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Abstrakt

Evapotranspirace (ET) hyihdragleogVv i Xk®a mmiolua n
odhadovg8§n?2 m2ry EKomeeptwcppeeonobv§khe EPET)
evapotranspirace. PSedkl §dang di RR&Erft ad n2  pr
vybranT mir aléd dtymoi®2 ec ® kovou aktu§ln2 ET

Vr§mci studie zablTvaj2c2 se vliivem dlouh
zjigtNDno, ¢ge standardnihD poug2van® metody obs
absenci kalibrace parametrT model T na | ok8ln

zapBhily woddhRydlukpPBEMo drta Li z na Gunkaavil bargacoe 10
parametr T dvou nmeldpndd pwwl ¢l tpodlech @i al agkpi | an
sn2gil @dhhyuu PET na %roveR <20 mm/rok.

Samotnl o/REAd  PETmMmogn® provsg§dnt pomoc?2
nepS2mich jmégticadhg pSesnostVt Peo vys®cie bybkkst a
naxistenci vel k®o mnogst v hwldpnel¢dotdn 2ac i enjei tco
nNg§sl edn® otestov8&§n2 na poBYrechpod8vres&§mmi 87 L
snamNSenT Byl dapyokégBaepg? ggfenajemed&di owonu dos
kombinal n2 meatTaddy nT m RMSE 1.2 mm/ den, 18. 6
Zjednotlivich et mdjpebpgdryavdyihapl @nd czanmgNSen§ |
Makkinka (1957) a teplotnhD zamhRSen§ Oudinova

M2 r a ET | e tak® podstatnihD ovlivnDna i n
zanedb8&8vs&na. DiserltodreaisDSedgedadipoybavnal a
jendkol i ka mode] ovaockeohgpSyksoupyok8z8no, ¢e
ode|l et konstantnkabd@®nBdpagkyntmodcelpe eHBY byl
zkoudth&@pad vige intercepce na ET mapg&lggrpostddh
o 6byd zdokumentovs8n u odtoku neb&r &gy rozd:
zachycen® intercepc? dos8hly ve vegetaln?zm o
sr8§gek. Jde o mnogstalte iktjegddn mked ztel ziamtedrbad

dostaluj?2c?2 pro.hydrologick® simul ace

VprvmS2padob@l sptruodki§iz&8§ no, ¢ge pSi porovngn
sragelinigvbDmgdocahge? okkalgred mnigdtDgk kdzy odt ok
ragel i ni3gtdd olpylot80 69. 2 % u zal esnhDn®ho svah



vygg? m2ra evapotranspirace zalesnDn®ho s
Cel koWwidde m2a studovan®ho ragelinigt-B0d8saBova
28 % spadIStai ®r §EaeloveR pouk8§zala na skute
cel kov®ho odtoku nejv?2zcad 2voeb asorb§§ kzo&k | cahd nuzdh§o

pSevaguje voda ze zalesnhRn®ho svahu.

Druhg pS2padov ®idtandii e ppsahmm e omso$Pkno e
p Ooruo suM8 mc i obdodb®22,etkd2y00blyl a dostupng§ mhRDSe
Studie prok8zal a, ge vzZDitngre2 cnn ongl¥st 2ve22 cphT dzna d
bukovim porossemhbch mRIDOMuve vegetal n2 se
smrkoVpB®2padnhn vIhk® vegetaln?2 sez-ny pSet
pozorovan® pod smrky i ve vegetaln2z sez-nh
domi nant ny2 noiv | fi avkRtug r2 ¢ 2 mi mnogstv2 pTdn2 vo
smrkoviclivpeprdsmDTu ,0 ktpeS#8mavd Bk hedost at ku |

~

mTge blt vyv8gena vygg?2 tran&mmitalc2 porost’

Kl 2] ov8 sl ova: evapotranspirace, potenci 8

intercepce, radialn2z bilance

Abstract

Evapotranspiration (ET) plays a signifi
t er ms potenti al (PET) and reference (RET)
estimati ngdadtsorralt et. helshied i dh@aali ® nwioth h P&ERMe R

selected processes

First, the influence of net | ongwave r a:
on the rate of | PEWwawad oexamitrhead. t he stand
significant differences i n PET estimati on
conditions. The original mo d e | caused di s
experi ment al tat dlode ten! yyprapi on of the pa
commonly used methods for calculatinlg net
evaluation to |l ess than 20 mm/year.



PET

Their
their
compar
achiev
and 33
and th
The
negl ec

or RET estimation itself can be perfo
accuracy is highly discussed. This wor
further testing on condB7i meshotlsl®est
ed with measured dat a. 't was proven,
ed by combination methods (with aver ac
.3 mm/ year). Among-biamsaeidv iMdelt &li6riikojdle | s ,
e thampdr Otudrien met hod (2005) reveal ed ¢

rate of ET is also greatly influenceoc

t ed. aCuarl rgeBretd evmoersks ofnecer cepti on data i

catchment and compared themngoapptoamkses.of

subtraction of the constant val ue from each
met hbhe i mpact o f the interception rate on
components was i nvestMagrad eado twh & entl & fhiee rHBrVc enou
% was dtoeddoment he runoff o ran 11 % differer
Precipitation intercepted on vegetation reac
is 29.1 % of the totaltilpatecdpnnatt ime.nddl ecti
even a simple interception model can be a su

First case study was focused on differeil
peatl and. It wasandamdn gturnaotfdd wtalsatgrtetad er f r ¢
runoff coefficient 8®ifHBet %. 0 rTehset erdu nsolfof p ec ovweaf sf
reason for such difference was the higher r &
di fference was 170 mm/year). Over a8, %  n t he
of precipitation20Dt1BPe E€vxamudeaempinyi edheust
fact that the peatland contributes to the to
from the forested hillslope predominates 1in

The second case study compared the soil W
within the20p2e2r.i ofl[dhe20s0tludy showed a higher am
under the beech stand in the wintertmmeonths a2
growing season under the spruce stand. Il n t |
amount of soil water persisted under the spr
revealed interception as rohuentdooniatn@amitl Thet o
interception was by 70 mm/yeatnhicgber of ot atRk



summer precipitation events, it can be bal

85 mm/ yaeraern agre

Keyworedrksapotranspiration, potenti al evapot

interception, radiation balance



OBSAH

R VA O 1 B PP PP RPPPRTIN 10
2 Problematika evapotranSPIraCe............uuuuruuuuiiicmreeeeriiniirs e e e e e e e eremrnnn e as 12
2205 N I =Y 1 11T [0 o = PP 12
22 Hlavn2 vlivy..na..m2.r.u.Xl.pa&l.U. ... 13
A Y [V =T [ F= To = PP PP PPPPPPPPPPPPPPP 14
222 Latentn? a..zj.ev.n®.t.epl.o...... 15
2.2.3  Vlivteploty VZAUCHU...........coooiiiiiieeee e 16
2.2.4 VIV VINKOSE VZAUCHU........uuiiiiiiiiiee e eeeeeeee e 17
225 VI i v rychl.os.toi MO LU, 18
226 VIiv vypaSuj.2.c.2.ho..p.aVv.r.chuU. ... 19

R T I - 1 1] o] > o= SRR 20
A | 1 (] 01T o Lo =T PP 21
241 I ndex | i st.oV.®..pl.achyY. ... 23

3 Metodi ka stanoven?2 PET,...RET..a.s0Uu28 sej 2c2c

31 MNRNSen2 PET.a. . RET e 26

32 Vipoletn2 metody .s.t.an.a.wv.en2..PET..a227RET
4 Z8) mov® Yiz.emZ...a...0.@.l. 8. 29

41 POV O A2 lidiZeee e 29

42 Povod? . ROKY LK Y 29

43 M S @ N 2L RE.ToiiiMeiiiioeeeeeeeeemeee et eeemna et ne e 30
5 Motivace .a..C2.l.e..pda8.Cluiiiiiiiiiiiiiiiiiiaaaaans 31

51 VIiv radiace na odhad potenc.i.8l.n32 evapot
52 Porovn8§n?2 metod pro stanoven? podRenci 8l n

53 VIiv intercepce na hydrol.ogi.ck®@./model ov §



54 PS2padov§ studie 1: Formovgn2 odtoku
[ToTo 40 YA (0101 o] 11 = T = S 95

556 PS2padov§ studie 2: Vyhodnocen? dlouho

vliiv na vodn?2 b.i.l.anc.i..(.p.ubl.i.k.a.c.e..5109

G A = T 0 Y PP 151



1 bvOD

Viparnebdyi evajpetj a@ulsdpwinrzacche komponent T hy
bilance krajiny €étialet albInhe20Qd@0ilMar tDg la mar
2019, XiangVieptaralj.e, h2n0e2d0 )p.o sr §gks&ch druhlm
pevninsk®ho hydrol ognak @remri Tcnwkylpud.5 3C eslrk8agvelk s
(Di ngmanMc MaOHaln e}t &kt ey ®268&e6tedpnhDtTAdoDat mobl ®
Tento slogenl pojem je mogn® rozdnRlit do dvc
Zat2mco evaporace ozmaJvrugteu viyp abPdE.n2z vpawr G
hl adiny atp.), transpirace je ozniad &Inl?2ens peto
al ., 2020) .

