# OO# ,2#1& .#, A
28# 5-0*"al *# "', % .3

H#, O M#11 --)1
3'*2 7 11'#,2'121A $-C

4,500 118,000 130M

154  TOP 1% 12.2%




&KDSWHU

6HQVLWLYLW\ Rl (YDSRWUDQVSLUDWLRQ
2IIVLWH OHWHRURORJLFDO 'DWD IRU D 3R
YRUHVW

'RQVRRN +D $EUDKDP ( 6SULQJHU
JUDQFHV & 2 'RQQHOO DQG 7KRPDV ( .ROE

$GGLWLRQDO LQIRUPDWLRQ LV DYDLODEOH DW WKH HQG RI WKH FKDSWF

KWWS G[ GRL RUJ LOQOWHFKRSHQ

Abstract

Evapotranspiration (ET) is a major component of the water budget in most forests, in many
cases exceeding 70% of annual precipitation. Due to limitations in time and resources,
'—™7e1eSeS1—ZEZe®S>¢1le"1-"eZel 1S5721—"+1Ses S¢e1SYS
data from meteorological networks may be a suitable substitute. In this study, we evalu -
SeZele'sZ2721-"eZeele™ 517 —Se’—+1 81 >'Zceest, S¢e™>10 , 0id
and Penman-Monteith with dynamic stomatal resistance (P-M-d), in a ponderosa pine
(Pinus ponderogaforest in northern Arizona where eddy covariance data exist for com -
™S> " —il Z1eZeeZele'Z1leZ—0e's'Y' oGl ele'Z1-"eZe@le 1s'71
¢>"—181 ZSe'Z51@eSe’"—1S—e1" 'eZ1e ' e1-""@*2521+SeS1le>"—
the SNOTEL network. Onsite data are required for accurate ET estimation with the P-M-d
model because of its complexity. Acceptable accuracy in ET estimation required onsite net
>Se’Se’"—1eSeS1e™51e' 721 , 1-"eZe1S—el"—@'«Z1YS™ ™51 ™7 e2
“e' 751" —™761eSeS1ES—1¢Z17<eS —Z7e¢1e>"—1—7S><¢1” ce’eZ1 ZS-
T — 1™ e 7 EZe1cC1le 2170072171 ®'eZ1le" e1-""0*2>21SS1YS>
'eZ®il ZE " ——Z—+Se'"—®@1S<" 72012170217 +1" ©’'*Z1S+S1S>7

Keywords: air temperature, evapotranspiration, net radiation, ponderosa pine forest,
YS™M™“1™s7e®z>ZleZ E' e

1. Introduction

Evapotranspiration (ET) consists of evaporation from the soil surface and transpiration from
the plant canopy [1]. It is one of the major components of the hydrologic cycle, accounting
for up to 85% of annual precipitation in some forests [2, 3pil ">Zae+l 1S ZEece

ImECH i 7KH $XWKRU V  /LFHQVHH ,Q7HFK 7KLV FKDSWHU LV GLVWULEXWHG XQGH!
S$WWULEXWLRQ /LFHQVH KWWS FUHDWLYHFRPPRQV RUJ OLFHQVHV E\ ZKLF
open science | open minds GLVWULEXWLRQ DQG UHSURGXFWLRQ LQ DQ\ PHGLXP COEE'KH RULJILQD
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and timing of water saturation in soils [ 4]. Therefore, accurate estimation of ET is needed t
™7’ Eel@e>ZS—1 " 12-S—Se’—eles"—1e"57Z0eeS—ed1le"1'—Y,;
manage water resources i, 5. Forest ET is known to be hard to quantify [6]. It is a complex
hydrological process [7,8p 81 ‘"E'1’ el — 22— EZ*1<¢1 ' —eZ>SE+*""—o0e
and plant canopy [9, 10].

