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Introduccién

INTRODUCCION

Dada la importancia cuantitativa y funcional devapotranspiracion en zonas semiaridas,
su estimacion regional es crucial para la gestidnida de las mismas (Glerat al 2007) asi
como para la comprension de la mayor parte de posdaioldgicos asociados a la disponibilidad
hidrica en estos ambientes, (Noy-Meir 1973). Sirbamngo, el desarrollo de modelos para la
estimacion regional de la evapotranspiradi@sados en datos facilitados mediante teledeteccion
es aln escaso en zonas semiaridas. En esta Tafsisdizaremos en el conocimiento de las vias
metodoldgicas Optimas para la cuantificacion regfiae la evapotranspiraci@n ecosistemas
semiaridos mediante la evaluacion y reformulaciérmaguellos modelos que presentan un mayor

potencial en este tipo de ambientes.

Importancia de la evapotranspiracion

La evapotranspiracionE}, definida como la transferencia total de aguadeéesna
superficie vegetada a la atmésfera, es fruto depdosesos simultaneos: i) la evaporacion o
proceso fisico de transferencia de agua de lasrfaipg, incluyendo el agua de lluvia
interceptada por la vegetacién, a la atmdésfera Ja iiranspiraciéro proceso fisiolégico vegetal
por el que el agua absorbida por medio de lasgaedransfiere a la atmdsfera a través de los
estomas. La energia que acompafa la evapotranépirae conoce como calor lateni;
(también escritd_E), dondel es el calor latente de vaporizacion. En esta Tesi& (o LE) se
usaran para referir al mismo proceso, segun éatemswsiderado desde el punto de vista hidrico

(E) o desde el punto de vista energétidd ¢ LE).

De este modo la evapotranspiraciés el elemento comun entre el balance hidrico y

energético de la superficie terrestre, ambos rednsren las ecuaciones 1 y 2 respectivamente:

P=E+R+Gr+AS+L (1)

RN=LE+H+G )

En la ecuacion 1P es la precipitacionR la escorrentia superficiahr la variacion de la

reserva hidrica subterranes es la variacion en la reserva de agua del suéldayentrada o
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salida de escorrentia lateral (todas ellas en lam)a ecuacién ZRnes la radiacion net& es
el calor transmitido al suelé{ es el calor sensible (todas ellas en W{j.m

La evapotranspiracion es la componente mas imgertdal balance hidrico terrestre
después de la precipitacion (Leuning et al. 20B8)promedio, el 57% de la precipitacion global
es devuelta a la atmésfera por este medio (Gleah 2007) y tres quintas partes de la radiaciéon
neta terrestre son usadas en forma de calor latmteestimas provenientes de distintos modelos
variando entre el 48 al 88% (Trenberth et al. 20@®bido a su vinculacidon con el balance
hidrico y energéticd;. repercute en el enfriamiento de la superficieetre y en la formacion de
nubes. La evapotranspiracion es, por tanto, umrfatave en la interaccion entre la superficie
terrestre y la atmdsfera (Domingo et al. 2004) endo afectar al clima a escala local y regional
(Kustas & Norman 1996). Por todo ellg es uno de los componentes fundamentales a
considerar en la modelizacion del cambio climaticalance hidrico, productividad primaria,

inundaciones y sequias (Fisher et al. 2008).

La evapotranspiracion en ecosistemas aridos y seitiés

En zonas aridas y semiéridas, la importancicEdse amplifica ya que, en ellas, dicho
proceso devuelve a la atmdésfera entre el 90 y 1d@8% precipitacion anual (Glenn et al. 2007).
Las zonas aridas y semiaridas existen en todosdonsnentes y cubren mas del 45% de la
superficie terrestre (Asner et al. 2003; Schlesimgal. 1990). Estas regiones mantienen al 37%
de la poblacién humana, estando previsto, segtentiencia del cambio climatico, un aumento
de la aridez (Reynoldst al. 2007). Especificamente, las zonas semiagdadas que ocupan
mayor superficie siendo éstas muy sensibles arpaxiones tales como cambio climatico,
fuego, sequia o cambios de uso del suelo (Safrigl 003). Es por ello que el conocimiento
del intercambio hidrico entre la superficie y lanésfera es especialmente crucial en dichas

areas.