DIl ouh§8 histornBko®mlht pSp &$ia pefV aapkat thi§ d msi p isrea
pohlPrjiems§r ndejgemid wpSipar u toedrl m2gmwts§ng!| B2 rHE n(@®A
potenci 8l n2 ET (PET) a referenl|ln? ET (RET).
vypaSen®@an®dchyanteg N st anpBé sz upyo PETH Griadjo? c 2
RET proto se zbytek pr8ce .PEAT wEnjal gjpomaai p
mognl vipar, kterl je umogppaSdedpshE§hwmi des:
1948, Valipour et al., 2017vo.dnTypdlckdmy.p SPakk
ngzev, referenln?2 EARDvgk@hSujeferen!| witparmpo
povrchem je napS2kl ajgdedaomogennddd k(@adreqreh mss
aPruitt, 1977, Liu et al., 2017vyyhodkadgen??maj
maxi m8I| n2 hvol pragr@m®h @ al ogeny na md&lviagmliosh ik omc

to jsou urlovg8ny odlignl mi met odami .

Postupnh vznikla Sadapp62 st ahov,e nktpeBrEGh] R E
souvpSeedevpg?lm esn faktor T BEVTR E V(Rwig t2ec?rconl omi © &
promPnp@rametry vypaSuj2c2ho povrchu a mnog:
al ., 1998, P&PimPoBBeRET 7lyaesiaio,gi¢c®) je d&§no
pSedevg2m poceobh®wepans k@& wpdSpe§wiun,y kter § nen2? t a
zachytitel n§ jMXkSe rs2r §Wykyad uj e dprotkifod sil aim&il. n 2
PS2stre¢ hjvigaa? SadepthmBesnosti je st&§le pomDhr
Zt oho dTvodu byl o 150 vvolzpeonloe tj ri 2gc hv 2ReEeT MBEEYP r o O «
(Mc Mahon et Matody 20 pad2Rdameét ekor ol ogioclk § mNSe
upl n@®np metodwaz eoyad @jei § 8VW2 Daptonevalam®egni ce

10



vodn2 hladiny. potSepnl ethkt®o thapliczmBSen2 ne
zTst8vsg pSPETPREBdrownEN2 | nou a pomhNrnhN nej
et al ., 2016, Mart el et al ., 2018) .

Nekonzistentn2 vyug2v8n2 terminologie a
metod a ovlivRuj2c2ch |initelT |je, [ pSes
nejistot v t®to pr oblPeSneadtkil c8ed a(nMi rparl§lcees seet s
nNDkterTch nejistot. Hl avn2Zm c2l em disertal
pr ocwispar uj eho vk emkarm@tord®m@ m kt&cnh . soSuvi s2 i s
pSesnhNj g2AESt aVmueien?pSedkl §dan® disertaln?
z8kdn2ch c¢c21 T. TDmito m2ljidTjl £@u t &) agd?ijhdoo af rak c
na m2 r u potenci 8l n?2 evapotranspirace, b
evapotramBprilrak emelt «dvi procexsi vi bjNT w2 met mo
moded)T;vyhodnog Eséb wil ®tdumache pj cegf nira volsgtiatan 2 s |
hydrologi dk®vghoykbeen2 viparu na nRhRkolika
povod?2ch.

11



2 Problematika evapotranspirace

Vipar vody jepopvrn®lkap®mBre@NDnydy do plynn®h
Cel 8 pSemhDna je z8vislBroepgm@®naypaévBhgviop
vimhNny nasycen®ho wzdwmohstvd Heosdagpe®pvo8gbr
pro ET zeahmPmla&®Er nzavmardj2acie Sk t ptee@hl@bpl| o
pSinesen® nelrmadided)jlnout & odv2rkcyhu a vrstvy at mo

teplotn2zm gradientem).

Voda se mTgeTrypaBbapaouriedigirfdy (eyvapad)ace)
fyziolvdgiaaksiz | in (tfanspydmace} adi ppvach4) vIi
veget aklepFdyzje z8visll pSedevg2m na obsahu
Transpirace ] e term2nem pro vypaSovgn? VO
prost Sednictv2m rostlirrguVadgatrad ®mjredztzedy 2z ¢
plochy, nebo | asthjivoplonu®?2wadfy tled gidinmv Topbalr
oznan®maj ako ,vijpearmejsjitddnoduggpe foGgg®tv] par |

Jednoduchomitnispw| ¢ s8upn2ch faktorT, je zde
vipar a ¢&8dng§ vegetace, proto z8vis2 pouze
vi mRPDny nasycen®ho WAdwectd vBa rmendgpywvedml vipar

~

(vody zachycen®dypauwvkegelapod2l srs&gek bTveg v
se nedostane na povrch, do pTdy nebo pro vyu
zdhe dRov &na, ovgem pro stanoveabdprugekd mllogi c
viznam. Caljlddgwm $m§o2dhza s vap r o p & ejerha | karee n
rTznT ch fyzik8Irm?zchhadaey ij2 mRBinggteaogoydd seéner gi e .

2.1 Terminologie

Jak ji %y dod ot 2pnSInost amiopvgormuEnd z |l i govEno, zd

aktusg8ln2, potenci 8l n2 nebo referenln?2 ET.

Aktus8ln2z ET (AET) pSedstavuj e as kdwtnd|crh®
podm2nek a je vel mi t DGgk® j i staodvotenNej |
pot enicma&X inA8 | ni2e vnaopgont® anspirace a jej2mu vzt
vl hkosptoip$S2padhn pomoc? koeficbhbahgiamptpd@dsobgrn
stanoven?2 AET je pomoc? energetick® bil ance,

12



jako je napS2klad Bouchetova Miymootwzpo| ea n
odhady existujemB8em?2 ppépaalpd,zjtakk ktranspi
MRSen2 aktu§ln2ho vkiappar u2.j3e av22c.e4d.rozebr §no

Potenci 8l n2 ET (PET) byl a pamprcwe® 1Pef8i noay
maxi m§l n2 mnogstv?2jak@®hphaten® mPgsubitozd
za ide§8ln2ch podm2nek. tlodet&l npg St p apddd nrayncklae
neomezen® mnogstwypaDadwsg np?o.t STem ® %k tedy sp
zm2nNDnivoedparphzorcmtyhwai t ova definice se vzt

kde se nach8z2 kombinace rTznlch povrchT,

Referen|ln2 ET (BBTEnbil¥I&n2| asdamNRsovVv Ena.
popi sovragf eETenda n2ho povrchu navrgen®ho Org
SpojenTch n8rodT (Food and Agriculture Org
trappRryvglsas 8 m,byktner dan®m m2sthD mBl blt
aktivnhD dosttatulcém wody a kompl et maBruaiakt
1977) . PozdDj i byl a tahppdeé¢i nck@happaveaol
cmk®nst andtn®u hpoodvnr c hov ®H)o a0 daloly eud a( €700 asb. 3m)
1998) .

~
,l

V ¢

22 Hl avn2 vl ivipama m2ru

V¥avodu nhyhal ejneo vdlam®m jne2 soW] eraNmkt ugl n:
podm2nk®mecnhD nejdTl egitNjg2rwmadvilaicveeem Tae osvll
jak tepll okal idein ® el kov® mnogstv?2 energie d
Zm2nNn8 teplvdth&k om§ 2s pelduscdm? rwe |IEKT. Dal g2 me
prvky, kter® mnogstv?2 vypaSen® vody ovlivn?:
zpovrchu pTdy nebo trpomtsgpz raaglk® jet anuta®vib
povrchu. Nej vl raktniglgmlantth§p Srefdae vig2rmu dost upn
pro vipar (Allen et al., 1998).

