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Vypar z vodni hladiny — méreni, vypaet a SirSi souvislosti

Evaporation from free water surface — measurementalculation and

broader context

Summary

This thesis aims to quantify the amount of waterfage evaporation with special
regard to the EWM evaporation pan and to relatedifext measurements to the Penman and
other empirical equations. Based on the availaBlenihute interval data on the EWM pan
evaporation and the data on precipitation for thenes intervals, the net water surface
evaporation was estimated for the period from 2010 to October 2012 (excluding the time
EWM pan did not function in winter). From the presing data, UFA raingauge appeared to
underestimate the actual precipitation on avera@etifhes, and malfunction when heavy
rains occurred. Thus the net evaporation was esananly from the fluctuation of water

level in EWM pan.

Other available weather data, including the dry/\welb temperature, water surface
temperature, air humidity, wind speed and shorteve®ar radiation were also summarized
and corrected. These data were then used as iopuhé Penman and other equations to
obtain semi-empirical daily values of evaporatisanf water surface. All data were also
related to the reference crop evapotranspirati@ording to the FAO 56 Penman-Monteith
equation and the EWM pan coefficient were estimatdd comparison between the
evaporation rates directly measured and those ledécuby different methods shows that a
new albedo value of 0.3486, when applied to sumtrae data, would improve the
performance of the Penman equations. The pan cieeffik,,= 0.44 was found as adequate
for all-season estimation of the FAO 56 referene® ecvapotranspiration from EWM pan
data. The result of this study contributed to optation of the EWM data processing
methods and to the analysis of variation of watefage evaporation within the diurnal cycle,

as well as over longer periods.

Keywords: potential evaporation, Penman, empirical equatioggyss and net

evaporation, diurnal variation, precipitation, EVidn
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1. Introduction

Evaporation is an important element of hydrologeale. Its accurate estimation has
been utilized quite frequently in irrigation anddnglogical engineering. The history of
studying evaporation phenomenon dates back to ®fecéntury (Chen et al 2005). Since
then, many methods have been developed to achietter bunderstanding and better
estimation of evaporation. Most of them requireuinpf one or more weather variables or
other measurements.

Putting aside the sophisticated eddy-correlatioaevodynamic methods (Monteith and
Unsworth, 1990), it is mainly the pan measurembat has been attracting the attention of
professional public over almost a century (Chowg4)91t has been considered a reliable and
commonly applicable method, because the evaporatitenfrom a pan responds to climatic
factors similar to those affecting the natural watedies and it can be obtained easily.
However, the pan measurement might be affectedhdwttificial pan material, its small size
and different exposure to the environment, so itsaheat storage and convection and its
radiation and aerodynamic characteristics diffamirthose of the natural water bodies,
especially the large ones. Because of these efféctsnecessary to apply a correcting factor
that is dependent on climate, geographical latitsdason, actual weather (in particular wind
speed and air humidity), environment, fetch etc.

Another group of methods requires a computatiosetdan empirical or semi-empirical
relations between the water evaporation or poteetiapotranspiration rates on the one hand
and various weather elements on the other handnBetl to this group, the theory developed
by Penman (1948) which involved several meteorchgfactors was the most widely
recommended and used worldwide. Adapted from themRa classical theory, Penman and
Monteith developed the FAO 56 combination equafialien et al., 1989), which has been
recognized as a worldwide standard for estimatibrreberence evapotranspiration, but
difficulties appear at many sites because of insefit of complicated data. As a result,
depending on the available data acquired at péatisites, other empirical models are used as
substitutes to the combination equation, or som@fcombination equation inputs have to
be derived indirectly. However, as there are iatednteractions among variables and factors
involved in evaporation process, most of the erogiriand semi-empirical models,
unavoidably relying on explicit or implicit simpjiing assumptions, are less accurate,
especially when they are not locally calibrated aviten one tries to use them for short
periods of time. Some methods can be only be uséaki climatic condition similar to those



prevailing in the area of original research, whdeme other only provide a rough
approximation irrespective of the location. Thelagapion of any empirical equation to a new
location requires adjustments.

In this study the net water surface evaporation eeag/ed from the EWM evaporation
pan continuous measurement and, the performanite gfan measurement was evaluated by
comparing it with the Penman equation and necessdiystments of the latter were
proposed. The EWM pan data was used to check timpatibility of one derived equation
from Penman’s theory in the study area. Also frdra meteorological data available, the
reference evapotranspiration was estimated acapridinthe FAO 56 Penman — Monteith

equation and a pan coefficient was derived.



2. Scientific hypotheses and objectives of work

The following hypotheses lies in the backgrounthes project:

(1) The classical Penman equation for water surfacpaation can be closely
related to the EWM pan evaporation measuremenysadjustments of the
former, if necessary, are easy to apply and dwagt much with location,
season and other factors.

(2) The net EWM pan evaporation can be derived in sild&away from the
gross data, taking into account the precipitati@asured with a standard
tipping bucket raingauge.

(3) The EWM pan evaporation data are meaningful evethetime scale

shorter than one day.

The objectives of this study are:

(1) To find out if and to what extent the EWM evaparatpan, the Penman
equation and the Penman simplified give corraties of water surface
evaporation.

(2) To elaborate an optimum method for correcting tfesg evaporation data for
the effect of precipitation.

(3) To explore the variation of water surface evaporatver the diurnal period

and over longer time intervals.



3. Literature Overview

3.1. Definitions

Evaporation is the process converting the liquidewat the liquid-gas interface to
vapor water, which is then being removed from thaperating surface by processes such as
molecular and turbulent diffusion in the gas phdsgical evaporating surfaces in nature are
oceans, seas, lakes, rivers, puddles, raindrops, gegetation and man-made structures such

as roofs, pavements, ditches, canals, reservairgagation facilities.

The processes of evaporation can be categorizedy ube following terms, based
mainly but not exclusively on the division given@uidelines for Meteorological Instruments
and Methods of Observation (WM gdition, 2012).

Evaporationcharacterizes the vaporization of water from wateground surface or
indeed any other surface. Non-wetted surfaces virfidi organisms, particularly vascular
plants, are exempted from this category in itsower sense.

Transpirationis the process during which water is transferredugh the vegetation to
the leaves after being taken up by the root systian evaporating into stomatal cavities and
diffusing in the vapor form through stomatal poirge the outer atmosphere.

Evapotranspirationis a superposition of evaporation and transpinafrom a land
patch consisting of both vegetation and other eratpay surfaces (such as soil).

Potential evaporatiortonsiders the water evaporated from pure planéervearrface or
another completely wet surface under existing aphesc conditions.

Actual evaporations the amount of water evaporated from the surthae need not
be completely wet (such as a partially dried soilfece). Surfaces of living organisms,
particularly vascular plants, are exempted frora tategory in its narrower sense.

Potential transpirationis the maximum transpiration that can be obsemveder
existing atmospheric conditions when the plantsaot sufficiently supplied with water. In
the narrower sense, the transpiration is potemife#n the plants do not suffer from either
water stress any other stress.

Actual transpirationis the amount of water actually transpired whéwe plants need
not necessarily be sufficiently supplied with watefree from another stress.

Potential evapotranspiratiorrepresents the quantity of water evaporated from a
vegetated field surface with sufficient water sypf@ome interpretations require that the soil

surface must be totally covered by vegetation.



Actual evapotranspirationegards the water evaporated from the soil andtplahen
the ground is at its actual (not necessarily ogdimeisture content and the water status of
the plants is not necessarily optimal, either. Adow to some interpretations, the actual
evapotranspiration can be over short time highan tthe potential one, e.g. after rain or
irrigation, when the plant surfaces are wet.

Reference crop evapotranspiratig¢Allen et al. 1998) is a special case of potential
evapotranspiration, defined as the amount of wata@porated from a hypothetical grass
reference crop with an assumed crop height of 12 fixed surface resistance of 70 $ m
and an albedo of 0.23. This closely resembles &ensie surface of green, well-watered
grass of uniform height, actively growing and coetely shading the ground. The soil
surface is moderately dry, resulting from abouteskly irrigation frequency.

Owing to this classification, the evaporation psxés specified with respect to the

type and properties of the evaporating surfacetanide water resources available.

3.2. Units and scales:

The processes defined in the previous section suelly interpreted in terms of rate of
evaporation (or transpiration or evapotranspirgti@rhich is the amount of water evaporated
from a unit surface area per unit time. Its dimends mass or volume of liquid water per
area, usually the depth of liquid water, per umiet, very often per day. Typical units are

millimeters per day and the acceptable accurafyliso 0.01 mm d.

The rate of evaporation depends on two groups abiffg, namely the meteorological
factors and the surface factors. The former graupsists of the energy supply rate and the
aerodynamic variables, as water needs energy (fwar and terrestrial radiation and from
the heat storage of soil, water and atmospherevaporate, while aerodynamic processes
(such as diffusion, turbulence and buoyancy) amdwdpor pressure gradient are needed in

order to remove water vapor from the surface.