ET can be directly measured by lysimeters, water balance methods, and eddy covariance sys
tems [6, 11-1 il »ZE+1-28Sw@z>72-72Z—¢1"e1 1'cels’ Eze1S—e1>
labor, and funding [ 14, 13. The eddy covariance method is considered the most reliable, bui
>72877—eet1’001eZ E'Z—e1e>"-1S1SE"1" 16 In heaEstAceo dirdc
measurements, ET can be modeled using climatic and ecosystem data]7—2(Q. Depending on
the model used, estimating ET requires input data such as net radiation, air temperature,
YS™M 5 1™sZe®z>Z1eZ E'+81 '—e1@™ZZ81S—el@™e1-""®e2Z:
incoming and outgoing radiation [ 21], and a key variable for calculating potential ET. Air tem -
™Z75S5e7257281 '—e1e™ZZe831S—e1YS™M ™51 ™s7@®2z>Z21Z E'+1C
ET[22pi1 S™ 51 ™7 0?5717 E'e1See™1>7Z¢7+Se7Z@lee"-SS
[23]. Soil moisture controls the availability of water for ET and is especially important in arid
and semi-arid ecosystems, where ET is primarily water limited [ 24, 23. The use of ET equa
tions with fewer input variables is recommended when complete climatological data cannot
be obtained [26]. Meteorological models that use onsite input data can produce estimates of
ET similar to measurements by eddy covariance and are less expensive [27].

Installing equipment to measure onsite climatological and soil moisture data may still require
more resources than are available to forest and water managers. Publicly available climato
logical data from weather stations may provide a reasonable substitute. Not all weather sta-
tions include the full set of measurements necessary to model ET. The U.S. Surface Climai
Reference Network provides data from 114 stations in the USA that record all necessary mete
"7 e e ' ESel1e8SeSi1l ¢ Z>1—7¢ >"ed81le?E‘18Sel -7Z>' 2j10S8-7:
coverage. Soil moisture data needed to convert potential ET to actual ET are more limited, dis
tributed across a range of government and academic networks, and summarized in the Texas
i1 —'YZ>e’'stl ">e'l —Z>'ES—1 "¢l T'®@ez>7Z1 S+S<S®z10‘'4"

In the absence of a nearby weather station with a complete suite of measurements, certail
—™MZe®edleZE'1S®el—Z¢15>S¢’Se’ " —1S—e1YS™ 51 ™M 7®EZ>
models based on basic weather data P6, 2§. For example, Irmak et al. [28] developed equa-
tions to calculate net radiation from input variables such as minimum and maximum air tem -
peratures, measured or predicted solar radiation, inverse relative distance from earth to sun,
and mean relative humidity. Tabari et al. [ 26] derived regression equations to estimate poten-
tial ET from air temperature and solar radiation.

‘Z1'-™MSEel1"—1 1Z0e’'—=Se’"—17el70 —el~ @'eZ1 277> "
unknown for most forest regions. In this study, we estimated ET for a ponderosa pine ( Pinus
ponderos@l 1 ¢~ >Zceel o> =1 ¢ >Z71 —ZeZ >" ¢ e’ ESel —"eZeel 0 >'Z0e

SeeSEZ10 , U01S—el1 Z——-S—, "—eZ’¢']1 'e'1e¢—S—"Elr+"-S:
S—e1” ©'¢Z71¢SeS1e¢"51—715S¢'Se’"—351S'>1e7Z-™7>8e757281YS
—T R Z>ZIE T —eZ—10EL1>1 1'—1e"®@1E'S™eZ5id1S—1E"
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of ET at the same site using the eddy covariance approach as a standardd, 27. The objectives
“ele’el@ezeC1S>Z1"1OWULIE " -™Ss>71¢'Z1Z—c@’s’'Y e¢1

1—"eZeoele 12170 Z17¢1" '¢Z1-2+2">"¢ ¢’ ES+1SS810X1
5Z¢'SceZ1s7Z0zes@]l 'o'1” ©'eZ21SeS81S—e10AYUl'eZ—e'eCle'Z
est improvement in ET estimates if measured onsite. Results from the study are valuable tc
oS —e1S—e157200"2>EZ21-S—SeZs01"1<2472517—+7Z>+S—+18S.
using commonly available meteorological data and to prioritize the installation of monitoring
equipment with limited resources.

