water in April-September period was 335.2 mm, whsren the relatively wet
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years — 303.7 mm. The average evaporation fromrgatéace in the warm years
was 359.5 mm, and in the cold years — 317.4 mm.(Tpb

Table 1. Ten-day values of evapotranspiration from opertewaurface (f) during vegetation
season in Jaworki region (mean in the years 19B8)19

Month, ten-day period E, (mm) v
' maximum minimum mean SD (%)
v 3 20.2 8.6 13.7 4.29 33.0
1 27.5 8.0 18.3 5.10 28.7
2 29.8 9.7 19.5 5,52 29.0
V 3 29.3 12.5 20.8 450 222
total 68.4 38.8 58.6 9.74 16.6
1 35.0 18.4 25.1 4.79 19.6
2 32.6 15.4 23.3 390 17.2
VI 3 35.7 16.9 23.5 571 24.9
total 89.0 53.7 72.0 9.19 128
1 31.3 16.1 23.1 4.25 18.9
2 30.5 14.5 215 420 20.1
VII 3 35.7 22.3 276 429 16.0
total 88.1 57.5 72.2 8.15 11.3
1 35.7 15.2 24.3 4.49 18.9
2 32.3 17.2 24.0 4.00 17.1
VIII 3 26.3 17.1 219 3.04 143
total 85.6 55.2 70.3 8.74 125
1 26.8 11.9 18.7 3.84 21.1
2 23.9 6.2 15.0 431 29.6
IX 3 20.1 7.7 13.6 354 26.7
total 58.6 38.5 47.3 5.85 12.4
mean 363.9 287.1 334.27.63 8.3

dry 363.4 3152 3352547 7.6
moist  321.5 295.0 303.717.68 5.8
warm  363.9 3542 359.54.67 1.3
cool 348.1 292.7 317.48.18 8.9

in the period
April-September in the years

Explanations: SD — standard deviation, nvm: variability coefficient

Relationship between water evapor ation and meteorological factors

The diversity in the quantity of water evaporatingm the surface in dry,
wet, warm, and cold years indicates the impactefdliimatic conditions on the
course of this process. The relationship betweggarte the deficit of air humidity
(d) in the conditions prevailing during the studyillustrated by a regression
equation:

E,, = 1.133 %476 r=0.773 1)
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Looking for statistical relationships between wad@aporation and air tem-
perature (t), it appeared that this relationship loa best described by the follow-
ing regression equation:

E,, = 0.389 t0-664 r=0.677 )

The relationship between water evaporation andtsnasyy) was the least
significant. In the regression equation describing

E,, = 1.368 U°-283 r = 0.473 (3)

only 21% of the variability in water evaporationsaaaused by the effect of sunshine.

The simultaneous inclusion in the equation of itthumidity deficit and air
temperature did not contribute in any marked wayh® increase in the signifi-
cance of the relationship, whose statistical dption is presented by the regres-
sion equation given below:

E, =1.699d + 1.097t r=0.612 4

Therefore, the air humidity deficit appears to be best indicator permitting
the most probable determination of evaporation fapean water surface (Ein
the conditions prevailing during the study.

Comparison of water evaporation and refer ence evapotranspiration

The basic methodological difficulty in determiniegapotranspiration using
empirical formulae estimating evaporation as a fiencof climate and crop factor
results from the complicated effect of various daston the evaporation process.
Thornthaite’s formula (basing solely on air tempera value) is one of the better
known empirical formulae worldwide. Penman’s methws been also widely
used (Burmaret al. 1983). It has undergone numerous modificatiofigyltch
Monteith’s modification has won wide recognitionlligk et al. 1998). Doorenbos
and Pruitt modified Penman’s formula introduciknglant coefficient dependent
of the kind of plant and soil use (Allahal. 2005). It has become the most com-
monly applied method of calculating evapotransmirgtrecommended by FAO
and ICID.

When evapotranspiration is calculated for planticgently supplied with
water, a two-stage method is recommended, usingra poefficient characteris-
tic for a given plant (Alleret al. 1998). More often than not, it is the evapotran-
spiration of an actively developing, well-waterethgpy sward, fully covering
soil, with a permanent height of 12 cm, that isneiised to calculate the actual
level of evapotranspiration. In the mountain grasdl described here, the
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evapotranspiration of such a grassy sward had agrvdlues ranging from 10.4
to 39.5 mm, and its sum for the vegetation seas347.5 mm.