The latter group of factors considers the presamcabsence of free water surface as
well as other surface characteristics, such agalb®urface roughness, size and shape of the
surface, soil surface wetness and the type andmeteas of vegetation (height, density,
coverage, leaf area index, stomatal conductance Ehe transpiration from a vegetation
canopy is deeply affected by the degree of openakestomata (which release more water

vapor when they are more open and vice versa).sldraata open and close in response to



the availability of soil moisture, atmospheric carmmhs (especially temperature and humidity)
and the diurnal cycle (WMO"7edition, 2012).

It must be remarked that thinking of the processwaporation in nature along the line
factors-consequences is not fully adequate, becduese exists a strong feedback from the
consequences towards the factors. The evaporatirfgce makes the warm and dry air
moister and cooler and is itself becoming warmet drier. The intensity of the feedback
depends on the scale of consideration. Large honemyess areas may be brought to a
relatively perfect dynamic equilibrium with the alyeng atmosphere. This fact gave rise to
the so-called “complementary” or “advection-aridigvaporation theories. Bouchet(1963)
proposed the hypothesis of strong interrelationshiptween potential and actual
evapotranspiration in a large and homogeneougadsernivith minimal advection of heat and
moisture. In the paper by Ramirez et al. (200%)irect observations was presented as strong
evidence for this complementary relationship thas Wwased on 192 data pairs gfTand the
water-budget based E) from 25 basins in the USA. While Bah resulted from direct
measurements, ETwas the difference between precipitation and ruridth EToanand EL
approached EJe: (wet environment evapotranspiration) in the wethestins, which strongly
agrees with the Bouchet’'s hypothesis. From therthebBouchet, the advection-aridity (AA)
model was developed by Brutsaert and Stricker (),96nhing at reliable estimation of actual
evapotranspiration from few available climatic paeders. A loosely similar algorithm was
independently developed by Morton (1983). Most mfits in this direction related to
evaporation from large homogeneous territories oaatively long intervals (such as months
or years). More recently, attempts have been uaklemtto use the complementary theory for
short periods (Crago, 2005).

3.3. Physical principles of evaporation

Evaporation and evapotranspiration act in accoranith several physical rules,
namely the conservation of mass, momentum and gndrg gas state laws (applied to air
and water vapor), the latent heat law of phase gdamnd the transport laws (including, in
particular, the molecular and turbulent diffusion).

It is universally known that, in a closed systenassiand energy can be neither created
nor destroyed, but can change the location or ahamg other forms. When it comes to the
evaporation of water, the amount of water evapdrass be determined by the mass balance
of the water cycle. In term of energy, evaporafwacess requires energy to overcome the

7



intermolecular interactions (i.e. the van der Wdatse and hydrogen bonds) which for water
are much higher than for many other substances &hergy is called the latent heat of
evaporation, since the process when liquid watsoidds energy and transforms itself into
gaseous phase is endothermic process and canlémeewithout a change in temperature. In
meteorology, the part of surface energy balancedéwases water to evaporate is the leaving
the evaporating surface as the latent heat fluxigrash important component of the energy

balance equation:

R, =G+ H+ApE (1)

whereR, is the net radiatiorG is the soil (or water) heat flui] is the sensible heat flux
and/E is the latent heat flux with being the latent heat of evaporation (which apprately
equals 2.45MJ kivhen the temperature is not much different frofC30p is the density of
water (kg ") andE is the evaporation rate (mnt)d The units of the other terms in (1) are MJ
mZd™.

The movement of water vapor flow in the open aialost always turbulent, which
means that air eddies containing different amoohtwater vapor and also having different
temperature and momentum spontaneously createodnertia and move in a random way.
This process is similar to the movement of molezulieiring molecular diffusion. It is
therefore called “turbulent diffusion” and it isc@ptable to apply the equations similar to
those for molecular diffusion to the transport ohter vapor in the atmosphere (Dolezal,
1994).

In brief, the conditiorsine qua norfor evaporation process are a supply of energy to
provide the latent heat of vaporization, vapor gpues gradient and turbulent (or molecular)
diffusion for removing the vapor once produced fuee on Evapotranspiration). Dated back
to 19" century, the English scientist John Dalton forrtedathis statement in his equation

which, in today’s notation and using the basic i§tg) is:
PE= f(u 2(e(T)- © )

where PE is the potential evaporation from freeewaurface (mY, e(Tws) is the
saturated vapor pressure at the water surface tatnpe (Pa), £is the vapor pressure at a
certain height above the water surface (Pa), f(is2Zhe turbulent exchange function that
depends on the mixing characteristics of the aivalthe evaporating surface (fPs), and

u is the wind speed (m'sat the height z (m).
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FIGURE D-4

Schematic diagram of flux of water molecules over a water surface. The vapor pressure at the
surface is esqi(Ts); the vapor pressure of the overlying air is less than or equal to esa(T, ). The rate
of evaporation is proportional to [esa(Ts) — €4) [Equation (D-10)).

Figure 1. Movement of water molecules over a watesurface

(http://search.boisestate.edu/?q=evapotranspirative€boisestate.eglu

Once the turbulent function is determined, it ist miifficult to solve the Dalton
equation. Dalton’s theory can be applied to quaritie actual evaporation from bare soil or
evapotranspiration from plant canopy based on gxdlee same principle. Once the soill
surface vapor pressure is known and the turbulechange function is assumed to be the

same as that over water surface, we have (Wilsah,et997):

with AE being the actual evaporation (Mf)se’ the actual vapor pressure at the soil
surface (Pa) and, the vapor pressure in air. When the soil surfacemooth, the turbulent
exchange functiof(u,2 can be considered to behave like in case of anveataporation pan,
while e’ requires more effort to compute thafTgs) (Mekonnen et al, 2012). However, the
wind function for evapotranspiration is much moremplex, as the effect of surface

roughness on turbulent boundary layer must be axteduor.

3.4. Measurements

According to Allen et al. (1998), evaporation oapetranspiration can be measured at a
small scale to represent a larger area or comgued available meteorological data. Based
on the physical principles behind the process,ousriways of measurement and computation

were developed for different situations.



(@) Energy balance and micrometeorological methods

Energy is the factor governing evaporation and etrapspiration. So, the processes
must follow the law of energy conservation. There methods of evaporation estimation
based purely on the energy balance. In these m&thmolvever, it is very difficult to
independently estimate the sensible heat flux carapb On the other hand, there are also
pure mass transfer methods, which consider th&caerhovement of air parcels driven by the
gradients of wind speed and water vapor conceatrat partial pressure, without resorting to
energy balance considerations. It is, however, nmamleantageous to combine the two
approaches, which gives rise to so-called comlmnathethods. In addition, there exists a
method that directly measures the water vapor ifluthe atmosphere (the eddy correlation
method) without resorting to either energy balancahe aerodynamic profiles. All these
methods are most applicable in research and tivectduse in practice is difficult, because of

complicated data requirements.
(b) Water balance

The water balance method regards evapotranspirasi@me of the components of water
balance of the site. The procedure can be simglifig neglecting insignificant factors. For
the soil profile case, the evapotranspirattdncan be estimated as:

ET=1+P-ARO- DP+ CR-A SFA S\ (4)

with the balance inputk (irrigation), P (precipitation),CR (capillary rise from below)
and the outputs, in addition to the evapotranspmatself, including the surface runofRO,
deep percolatioDP, horizontal subsurface runoffSF and the increase in the soil water
contentiSWover the balance period. The surface runadtO and the subsurface runofSF
are actually differences between runoff and rur(roathematically speaking, divergences of
the respective vector fields). This method typica&kpects observations over weekly or ten-
day periods over which all balance terms can benattd with a reasonable accuracy. A

similar water balance approach can be applied esc¢hle of a drainage basin or a lake.
(c) Evaporation pans

Basically, the evaporation pans or tanks simulfitpracesses involved in evaporation
from natural water bodies. According to Guidelirfles Meteorological Instruments and

Methods for Observation (WMO™edition, 2012), pans can be made in different ehamd

10



sizes, from the Russian 26mank to the smaller Russian GGI-3000 pan withctioss-section
of 3000 cni and the US Class A pan with the diameter of 12@i7and the cross section
11 442 crf, respectively. The pans or tanks can be operatatiree different positions in

relation to the surrounding surface:
- Sunken pans or tanks which have most of the egemps below the ground surface;
- Above- ground pans or tanks are those placeohall fieight above the ground;
- Pans mounted on floating platforms.

In general, the pan evaporation measurement isithplest way to quantify the water
gain and loss due to weather conditions. It islgagierated and easily available in any place
and time (except for the periods of frost). Howevlere are some typical errors experienced
with them, associated with their size, placemertt ather operational characteristics. The
above-ground pans often overestimate the amoumtatér evaporated as the result of the
additional energy absorbed by their sides, the aargans or tanks may provide unreliable
data because of untraceable leakage and the fijop#ins can gain or lose water due to wind
and waves. Besides, all types of pans are alsedutg the errors caused by extreme weather

events, birds and animals.
(d) Lysimeters

Lysimeter is a water-balance based instrument t@metheasuring evapotranspiration,
as well as for investigating percolation and leaghof various substances from the soil. The
instrument physically simulates the soil water mazeance for a finite amount of soil, usually
with the lateral flows excluded. It considers thatev gain from rain events or irrigation and
the loss by percolation and evapotranspiration,levtie change in water storage is also

considered.
(e) Computing evaporation from meteorological data

A broad and heterogeneous group of evaporatioomagtin methods is based on
empirical or semi-empirical equations involving wesa data, while avoiding field
measurements of liquid water or soil water. Severtath methods are named after their
inventors, e.g. Thornthwaite (1948), Hamon  (196Thornthwaite, Blaney-Criddle
(Doorenbos and Pruitt, 1977)or Hargreaves (seewelblajority of input data for these

methods are temperatures which are the most batdal any meteorological stations.