2. Material and methods

2.1. Study site

‘Zleezetle'eZ1'1S1™ " —eZ5"@S1™' —Z1e 57201+ ESZ+1
—'YZ>e'et1l Z—eZ——"Se1 ">ZceAlY[U[ XVi[ 1 1WWWUZ[ ZY
et'ele’eZ1l Sl —Z17e1e' 7157271’ eZ@170@7Z1"1-72Se?>71
forests of northern Arizona with the eddy covariance (EC) approach [ 3]. Thinning, harvesting,
S—el 571’1 —"e1"EE2>1Sele'ele’'sZ21"YZ>1'Z1+Se1EZ-
area index of 2.3 nt m°X basal area of 30 M ha’¥and tree density of 853 trees hd"{3, 27, 29]
Location of study site is shown in Figure 1.

2.2. ET model selection

21@ZeZEeZe1e'Z1e'572721<Zae1™Z>e">—"— 27 Haséd dn teelmode! per
e >—S—EZ1leeSe’ e Emrl™el>""e1-7285—10e8285>7217>>">10 Rid
comparisons with ET measured by the eddy covariance approach (Table 1). These three mod
Zeel 7572121 Z—-S—, "—eZ'¢'1e¢—S—"E10 , ,081 >'Z0oesez

SeeSEZ1 0, Ul —"eZeceil ‘Z1 , ,e1 —"eZel 7™eSeZel 21 Z-
modeling canopy resistance as a function of environmental variables [30]. The P-T model
'®@1S1e' —™e ESe’"—17ele'Z1 Z—-S—, "—eZ'¢'1-"e7e1e'Sel"
S'51e7Z-™MZ75575781S—e1e¢'Z1 >'7Z032871StA1>] 22"V -Sedlye.
estimate ET in sparse canopies and calculates soil evaporation and plant canopy transpiratior
separately [32]. Each of these models calculates potential ET, which we adjusted to actual E’
using a relationship with soil moisture [ 27, 33. ET calculations were made at the monthly
scale because monthly data were available from weather stations and generally provided
more accurate ET estimates for the study site than daily data when compared with ET mea-
sured with eddy covariance [ 27]. Detailed explanation of each model and its use in simulating
ET at our study site can be found in Ref. [27].

>leeSe’"—1¢S.S

(08
N«

XiYil c’'eZ21 Z

S'eC¢1” 'eZ1—-7ZeZ "> e ' ESe1eSeS1 7571 «eS'—Zele>"—1+'71
Q U1SYS'eS<ceZ1S¢1'4™ALKE& | >EETe>'12728&11 ZSe'Z>1¢Se8
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®eSe’"—1—7S51'7Z1 ¢Se@eS 1 7¢¢’S—1 '>™"5e1(0 eSee+S 171
Y[UN 1 31le"—e'e7¢ZA1LWWWUZV 1 81> 7—e17Z¢ZYSe’"—ALXW)
Because net radiation (Rn) data were not available from this station, they were calculated
using an empirical equation from the FAO'’s Irrigation and Drainage paper 56 compiled by
Ref. [34pi1l —™Zecel Z>721S’e¢1” ©’+21-S{'-72-1S—e1-—"—"—-7-1"
vapor pressure, dew point temperature, relative humidity, station elevation, solar declination,
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C site RMSE (mm month %) R?
Data P-M-d P-T , P-M-d P-T
EC site data 18.50 13.19 15.49 0.81 0.84 0.67
only

28751 2012 20.41 21.70 0.80 0.82 0.67
station data
(Rn, ta, vpd,
and u) and site

«SeS10 81 81

.01 Bd1Z.Eil
Station Rn 18.68 20.23 15.31 0.81 0.82 0.67
Station ta 19.21 13.30 15.47 0.83 0.84 0.67
Station vpd 20.15 13.19 22.03 0.79 0.84 0.67
Station u 19.11 13.19 15.49 0.81 0.84 0.67