In the area of the Lesser Pieniny Mts., the changesulti-year average val-
ues for ten-day periods of water evaporation afereace evaporation, calculated
according to Penman’s formula in French modifigatiand the Penman-Monteith
formula, are illustrated in Fig. 1.

Vil
month, ten-day period

’ m-1 0-2 B-3 I

Fig. 1. Totals of ten-day water evaporation (1), refereeeapotranspiration calculed using French
modified Penman equation (2) and Penman-Monte)tat(3aworki (mean in the years 1974-1998)

This definitely shows lower amounts of water evapion than the reference
evaporation in all ten-day cycles of the studiedqgae and indicates significant
differences in the ten-day total values of refeeeaeapotranspiration calculated
using both formulas. The statistical comparisothefresults obtained, carried out
using linear regression, proves — with high prolitgtst+ that this relationship can
be described by the following formula (Misztal 2000

ETs pen-mont. = 0-89 ETj pen—rran. r = 0.868 (5)

The analysis, based on the collected data, ofalaionship between 10-day
values of evaporation from the surface of open mael the reference evapotran-
spiration calculated in accordance with the methuodstioned earlier, shows that
this relationship is statistically significant (T.).
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Table 2. Parameters and statistical characteristics obssipn dependency between water evapora-
tion from ground surfacevitand reference evapotrasprationcET

ETo calculated using Evapotranspiration from
Parameter French modified Penman Penman-Monteith sward 12 c¢m high
value p SE value p SE value p SE
& 0.809 0.756 2.549 1.791 0.548 2.909 -0.556 0.450 1.368
& 0.645 <0.001 0.806 0.671 <0.001 0.101 0.926 < 0.00Q2.054
r 0.905 <0.001 0.113 0.872 <0.001 0.131 0.862 < 0.00Q.053
r* (%) 82 76 74.3
Fealc 64.07 <0.001 44.49 <0.001 251.02 <0.001
SEE 1.815 2.097 3.115

Explanations: @ a — parameters of the equationwEE g + a ETo, r — correlation coefficient,
r* — determination coefficient, p — level of significe, &y, — Statistical significance test of tested
factor share in regression model, SE — standaod efparameter, SEE standard error of estimation

In the case of reference evapotranspiration catedlasing Penman’s formula
in French modification, this relationship can bea&ed by the regression equa-
tion in the following form:

E, = 0.89 + 0.645 ET, pon—rran r = 0.905 (6)

whereas, when calculating reference evapotrangpiratising the Penman-
Monteith method, the relationship assumes theviefig form:

E,, = 1.791 + 0.926 ET, pen—pont r=0872 ()

Similarly, as the reference evapotranspiration bancalculated using the
Penman formula, so can the evapotranspirationagsyrsward, 12 cm in height,
be correlated with the course of evaporation ofew&iom the surface (Tab. 2).
The regression equation describing this relatigniias the following form:

E,, = —0.556 + 0.645 ETqra r=0.862 (8)

Seasonal plant coefficients used to calculate actual evapotranspiration

The numerical data collected during the measuresrtelken in the Lesser Pi-
eniny Mts. permitted the determination of such tioeits for mountain grass-
land (Tab. 3). The analysis of the regression eégusiparameters between meas-
ured and calculated values of evapotranspiratioméadow and pasture, shows
that their conformity is high for both habitats.afhs confirmed by conformity
measures obtained (at= 0.01) for measured and calculated evapotrartgpita
r, Feaio @and CBK (Tab. 4).
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Table 3. Decade crop coefficientg k& ET E,* for meadow and pasture depending on the amount
of assumed yield

Meadow Pasture
yield (t ha'?