11



Xu et al. (2001) evaluated and compared the modelwiused temperature based
methods for evaporation estimation. The simplestriithwaite equation correlates average
monthly temperatures with evapotranspiration. Togeatation was first studied in the east
central USA, where valleys had sufficient moistdree standard potential evapotranspiration

ET’ (mm) was derived as:

ET'=C

10T, .,
=) (5)

wherel is the annual heat index, being a sum of montebt imdices;:

- Ta 151
=) (6)
andC = 16,a=67.5*10°1°- 77.1*10°1 *+ 0.0179+ 0.4CandT,is average monthly

temperature®C)

From then, the potential evapotranspiration in ati@dar month ET (mm) was
determined with the additional information of numizé daysN in month and the average
monthly daylight hoursl:

ey d N
ET=ETRG (7)
Another approach mentioned by Xu et al.(2001) esBhaney-Criddle method, with the

ET (mm) estimated as:

ET = k0.46T + 8.13 @®)

In equation (8)Tais mean temperaturéQ), p is average relative daylight hours for the
period used (daily or monthly) out of total dayligiours of a year (365 x 12) akgis the
monthly consumptive use coefficient that is depanhda the vegetation cover, location and

season, ranging from 0.5 to 1.2.

Besides, Hargreaves and Hamon methods also usearsitemperature-based
approaches. Among the several equations proposdtabyreaves, Xu et al. (2001) discuss

the version by Hargreaves and Samani (1982;1985):

ET =0.0023R TD? (T + 17.8 ©)

12



where R, is extraterrestrial radiation (in equivalent evagion unit), TD(°C) is
temperature difference between the mean monthlyimar and minimum.T, is the air

temperatureC).

Hamon’s (1961) equation is as follows:

_ 2
ET =0.55D" Pt (10)

whereET is the average monthly potential evapotranspinafio d*), D is the mean
monthly daylight hours (in units of 12 hours) aadis saturated vapor density given by the

formula:

4,95(0-067)

Pt
100 (11)

whereT, is the air temperaturéQ).

Evaluation of these methods showed that a large b@uld be expected if no
adjustment is made for the particular study arsaa @onsequence of the location specific
empirical constants applied in the original forneuldBy using calibration with the pan
measurement, all equations represent a reasonstiri@agon of seasonal evaporation value.
Another group, so-called radiation methods, usesstilar radiation as the main input. The

Makkink formula (Doorenbos and Pruitt, 1977) iypital example.

A special place within this group is occupied bg tombination methods based on the
Penman (1948) approach, which in principle is exatter than empirical and relies on a
combination of the aerodynamic and the energy lsalanethods, made easier due to local

linearization of the saturated vapor pressure curve

Regarding the sensible heat flik, Penman suggested to use the same turbulent

exchange function:
H=xyf(u,2) (T~ T (12)

whereyis the psychrometric constant (k#&'); 1 is the latent heat of vaporization (MJ
kg?), f(u,? is the turbulent exchange function (mihiPa).

Substituting (13) into the energy balance equafigriogether with the Dalton equation
(1) will form the well-known Penman equation fortgatial evaporation from water surface,

in our notation:
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AM)(R-9

_ v +yf(u,2)(e(T)- ¢

y+A(T) (13)

wherekE is the potential evaporation (mrit)R, is the net radiation (MJ td™); G is
the soil heat flux which is often neglected forlgamterval; A is slope of the saturation vapor
pressure curve (kP,C?), yis the psychrometric constant (kB@&Y); 4 is the latent heat of
vaporization (MJ k@), p is the density of water (kg/liter)D is water vapor pressure
deficit(kPa), f(u,2 is the turbulent exchange function (mm &Pa'), in this case the
Penman’s empirical wind functicifu,2 = a, +b*u,, with a, andb, are constant coefficient
andu, the wind speed at 2 m. The unitsugidetermine the values af andb,.

The theory of Penman opened the possibility toifgdde water evaporation equation
so that it also describes the evapotranspiratiom fa vegetation canopy or evaporation from
bare soil. Since 1948, several researchers have faeeessful in creating similar formulae,
some of which have been applied widely, especialtye field of irrigation management.

Monteith (1965), relying on Penman’s ideas, soltleel problem for the vegetation
canopy. In that case, the latent heat flux is ssndian from the water surface, because of the
additional stomatal resistance. Mekonnen et allZp0eformulated the Penman-Monteith
equation, taking the turbulent exchange function l&gent the heat flux, nameg(u,2,
different from that for the sensible heat fldéify,2. Then a derivation similar to Penman’s or
Penman-Monteith’s led to the reformulated Penmamigith equation for actual

evapotranspiratioAE:

A(T)l(_j_e)+yf (uz)(e(T)- ¢

yf(u,2) +A(T) (14)
g(u 2

AE=

where the other symbols and their units are theesasnin the Penman equation (14).
Usually, however, the Penman-Monteith equation risten in terms of resistances (namely,
the aerodynamic resistancgand the surface resistangginstead of the exchange functions
f(u,2 andg(u,?.

There also exists a theory applying the Penmanimosgh to evaporation from a
partially dried soil surface, the so-called Peniddison equation (Wilson et al., 1997).
Omitting the aerodynamic part of the Penman eqoaléads to the Priestley and Taylor

(1972) equation, approved to be suitable for lang#i-watered areas. Allen et al. (1998)
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adopted the Penman-Monteith equation with a fixaldier of canopy resistance as a standard
method for evaluating crop water requirements. &irthen, this so-called FAO 56
combination equation became one of the most widelgd methods for the potential
evapotranspiration estimation. This so-called ‘refiee crop evapotranspiration” can be
related to the actual crop evapotranspiration thinoilne basal crop coefficient and the water
stress coefficient (the former relating to standasater supply conditions and the latter to

non-standard, water-stress conditions). The FA©@dBbination equation reads:

900 om o)
T+273% ¢ ®

AT +yf(u, 2 (15)

0400 T R -G +y
ET, =

wheref(u,2 = 1 + 0.34u, and the other symbols and units are the same(@8)rand (14).

As the FAO 56 combination equation still requiresnplicated meteorological data,
other methods of the reference crop evapotrangpirastimation may be more advantageous
if the data are insufficient (Doorenbos and Prui®77). Then the FAO 56 combination
method can be used as a reference to obtain deetidfor correcting the results of the other

methods.

3.5. Overview of previous researches

In China, several methods were used to compare with reference FAO 56
combination method. Chen et al (2005) compareddference method with two others: the
Thornthwaite method (considering only two factdesnperature and day of the year) and the
pan measurement. As predicted, the Thornthwaitehadeshowed large bias because it
neglects other variables like wind speed, solaiatemh or humidity, which also play
important role in ET determination. In particul#ine results from the Thornthwaite method
overestimated Ejiwhen the evapotranspiration was low and vice vevkaeover, it did not
follow the actual temporal variation of evapotranson. At the same time, BTeported by
various types of pan measurement expressed coablgesimilar temporal variation to the
calculation of FAO56 modified Penman-Monteith eguat The matter was that the pans also
consistently gave higher values than FAO 56, s &dfectively use the pan data, correction
factors (pan factor&,) must be introduced. This was done by Chen e@05) for major
rivers in China. These correction factors were magdgrom 0.4 to 0.8. Briefly, this research
proved that the pan measurement could be an diteznsolution to the complex FAO56
formula. According to Jensen (2010), similar parefioient ranges have been accepted
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worldwide, and even when there are no data for eemccurate approximation &f,, the
value of 0.7 is acceptable.

Besides various efforts to determine and adjustptre evaporatiotic,a, for obtaining
the reference crop evapotranspiration, emphasisbbas recently put on the short term
energy and water balance of the evaporation taraktiivez et al. (2004) made simulations of
evaporation from a pan based on the value of thfaitemperature and an empirical mass
transfer equation. This research regarded two piiiss: an evaporation pan with multi-
layered water temperature and a pan with thermatifstation negligible. The outcome of the
research proved that there is no evidence of thestratification within the water: during the
day, water in pan is mixed well as a result of wapeed, while at night low wind and natural
convection due to radioactive cooling homogenize tmater temperature. Hence, it is
practical to simulate evaporation from a pan witle assumption of homogenous water
temperature. However, the multi-layered model cdadceffectively be used for extrapolation
of evaporation from deep and large water bodies.

Although the FAO 56 formula had been recognizedtiaccuracy for estimation of
ETo, the large number of meteorological data requatethput might not be always available,
especially in conventional agrometeorological etati To cope with that, there have been
various research efforts attempting to correlatg t6Tother, easily obtained data. One often
encountered solution was to simplify the FAO 56 rRan-Monteith or the original Penman

formula to the forms that require less number ofemelogical data.