28751 4204 20.08 30.17 0.26 0.49 0.62
station data
and SNOTEL
happy jack
SMC data
(alpha
updated)

728+7>1 2311 51.90 21.91 0.70 0.50 0.62
station data
and SNOTEL
Mormon
mtn summit
SMC (alpha
updated)
Tablel. "—=™S>' " —0el1”«1>""e1-725—1087S>217Z>>">10 U1S —Rlamony ed ET mddels

Numbers in bold indicate the best model for each dataset.

sunset hour angle, inverse relative distance from Earth to sun, sunset hour angle, latitude, and
eSE17e1¢'Z1¢ZS511 S™M™>1™>7Zeez>Z21+Z E’+10”" Sl SelES-(
relative humidity (%) measured at the station.

Soil moisture data were obtained from the SNOTEL data collection network operated by
the Natural Resources Conservation Service (NRCS) of the U.S. Department of Agriculture
Snowpack and climatic data (air and soil temperature and precipitation for all locations and
@™ol -""@e72521+S+S1e 5102 ZEeZele " ESe " —RULS>Z1E s7
lee’eZoel Z>Z1720Z+81 S™M™M¢1 SE”100’*Z1—7—-<Z>A1_\_(
81ZZYSe' " —ALXYX\1-01e¢e'@eS—EZ1e"1loeeze¢le'«ZAL\V1"
—7—<Z>ALIWWX[01eSe eZ7eZALYZU[AN 1 81l " —e’eZ7eZRA1WWWUYYV
e’eZALYX1"-0il ‘ZoeZl le’'sZel Z>21wZZ&EZ21<ZES?
site and they had data available for our period of study (2007-2010). The Mormon Mountain
7——"010S5eS1S8>721SVYS’eSceZ1"—eCle>"—1 2—Z1XVVAi
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2.4. Analysis of error propagation

‘212725551 — > 07 @EZe1l —1—-ZeZ2">" e ¢ ESel-—"eZe@l1" 1l 1<¢17%
be reduced if some variables are measured onsite. To aid managers in prioritizing the instal-
lation of monitoring equipment with limited resources, an analysis was performed to deter -
—— 717 1755751 — 1’ Z>Z7Z—+1"—™37e1eSeS1E " —<'—Z0e1+"1"YZ

Each model was run at the monthly scale over 4 years (2007-2010) with all onsite input data tt
Z@eSco'e'181«<SeZe'—71>7Zce7eil ‘Z—81-"eZe1>2—0el Z>21™7
YS5'S<e7Z1S—e1"—e'e7Z1¢SeS1e¢751¢'721>72-S'—'—e1'—™3%e1VYS>'S
@' —eeZ1” @' eZ1'—™7e1-"eZe1S—ele'Z7Z1<SeZe’'—721 SE1IESE7Z-!
“e1e'Z1-S“">1" 00'eZ1 —™37e1YS>'SceZ@10—71>5'Se’""—f1 —81
™sZeez>Z1eZ E'eAlY™ed1S—ela ™ el-""@e2>Z0U1e"1ZYSe2SeZ1e

For each model, the three variables to which the model was most sensitive were selectec
Error was introduced to each of the three selected variables in increments of 1% to a maxi
mum of 15% for variables positively related to ET or percent decrease for variables negatively
related to ET. Thus, compounding errors acted in the same direction providing a worst case
scenario estimate of overall model error. The models were run over ranges of percent error
for the variables to determine all combinations of percent error in the three variables that pro -
duced 15% model error when averaged overall 4 years of simulation. These results show how
¥YS>'Se’"—1"—1¢'Z1SEEZ2>SECL17+1’—™7¢1YS>'SceZe1lS ZE-c