<6 6-10>10 <4 >4
1.13 1.20 1.31 1.08 1.13
1.35 1.44 157 1.27 1.34
1.81 1.98 2.07 1.11 1.22
2.01 2.12 2.20 1.54 1.63
1.09 1.17 1.29 1.09 1.20
1.32 1.39 1.46 1.30 1.34
1.61 1.68 1.75 1.39 1.48
1.86 1.91 1.97 1.13 1.21
1.98 2.09 2.14 1.48 1.57
1.18 1.22 1.29 1.58 1.68
1.27 1.32 1.38 1.10 1.22
1.46 1.49 153 1.24 1.33
1.58 1.61 1.67 1.38 1.42
1.66 1.72 1.77 1.06 1.26
1.71 1.79 1.86 1.31 1.42
1.76 1.82 1.91 1.39 1.49

Ten-day

Month .
period

v

\Y

Vi

VIl

Vi

WN P WON PP WONRL WNPR, WN PR ®

Table 4. Parameters and statistical measures of confornahevapotraspiration Ef. measured
in lysimeters and Etg,s computedusing k = Etr/Ew coefficient for dry-ground grasslands

Parameter Meadow Pasture

value p SE  value p SE
& 1.553 <0.3571.678 1.923 <0.0951.141
& 0.938 <0.0010.046 0.946 <0.0010.042
r 0.901 <0.0010.044 0.912 <0.0010.040
r? (%) 81.2 83.2
Fealc 417.96 < 0.001 509.25 < 0.001
SEE 3.331 2.918
CBK 0.094 0.106

Explanations: @ & — parameters of the equation Bt = & + a ETrg, I — correlation coeffi-
cient, ¢ — determination coefficient, p — level of signifitce, k. — Statistical significance test of
tested factor share in regression model, SE — atdnetror of parameter, SEE — standard error of
estimation, CBK — mean relative square error

On one hand, the negative asymmetry in the frequdistribution of residual
values between the sums of evapotranspiration -sumed ETke.s and calculated
ETr.ac — for meadow shows that the value of the calcdlateapotranspiration is
reduced in comparison to the measured value. Omwtther hand, the frequency
distribution of residual values between the meakarel calculated evapotranspi-
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ration for pastut shows that the valis of calculated ETr are somewhat inflatet
comparison to the measured valuFig. 2). This figure implies also that in t
case of meadow, 53% of residual values obtaineal rEsult of calculations fs
within the rang of —2.0 to +2.0 mr 10 days". In the case of pasture, howey
56% of residual values fall within the rar of —2.0 to +2.0 mr 10 day:™.

35
Meadow 35
Pasture
B0 4 30 -
25 doem—— f 25 -
- © i
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PR L T T
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mm-ten-day period-! mm-ten-day period-

Fig. 2. Frequency histograms of residual values betweersuned and calcated evapotransfa-
tion for meadow anpastur. — measure@&Tr s and calculed E'y

DISCUSSIOM

The amount of water evaporating from free surfacthélLesserPieniny Mts.
region isdiversified in decades and mor, but also in individual years. On ér-
age, in th period of April-Septenber the value of evaporation from free wa
surface was 334.1mm. Undthe conditions of the research, water evapora
provedto besignificantly dependent on some meteorologicaldiectneasured i
the same habitat. The best climate indicator alig to determine ,, turned out tc
be vapour pressure deficit, resulting from the thet it is a complex climatee-
ment indirectly depending also on air temperatumg sunshine. Significant ia-
tionships between evaporation from open water sarind a vapour prssure
deficit were mentioned in papers by Allet al. 1998, Szajda 1997, 2001a. A
Roguskiet al. (2002), who analy«d theusefulness of selected forme for com-
puting reference evaporation for determining watsguirements of grsland,
revealed that water evaporation is an indicator bstiéed to local coritions than
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reference evaporation based on solar radiation atedy means of the Penman
formula which, in their opinion, is little diversd spatially.

Evaporation from free water table proved to berahicator which can be used
for determining the evaporation power of the atnhesp, especially as the con-
ducted research revealed statistically significegltionships between water
evaporation and reference evaporation computeddansiof the Penman method
in French modification, and by the Penman-Monteitethod, as has been cor-
roborated also by the results of studies conduayede Bruin 2000, Szajda 1997.