Valiantzas (2006) proposed an equation derived fR@nman’s to quantify the amount
of water evaporatiofEyen based on normal weather data at the elevation za=n0s.l. This

equation is referred to below as “simplified Peninan

E,.,=0.051(ta Ry/T+ 9.5 0.188(+ 13%— 0.194)
(16)

RH H
(1-0.00014 0¥, + OB, + z)é\/% 4 0.049,,+ 19{3—%(3 a@hu

whereEpen is potential evaporation (mm'Y ais the albedo, which theoretically equals 0.08
for water surface and 0.23 for the reference gesandb, are wind function coefficient&s

is shortwave downward radiation (MJ’na’Y), R, is extraterrestrial radiation (MJ fd™?),
Tmax Tmin IS maximum and minimum temperature, respectivéd),(RH is relative humidity

(%) anduis wind speed at 2m height (n)s
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Valiantzas (2006) also brought out another optamntlie case when the data on wind
speed are not available at all or are of questienakegrity:

. RY RH
Epen =0.047RN T+ 9.5- 2.6@} + 0.00T+ 3<E —1100J -

WhereT is mean temperaturéQ)

The later equation showed good resemblance todimeefr one. The relative error of these
equation was 4% when compared to the standard Reregaation for water surface
evaporation. A similar comparison was conductedbserve the effect of real elevation.
Linear regression indicates a simple relationslefwbeen theéyen, = E;- value atz=0 and the

correspondindspen value at a real elevatianwhich can be expressed as:

E,..= E,,+0.00012 (18)

where z is the elevation of the area of interegt (m

Similarly, the FAO Penman-Monteith formula for tleference crop evapotranspiration
was simplified by Valiantzas (2006), with the fallmg result for the wind speed data
included:

ET,=0.051(t-a RV T+ 9.5- 2%%} + 0.048T+ z)é —%}( a+ b Y+ 0.0001

(19)

Besides the articles related directly to the tagfichis thesis, several other papers are
reviewed below to provide more insight into thereat trends in evaporation research.
M.Cobaner (2011) used the wavelet regression tgaeniThe wavelet transform is a method
of analyzing non-stationary signals of data simmdtausly in the frequency and the
temporal/spatial domains. It, however, has becomeefiective tool for analyzing the
variability of hydrological processes and the intpaaf climatic variation on these processes.
The wavelet transform has proved to be able toalewerrelation (or coherence) between
evapotranspiration estimates and weather dataislsthdy, Cobaner (2011) analyzed three

empirical models used for estimatingdamd the Class A pan measurements.

To deal with the lack of data in local evaporatstadies, Keskin (2004) introduced the
fuzzy logic theory. Although first utilized for pcessing uncertainties in decision making, its
application areas later broadened to the fieldstiheation, prediction, control, optimization,

etc. The principle of the fuzzy logic is that artatement is only partially true/wrong. In
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evaporation modeling, the factors relating to gmiecess, including temperature of air and
water, solar radiation, air pressure, sunshine fouind speed and relative humidity, were
ordered according to their correlation coefficietdsthe pan evaporation. From the basic
physical relationships among these factors, it @&/ to define extreme conditions. Then the
intermediate functions were formed based on thetieg data from 2001 and the logical

ruling function. To examine the accuracy of the elpi&Keskin compared the results of the
model and the Penman method to the pan measuretatntThe outcome of this research
was that the fuzzy model provided values more tyosdated to the pan measurement than
the Penman method. Hence, fuzzy models could efédgthelp predict evaporation rates in

the high and low evaporation periods.
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4. Materials and methods

4.1. Study area

The study area is the experimental site of the Reynt of Water Resources, Faculty
of Agrobiology, Food and Natural Resources, Czedivérsity of Life Sciences, Prague 6-
Suchdol, north-west of Prague. The site lies 822%& and 5608’'N and at 281 m a.s.l.

Long-term weather data can be taken from severathee stations in the surroundings,
such as, for example, Prague-Ruzym Prague-Karlov. The monthly weather data fos¢he
stations are available from the Czech Hydrometegiodl Institute since 1961. Long term
averages are suitable to characterize the clinteeause they smooth over the short-term
fluctuations. Over the period 1961-2000, the meamual precipitation and temperature as
observed in Prague-Karlov were 431 mm and@®.3espectively (Historical weather data in

Prague).

4.2. Models

In this study, the water surface evaporation watsnated based principally on the
processing of pan measurement data. In additiom,ddily pan evaporation sums were

compared to four models mentioned in the literatavéew, namely:

- The Dalton’s equation
- The Penman equation for potential evaporation
- The Penman simplified equation for evaporation rate
- FAO 56 Penman-Monteith equation for reference enagporation
The parameters of these models were then optinbz@tthe best with the measurement data

and compared with their original values.
4.3. Measurements

4.3.1. Measurement of potential evaporation

The potential (water surface) evaporation was oregsat the experimental site by an
EWM pan, the geometry of which is derived from siti@ndard Russian evaporation pan GGl-
3000. It belongs to the sunken-pan group. The pani cylindrical design, made of stainless

steel, with 3000 cfcross-sectional area and 60 cm height.
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Figure 3. Optical sensor of EWM pan

The EWM pan was developed by AS & Consultingsiiik, Czech Republic and is in
standard use by the Czech Hydrometerological ristitMekonnen et al., 2012).

20



Attached to the pan is an automatic water-levelsueag device, placed in a 7.5 cm
radius stainless steel vessel with a lid. Wateellew the vessel is detected by a float and
monitored by a digital optical position sensor wimm resolution. Due to evaporation or
precipitation, the float falls or rises respectweRAfter every 24 hour, the EWM pan is

restarted automatically and water is pumped inubt@ re-establish a zero standard level.

Surface water temperature in the pan was measyredRi100 resistance sensor, kept

immediately under the water surface by a speaaifl

Data on both water level and water surface temperaat 10-minute intervals were
transformed into a digital form by a collecting uand then recorded by a DT80 (data Taker
Pty.) data logger.

The EWM pan evaporation measurements processdusinhiesis comprise two and a

half growing seasons, namely, the periods (withesgaps):

- Year 2010: From 7/30/2010 to 11/23/2010.

- Year 2011: From 4/23/2011 to 11/12/2011

- Year 2012: From 4/25/2012 to 10/26/2012

Main outcomes for training sample (May 2011) andtfee year 2010 (or 2011) are
presented below in the Results section of the neait) while the other results were put in the
Appendix.
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4.3.2. Measurement of precipitation

Figure 4. Tipping bucket raingauge

An automatic tipping bucket rain gauge (type MR3bhi Meteoservis, v.o.s, Vodnany,
Czech Republic, operated by the Institute of Atnesie Physics, Academy of Sciences) was
employed to measure precipitation in the experialefield at the height 1 m above the
ground. The rain gauge was place at about 10 raraistfrom the evaporation pan. It consists
of two compartments balanced in unstable equilibrivain water accumulated in one
compartment causes the bucket to tilt over aftergoéilled with a defined amount of water.
The tips produced in this way are recorded. Egeledrresponds to 0.1 mm of precipitation.
Precipitation sums over 10-minute intervals ar@ thgtomatically calculated by interpolation.
Besides the tipping bucket rain gauge, the data fsmall-size manual rain gauges for daily
total precipitation measurement at the ground lexezk used for comparison.

4.3.3. Measurements of atmospheric variables

To make a comparison of pan data with the thealetivodels possible, other data
measured on the site were also used, namely the rsaliation, the air temperatures (dry and
wet-bulb), wind speed and relative humidity of air.
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The air temperatures were measured by Pt100 nesesteensors placed at 2 m height in
a small weather screen. One of these sensorsngeas the wet-bulb thermometer, was
wrapped with a textile sleeve immersed in a batiil distilled water, which used to be re-
filled regularly. The temperatures were transfornm@d a digital form by a collecting unit
and then recorded by a DT80 data logger. In pdyaldemperature and humidity sensor
combined probe HMP 45A/D by Vaisala, Helsinki, Eimil was place at 2 m height in another
weather screen at few meters distance. Its data weeorded by an independent data logger.
The latter equipment was supplied by Meteoservisaparated by the Institute of
Atmospheric Physics, Czech Academy of Sciences.

Figure 5. Pyranometer

The downward short-wave radiation was measurectttiréy the pyranometer (LP02
Hukseflux) at a reference height 2m above the gtaurface. The data were recorded at 10-

minute intervals by the DT80 data logger.

The wind speed was measured by a MetOne 034B aneteprat 10 m above the
ground and a more reliable ultrasound wind speeddaection sensor Windsonic from Gill
Instruments Ltd., Hampshire, UK, placed at 2 m a&btihne ground, the latter operated by the
Institute of Atmospheric Physics, Czech Academy Sd¢iences. The data of both
anemometers, placed at few meters distance frormn etier, were recorded at 10-minute

intervals.

However, all Institute of Atmospheric Physics déigaping bucket precipitation, air

temperature and relative humidity, ultrasound wsmked) were recorded at 15-minute
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intervals over the first half of 2010 and had toldter converted into 10-minute intervals by

linear interpolation.
4.4. Basic data processing

4.4.1. Temperature

The average daily dry-bulb and wet-bulb temperatwere calculated as:

— i=1
Toy = - (20)
szet,i
— =1
Twet - n (21)

wherei is the serial number of observation and the total number of observations qualified
for calculation (n=144). The averages, as welllesrhaxima and minima, were taken over
diurnal periods from 7:30 am of the actual day t807am of the following day, using the

Central European (winter) time.