VI ievd njot Imietx leoh ol foagk tadem?crhu  pot enci 8§l n2 ho
viparu je do znaln® m2ry ppaps®rrchj iPenondhn@o l
Penmana a MBWtDaigtima j(peuDdnieksac2amNSena na re
vi Tznl ekkshwBtsa (napS. Douglas et al., 2009,

13



Ma et alsoqouwiofledsoiw/lsvimi faktory je pSi sta
hlavnhD viznam meteorologicklch podm2nek (naj
Yadav et al., 2016, Djaman et al.nn26h9, Ma
pokryvT (naps§S. Dougl as MNRktalr.® s2t0u0d9i,e Mae etta
met odami stanovenpSxnm&kdrRrrigéd haeksowTna stan

KwoaChoi, 2011, NAwlalg zeotv 8al j,e 20 WD)padmkid u ma
ET a jej2 urlen2 (nap$. Donohue et al., 201C¢
al ., 2019).

VLesku jsou vyhodnocenyprh8icav nvadwnl ® Hvdy0entta) .m?
Aut oSi se zamRSuj?2 zejm®na na anal(ldou rvi voj
2018 )pSedpokl §daj2 jej2 dal g2 ng§rTst na z§8KklI
nN8r Tstu sytostn2ho dopl Rku (amh o ®snuv 2nav g d e

vzduchu) .

2.2.1 Vlivradiace

Radi al n?2 bilance je hlavn2Zzm zdrojem energ
ohSev a ochlazovgn2 povrchu viivem odlign®hoq
jejich hnac2m rmodidaildn@nc@e INKTajwes§ oz § kloazdn®l e n a
kompornkngykovi nn® a dlouhovIinn® z§Sen?2. Kr 8t

pSichg§z2 koe&E®ymokey teplotu a emituje tedy :
d®l k §lchhuh ol | nn ®n anH&ekin ¢ o vjAdn @siyg §$ tPeopriDat o u .
odragef®mn®8 ken2 dopadaj2c2mu na zemskI povrec
Vzhledem ke sv®mu viznamu je radiace vstupn
met od BEHATRETWAI |l en et al ., 1998).

Pro mNRSen2? kr&tkovlinn®ho a oddloiog8& tAn®ho
pS2struojker 8t kovli nn®ho jde o pyranometry, u d
kr§tkovlinn® z8Sen2 je mhRSeno jig pomRrnNh bhn
hlavnhD kvTli cenhD mhRNS2c2ch pS2strojT (Kjaers

Zt oho djTvwmbwykfhevsny vipoletn?2 metody s
dl ouhovlinn® radiace (z angl . net | ongwave r a
vyug2vsg§ny 2 z8kladn? vipol etpmkymetbdy.2s0ObDn
(DooraeRboistt, RbJu7d8 56 (Al l eRdet Orbani 2808 p1

14



vigivu a zemRdNRIstv2 (z angl .M&toodtka@Redl agr i

pro odhad dlouhovisntn®&deaadin®ce ypogsigni, m e
poug2vs8&na m®nhN | asto.

Ob N meotbosdayh uj 2 nNDkol ik koeficientT, kte
podm2nky. PSesto ] sou vyug2vsegny uni ver z 8l

nevyl uliteysntemetdieckki m chyb8&8ma®©sawayor®ns)

Jelikog je zdokumentovs8no (Yin et al., 200:
model ovan® vIisledky stavu, je virazmahD dopc
Osawa, 2015). VIiv odlignTch modelovanlch
zkoum8n mimaikm&ltnal(.l,r 2003b, Yin et al ., 20

Viznam radiace pro ET vyobrazuje i gr af

dosahuje mezi gl ob8l n2 radiac?282 @a38dliedli w2 b
al .2MB%)u. vl i vu roehdieadceen an av idM mjuhsodob ® trend
je pSedmhRDtem i SadyetdalPd2 Oht ,DeolnGlyli & e t( P n 11 r
2020) .

09 r
06

I
03 } | | . -(]_-UI_ } e

0.0
-0.3
06

Correlation coefficient

09 *t
= = [ =T T = ] La A

o )
= o ﬁzzg

Meteorological variable

Obr 8zek 1: Kor el amet examdlSeqiCdiképml vpdachbuixoar Th (T
maxi m8l nz a mininmgl ob8t apilratld iad mé&d @Rk aa nftleu, n en| n2 hc
RHirel ativn?2 vl hkytsds wizfildychulyo sviP Dv @&&a.2017). Zdroj : L

222 Latentn?2 a zjevn® teplo
Latentn2 neboli skupepmesi®ot)ejpdd eypandioe
pot Seba, aby doglo ke spkSurpueensR®i pSepalDn®m

kondenzaci, je uvol Rov8&no totogn® mnogst v?2

15



vmNrng intenzithN vimNDny | atentn2ho tepla. Se

kdy pSi vypaSovsgn2 vody se okoln2 povrch och

Zjevn® neboljieegpltder ® Pet pSlema§geno od zemh
o tepl o, kter® nen? spot Seb ool &nzok orsd i v Izganrs Kk «
povrdhPung ssouvi s2 zmDna teploty vzduchu, ktei

Zat2mco | atent wsttugmelmo mne hzaglklmpdrnzmkl ch p
ET, zjevn® teplo blvsg§ | asto zanedb8vs8no. P
vl asovich WsecdehnkmaBRgdkdaerety, v1982, Al l en

2.2.3 Vliv teploty vzduchu

Teplota vkidktbu ybhkomnmadizze? sobopasdajszc? sl
a absorbovan8 radiace, kt erou povrch vyzaSuj
dal g2m dTledgitTm zdrojem energie pro ET a |
slunel n®molaad2epjl®@mhPr at Sadevyggados82)

Teplotajergdlaku D] g2 meteorologickou velil

ET, rozhodnhD JastBRDji vyug2vanou, neg je radi
neboS, jak jig bylo zm2nhDnoVsomlSasgm@miSadi ac
neexi stuje metoda, kter 8 jbggderevya gBsvtad pn 2t elp ||

pro od(hxXidaregr et al ., 2020)

SmNDn2c2m se kl i mated msnwadu 2o houc mMBFm2G bk u t e p |
|l okalit8ch zpTsobt (R1029%) TutkaET.jObMep@mioy2 pgak
vypadg§ dlou2®deédhl vigioapmlTmOph®muy kTparu mnRSe
viparomDaTlyal afeeb a(rd014) se zablTvali olek8vanTr
navygovsg§n2 ET vzhledem Kbn8r3JIpstTm teploty ag

16
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2.2.4 Vliv vlhkosti vzduchu
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vzduchu uSkzaerkukj aez nogbpr&2 miT  vtzetpal hovtlmolulz dasst 2 vz duch
|l nverzn?2 vztah memNSweind ko svtl p avab@uz RlEu zobr azer

Vespojitosti Eleejtzan oWlell¥anot n2  rrhed raa ki tvenr2i s t
vI hkost twzpdwdhu,r dd m@&hovobndy,tjp@&gtylRe |l doplnBk
vl hkost vzduchu je na meteorologicklch stal
procewmytjecchSuj e pomRr skuteln®ho tlaku vodn2c
za aktu8ln2 teploty. Teplota rosn®ho bodu | e
nasycenl m. Tl ak vfoadkntzecrh, pépe olosuavh s9ody ve
kd2 |l ltdrmaku, kterT je vyveyjemdDuwj @ emasxkil mplova cm
p&rygt mosf ®Se zAytdant®n 2 epd wltryDk wmd§ ws,r yj ske® dm
dan®ho vzduchu jegthD mTge dostat, neg se

maxi m8Il n2ho mogn®ho nasyeAd2 ewmz ceitc had .a alkotowB§

35 100

7T
~
A
/ Ve,
/ ~ g,
i ~
! \w?g{'
! ~ G
O 2 - i 80

Obr 84ekPS2klad denn2ho cho
60

*\/ 2 vlihkosti wvzduchu za konst a
a2 KPa tlaku vodn? .f@jfAJenctaba = 2. 4

20 1 1 1 1 1 1 1 40

0 3 6 9 12 15 13 21 24 (1998)

temperature (“C)
b

(%6) Aupiuny sanei@s Hy

225 VIiv rychlosti vDtru
Spodn? | 8§st at mioes f j®a y p rj ;eu dolbhl  avenBiZmh ¢ akh us e
zems kT m pNevrrocvhnreoomRDr nT ohSean dz é §nl@®WO apd nrosh u

pSisproad2l kT m tlakTm vzduchu na rTznlTch m?2s

j sousiltdam g2 vzni k8 v2tr.