3. Results
YiWil Z—@'e'Y'e¢1 e1S——7Se1 1”1~ @’¢Z21S+S
Figure 210~ cele‘ZleZ—oe’ e’ Y e¢1 e1S——7Sel 1™s7e¢ EeZeolc

" ™M7e]eSeSi1l ‘Z—1E" -™S>7e1le 1 7Zee¢1 1-72Sce?>72-7Z—ecel
™Z53e">—7e1 Zeedlczel SceloeZ—ce'e’'YZ1e 12170071 7«1~ o'+
tently underestimated eddy ET regardless of data sources. The P-T model consistently over
Zee' —SeZel 31S—el1 SeleZ—@ «’YZ1e 1e'Z172072Z17«1" ’'+Z
o7 —7>SeeGleZele 17 —o75700¢'—Se’"—17e1 1e¢751Seel_"e7e0d1.
'eZil ‘Z—1E" —™S>7ele"1-"e7e¢7e1 170 —e1Seel”"—@’'eZ1S.
et leZele"le'e—' ES—eetl —E>Z2S 071755 51" —1EZ>+S —
, 1—"eZeel Sel>Ze2EZe1<t1e'Z17200717¢1” @'¢Z1Y™e1S o1

YiXil Z—oe'e’'Y'e¢l el—"—e‘e¢]l 1”1~ @'¢Z1¢S.S

1e’'—72¢SeZe1<C1e'Z1 , 1-"eZe1 SceleZ—c’'s’'YZ1e " 1e'Z17Z-
late Rn (Figure 3(@) Uil ‘Z1le' Z>Z—EZ1'—1 1™>7Ze¢' EeZelctle'Z1 ,
except for Rn was greater than a 15% threshold of acceptability, especially during summer
0eSeS1—"ele'” —iil —1E " —+>Se+dl7@’ —+1" ®'+Z1l —1S-S
‘71 , ,e1S—<1 , 1-Figufed))l
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Figure 2. Z@E el o1 2>EZ1 o1 —ZeZ > ¢ ¢ ESe1¢5¢851¢51YS55'SceZ@dl '—el™/;
o7 E'e1l0Y™e(1d1S—e1—7+1>8'Se’"—10 — iJp drSmedelant ET-ds-cdhuparizd 11(&F Eddy cbvandndt
1-728Se2>2-72—e01S—e10<lil—"9eZ¢Z¢1 1 '¢'18eel”"—@'eZ1'—™3e0eil Z>EZ—o1l:
Zewdl Z——-S8S—, "—eZ'¢‘l 'e'l1e¢t—S-—"E1ES—"™¢1>Z0'eS—EZ10 , ,°001
0, U081 "¢*1Seel™"—'eZ1—7¢Z2"> ¢’ ESel —™37e0301S1’'—eeZ1” @'eZ1-Z72">

e'eZloe™ el —""ez>Z1e> =1+ "1 loe'sZ0edl S™M™M¢gl SE”1S—e1 ">—"—1 “72—.

‘21, ,21S—e1 , 1-"eZe@l Z521®@Z—@’'«’'YZ1e " 1e'Z212@2Z17+1"
not (Figure 3(b)). Inaccuracy in predicted ET from the P-M-d model was largest during winter
when total ET is close to zero.

‘Z1 , ,e1S—el1 , 1-"eZeel Z>Z1"e'e¢leZ—0e'*'YZ1e"1e'Z12ce
P-T model was not because it does not use vpd as an input parameter Figure 3(c)). Inaccuracy
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Figure 3. Z>@EZ—ele’ Z>7Z—EZ1'—1 le> " —1-"eZeel70e’—+1Seel”™ @'eZ1 —™3e1eSe
" e’eZ1S5eS10iceE> ™eZed1l —A1l—701>5¢'Se’"—81SA1S>1eZ2-™7>85¢%579
"etle¢—S-—"EL1ES—"™¢1>Z@' @S—EZ10 , ,c081 >'Zoeeet, S¢e">10 , 61 S—-
™MZs@EZ—ele 7572 —EZ1' —1 @728 —S¢1VYS>'Se’"—1¢Ze 727—1" ®’+21S—-1
' ESeZ1W[-1e' Z>7Z—EZ1e' —Zcei