4.4.2. Vapor pressure

Vapor pressure is the partial pressure caused &werwapor molecules in the
atmosphere. Saturated vapor pressuierelated to temperatufiethrough the formula (Allen
et al., 1998):

17.2m .

e, =0.6018ex +2373" (22)

whereT is the temperaturé®) andeg(kPa) is the saturated vapor pressure correspgridin

the temperaturé.

Similarly, the average daily saturated vapor pressswere taken as the averages of 10-
minute data series as:

e. .

n
S,
e = i=1

* 'n (23)
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The average daily values of the water surface ésatpreT,sin the EWM pan and the
corresponding average daily saturated vapor pres&y(T,s were estimated in the same

way:

T — =1
ws n (24)
; eS,(TWS), i
T, =E——
& (T n (25)

The actual vapor pressure can be obtained eitbar the relative humidity data or
from the psychrometric (wet and dry bulb) datathé relative humidity data are used, then
the average daily water vapor presseyis calculated according to FAO 56 recommendation
(Allen et al., 1998) as:

I:'u_lmax RI_lmin
o :es(Tmin) 100 + Q(-Llax) 100

: 2 (26)

where RHnax and RHy,in are the maximum and minimum relative humidity (&er the
corresponding diurnal period.

When the psychrometric data are used, then theageetaily air pressure is obtained
from the average daily dry-bulb and wet-bulb terapgies Allen et al., 1998):

ea = % wet ypsx( Tdry_ Twe) (27)
with Jpsybeing the psychrometric constant (kP3) Kestimated as:
ypsy = aps (28)

whereapsy = 0.0008 is the naturally ventilated psychrometefficient andP (kPa) is
the average barometric pressure, dependent orntehelesvation:

93- 0.006%2

with z being the site’s altitude (m).

The slope of saturation vapor pressure curve was&ed as (Allen et al., 1998):
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4098[0.6108 eXpT(ﬂ ;
A= +237.3

- (T +237.3f (30)

4.3.3. Solar radiation

Besides the short-wave radiation, all other sodaiation components were derived

from empirical equations recommended in the FAQ@&@elines (Allen et al. 1998).

As the incoming solar radiation can be either dtesd or reflected, theet shortwave

radiation (the absorbed short-wave radiatiéf) was determined as:
R.=(1-a)R (31)

where a is the albedo, which varies according to the tgpesurface. For calculating the

reference crop evapotranspiratioh, a is assigned the value of 0.23 (-).

The average dailgxtraterrestrial radiation(R,) represents the local radiation intensity
on a horizontal surface at the top of the eartiisoaphere (MJ ifid?). R, is inferred from
the squared inverse relative Sun-Earth distahde), the geographic latitudg (radian), the

solar hour angle at sunse$ (radian) and the solar declinatigrfradian):

1440

R, === Cscd | wsin(¢)sin(d) + cogw) cofd) sieg ) (32)
~ T

d, =1+0.033 COS%L3 DOY (33)

5—0.4098IH%DOY 1.39 (34)

w, =arcog-tan(¢) tang )] (35)

where the solar consta@t= 0.082 MJInfmin™ andDOY is the Julian day.

Clear sky solar radiatiorat the bottom of the atmosphd®e (MJ mi?d™) is required
in the absence of directly measured net radiatias.the daily average shortwave downward
radiation in the case that the actual duration wfskinen equals the maximum possible
duration of sunshinBl. The equation foRs,(Allen et al., 1998) relates it to the extratemesbt

radiationR, and the elevation of the weather statzgm):

R, =(0.75+ 2*10° )R (36)
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The average dailynet long wave radiation ;R (MJ m? d%), positive upwards,
characterizes the balance between the long-wavati@denergy reaching the Earth’s surface
and the similar radiation energy leaving the swfatccording to FAO 56 recommendation
(Allen et al., 1989), it can be estimated from ¢ggiation:

Tt T,

. min](0.34— 0.14/¢ ) (1-355—0- 0.3¢

Ri=0 ( (37)

The equation (36) is applicable to the referencasgircanopy, while the original
equation by Penman (1948) is more suitable for matgdace. The Penman equation with the
original Penmen’s values of parameters was convart® contemporary units by Calder
(1990):

R, =0T*(0.56- 0.24§/¢) (o.d%o+ 0.

(38)

where Thax Tminn T are the maximum, minimum and average daily absohite
temperature, respectively (KJ;is the Stefan-Boltzmann constant (4.903 MUK *mday’)

ande, is the actual average daily vapor pressure iraithat 2 m (kPa).

Balancing all sorts of radioactive energy at thepmrating surface gives the net

radiation Rn (MJnfday?), positive downwards:
R =R~ R, (39)

4.3.4. Wind speed

Data of wind speed, measured and recorded by an anemometer, makeiagtd to
the estimation of the turbulent exchange functin?. In this thesis, | use the Penman
(1948) linear wind function, which in contemporanyits reads (Calder, 1990):

f(u,2=2.6(1+ 0.531 (40)

wheref(u,z) is the Penman wind function (mm'&Pa') andu, is the wind speed at 2m
height.

4.4.Bridging gaps in data

During the study period, there were gaps in thends; where the data were totally

missing or influenced by systematic errors. In otdemake the data series continuous, these
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gaps were bridged by regression to other dataablail Correlation coefficients and the
determination coefficients” were also calculated to express the extent totwthie relation
between the quantities of interest are fitted by thgression equations. The model is more

accurate when bothandr®are high. Ideally they approach unity.

The gap bridging can be done using data from othested sources, as FAQO’s
instructions for dealing with missing data recomahéhllen et al., 1998).

4.4.1. Bridging wind speed

Data on wind speed received in the experimenté fieere systematically very small
on some particular days, which could be caused lsyséematic error or the wind could
indeed be very light. FAO56 suggested to take tleevof 2 m 3 for the days with missing
values of wind speed and to raise all measuredesasmaller than 0.5 m'go this value,
because, on light-wind days, the water vaporizagoadditionally promoted by instability of

the boundary layer and buoyancy of air. This prace@meliorated the estimation©fy.

4.4.2. Bridging solar radiation

FAO56 proposed several ways to recover missing diatsolar radiation, of which the
most suitable method is the derivation from dailytemperature differences. The reason for
choosing this alternative method was that air teatpee data could be considered the most
reliable data series.

For strongly continental climatic conditions asgb@revailing in Prague, where the air
mass is not influenced heavily by the ocean, thenfita (so-called Hargreaves’ radiation
formula) can be used (Allen et al., 1998) to esterihe solar radiatioRs:

Rs = 016\] (Tmax - Tmin ) F% (41)

4.4.3. Bridging water temperature

While the missing dry-bulb temperature measuredhieyPt100 thermometer can be
easily replaced, after calibration, by the Insétuff Atmospheric Physics (UFA) data, the
estimation of missing data of water temperature aettbulb temperature involves more

complex calculations.
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Following the development of the Penman equatmnpbtential evaporation from
water surface, Mekonnen et al. (2012) wrote a foanfior estimating the water temperature as

followed:

L 1 R-G(Lo)- f(u A e T~ g
" [y+A(M)] f(y 2 (42)

where the meaning of the symbols is the same aguation (13).

4.4.4. Bridging wet-bulb temperature

While estimating relative humidity from the drydawet bulb temperature is a step-by-
step process based on the psychrometric equatichsas (26), the inverse task to deduce the
wet bulb temperature,ffrom the relative humidity and dry bulb temperatiires not easy to
achieve.

Stull (2011) introduced an analytical solution festimating theT,, by the fitting
method:

T,=Tarctan[0.15197RH % 8.313658)+] arctd® RH 90)
arctanRH %- 1.67633% 0.00391838d %) arctar?@IDIRHY%)- 4.68603 (43)

This equation is accepted for a wide range of Rémfr5% to 99 % and of air

temperatures.

4.4.5 Temperature examples

At this stage, | present examples of temperatute aléer the primary processing which
were later used as inputs for the estimating eajmor or evapotranspiration. As mentioned
above, the air temperature was measured by a ReHMtance sensor and recorded at 10-
minute intervals. Independent measurements werentakith the temperature and relative
humidity sensor by the Institute of Atmospheric §ibg). The latter data (referred to below as
UFA) were also, for most of the time, registered.@minute intervals, but the interval was
15 minutes at the beginning of the period of obasgon. To cope with this problem, the 15-
minute data were linearly interpolated in Microdeiicel to get 10- minute interval series. All
UFA data, containing information on temperaturelatree humidity, wind speed and
precipitation, were interpolated in this way.