V2tmprmg§ EFadn2 viznam, kv eddncad ovly2pvas8S ovvea il mr
povrch®mmi m dPpSl2edbkmmsti vDtru vizdueghmDna n
nenasycenl . T2m | et emyr et PE Th njmes s @vol wddwal e a
zvygawwmde ppakidhavadiorbuj e tak® zodpovRdnl za
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zjevn®ho t epl aM2orda pETv rjceh ut ezdeymv.T znamnh r egu
a sil dBrubtsmaert, 1982, Novs8§k, 2012)

Na grafobrs5nz2jge tn8zornhDnnalsaanivdi? IniDed a Mg

VnRkterTch mRs2c2ch (napS. | erven) (nPSanv2tr
et al . , 2019)
120 I.wilml sp::-.-,d [Cmamiman temperaturs

Bl:uinimun fomperaure
Bl lative humaidty

I satar radistion
106

=

Percentage (%6}
Z

401 ‘

I 2 3 4 5 & 7 8 % 1011 12

Obr §8&zelProcentu8ln2 vliiv meteorologicklcatafaktor T
(2019)

226 VivvypaSuj2c2ho povrchu

Samotn® m2sto vypaSovgn2 je velmi viznam
brg§t ohled pSi vibhRru pS2AmBllTiz an epS2re@ umet
nej dTI edi2tpjdg?® sk anoven? aktu§ln2 ET.

Nejjednodugg? vipamyn®duodah?2 hjteodnuny.geVz
nemusbhrmidgotimakt ory jako expozice a sklon pov
vegetace, typ a druhamp@dyTd Pastadl 999 &)i Inemma s

JednAden ¢TIl egithNjg2ch |initeal(TAI9g9%8 )b evzee sspvol
pokynech | . 56 FAOpad3anveerzgReytjaec ep 9 eadkeoy gj2sno u
st 8§di um v T,von2er,a hpuosktroytta2 p ovr akhaS esrecgwelt ascy o tl
V§ecthyftymkt odgf j siouNows kemk(t20i12) e rozeb2r §

PS2kl adowpakbugaekj e, jak se bhDhem roku

znNDkol i ka z8kladn2ch povrchT (pTdag,Setdre§ga m
met eorol ogick®, vstupn?2 faktory.
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Obr 8z e¥XT gk ar vzl nplacrhb Iaboevm cvhelg et a IRocBeetal.@020) ny . Zdr oj :

2.3 Transpirace

Tr ans mierbaadii, mnogst v? vody vypaSovan® ros
mogn® onthNkmd pikkaoby.

Prvn2Zzm zpTsobem | e t zv. mo$emet rtirea.ns Piot
jednotlivich |IistT nebo stonkPododm?N mauhmg® |k
i v8dgen2, kdy kebBui m®d1zdmez @pSPanygghepnayr u hzned
po zal iur?| iat Tpcatk ivhnt er val ech.

Dal g2 met o diomo tjMeplTmKGEe a2 vody zjednodugennh
stabil n? i zotopy vod?2 ku a TkylsdR kedr dje3 d e h
hydrol ogick®ho cyklu jsou promBDnliv®. U pr oc
izotopov® slogen?2 vodylnge (mmapShodemnr @gt lail n
zpTsomamiqoen ® zZjjesnddugedBudedam®, rostl ina vc

AsndéjastDjg2m zpTsobem je mnRSen? m2zn2ho t
%l el em mNSen? sap flow vznikl o gtia@gnonwkzkncl ik
def or mace tepel n®&hyo ®mal ev,yt k bjSe®eol | proedoa 2 s 0o n
zavs§dhDnich do kme/peS2gptadddmh2a k@b ot Itiokku m§ t e
zdroje tepla pp&¥pddhNDnhehubhoy®hbetoku vody
deformuje d2ky pSenosu téepbhovedeh2 menPomdcs3s
mnNS2, zda jevytgegpbonhaggy !l ®mg ol ek ©varkd mvar i a
tokeMfdS2 se, jak rychle nebo jakIim zpTsobem
dod8van® sondou (Fuchs et al ., 2017) .
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Mezi metody mRS2c2 sap flow patS2 metod
def ormation met hod, HFD), metoda rychl osti
metoda rozptylu tepla (thermal dissipation
(trunk heat bal anceHFDHMBet ¢ & a cdlNear dmeSzkig ¢l .1n0ad B(
je ide&8ln2 pro akamlehiuy padi gnNBealk tsek Vywg?
senzory prdzmND&eniiSewv bMestcondaHuMRY ,vyLg3 28
kgfllcthepkttulz kt er ® | sou av yns§?sll ndyn Nd omkSneennae | e
| HPV mTge rmixSiltc ht okleyo il la(§@ritamnti ,eall 394 ) 2 v §
vsimult8&nn2m vyugdgit2 zahBSRoam®Bnza mezdhzISE viae
Ke zjigthDn2 m2ry m2zn2ho toku ve dSevhD se
Posledn?2 zm2nhRng§, efTHB NmMe7t30d a | (pLSezr anBRIk3 enfd & e n
m2 zn? ha etl W@ Nov gk, 2012)

PodobnhD jako u metbdmpoop8ipatiBtp&mToyerE&n
nedostat klTasjteldn? ne 8ZmNDr T publi kac?2 (nap$. K
2017, FI o et al ., 2019) . Porovn8vackRT studi
stromJ a oblast?2 (naps§s. Lerm8k et al ., 19¢
pS2padnhD se mapuj e,V ojdoku pr&e st osE) mp2ozny2b utj cel
al ., 2016, Scha&afer et al ., 2019) edPs&@aeyvl j
rTznTch vnhDjg2ch faktorT (jak meteorologi

transpirace (naps§s. Baret et al ., 2018, Has

2.4 Intercepce

|l ntercepce, neboli zachyt8v8n2 sr8§gek ve
ngsledn® vypaSen2 zphRDt do atmosf®ry, bl vs
intercepc2z i vhDt ginou analyzuj 2 jako samc
2020). Je wmdgve&8mdchgeegi onecHO0] 60 vodagt ae? sz
Jelikog se takto zachycen§ jveo dmotn@ea 2tl ¢t o ¢
spr8vnhD odhadnut t ak, aby mohl a @GlIltoasemssvn

Domi ngo, 2007, Muzybh®i edgeratl,. ,2 ®1061)2.,, ZAdajnm®rs
opom2jena jako dTlegit8§8 soul 8§stetvoadih2ho2@®
Linh&segert, 2016, Miralles et al., 2020).
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Vter®nn2ch podm2nk8ch je intercepce nejl a
mNSenT mi sr §gkami na otevSen® ploge a tzv.
sr8§gkomhRry um2sthRDnimi (PorYd. Ploadkma uinm v®o rso St
| asto stanoveny pomoc?2 tzv. podkorunovich ¢l
bNngnTch s¢®fBR.ovzihriTedneSm ok nost i mNSen2 je | a
odhadov8na pomoc? model T naps§. Ruttera (197
(1986) t Gkbep®obleamprBEmMRj g2 m a nejpoug2vanhj

Obtz&®l ab na zachycen? podkorunovlich sr&8§gek spol u s

povodPPH LAMZZHRoOj : vliastn?2 foto

M2ra ztr8§ty vody intercepc? je S2zena zej
vegetace (Miralles et al ., 2020) . Kaeomh odv
Ander son, 1996, Liu et al ., 1997, Jiao et a
publ i kac? zabTvg intercepc?2 aAmrdhdrchondr uhg9 6v
St aelens et al ., 2008, Muzyl o et al ., 2012,
sr8gek na zachycen® intercepc?2, st ®kaj2c2 p

korunou stromT (Athroughfallfi) (naps§. Muzyl o
Filho et al., 2019). Jeli kog zachycen8 voda
se zamRDSily na odhadnut?2 m2ry 97 ,p aHeur bts@t oetv o
2008) .
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Nejasnosti okol o t ®t o zp8rkd laldenrda toit k8yz ctek v 2z
intercepce mDlI bTt vyhodnocoel§hovs@&mm s latt i §
viparu (Savenijet, &1004, 20MMQ0)a.l |l &dlav2c nen?
vyhodnocena ztr8bhhededynantdalt gépkdmponenty