Las areas semiaridas, son extremamente dinamicaar@ovariabilidad interanual de las
precipitaciones de +23-30% de la media a largogpl@asmusson 1987). En ellas el patron
temporal y espacial deE, estrechamente ligado la disponibilidad hidricaespnta
particularidades especificas. En zonas semiaralaksponibilidad hidrica suele presentar una
dinamica pulsatil debido al régimen irregular de paecipitaciones (Schwinning et al. 2004). El
caracter generalmente disperso de la vegetaci@nnyarcada heterogeneidad superficial de las
areas semiaridas (Puigdefabregas et al. 1999) ndegerlas fluctuaciones temporales y
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espaciales de la disponibilidad hidrica repercdtieren el patron espacio-temporal &e
(Villagarcia et al. 2010). Ademas es importantesagrar que en areas semiaridas existe una
fuerte conexion entre los ciclos de agua y carli@atdocchi 2008; Domingo et al. 2011) ya que
la disponibilidad hidrica es el principal factor cientrol sobre la actividad biolégica (Brogaard
et al. 2005) lo que afecta al control que la veriétaejerce sobre la componente transpirativa de
E.

La correcta estimacion dé en areas semiaridas es vital para la gestionchidte las
mismas, el estudio de la recarga de acuiferosstatlie® del efecto de los cambios de uso del
suelo sobre el balance hidrico asi como para deterrsi en dichas areas la vegetacion es capaz
de acceder a fuentes de agua alternativas a lgpipae®n (Villagarcia et al. 2010). El desarrollo
de métodos para la estimacionkl@a escala de paisaje en dichas areas es, por temévea de
investigacion prioritaria. Especialmente si consadeos la dificultad y coste de las mediciones
de dicho proceso en zonas semiaridas que ocupas deegran extensidbn a menudo remotas
(Domingo et al. 1999). La teledeteccion es la Urfigante capaz de proporcionar datos
espacialmente distribuidos del estado hidrico ywg&teo de la superficie asi como de sus
propiedades biofisicas (Kustas & Norman 1996) ylpdanto, la Gnica via factible hasta ahora
para la estimacion dé a escalas regionales con un razonable grado dd¢itaga@alma et al.
2008).

Sistemas de medida 'in-situ’ de la evapotranspiraci

En los ultimos afios, se han desarrollado multipiésodos para la medicidn in-situ Be
(ver revisiones en Glenn et al. 2007; Rana & Kagfp0; Shuttleworth 2007; Verstraeten et al.
2008) lo que a su vez ha posibilitado el avancka enodelizacion regional dada la necesidad de
medidas fiables para la validacién y evaluacioiodemodelos basados en teledeteccion. Entre
los sistemas de medida, los mas ampliamente ugadada validacion de modelos han sido los
lisimetros de precision, los métodos de mediciofiiges micro-meteoroldgicos (método de la
razon de Bowen y el método de correlacion de remoslio Eddy CovariancdEC)) y los
métodos hidrolégicos basados en el balance hidlicsuperficie. Los métodos hidrologicos
estan principalmente enfocados a la estimaciénomefjide E a escalas temporales largas
(mensual, anual, interanual) y precisan de datpsosos de precipitacion y escorrentia (Wang
& Dickinson 2012). Los lisimetros de precision ega medidas continuas con un alto grado de
exactitud (Howell et al. 1995) sin embargo estéaritéidas a varios metros cuadrados (Wang &