The two data series on temperature were then cad@ard their linear regression was

calculated. The DT80 data (wet bulb temperaturey Hulb temperature and water
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temperature) were considered the dependent vasialvlale the UFA series air temperature
was set as the independent variable. Although tha& bir temperature data were lower than
the Pt100 air temperatures (Fig. 6), they showgt horrelation between each other. Hence,
the estimation of unavailable Pt100 air temperatuog regression from the UFA air

temperatures can be regarded a reliable procedure.
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Figure 6. Pt100 (DT80) and UFA average daily airemperature comparison

Similarly, the missing Pt100 wet-bulb temperatufes and water surface temperatures
Twet were regressed to the UFA air temperatureg. Whter surface temperature can be
estimated in this way even for the winter periodsyhich the EWM evaporation pan was not
operating at all. Fig. 7 depicts the temporal vara of the average daily values of air
temperature ), wet-ulb temperatureT{) and the surface water temperatdig, directly
measured by the Pt100 thermometers, with the gaggdal by regression from the UFA air
temperatures. The results are presentedfor theandabéndar year 2001.
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Figure 7. Dry-bulb, wet-bulb and water surface aveage daily Pt100 temperature

s in 2011,with the gajiwidged by regression to

the UFA air temperatures
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As expected, on most of the days the wet-bulb &xatpre was the smallest, the dry-bulb
temperature was in the middle and the water sutizog@erature was the highest. However, they
kept on a consistent fluctuation path. On frostsjldlye data were almost exclusively obtained by
regression (except for the average daily dry-batbgerature T). On such days we observe the
largest differences between the air temperaturetfamdvater temperature. Such variations could
be explained by the heat storage of water in theVE®Vaporation, causing the temperature of
water being less variable compared to the atmogptenperature.
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5. Results

5.1. Processing pan measurements

To calculate net evaporation from EWM pan, there two factors that need to be
considered: the evaporation itself and the preaipih. According to the law of mass
conservation, the amount of water evaporated frben gan can be obtained by calculating
cumulative precipitation at 10-minute intervals athen subtracting it from the water level
elevations in the pan (Measurement and Process$ihtgteorological Data). The result is the net
cumulative evaporation. It has a negative algelsm@o, because water level in the pan normally
sinks down during rainless periods. The jumps ita ggoduced by the restart of the EWM pan
each morning at 7:30 CET mark natural starts amnis$ eh both precipitation and net evaporation
accumulation intervals.

Along with this seemingly obvious method (whichwswer, did not prove reliable for
periods shorter than one day), | used another rdetboderive the net evaporation rate not
requiring the use of precipitation data (F. Dole24112, private communication). The method
relies on the fact that the pan is also able tosoeathe precipitation rate (if the evaporation
itself is negligible), so that the effect of pratagion is already accounted for in the fluctuatain
water level in pan. This procedure effectively éfiates the need of using independent
precipitation measurements, except for some extreas®s. In brief, only the non-positive
changes(declines) in the pan water level are ateduand added up to the cumulative net
evaporation, while the positive changes (risesjgrered.

Theoretically, the two methods (with precipitati@md without precipitation) should
provide the same results if the independent pretiph measurements are accurate and exactly
corresponding to the precipitation that has faltén the evaporation pan, and if the evaporation
taking place during rain events can be neglectee two conditions are not exactly fulfilled.

Examples of primary runs (in Excel) of the formesthod (with precipitation) for a sample
period (May 2011) are presented in Appendix 1hla &nd all other similar graphs in this thesis,
the net cumulative evaporation is plotted with gate sign and the cumulative precipitation
with a positive sign. It soon became evident thhe tumulative precipitation values were
underestimated. The net cumulative evaporationchvehould be a non-increasing function of

time except for the instants of restart, starteshtoease (i.e. to become less negative) during the
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rain events or even went positive when the raingeeveavy, like if the water level in pan rose
more during the rain than it would correspond te #mount of precipitation, which was
impossible.

The problems were partially eliminated by multiplgithe raingauge precipitation with a
coefficient larger than unity. The optimum valuetloé coefficient was sought, at first by trial and
error. Appendices 2 and 3 show the results whencefficient was taken as 1.4 (too small) and
2.0 (too large), respectively. Further optimizatiointhe coefficient showed that its value may
have been simultaneously too large during someeaémts and too small during others. It was
then concluded that the method “with precipitatiag’not suitable for estimating evaporation
rates for periods shorter than one day.

The method “without precipitation” is illustrated Fig. 8, which depicts first few days of
May 2011.

——RHNet evap.

E — e i,

1 —

4/20/2011 0:00

TRA20110:00 5/5/20L10:00

Time

Figure 8. Estimate Net evaporation on EWM pan measement
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Compared to the results of the method “with preatmn” in Appendices 1, the result
depicted in Fig. 8 is much better looking, excdmattit perhaps slightly underestimate the
evaporation rate during the rain events.

Another task was to estimate the instantaneousoeapn rate by differentiating the net
cumulative evaporation. While in reality the graphthe water level elevation is a virtually
smooth curve, the graph of the net cumulative exatm derived from the primary records was
a staircase-like broken line, because the recondeer level in the pan did not change after every
10 minutes. The sensitivity of the water level er{6.1 mm) was not sufficient for this purpose.
A numerical algorithm was developed in Excel tonitify the edges of individual stairs, i.e., the
instants after which the net cumulative evaporattbanged. The edges of consecutive stairs
were connected with a broken straight line, whiepresented a continuous, albeit not smooth,
approximation of the net cumulative evaporatione Tontinuously changing values of the net
cumulative evaporation could then be calculatethftbis broken line at any instant of time, e. g.
at hourly intervals. For each such interval, arrage evaporation rate was calculated as the per-
interval change in the net cumulative evaporatiomddd by the length of the interval (e.g., one
hour. A graph of the average hourly evaporatioag&r May 2011 is presented in Appendix 4

Although the basic dynamics of the diurnal pan evapon rate is discernible from the
graph in Appendix 4, the graphs is still too muariable and erratic. At some hours of the
afternoon, the evaporation rates are very hight¢ugbout 10 mm d), while at morning hours,
after the restart, the rates fall to zero. Theetatffect is probably caused or at least enhanged b
the hysteresis of the water level sensor.

Similar evaporation rate calculations were thereadpd for 3-hour (Fig. 9), 6-hour (Fig.
10) and daily (Fig. 11) intervals. It was foundtthtf@e 6-hour intervals are the shortest intervals
for which the resulting curve of evaporation rasesmooth enough. Fig. 14 shows the average 6-
hour evaporation rates for the 2010 season. Inportant to note that the vertical axes in all

graphs of this type are plotted in the same unéasely, mm d.
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3-hour evaporation rates
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Figure 9. 3-hour evaporation rates for May 2011
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Figure 10. The 6-hour evaporation rates for May 201
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Daily evaporation rates
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Figure 11. Daily evaporation rates for May 2011

In this way, it was demonstrated that the net wateface evaporation can be solely
derived from the EWM pan measurement. In ordereiafy that these results are reliable, it was
necessary to compare them with results obtainethédynethod “with precipitation”. The UFA
precipitation data were compared with the datatleéioweather stations in the vicinity, especially
with the station of the Department of Agroecologyd aBiometeorology of the Faculty of
Agrobiology, Food and Natural Resources in the rothart of the CULS campus. It was
concluded that the most appropriate coefficienmidtiply the UFA precipitation lies near the
ratio 5:3. After this correction, the method “wijthecipitation” became relatively satisfactory but
was only applied to daily intervals. Figure 12 d@nel Appendices 7 and 8 show the average daily
evaporation rates for the years 2010, 2011 and,2@%pectively, estimated by the two methods,
I.e. “without precipitation” (“without UFA data”)rad “with precipitation” (“with UFA data”).

The agreement between the two methods are goodroa days but worse on other days.
The values obtained “with precipitation” show higheariability (larger differences between
extremes). This can be explained by large diffeesnbetween the daily precipitation sums
recorded by the UFA raingauge and the EWM pan.rEigi3 and Appendices 5 and 6 compare
the daily precipitation sums measured by UFA rauggaand the EWM pan for the years 2010,
2011 and 2012, respectively. The method of estithtte EWM precipitation sum is explained

below. On some days, the UFA raingauge recorddd fnigcipitation, while the pan did not show

37



any or only a negligible water level rise during teame day. For the days when EWM pan
resulted in higher values, the data were re-checieefully, and the cause of the discrepancy
was figured out: the situation on these days wa®sife to the cases mentioned above. The UFA
raingauge did not record precipitation while wdésel in pan rose.