DNl en2 ET na jednotliv® slogkyt)adlos,p$S
Ri nggeataral2012,etSuala®mi 2t , hiRkaddi8)nam i ntercep

dokumentaovébhB8®klazuj 2 c? vybranl denn? chod
slunelnicovem apQE6 pMémmn®@®r c@gce je v8&z8&na
a je nejvyvejazmDjr@nTiech f8§z2ch. Graf ukazuj

transpirace, kter®pBSapadidDiabhgsehcdedeajgs ®hod:
oba procesy nepapgra®yi m tFeabzmpptastedSesadnD p
skonmEB@mé kkms({Nedezhdina. et al., 2014

evaporation [mm/h]
precipitation [mm/h]

|_precipitation —lysimeter ««s«««atranspiration evaporation —interceph'onl

Obr 8zekMNSen® hodnotyygi geku)cektkan®pETace, evap
Zdroj: Mertaet al.(2006)

241 I ndex |l istov® plochy

ListwljznnaumnT m or gB8augnh2mjowstig2n pl ochu | ej
povrch 1istT prob2h8 vimhDnao&oéPgie Vahlvea
kviznamu | istT je jejich plocha wugitelnim
rostpiopi sd i stov2z stromlToskbyvygmgangl i nten
dg8l e jen LAI), ten popisuje tzv. pokryvnost
jednotpk mckhwu povrchu (PokornlT et al , 2008
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Vel i kd$e EAvisl &8 zejm®na na druhu veget a

mn o gasttv®S2 .  Kr o minettoehoor osl oougviicsk?T mf espod my n k & mi
f 8¢Pvoje (AKlolsén i etyBra®da elt998ho, v200B&pst pak o«
pod?2]| evaporace a tran9pirltye 9&SppsptP.acie

hospodaSenzp $ia soatn2® pefdia o2 mwcETpSi pl n®m pok
odhaduje, ¢ge 90 %@EATK ttvootS? dMI| edb?r §pzoetkvr zuj e
pS2klad ku%pulSn ®my Kakr ykvu pTdy veget aaP. dogl
2006) .

100%

g 80% ;“Ptj

g ‘ " 3

g 60% <

g : 3

a SEOR: £

% 0% qum:g

£ +§ Obr&8zekDNl en2 ET na E

fi o sohl edem na vegetaln? sc¢

Eowhg _ e LAI. Zdroj: Allen et al.(1998)
time

Pro ur|len2? indexu je mogn® poug2t pS2m®,
metody vygaduj 2spdégtvrayRciv, ondeshtorSaRovE&n2 | i s
Z&8kl adem nepS2mich metod je propustnost koru
2003, Jonckheere et al., 2004).

Znal ost LAI je viznamn§ zejm®na pro vyho
procesT, jako je transpirace, intercepce neb

ale pro Yzem2 nebo porost stanovovs8§na jedna
obecrnm8plinaa vgelyhdmadlsd gichkT &/h model ech jsou |
hodnoty LAI dl e druhu pmodstoav8&8dy $kogelpoh pwd
bil ance bez ohledu na aktu8l n2 stav nebo r ol
LAI bTvg ale na z8kladhR vige zm2nRDnilch par

vopadav®m | ese.

AnalTza pr omM&mdivolsdak dlAilt w mTSen 20 dzhm2 i B n Tch
hydrologickTch procesT pSedpm@mNDmaustiNt dogtda
reprezentativn? pro z8] mov® %WLamid n( Wamld 18)
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Variabilitou LAI se prozat2m zablvalo pou:
studoval. hl avn2 dTvodyTzwmzncihk u yporeocnnd nl leisvao, s
et al ., 2018) zkoumal anegrcabpbpmbsit®cowmdag
rozmarmiAtl o gtaPd kvoarinT ernemd . & & QDD .B)

transpiration

ETR, T [mmsd']
.

| evaporation

02 05 06 16 24 30 45 47 50

leaf area index LAl [m%+m?]

Obr 81@ekRost ouc?2 LAl kukuSice bRDhem vegetaln?2 sez
Zdroj: Mertaet al.(2006)
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3 Met odi ka PET,&BEToas®mud i sej 2c2ch pr o

PSesnhjg? staTimazram Ed Isep@?dohboap opd a§Sneonv? §
zavl agpe®P&@NIivst vz naPflTetf bhvetlamawankavlpar
st §lednhej lzast Njg2ch zegmiRmpSean®Pebhpdoubl j &acd?
vsoul asnosti probl emati ck®.

3.1 MNDS ePEFPaRET

Prim8rnhD je mogn® vyug?2t nNkoli k mognost
obvy&dI®& ov D je moPEA / FRECTip,o myler nmil] Ssehne?gt a ®t | d k @
a st&8ler mteipmnSh ®NSen2m schopnim provs§dnt Kk
DingmanVdZeéldedku toho byla odvozena vel k§ Sa
et al ., 2017, Xi arPgTnetb oaslRE,To l2edc2n0l) . o dSvt 2ajn20 voedh 2
koncept T, kter® jsou odhadovs&8§ny nebo mNhDSeny.
j ej odv@zen? se odv2jelo od zkouman®ho vypa:
neexistuje prozat2m jeding pS2mBydebbogeéep&®m
bilance nebo kombimasl?e dhinfPk od d kkia weertiokda | 2V v e

vycdij§Zc?2 ze satelitn2h®. sn2mkovg§n2z (Ma et al

Pro pS2m®dmBfenmicjen®koli k n&§stroj T. Z8§kl
jsou viparomNDmpDSekheew® paPowv@d(nkblrba adde jniyc h
vistupem je tedy m2ra PET. Vznikla jig Sada
PichleovTv, Ger meA-Plavn mpd B 0 GGP Po €Il ada? zm2r
vyug2vsn v Lesk®0 epdddsdtcevujGElnereeloivolu négd
62 c¢cm a vigce 60 cm) zapugtRnou do zemNhR. Pl o
(Koh%t et al., 2013).

Obr glzékpar omNA 2VOPAR st anai)cia \We[ldkni2 O sgeréjvmeatsrt m2a pov

foto
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Pro odhadnut?2 RET jsou jako p$%20me)bmet ody
Lyzimetry se skl 8dapfdobhygpkimegekbkatudm pgst
shodndkmlisn2m prost Seod2em2a §né paDd BDkmj 2k 2 v
vyug2van® v8hov® nebdtgravanaknt ebsgiRdhko@hag d !
“stavu (LHMDP) je mhRSen2 pr&vhN zm2nNDnim gra
Doksany, a to [odge o200 kluyl19®di. n¥t aliaee8n de
(Mognl, 2005).

32 Vipol|meatneddy sRETaRETen 2

KvTli sv® pbbobgntoStuafpretbnNgdlsmB8&n. t oh
byla navrhnuta Sada empiricklch PETRETI c, k
vychg8zdganl ah met eorol ogi ckT chStfegktlorjTaka jj
poug2vsgny pS2stroje specificky pro mhRSen?
samostatnhD pro oba koncepty na kzo8nkbliandaX i p
snesprg&vnhD ug2vanou terminologi?2, nhaptrivm2p ¢

pohled lz¢gmwn®y|l Kk pTvodnhD vztageny ( Xiang et

Rovnice pPmoTavRE®&| dtak® mogn® rozdDnDI it dl
parametrT a mnogstv2 tRDchto vstupT. Je mogr
data (naM8ntBPebhmanl1965) a metody, kter® ob
(naps§. Oudin oetv adTs,| e2dokOu5 )t.o hJoe, tge na mnoh
teplota a relativn2 vlihkost vzduchu (Valip
v2ce mNRSenifch %daj T jsou pSesPolljlted|naSospol et
vstupn?2 data | ze metody vipoltu PET/RET dn