ES7@Zel<t1e'Z1700Z21"7¢1” ©'eZ1Y™e1eSeS]1 Sele>Z2SeZ>1">
Z—e'e'Y'etle 1217200 Z17 1" 0’72171 Scele” 1¢°>18eel—"e70

“eZe7e1 —1<S®Ze1 " —1" ’'eZ1 72S+'7Z51SS1 S®el1E " —@’'e
(Figure 3(d) 1d1 'e‘1e'Z1 ¢ Z0eel™Z>sEZ—ole’ 7Z572—EZ1 —1lceZ——:
" @'eZ1S—el"—@'eZ1Y ™el ™MZSFifurkStd)Hil@EIMIMI@ 2171
was always lower than onsite vpd (Figure 3(d) 1711 ce’'eZ1¢S1eSeS1e7Z—7>Se.
Zcae’ezeZle™ 51 " —@’eZ1+5eSd1e’ Z> —elctleZemeles'S—1Xi]|
'— 07581 'Z—172-™Z75Se75701 Z>Z1E+"eZ1+"1VU §1e'Z21™
S0 Z1e7-™758e757001@E " 7e01<Z2187'271S>0717Z0@™ 71—
ues are excluded from Figure 3(d).

‘21, 1S—el , 1-"eZel Z57Z1-"ceeleZ—0’'*’'YZ1e 121" 2>

(Figure 4(@)and ()il ‘Z1 , 1-"¢Ze1 Sel-">Z1®Z—0’'*’'YZ1e'S—1s"
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Figure 4. Z>@EZ—ele’ Z>72—EZ1'—1 le> " —1-"eZeel70e’ —e1Seel”™ @@'eZ1 —™37e1+S.
T—e'eZ1eSeS10eiceE> ' ™eZe0l , file T el-""0ei>Z1E —eZ—+1le> -1 S™M™,
content from Mormon Mountain Summit SNOTEL site) for the Penman-Monteith with dynamic canopy resistance (P-M-

ci01 >’Zceeet, SCe™>10 , UB1S—el ‘747 "5¢', SeeSEZ1G , Ul-"eZe®@105S1S—-1<ii
el el-""ee 2> Z1E T —eZ—e@lQ Ul<Ze ZZ—1e "1 le’'sZeliEiil Se‘Z-1"

— €701’ —1'Z1ES eE72Se’ " —1701¢' 21 ES’'—+1E"Z €' Z-
1¢SeS1™5%e7@EZ+1S1+S>e7Z>ATthatiNorm@ Mbuataln Summit (MMS) SMC
eSeS81 "E'l>Z@ZieeZoeler —1E —ce’'®eZ—eeC1e" Z>FEiguré &e)).The
SMC at the MMS site was higher than onsite SMC during summer, but lower during winter.
1eSeS1e>"—1e7Z1 1ce’'eZ1 257217—SVYS'eSceZ1<Ze 77—1 S—
percent change was calculated during this time (Figure 4(b) and (c)).
‘21" 2>52—@Z1<Zeo 22—1 1-"eZeZel '¢'1” ®'¢Z1S—el"—@®’'Z
led to overprediction of ET during summer ( Figure 5) due to the error introduced by vpd
(Figure 3(c)), and underestimated ET during winter due both to error from vpd and ta
(Figure 3(b) 111 ‘Z1 , 1—"eZ¢1'Se1S1ceeZ>1e’ Z57Z—EZ1+'S—1 , ,¢
—"eZeZel leis —eloe?——2512721"175>">1" — Fjure Gal)s ET stinuletcd
«<C1le'Z1 , 1-"eZel70@ —e1” ®'+Z1eS+S1 SelSs Stele Z>1'S
2007 Figure 50 81S1™S47>—1e5’YZ—1<¢17Z>>">1" —e>"e7EZ1<¢1" 0
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Figure 5. ' Z>7Z—@®Z1'—1 1<Ze Z7—1-"e7e7¢1700 —1~ @’'¢Z1 ZSe'Z>1@eSe’"—1"'—
o721 Z——8—, "—eZ'¢']l 'e'1e¢t—S—"ELI1ES—"™¢1>7Z0’'*S—EZ10 , , 081 >'Zcese
models.