For instance, on 8/27/2010 a large discrepancydmwhe two methods occurred (Figure

13), and the primary data, starting from midnigimet, were as follows:

Table 1. Details of EWM pan and UFA raingauge measements

Time EWM pan UFA raingauge
8/27/2010 1:50 -0.4 0
8/27/2010 2:00 -0.2 0.5
8/27/2010 2:10 0 0.3333333
8/27/2010 2:20 0 1.1666667
8/27/2010 2:30 0 0.5
8/27/2010 2:40 0 0.6666667
8/27/2010 2:50 0 1
8/27/2010 3:00 0 0
8/27/2010 3:10 0 0
8/27/2010 3:20 0 0.3333333
8/27/2010 3:30 0 1.3333333
8/27/2010 3:40 0 1.1666667
8/27/2010 3:50 0 0.6666667
8/27/2010 4:00 0 0.1666667
8/27/2010 4:10 0 0
8/27/2010 4:20 0 5.1666667
8/27/2010 4:30 0 2.1666667
8/27/2010 4:40 0 1
8/27/2010 4:50 0 0.5
8/27/2010 5:00 0 0
8/27/2010 5:10 0 0.1666667
8/27/2010 5:20 0 0
8/27/2010 5:30 0 0
8/27/2010 5:40 0 0
8/27/2010 5:50 0 0
8/27/2010 6:00 0 0
8/27/2010 6:10 0 0
8/27/2010 6:20 0 0
8/27/2010 6:30 0 0
8/27/2010 6:40 0 0
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8/27/2010 6:50 0 0
8/27/2010 7:00 0 0

As can be seen from th&2Zolumn, from 1:50 to 2:10 the EWM pan recordectipieation
approximately 0.4 mm (with evaporation neglectetijcw is a reasonable assumption at night
time and high relative humidity). At the same tirtteg UFA raingauge recognized a heavy rain
with the total of 16.833 mm falling continuouslyin 2:00 to 5:10. For the earlier part of the
previous day, there was also a difference betwleertvto measuring systems but it was not that
significant. Subtracting the amount of precipitati@corded by two systems gives a difference
between them 16.4333 mm, close to the differendily evaporation between the two methods
(Figure 12).

However, for the remains of 2010 (excluding the <d4y/8 and 11/9/2010), the daily
evaporation rates with and without the UFA raingawgata fitted well to each other. The
estimation of precipitation based on the EWM pars weade with the assumption that within a
10-minute interval, during which precipitation matle water level increase, there was no
evaporation, which is the same calculation prirecips that underlying the net evaporation
calculation above, except that now only the positthanges of water level were considered.
Then, this rough estimation of daily precipitat&ums was compared with the precipitation sums
measured by the UFA raingauge (Figure 13 for 20IBg UFA raingauge was not operational
before 26/8/2010. Smaller precipitation events weorded in a similar way by both systems,
but heavy rain events not. Hence, increasing theuamof UFA raingauge precipitation by the
coefficient of 5:3 effectively confirmed the valigiof the two methods. The differences exist
between the precipitation sums recorded by the $ystem, either due to actual rainfall
heterogeneity or due to some unrecognized errorseasurement, rather than between the two

methods of data processing, which on average,tgzeame results.
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40



30,00

25,00

20,00

15,00

Rate (mmd-)

10,00

5,00 &

0,00

]

o
& o
A

—#—FPrecipitationfrom EWM pan

—s=—Precipitation from UFA raingauge

Figure 13. Rough estimation of precipitation obtaied from EWM pan and UFA raingauge, year 2010

41



6-Hour Based Daily Rate (mm d)
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Figure 14. The 6-hour evaporation rates - 2010
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Diurnal variation of evaporation rate - 2010
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A soon as we start to investigate the diurnal viamaof evaporation rate, it may be
insufficient to do it only for four different timmstant in each day. Fig. 15 shows the plot of 6-
hour daily evaporation rates calculated as movwerages for each hour of the day (this hour
being the center of the 6-hour interval). Since #verage 6-hour evaporation rates create a
relative smooth curve, they suit our purpose tafgighe typical diurnal fluctuation pattern of the
evaporation rate. In Fig. 15, there is only therhafithe day plotted on the horizontal axis, which
give us an opportunity to explore a diurnal vaoatipattern typical for the entire season. A
polynomial function was employed to fit the dataddo indicate the probable position of the
maximum and minimum evaporation rates. A well-defirminimum occurs at about 19:00,
while the lowest evaporation rate is observed aual:00. Each morning the evaporation rate
gradually increases from 9:00 until about 19:00 #eeh falls down again.

This diurnal pattern can be explained as the watpan is being heated up during the day,
and stores this long into the evening which keépom responding immediately to the falling
temperature of the atmosphere. The difference let\lee saturated vapor pressure at the water
surface temperature and the actual water vaporspmresn the air becomes maximal in the
evening, which brings about the evening maximunew@poration rate, in accordance with the
Dalton law (2).

Similar trends were obtained for the diurnal vaomatfor the years 2011 and 2012 (see

Appendices 9 and 10).

44



5.2. Dalton’s equation for potential evaporation

Dalton used only two state variables to depicepbal evaporation. Asboth the saturated
vapor pressure of water surface and the actualryaessure in the air were known in our case, it
was possible to find the turbulent exchange fumcfi@,z) in Dalton’s equation (2). Also the
turbulent exchange function (wind function) usedPgnman’s equation was estimated according
to Calder’s form of the Penman formula(39).

Fig. 15 shows the Dalton and the Penman wind fonstfor the 2011 season. To some
extent, the Dalton turbulent exchange function kehasimilarly to the Penman wind function,
but is in most instances smaller. At some poingsDhalton’s function fall to zero when the EWM
pan did not record any evaporation. On 26/10/2@hlextremely high value of Dalton’s function
was obtained, exceeding 3 times the Penman’s. Xplaration for this extreme is that weather
on this day was humid, so that the saturated vppessure at water surface temperature and the
actual vapor pressure were not significantly défer
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5.3. Penman’s equation for potential evaporation

Following the procedures recommended in the FA@dgimentation (Allen et al., 1998)
and overviewed in previous sections, several ingmbrtsolar radiation components were
computed for the periods of investigation, whilee tdownward short-wave solar radiation
Rsqwasmeasured. The net radiation values for waggra®d for soil covered with grass, &ere
computed by applying different albedo.

The albedo value for water was taken as 0.08,enthit for the grass was taken as 0.23.
Adopting albedo 0.08 in the Penman equation (6)lt®3n high potential evaporation values,
exceedingthe EWM panmeasurement, with larger @iffein summer months (from April to Mid
of September), while in autumn months (Septembedr @atober) the two data sets were to a
greater extent similar (in winter months the paap®ration was not measured). A reasonable
explanation of the discrepancy might be the neglésbil (water) heat flux term in the Penman
equation. In summer time, the amount of heat tearsf the Earth subsurface would be greater
than in other seasons. As a consequence, theioadiatm in Penman equation in fact contains
an overestimated energy supply rate, especiallgummer months. Moreover, as pointed out by
Mekonnen et al. (2012), the reflective charactierist the metallic pan or unaccounted effect of
water stratification due to mixing and conductidhekonnen, 2012, Martinez, 2005) may act in
the same direction.

Hence, the optimization of albedo was done for tifferent periods, corresponding to this
argument. The pan measurement was taken as thatipb&aporation in the Penman formula,
then the corresponding net radiation was foundlmetause all other terms in Penman’s equation
were fixed known either from measurements or frefrable empirical formulae. An optimized
value of albedo was estimated from the new valuaetfradiation, representingall the effect
mentioned above, i.e. theseasonal fluctuation ibbsal water heat flux and the actual reflectivity
of the EWM water pan.

For summer time, an optimized value of albedo wagl&6, while for autumn time it
remained at 0.08. Details graphs of the optimiratesults are presented in Appendices 11 and
12.

The potential evaporation was also calculated a@ogrto the a simplified formula (16)
proposed by Valiantzas. Values of albedo was seilasi to the value applied above in Penman

original formula. However, the turbulent exchangadtion was kept as Valiantzas suggested. It
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equaled0.5 + 0.536*y instead of the original Penman (39). Fig. 17 off@rsomparison of the

EWM daily evaporation sums for 2011 with the valobsained by the Penman equation with the
albedo optimized and by the Valiantzas (simplifitezhman) equation (16). Analogous graphs for
2010 and 2012 can be found in Appendices 13 andrid.year 2011 was chosen for being
placed in the main text (Fig. 17), because thewedvariation is better visible there than in the

incomplere season 2010.
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Fig. 17 shows that the general seasonal trendnigasifor the EWM pan measurement as
well as the Penman equation and the simplified Renfihe annual variation of evaporation rates
corresponds to what one would expect: the highegst of evaporation occurrs in summer and
gradually decreases in autumn. The evaporatios mte@inter and spring are also expected to be
lower than those in summer, mainly as a resulbwfiet radiation.

The Penman equation and the EWM pan measuremeimssagisfactory accordance with
each other. The Penman evaporation rates areaHigher than the EWM pan rates, with some
exceptions: on the days with precipitation events, would expect that the actual vapour
pressure in the air could exceed the saturatiorowmapressure at the water surface which,
together with small net radiation, would lead tw levaporation rates. However, the EWM pan
keeps evaporating at high rates even on these Thigscould be considered as inaccuracy of the
pan itself.

The simplified Penman procedure usually undereséisthe evaporation in the middle of
the season and underestimates it at the beginnohgrad of the season.

Let us clarify in a greater detail which conditiangay causethe divergence betweenthethree
methods. For example, one unexpected event occome26/8/2010, whenEWM pan and the
Penman equation provided approximately same estimaf potential evaporation, while the
simplified Penman value is low. The difference imavfunctions applied was small. Regarding
the simplified Penman equation, it included severaleorological parameters of which some are
similar to those used in the Penman equation. Hewehie simplified Penman equation depends
on the value of average temperature in a subtrdeted On this day, average temperature was
higher than on days with similar maximal and mirlireanperatures, leading to a decrease in

potential evaporation estimated by the simplifiethifaan.