T Aerodyniamic&a®en® na z§8kl| adnvy pmdBhowmwn ®h o
povrchu ( nap SAlbreéhg 1195@ Brockamip& ONZnner, 1963,
Mahringer, 1Ic® 7n0f )o ramawvecyi g aod wjl2h k ost i vzduc|

i TepliozamPogen® vIihradnh na teplothRD vzdu
Hamon, 1960, Romanenko, 1961, Schendel, 10&idin et al., 2006

! Radiapmv¥aguj2c2 za nejdTlegithDj g2z faktoc
energetickou bil an durc, 196ldegnsemn Hdida, K¥68, n k , 1
Priestleya Taylor, 1972)
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T Kombi nbymmj®uj 2c2 eneagredyehkami okl mincfialst o
Penman, 1948, Penman, 1963, Penidanteith, 1965 Thoma Oliver, 1977

Z dTvodu nedostatku mnRSenTch dat je poug?
sm®nnN vstupn?2 mi d a tny§ vpaozmmiorsntld  rnoaz gt2oS ejne® .| avs t T r

porovn8n2 metod pro url| en? 7ETVarieizg o usre beotu & In.:

Dj amnean al ., 2019) a snaha o stanoven2 Am®nnhD r
et al ., @&Tall9%,eeT,ab2a20ll) metody pra@aHdmaea obl a
(2018) apli kovaldi nNDkolik metod vIipoltu RET

podobnich studi2 blvg8 ZRETSkae esbethoyaBlaoabkj per
pro dal ¢g?2 navazallPaeadenmnnmd Tz®pe al it ohBSe vyba

stanice a nedostatekREMDkterTch dat pro stano

Z8sadn2m nedostatkem tRDchto studi 2 je, g¢ge
vyhodnPETREhZRPe ve vDtginhD pS2padT m2 60br pS2 m®h
12.r okmRD Nouri(2@ltdeonmameezpTsob sronmPbB§nzt ake®dt o
Temesgen et alflal aeBPbROVi&kkbihmor zDj a2nbalnd ,et al
20Rh%WTouto refereMohteiv®vRemmamda (Monteith,

podobu upravil i pro referermwpaokynpeocvht ¢ R x O5A6 |
Vsoul @asnoestobecnN br&8na |jakoRETr|(iVali ppandacrd
Martel et al., 2018, Dj aman et al ., 2019, Xi

900 —

— Mean
[1 Standard deviations

é H Il':f‘lin-Max
1o |
Mg | a%agé
1

200

800

-

(=]

=
T

Evapotranspiration total [mm]

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17
Method

Obr 812e kCel kov8 ET pol 2tan§ ppThhwodn 21n6j EenheStnopoo ) (ocaenl 8kno?
shodnot ami Eg€f er esrklamd midonteite ale FARSSh).nZdroj: BBogawskia
Bednorz (2014)
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4 Z8) mov® Yazem?2 a dat a

41 Povod? Li z

Vdi sert adin®ugpiriSocij ako wiBtkghiardih® z Yue e mer ipme
povodO9a2idkml eg2c?2 na j i howpSopdahd[IB 2 L (@sukn® ¢rge p u |
PrTmRrng nadmoSsk§ vigka Y%zem2 je 941 m n.
Povod?2 je zal-enshIDff®& adllee g ppenovy kIl i mat ol
vyznaluje vIhkTm konhamahkt &dingtm &K Ti nmatteenp Is]
rovnomNRDrnl m ro2ll oreodarb & r@rgerkNDr n§ t 631 ot a s
AC a prTmRrnT rol 84AmMih ¢ ROPE2E§ ek dosahuj e

42 Povod?2 Rokytky

Pro pS2sptauddoiviouzabl vaj2c?2 se formov§n2m o
tvoSenT ch bpyoldozoMywugi to meng2ho pS2toku S2|
Modr @by. PbSpd2 swen adonzokds§8kd@® v T gncae Yazlen® zrh orz.e
38 kmjehog tSetina je tvoSena prs§vDleagel.i
Keppenovy klasifikandd pPdwgod2ktmre§l8e gj2e kchar
subarkti,ak® gdmeBranD rovnomRDrnim rozlogen2m
vpr TmNDmezi 261ty #i®88&hoval 1695 mm (Starost c
tepl o8 aAG.e 4

Obr 8zek 13: Polohdvex ysibiem&oGssl0on2 ch povod?
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43 MNDSen2L ET v

Vi par sseownlaSnorsti na 22 esk@or @poBlkicky®h st e
j sou provozovs8§ny LHMEBKI iTnyaptoi dcekt@bkeyccred mjag 2k IriTm
Lesk® repulmb!l kypmi mpto®hami arktickich podm2ne
vhnejvygg2?2ch pol oh8ch zGCfnbD.z -VIX gdil nea KAzpepne2n onvsyl
kter§8 je charakteristick8 m2rnim oce8§nskim k

Germany
LaPec pod Snézkou

Poland

Germany

Slovakia

Austria

Obr §ldekSt ani d R vIiEHMD EWwD v pSfavar@ArcEIS 10.7)
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5 Motivace a c2le prs8ce

T®ma evapotr ansrplizmliceh jY¥%hlSegjein® mnoho |
stanoVv(eABRT,ETPESTt §| REMej i st ® a zat 2rgoeznv@ jSeand o L
vhDdy pSich§8z2 dal g2 a dal g2 met odghlaeddmol «
na prob2haj2c?2 zmDnupd&t amait uz p@eny . akk®t earu® noe

viparu vody z krajiny

PSedkldg§damd dce?2 mM&oljikas samost at plemi cthyyl
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Abstract: Longwave radiation, as part of the radiation balance, is one of the factors needed to estimate potential evapo-
transpiration (PET). Since the longwave radiation balance is rarely measured, many computational methods have been
designed. In this study, we report on the difference between the observed longwave radiation balance and modelling re-
sults obtained using the two main procedures outlined in FAO24 (relying on the measured sunshine duration) and
FAQS56 (based on the measured solar radiation) manuals. The performance of these equations was evaluated in the
April-October period over eight years at the Liz experimental catchment and grass surface in the Bohemian Forest
(Czech Republic). The coefficients of both methods, which describe the influence of cloudiness factor and atmospheric
emissivity of the air, were calibrated. The Penman-Monteith method was used to calculate the PET. The use of default
coefficient values gave errors of 40-100 mm (FAOS56) and 0-20 mm (FAO24) for the seasonal PET estimates (the PET
was usually overestimated). Parameter calibration decreased the FAQS36 error to less than 20 mm per season (FAO24
remained unaffected by the calibration). The FAOS56 approach with calibrated coefficients proved to be more suitable for
estimation of the longwave radiation balance.

Keywords: Radiation balance; Longwave radiation; Potential evapotranspiration; Penman-Menteith; Calibration.

INTRODUCTION

Evapotranspiration is one of the main fluxes in the global
water cycle and is the dominant controlling factor of climate
and hydrology at the local and global scales. In terms of quanti-
ty, it is the second most dominant process (after precipitation)
of dry land hydrology, accounting for approximately 65% of
the precipitation returning to the atmosphere (Shi et al., 2008).
It affects agricultural water use, ecosystem functioning and
aridity/humidity conditions. It is also a fundamental factor
controlling energy and mass exchange between terrestrial eco-
systems and the atmosphere (Fischer et al., 2005).