3.3. Sensitivity of annual ET to input errors

557517 —1™57Z¢’ Ee'"—1"¢1S——7Sel 1<¢1le'Z1 , 1-"eZ+1 Sce:
in Rn and, to a lesser extent, SMC Figure 6(a)). Less than 15% error in overall modeled ET
was possible with large errors in ta (>15%) and soil SMC (>20%) if onsite Rn (i.e., 0% error i
—Z7+158¢’Se’ " —lil'elzaZeil >>">1'—1eZ1 , 1-"¢7+1 Scel-"ce:
(Figure 6(b)). Large errors in soil moisture and temperature were acceptable if vpd is accu-
rate. Because of the threshold responses and complex internal dynamics of the P-M-d model
we conclude that it is not a good choice for this type of error analysis. Therefore, we only
E~—a@'eZ>Z2+1'Z1 , 1S—el , 1-"eZe@l —1+¢"'®@1S—Sete’' i

YiZi1l ZeSe'"—@*"™MelcZe ZZ—1"—'e21S8S—e1" ’'eZ1 2Se'7Z>1

l1oee>™—ele’'—7S51>7¢Se’"—@"" ™M1 "EEZ2>>Z01<Ze 272—1"—0’>.
station data with R20.72 or higher for all variables, except for u where the R2was 0.59 Figure 7).
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Figure 6. Combination of error in net radiation, air temperature, and soil moisture content that will produce 15% error in
©'Z1 >'Zceet, SCe™>1-"0Z10SU81S—+1YS™ 1 ™7 000ez>Z1Z E 315" >12-™7Z5!
"—1e'Z1 ‘747 "o, SeeSEZ1-"0Z10<Uil “eZe175> 51’ 1ESeE225Z+1S+1°218
model inputs were measured onsite.
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Figure 7. WAW 1>Z¢Se’"—@'""™1<¢Ze 27 —1"—0e'eZ1Zee¢1le” Z51YZ>007201" a’'+Z21 ZS-
0 120810¢01S8>1¢Z2-™Z58¢7>710U UB10EUG1YS™™>1 ™7 cece?Y.Sbit thoEurelcdiiteBiioath
o> "—1Zee¢1e¢” 7Z>1YZ>0201 S™M™M¢1 SE”10 UleeeSe’"—10Z2018—e1 ">—"—1 "7—s¢
o' — 71— ' ESeZe1SIWAWLe'—Z721S—el1e'Z1eSe‘Zele’'—71'01S157Z¢>Z000’"—1s'-

4. Discussion
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®Z>EZL17el ' —™Z7eleSeSil ‘Z1 , ,01—-"eZel™Zse">_Ze] Zeel s
©'Z1 , 1-"eZe1™Z>e"5_701 Zeol ‘Z—1" ®@'eZ1® 'e1-""®2>Z21CE
s"TES-e1 le’'sZ®l1>Z™eSEZe1"—®’'*eZ1 1+S+Sil '"Z '®Zd1l
"—e'eZ1 —081e8501S—2171+5+S1 Z5Z1>Z™eSEZ1<¢1” @’eZ1e
vious study [27p1>Z ™ se7Zel1e'Sel ‘Z—170 —e1Seel”—e’eZ1+SSH
—"eZel 7571+'Z1E+s"®Zee1+"1 1-72S0e7>Z2+1<¢1Ze+¢1E"YS>’'S-
els, likely because our study site contains a mixture of surface layers (pine canopy, grass, bar
e8]l "ELe'Z1 , 1-"eZ1 SeleZ@BAZ1" 1w’ —72S71y