Studies on the course of evapotranspiration aidlirater use by various crops
are complicated, therefore attempts have been foaddong time to determine the
value of this phenomenon using indirect methodsyhich the measure of the ef-
fect of meteorological factors is the referencepetanspiration (ETo) computed
by means of physical-empirical formulae using medtlegical data. Evapotranspi-
ration of various crops, using referential evapmparation, computed according to
mathematical formulae is determined by means ofnconly used seasonal crop
coefficients k. The issue of real evapotranspiraidsessment was addressed in
many papers, among which works by Allgral. 2005, Benliet al. 2006, Suleiman
etal. 2007, Yaramét al. 2011 can be mentioned.

In the Lesser Pieniny Mts. region, evaporation ftmwater surface proved to
be a good indicator to determine water requiremehftgrassland communities.
A high compatibility was registered between evagmtpiration measured in dry
meadow habitats and computed using seasonal cedficents kc:§' Satisfac-

tory results of evapotranspiration calculation gsseasonal crop coefficients k
determined for a meadow and pasture show thatethidts obtained may be suc-
cessfully applied in practice to determine or fasgahe real evapotranspiration of
mountain grassland, as described in papers by Atlah. 1998, Suleimaret al.
2007. They assume diversified values in individuahths of the vegetation season
and depending on forecasted amount of yield, ateaeed by research conducted,
among others, by Eitzinget al. 2002, Huntet al. 2008, talbdzki and Kasperska
1994, Oudiret al. 2010, Roguski and tabizki 1988, Rojek and Wiercioch 1990.

CONCLUSIONS

The analysis of the data on evaporation from trenopater table, collected in
the Jaworki area, permits the following conclusitmbe drawn:

1. The evaporation of water measured in the regibthe Lesser Pieniny
Mts., using an evaporimeter at ground level, in\tegetation season attains ca.
334 mm. In particular 10-day periods during theetagjon season it is very di-
verse and can attain values between 6.2 and 35.7 mm
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2. In the whole of the vegetation season, the djiesof water evaporating
from open water surfaces in the Jaworki area awgerothan the reference
evapotranspiration calculated according to both Reeman formula in French
modification and the Penman-Monteith formula, andoalower than the
evapotranspiration of well-watered compact grassyrd with a permanent
height of 12 cm.

3. Evaporation from the surface of open water enriggion of the Lesser Pie-
niny Mts. was dependent on the deficit of air hutyidnd — to a lesser degree —
on air temperature.

4. Evaporation from the surface of open water isiraticator permitting
a relatively precise determination of plants’ dechéor water. Among the bene-
fits of this indicator one can mention the eastaking measurements and the fact
that its values depend on basic meteorologicabfact

5. In order to calculate the evapotranspiratiograssland communities in the

mountain grasslands within the region of the Le$¥eniny Mts., the seasonal

plant coefficientSkc:? can be used successfully.

w
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EWAPOTRANSPIRACJI GORSKICH BYTKOW ZIELONYCH
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Streszczenie. W pracy omoéwiono parowanie z powigrizesody w rejonie Matych Pienin,
okreslone na podstawie pomiaréw w stacji klimatyczngafietrycznej w Jaworkach. Parowanie
z powierzchni wody byto zedicowane w poszczegdinych dekadach i miemth okresu wegeta-
cyjnego, a jegosrednia z wielolecia 1974-1998 suma w okresie kweiegirzesigi wyniosta
334,1 mm. llé¢ parupcej wody byta mniejsza od pomierzonej ewapotraasjiivsk&nikowej za
jaka uznano parowanie dobrze zaopatrzonej wenndartej runi trawiastej oraz od ewapotranspira-
cji wskaznikowej obliczonej wedtug formuty Penmana w modgfik francuskiej i Penmana-
Monteitha. W rejonie Matych Pienin parowanie z at@ppowierzchni wody mma wyrazé jako
funkcje niedosytu wilgotnéci powietrza oraz w mniejszym stopniu temperatuoyvigtrza. Okre-
slone w oparciu o wartei ewapotranspiracji z otwartej powierzchni wody $£zonowe wspot-
czynniki rélinne k. mog z powodzeniem shy¢ do wyznaczania ewapotranspiracji gorskich zbio-
rowisk trawiastych.

Stowa kluczoweparowanie wody, ewapotranspiracja wakiiowa, czynniki klimatyczne,
sezonowe wspotczynniki ébnne