The overall process of evapotranspiration is determined by
two main factors: firstly by the amount of available energy, and
secondly by the amount of available water. Potential evapotran-
spiration (PET) represents its maximum rate under conditions
of sufficient water supplies. Hence, PET is primarily affected
by weather parameters and surface characteristics (Allen et al.
1998, Yin et al., 2008). Several equations for the estimation of
PET have been designed, each of which corresponds to site-
specific conditions. In general, three distinct approaches can be
identified: aerodynamic (Dalton, 1802), energy balance (Prist-
ley and Taylor, 1972) and a combined approach (Penman,
1948). The energy necessary for the process of evapotranspira-
tion is primarily represented by incoming shortwave solar ra-
diation. The significant effect of longwave radiation (emitted
mainly by the Earth and the atmosphere) on the total radiation
balance has also been documented (e.g. by Duarte et al., 2006,
Kjaersgaard et al., 2009, Temesgen et al., 2007). The longwave
radiation serves as a cooling mechanism for the Earth's surface
and hence reduces the available energy for the evaporation.
Nevertheless, studies quantifying the influence of the net
longwave radiation balance on the PET values are sparse (e.g.
Yin et al., 2008). Net radiation (Rn) is an elementary variable
used in several methods of PET estimation based on the energy

balance, and represents the difference between the total incom-
ing and outgoing radiation fluxes, i.e. net shortwave radiation
(Rns) and net longwave radiation (Runl) (Allen et al., 1998;
Irmak et al., 2010). Rns is typically measured using pyranome-
ters, and is readily available at numerous meteorological sta-
tions. However, measurements of Rnl are limited due to tech-
nical and economic factors (Carmona et al., 2017; Irmak et al.,
2010; Temesgen et al., 2007). Radiation formulas from FAQ56
(Allen et al, 1998, Rnlrsoss) and FAO24 (Doorenbos and
Pruitt, 1977, Rnlracz4) are therefore often used to estimate this
quantity. The Rnlraos¢ equation is based on the ratio of the
observed to the maximum possible incoming shortwave radia-
tion, while the Rnlrsoss equation is based on the ratio of the
actual duration of sunshine to the maximum possible duration
of daylight hours. Since the data of actual duration of sunshine
for Rnlraon 15 often unavailable, the FAOS56 method serves as a
basis for the estimation of Rnl (Kjaersgaard et al., 2009). How-
ever, these formulas cannot be used universally, meaning that a
comparison with site-specific conditions is necessary (Matsui
and Osawa, 2015). They contain several coefficients recom-
mended by Allen et al. (1998) that originate in local calibration
based on site-specific conditions. Multiple authors reported that
different empirical coefficients work better for model-based
representations in different locations (Arellano et al., 2016,
Carmona et al., 2017; Irmak et al., 2003a; Kjaersgaard et al.,
2007b; Yin et al., 2008). The reason is that besides the surface
temperature the longwave radiation (both outgoing and incom-
ing) is influenced by local conditions, e.g. by soil type, struc-
ture of vegetation, influence of nearby high trees or buildings,
concentration of CQO. and water vapour, and the presence of
clouds and dust particles in the atmosphere (Allen et al., 1998).
However, only some of these factors are taken into account in
the above mentioned equations (cloudiness factor and atmos-
pheric emissivity). The variability in the remaining ones is the
main reason why the site-specific coefficient values are neces-
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sary. The modelled values of Rnlraoss using the default coeffi-
cients have been observed to be generally less negative than the
measured values. This concerns e.g. humid (Yin et al., 2008),
sub-humid and semiarid places (Irmak et al., 2010). The varia-
bility of Rnlraoss parameters may result in incorrectly estimated
PET in hydrological studies. The reason for that is the insuffi-
cient reduction of a positive short wave energy balance. Hence.
higher PET values can then be observed as more energy is
available (compared to a measured energy balance). The influ-
ence of inaccurately estimated Rnl on the rate of PET is still
poorly examined (Irmak et al.. 2003b; Yin et al., 2008).

The aims of this study are therefore: (i) to compare the val-
ues of Rnl estimated by the FAOS56 (Allen et al., 1998) and
FAO24 (Doorenbos and Pruitt, 1977) approaches with observed
values based on a dataset covering eight years; (ii) to calibrate
the coefficients used in Rnleaoss and Rnlgaoas longwave radia-
tion equations for an experimental site in the Bohemian Forest:
and (iii) to investigate the influence of the chosen Rnl estima-
tion approach on the rate of PET calculated by a Penman-
Monteith equations (Monteith, 1965).

DATA AND METHODS
Site description and instrumentation

The data for this study were obtained in an area of the Liz
experimental catchment (49°04'N, 13°41°E). It is located in a
forested, mountainous region that serves as a headwater area for
numerous flood events in the Czech Republic. The altitude of
the catchment extends from a minimum of 828 m.as.l to a
maximum of 1074 m.a.s.l. Using the Képpen climate classifica-
tion, the site lies in the Dfb zone, which is characterised by a
humid continental climate with an approximately uniform pre-
cipitation distribution and warm summers. More information
about the experimental site can be found e.g. in Votrubova et al.
(2017).

All meteorological variables necessary for the modelling
were measured at 15-minute (2010-20135) and 10-minute inter-
vals (2016-2017) at the automatic meteorological station locat-
ed at 830 m.as.l (Fig. 1). The necessary datasets contain air
temperature (Vaisala HMP45, Finland), relative air humidity
(Vaisala HMP45, Finland), wind speed (Vaisala WAA151,
Finland), atmospheric pressure (Vaisala PTB110, Finland). and
actual duration of sunshine (Meteoservis SD3, CZE). Radiation
balance was measured using a CNR1 instrument consisting of
two pyranometers CM3 (measuring incoming and outgoing
shortwave radiation) and two pyrgeometers CG3 (used for
incoming and outgoing longwave radiation) (Kipp & Zonen,
Netherlands). Radiation data are available only for the vegeta-
tion season (April-October), since in the winter the sensors
may be covered by snow. In the meteorological station the short
grass canopy is grown, but it is surrounded by high trees and
forest is in the neighbourhood (50 meters from the fence).

Experimental methods
Radiation balance (Rn)

The values of net longwave radiation were calculated using
the FAOS56 or FAO24 approaches and they were compared with
the measured ones obtained from the pyrgeometers.

Net radiation, which is often used in PET equations, is de-
fined as:

Ri=Rus—Rnl = (SW, - SWy) + (LW, - LWy) 1)

where the net radiation Rrn [MJ m~ d™'] is the numerical differ-

Fig. 1. Meteorological station surroundings.

ence between the net shortwave radiation Rns [MJ m2 d'] and
the net longwave radiation Rnl [MJ m™? d']. The net short- and
longwave radiation (Rns and Rnl, respectively) represent the
difference between their incoming (SW,, LW)) and outgoing
components (SW, LW1). The general equation for the estima-
tion of Rnl by FAOS36 manual (Allen et al., 1998) originates
from the Stefan-Boltzmann law, and can be described as:

Y . (
Do) *Tvs)_| (4 - o) 2 b @
\

50 /

Rnl =0

Net longwave radiation with coefficients determined in the
FAOS56 (Allen et al., 1998) approach is given by:

Rnl =

TMHX[K)4 +TMDV(K)4 R,
ol (0.34-014e, ). 135 - -0.35

50

3)
where o is the Stefan-Boltzmann constant [4,895%10-% MJ m
d K™*). Tusr and Ty are the maximum and the minimum air
temperature [K], e, is the actual vapour pressure [kPa], R: is the
total incoming shortwave solar radiation [MJ m? d™'] and R..is
the calculated clear-sky solar radiation [MJ m~ d™']. The values
a = 0.34, ax = —0.14, by = 1.35 and b: = 0.35 are coefficients
recommended by the FAOS56 manual that can be modified
according to the specific region.

Clear-sky solar radiation can be expressed as:

R, =(c,+¢;-2)R, @)

where ¢ and ¢ are coefficients, z station elevation above sea
level [m], and R: is the extraterrestrial radiation [MJ m™ d'].
Using the methodology in FAOS6, the cocfficients are defined
as ¢1 = 0.75 and ¢2 = 0.00002.

The general methodology in FAO24 (Doorenbos and Pruitt,
1977) for calculating Rnl is given by the equation:

Rn!:(o‘T;)»(al—ane:)-(blh’az%] 5)

In the Rnlraoz4 approach, this equation is used in the follow-
ing form:
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an:(aT;)-(o.34fo_044‘/g).[0.1+0.9%J ©

where T is the daily mean air temperature [K], e« is the actual
vapour pressure [kPa], # is the actual duration of sunshine [hrs]
and & is the number of daylight hours [hrs]. Default values for
the coefficients introduced in the FAO24 paper are therefore a
=034, 2= 0044, 51 = 0.1 and 2= 0.9.

Sensitivity analyses and model calibration

The site specific calibration of the Rnl model coefficients is
one of the primary aims of the article. Prior to the calibration
the sensitivity analyses (SA) was conducted in order to investi-
gate the influence of particular coefficients on the model per-
formance. The simplest type of SA that varies the input factors
(e.g. model coefficients) of the simulation model from their
nominal values one at a time (OAT) was used (Pianosi et al.,
2016). The procedure was based on changing one parameter at
a time and the remaining ones were kept fixed. The sensitivity
of the output to the changes in the input factors was observed
by calculating the rate of change of the objective function
(RMSE in our case). Based on the SA the calibration of model
coefficients was done using the genetic algorithm. All the cho-
sen parameters were calibrated simultaneously.