There was also an unexpected difference betweeReéhman equation and the EWM
pan on 11/9/2010. For this day, the temperatusgadér surface was not diverge much from the
average air temperature, the wind speed was alsanal, according to Dalton theory, the
potential evaporation was small. However, the gpoading Penman formulae (both the original
and the simplified one) involve the vapor pressigtcit which was still large on this day,
leading to a high value of estimated evaporatiamil8r explanation also pertains with respect to

the FAO 56 reference crop evapotranspiration (sé@n.
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5.4. FAO 56 Penman-Monteith equation for reference crop

evapotranspiration

Substituting all measured or otherwise determineatier elements into (15) gives the
FAO 56 values of the reference crop evapotranspiraihis was done with the daily weather
data mesured on the experimental site in the sedXait0-2012. The results were compared with
daily sums of the EWM pan evaporation. It followsr the comparison (Fig. 18) that the
reference crop evapotranspiratidaTg) is almost conisderably lower than the pan evdpmora
(Epan)- It was a theoretical expectation anyway, but éerage ratio oETy to Epan (the pan
coefficioentkpan) was 0.44, considerably lower than the recommemeade 0.6 - 0.8 (Allen et
al., 1998).
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Figure 18. FAO 56 Evapotranspiration and EWM pan masurement, 2010-2012
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6. Discussion

The data collected in the experimental field of Bepartment of Water Resources, Faculty
of Agrobilogy, Food and Natural Resources, Czeclivélsity of Life Sciences, Prague,were
used to estimate the potential (open water surfaecaporation. The methods involved were: pan
measurement and Penman-type equations. The pbtenaporation was obtained from the
EWM pan measurement. Two methods of pan data simgewere used, one combining the pan
data with precipitation data ofthe UFA tipping batkaingauge, the other one solely based on
the pan data. Thereotically the two methods mafep#y fit to each other, as the water level in
EWM pan rosedue to precipitation and fell due tapmration. However, the actual results of data
processing with and without precipitation data we@ exactly the same. Hence, it was
necessary to check backwards the compatibility eetwtwo measurement equipments. By
comparison to the data from another CULS’ weatledras, it was found that the UFA raingauge
underestimated precipitation events, as the raéitvéen UFA data and the other station’s
datawas approximately 3:5. To deal with this probla coefficient 5:3 was used to multiply all
original UFA precipitation data. Then the net euapion obtained with UFA data was better
correlated to the net evaporation based solely en EWM pan data. Nevertheless, some
differences persisted, especially on days with hgaecipitation recorded by raingauge. This
might be a systematic error due toincompatibilitythee two measuring systems (the EWM pan
and the raingauge) or spatial heterogenity of siten precipitation. Therefore, to avoid the
propagation of errors from the raingauge data, ftlewing analyses were based onthe net
evaporation relying solely on the EWM pan data.

The EWM pan data made it possible to describepugh terms, the fluctuation of the
evaporation rate during the day and night. A pofgia trend line similar to a sine curve
approximated the average pattern diurnal variatieer all days of a particular season. function
to clarify this diurnal trend of evaporation withity maxima and minima. Twenty four series of
average 6-hour evaporation rates, each seriecedhiftth respect to the previous one by one
hour, were calculated in this way and plotted asfatine hour of the day in the middle of the 6-
hour interval. A clear trend was figured out: Oreage, the maximum evaporation was reached
each dayat about 19:00. Then it decreased gradamadlya minimum was reached at about 9:00

am. Then it started to rise again.
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Using meteorological data available from the fiehdasurements, the Penman original
equation and a simplified Penman equation propbgedaliantzas werealso used to estimate the
potential (water surface) evaporation. First, tseeommended value of albedo for water surface,
0.08, was used, which led to an overestimated ewaéipo compared to the pan measurement. A
larger difference was observed in summer time, evinilautumn and a small part of winter (over
which the EWM pan could operate) the difference lpager, as a consequence of a larger value
of the neglected soil heat flux in summer, compacethe other seasons. Hence, two different
values of albedo were applied. An optimized albe@®486, representing both the higher
reflectivity of the pan stainless steel and thelewtgd soil heat flux, was used in summer (from

April to September), while the low value, 0.08, wise for the rest of the time.
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Figure 19. Correlation between EWM pan measuremerdnd Penman equation
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Figure 20. Correlation between simplified Penman agation and Penman equation
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On some days there are large differences betweepaih evaporation, the original Penman
equation and the simplified Penman, an overall attarisation of correlations between these
variables using the root mean squared error (RM&Rt)d not provide an accurate view of the
correlation. Instead, the correlation was decriipetthe form of linear regression as in the graphs
above, with acceptable values of the correlaticffament.

The FAO 56 Penman-Monteith daily values of the negfee crop evapotranspiration was
estimated. The pan coefficiekfa, was then calculated from the average ratio ofpbiential
evaporation to the reference crop evapotranspiratiqualed 0.44. At this step, the soil heat flux
was still neglected but the albedo was in the FAOPBnman-Monteith was not yet modified, so
in summer time, the divergence between the evaparahd evapotranspiration was largets, in in
parallel with the trend of optimized albedo for t(henman equation (see above).

In a further research on this topic, it may be dryetb measure the soil heat flux directly
rather than including it in the value of albedocsiin this research, only one value of albedo was
used to characterized the soil heat flux, whildaat it changed days by days. Moreover, the
accuracy of the UFA raingauge should be revisedesthe pan evaporation estimates “with
precipitation” and “without precipitation” are laely different on rainy days.

Although there also was a possibility to calculatenthly evaporation according to the
Thornthwaite method based on the available airteatpes data, the total time for which the pan
measurements were available was not sufficient akena statistical evaluation. Hence, longer
observation would help determine the coefficient tbe Thornthwaite formula, with the
advantage of less data requirement, since onlynttrehly temperatures are employed there.

The simplified Penman equation gave almost equadyurate estimation of the potential
evaporation as the Penman equation. However, tipgrieal parameters used need to be changed
to adapt well with the local conditions which migequire longer observation. Though there
were gaps in estimation methods (in empirical patans) and in the quality of data (such as
gaps in EWM pan measurement), the Penman equatidgheomeasurement from EWM pan
could become alternative for each other. Moreothex,combination of empirical equation and
pan observation if once calibrated substantiallyi¢v also require longer and more accurate
observation) would help deeper the understandingwface energy balance, thus further the

knowledge on surface hydrology balance and theeflenate change on water evaporation.
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7. Conclusion

The objectives of this study were to find out idaio what extent the EWM evaporation
pan, the Penman equation and the Penman simpliieel correct values of water surface
evaporation, to elaborate an optimum method foreoting the gross evaporation data for the
effect of precipitation and to explore the variatiof water surface evaporation over the diurnal
period and over longer time intervals. These objestwere fulfilled.

The thesis used data from the weather station peignto the Department of Water
Resources, Faculty of Agrobiology, Food and NatlRakources, Czech University of Life
Sciences for estimating potential evaporation fidngust 2010 to November 2012 (excluding
winter months). Through the processing of pan aedther data, the accuracy of the equipment
(EWM pan) was checked and acertain incompatiblidgégjween the raingauge and the EWM pan
was discovered with a high probability of a malfiimcing of the instruments during heavy
precipitation events. The net evaporation was ftben EWM pan, its diurnal variation was
estimated and also its seasonal variation (in glfied manner). Two Penman-type equations
based on the combination method were evaluated) wegather data from the experikental site.
The evaluation andcomparison were done with bathotiginal and the optimized albedo. In the
case of using the recommended albedo of 0.08,ehenBn equation and the simplified one both
overestimated significantly the potential evapamatin summer timebut not so much inother
seasons in year. With a modified albedo, the redutim the two Penman-type equations gave
better estimation of net evaporation measured byvEYén in the summer, because the modified
albedo inluded the effect of larger soil heat fllxsummer. Although better results were gained
with the modified albedo, some differences stilbabits accurate value. Thus, it is better to
conduct seperate measurement of soil heat flux tinaeglect it altogether and include its effect
in an average albedo for the whole season. Lashbuteast, | included a calculation of the
reference crop evapotranspiration for the samehgeabndition, aiming to find a pan coefficient
for conversionfrom the EWM pan evaporation andréference crop evapotranspiration. A value

of 0.44 was found, al though it was lower thanrdmmmended range from 0.6 to 0.8.
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Appendix

Appendix 1: Graph on primary calculation Net evaporation = Water level in pan -

Cumulative Precipitation
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Appendix 3. Net evaporation = Water level in pan - Cumulative precipitation * 2
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Appendix 4. Daily evaporation rate based on hourly sum

Hourly evaporation rates
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Appendix 5. Estimation of precipitation from EWM pan and UFA raingauge, year
2011
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Appendix 6. Estimation of precipitation from EWM pan and UFA raingauge, year
2012
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Appendix 8. Compare net evaporation obtained from EWM pan with and without UFA raingauge, year 2012
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Appendix 9: Daily variation of evaporation rate - 2011

Daily variation of evaporation rate -2011
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Appendix 10: Daily variation of evaporation rate - 2012
Daily variation of evaporation rate - 2012
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Appendix 11: Optimization of albedo for EWM pan water in summer time
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Appendix 13: Net evaporation from EWM pan, Penman equation and the simplified form - 2010
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Appendix 14 Net evaporation from EWM pan, Penman equation and the simplified form - 2012
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