Z—@' 'Y’ eCle™1” ©'eZ1—-ZZ > ¢ ¢ ESe1eSeS1YS>'Ze1S-"—e1-"
¢'7170@Z7Z17«1" o’'eZ1 ZSe+'Z>1+SSHigue2d))e Thé'\P>M-d @eél waslsensitive
¢"1e'Z1707Z17«1" e’'*Z1-SifpBe20) ¥ (Lt Bl SAD , 1-"+Z+1 Seloe’
7eZ17«1" e’ «Z IFgire 2(e)f. F8abithis result, we conclude that accurate measuremen
TelY™el1'e1’—™ eSS —ele" I ™" ™MZ5e¢]1 7’ —SeZ1 17'—e1

™sZe EeZeles =1~ @'eZ1 2S¢ Z251+SeS1ES -E7+SeZ1E" —®’ e
Rn data (Figure 2(d)), resulting in overestimation of ET by the P-T model, especially in summer
(Figure 2(a)), when ET is highest and is the most important seasonal component to annual ET

‘2107'eSc’e’e¢1 01" ©'eZ1+SeS1S®E1'—™Zeel —e"1-ZeZ 5 0"
SceZ1S—el-"9eZei1l @'*Z1 ZSe'Z>1@+Se’ " —1+SeS1™5"Y ' eZe¢1ce-
ature (Figure 2(d)) and therefore, air temperature was not a major source of error in all models
for this study site. The sensitivity analysis (Figure 5) illustrates that errors in air temperature
up to 15% are not likely to lead to large errors in ET estimates. Overestimation of winter ET
occurs in the P-M-d model when onsite ta is used (Figure 2(b)), but winter ET is a small com-
ponent of total annual ET. The dynamic model of stomatal conductance in the P-M-d model
goes to zero when air temperature is below zero, and the overestimation by this model is the
sZ@Zes1"e1S1e'5Z@ "eelsZ@™ " —®@Z1 ‘Z—1"—0@'*Z1S'51eZ2-™.
™Z5Se75721'01—"0i1 ‘Z1Y™el Se1IE"—0®'®©eZ—esC¢le” Z>1'—1
¢"1°YZsZ0ee'—Se’"—17e1 1<¢1le'Z1 , 1-"eZel 'e*"7+1S1®@ZSe"—
P-M-d model is more complex because increases in vpd increase ET by increasing evaporativ
demand and decrease ET by reducing stomatal conductance. Thus, overestimation or under
Zee' —Se’"—17e1 1'el™ " @®'<eZl ‘Z—1"—0e’'eZ1Y™e1eS.S1S>

5. Conclusions

Z1'—VYZee'eSeZeleZ—c@'s'Y'etle 1l —"je2>Z®@17¢1"—1S—e1"
—"eZeele 51 ESeEzeSe’'—e1 10, ,481 , 81S—e1 , Gle">1S1™
measured previously by eddy covariance. The complexity of the P-M-d model makes it highly
™y~ 71" 1" —SEEZ>SeZ1 1™>Z¢' Es'"—@l '+'1” '«Z1SSi
52'SceZ1Z@e’ —=SeZ®@1™el 1 'e'1@ZeZE+Z+1' —™2¢1YS>'SceZ0e
site data for other inputs. Because measurement of some of these input data is expensive an
o' E7+21Se1@™ZE’ E1 Zeelw'eZ®dl>Ze 2>EZeloe' "2ee1cZ1:
0'Sel—"e7e1S57Z1-"el®Z—0'*’'YZ1+"i1l Z1e"72—ele'Sel” @'’
2521072 E'Z—+1"51S"51eZ2-™75Se75721S—e1 '—ele™ZZ+81 ‘.
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Sl —-™>"YZelcCl —®’'eZ1-2ZS®z>Z—-Z—e*@17¢1l —1"51'Z1 ,

‘Z1eZSe'< e el el7® —e1" ®'eZ10e el -""®©*2>21SS1eZ™7
©'Z17 'eZ1l-"—"9"5 —ele"ESe T —1e"1le'Z1leeZzoCle e Zil 0o "7
ity of the models to data sources in forest conditions beyond one unmanaged ponderosa pine
stand, our methods can be applied to other situations, where baseline measurements of ET b
eddy covariance or other approaches exist.
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