Potential evapotranspiration (PET)

The influence of Rnl on the rate of PET was determined by
three different approaches. First, the observed radiation balance
was used. Second, the Rnlraoss/Rnlraces equations were used
using a default parameters setup. Finally, the calibrated Rnl
models coefficients (based on local conditions) were utilized.
Potential evapotranspiration was estimated by Penman-
Monteith (Monteith, 1965, Eq. 7). Besides the air temperature,
wind speed and vapour pressure, the net radiation (Rnl res-
pectively) represents one of the fundamental inputs of this
method.

A(Ri-G)+p-cle,—e,)/r,

A+ 7{1 +r—SJ
rﬂ

where A describes the slope of the saturation vapour pressure
versus air temperature curve [kPa °C™], Rx is the net radiation
[MJ m™ d7"], G is the soil heat flux, y is the psychrometric
constant [kPa °C™'], es—ex is the expression of vapour pressure
deficit [kPa] (es is the saturation vapour pressure and e, is the
actual vapour pressure), A is the latent heat of vaporisation [MJ
kg, p is the water density [1000 kg L], ri/rq is the ratio of
surface and aerodynamic resistance [s m™']. Soil heat flux is
neglected in this study as it deals with daily average sums of
radiation.

APET =

(N

Statistical analysis

The results of the Rnlraoss and Rnlraoss formulas (and relat-
ed different values of PET) were compared with the measured
Rnl under different conditions. Total daily, monthly and sea-
sonal average values of Rnl and PET were evaluated. Two error
statistics were selected: root mean-square error (RMSE, Eq. 8)
and BIAS (Eq. 9). The RMSE involves the square of the differ-
ence between the observed and estimated values. Hence, it
tends to emphasise larger values of the error in time-series,

while lower values are virtually neglected. The BIAS is the
average absolute difference between the observed and estimat-
ed values, indicating the magnitude and direction (posi-
tive/negative) of each error. The smaller the values of
RMSE/BIAS, the more precise are the results. These values are
defined as:

1 n
RMSE = ;Z(y;—xl)2 (8)
i=l
IR T
BIAS—nZ(yI x) (9)

=1

where y; represents the modelled values on the day i, x; the
observed values on the day ¢, and » is the number of the sample.

For the trend analyses, the Mann-Kendall (MK) test (Ken-
dall, 1938; Mann, 1945) was originally developed. However,
the MK test is sensitive to the presence of autocorrelation in the
analysed datasets. In the case of a positive lag-one autocorrela-
tion coefficient (which exists in several hydro-meteorological
variables), the MK test may falsely detect a trend as the same
ordering of data is supported. We therefore used a modification
of the MK test, referred to as the trend-free pre-whitening
(TFPW-MK) approach, which was originally designed for
positively auto-correlated series (Yue et al., 2002). All tests
were performed at a significance level of 5% using the daily
values of particular variables.

RESULTS
Climate characteristics

The climatic characteristics of the eight years under evalua-
tion (2010-2017) are illustrated in Figure 2. For each year, only
the warmer months (April-October) were used, as measure-
ments of longwave radiation are not available in winter. The
long-term average daily air temperature was 6.66°C and the
average annual sum of precipitation was 851 mm (1975-2017).
The air temperatures in the eight evaluated years were mostly
higher than the long-term average (the warmest year was 2014
with 8.3°C); only in 2010 and 2013 the air temperatures were
slightly lower than average. The average annual precipitation in
a given period was 815 mm, which was also lower than the
long-term average. The wettest year in the period under evalua-
tion was 2016, and the driest year was 2015 (which was the
driest year observed since 1975).

Radiation balance

Seasonal and daily values of the radiation balance and its
components are presented in Figure 3. Shortwave (SW) radia-
tion generally reaches positive values during the daytime, and
approaches zero at night (Fig. 3a)). The mean daily value of
incoming SW radiation was 13.6 MJ m™~ d™! and outgoing SW
radiation was 2.6 MJ m™ d™ (during the period April-October).
The long-term average observed ratio of reflected SW radiation
to incoming radiation (albedo) over the underlying grass sur-
face was 18.6%. Incoming SW radiation had a strongly season-
al character, with maximum values reaching 28 MJ m= 4
during the summer season (June—July). No statistically signifi-
cant trend was detected (using TFPW-MK test) in either incom-
ing or outgoing SW radiation over the 2010-2017 period (at a
significance level of 5%). However, the daily albedo (as the
main factor influencing the reflection of radiation) exhibited a
significantly decreasing trend during the period of interest,
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Fig. 2. a) monthly and b) annual climate characteristics of the studied period (January 2010-October 2017).
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Fig. 3. a) daily (25th April 2014) and b) average seasonal trends in net radiation and its components.

which may be attributable to the long-term evolution of the
underlying grass cover.

The observed longwave (L W) radiation exhibited more sta-
ble daily and seasonal (annual respectively) patterns (Fig. 3).
The mean daily incoming LW radiation was 29.4 MJ m~ d™*
and mean daily outgoing LW radiation was 33.0 MJ m™ d,
Altogether, the mean daily net LW radiation (Rnl) was —3.5 MJ
m?2 d?. Daily values of Rnl ranged between —9.3 and 0 MJ m™2
d™!. The mean monthly Rnl reached maximum value of —4.1 MI
m? d? in July and a minimum value of -2.3 MJ m? d™ in
October. The sub-daily pattern of LW radiation was also rather
stable (in comparison with SW radiation), with a slight increase
in outgoing LW radiation during daylight hours, correlating
with an increase in the incoming SW radiation. The variation in
incoming LW radiation can be linked to the variation in abso-
lute vapour pressure in the air. Similarly to SW radiation, the
TFPW-MK test did not reveal any statistically significant trend
in LW radiation series over the studied period.

As the sum of the incoming and outgoing SW and LW radia-
tion, Rn typically demonstrates strong seasonal variation, with
maximum in summer and minimum in winter (Fig. 3b)). In
general, Rn is positive during the day and negative at night.
Maximum monthly averages approached 10 MJ m™ d™! during
the summer season (June—July), and in the autumn the values
usually decreased to zero. The average daily value in the period
April-October was 7.5 MJ m™2 d, with a maximum of 16 MJ
m? d1. With respect to the separate contributions of SW and
LW radiation, the outgoing LW radiation reduces the amount of
energy from the incoming SW radiation by 31% on average. No
statistically significant trends were observed in daily Rn values
in the period 2010-2017.

Estimated net longwave radiation (Rnl)

Rnl was estimated using the FAO36 (Rnlraoss) and FAO24
(Rnlraoza) approaches. Average values of error statistics (com-
pared to observed values) are presented in Figure 4. These
results show that Rnlracza performed better than Rnlraoss in
comparison with the measured values. The Rnlraoss method had
a strong tendency to underestimate the rate of Rnl; that is, the
estimated Rnl was less negative than the observed value. Aver-
age BIAS values ranged from 1 to 1.5 MJ m™> 4 for the
Rnlraoss method, while its maximum value was only 0.5 MJ
m2 d in the case of Rnlpaos (Fig.4c)). Average annual RMSE
values were always higher than 1.4 MJ m™ d™ when using the
Rnlracss approach, but ranged between 1.0 and 1.25 in the case
of FAO24 (Fig.4a)). The Rnlraoss method produced the highest
differences from measured Rnl in 2010, 2016 and 2017. Anal-
yses of monthly averages did not show any seasonal trend in
the dissimilarities between measured and modelled Rnl data.

TFurther, all coefficients included in the Rnlraoss and Rnlraoa
methods were calibrated. This parameter calibration was pre-
ceded by sensitivity analyses (results not shown). The values of
chosen objective function (RMSE) were shown to be relatively
insensitive to changes in some input coefficients values and
thus the calibration of all parameters was not necessary. The least
sensitive parameters were ¢1 and ¢, so their values were kept at
the default recommended values (¢1 = 0.75 and ¢2 = 0.00002).

The reason for the calibration procedure was to investigate
whether it was possible to introduce site-specific values of
parameters in order to give a more efficient estimation of Rnl.
Initially, all years were first calibrated separately, and different
coefficients for each year were determined. Altogether, three
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