Dickinson 2012) y su aplicacion en areas de vegetagatural es problematica debido a la
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variabilidad y mayor profundidad de sus sistemd&wares (Glenn et al. 2007). Por su parte los
métodos de flujos micro meteorolégicos, ofrecen idesd en continuo a escalas espaciales
medias (alrededor de 1 Km(Horst 1999; Kljun et al. 2004) comparables canrésolucion
ofrecida por los sistemas de teledeteccion (Gleral. 2007). Por ello, finalmente la técnica de
correlacion de remolinos se ha convertido en énelstr para la medida en superficie de los
flujos de vapor de agua (Baldocchi 2003; Scott 2316l principal medio para la validacion y
evaluacion de métodos de estimacion regionaEd&lenn et al. 2007). Actualmente se ha
creado una serie de redes de mediciOmi aeedianteEC alrededor del mundo como parte del
programa FLUXNET (Baldocchi et al. 2001) que in@uyinstalaciones en Europa
(CarboEurope), Norteamérica (Ameriflux y Fluxnetn@da), Brasil, Asia (AsiaFlux), Australia
(OzFlux) y Africa. Hasta hace pocos afios las medas deE medianteEC en areas semiaridas
eran escasas estando la mayor parte de las estmcermedicion ubicadas en areas forestales o
agricolas. Sin embargo durante los ultimos afid#telés de la “comunidad FLUXNET” por las
areas semiaridas se ha intensificado (FluxLett&OR0on la consiguiente ampliacion de la red
de mediciones en zonas semiaridas lo que posibllid@sarrollo de la modelizacion regional de

E en dichas areas (Domingo et al. 2011).

La modelizacion regional de E en ecosistemas serdas

Desde los afios 80, coincidiendo con el comienZasiaplicaciones de la teledeteccion, la
vision cientifica general se ha volcado en el delarde métodos para la cuantificacionEle
escala de paisaje debido a la importancia de sabiitad espacial (Kalma et al. 2008). Muchos
de los modelos de estimacion Bese han desarrollado, sin embargo, en regionedadagpdel
mundo siendo aun escaso su desarrollo en ecosssténums y semiaridos. Esto se debe en
parte, a que las particularidades propias de estosistemas hacen especialmente dificil la

modelizacion d& empleando datos remotos.

La magnitud de&E en ecosistemas semiaridos es generalmente ba@anprado aumentos
puntuales tras los pulsos de lluvia (D'Odorico &rfrwato 2006). Para modelizar el patron
pulsatil que present& en estas condiciones se requieren datos a unka ésogoral diaria o
superior que solo algunos sensores remotos ofrez@np MODIS Moderate Resolution
Imaging Spectrometgo SEVIRI Spinning Enhanced Visible Infrared Imapea costa de una
resolucién espacial inferior (1-3 km) (Domingo €t2011). En areas semiaridas mediterraneas
en las que la disponibilidad hidrica y energétimsentan asincronia temporal (Serrano-Ortiz et

al. 2007)E puede alcanzar magnitudes similares al error pd@ngue afecta a los modelos
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basados en teledeteccién (~ 0.8 mmi*di@eguin et al. 1999) lo que dificulta su estimacié
(Domingo et al. 2011). Otra particularidad es guestas areas en las que la vegetacion suele ser
dispersa y agregada, el suelo y la vegetacion mnelgmo a factores de control diferentes y
presentan dinamicas distintas. Mientras la evapmradel suelo Es) ocurre principalmente
durante e inmediatamente después de la precipitaeipleando el agua de las capas
superficiales del suelo, la transpiracion por pdeda vegetaciong) sucede de un modo mas
progresivo empleando agua de capas mas profundegende tanto del control biolégico como

de la radiacion solar (Wang & Dickinson 2012).

Para la modelizacion dE en areas heterogéneas con vegetacion dispersa lesm
semiaridas, suelen emplearse modelos multifuentedgscriben el intercambio de los flujos
turbulentosH y LE, entre la superficie y la atmdsfera a través dsimml eléctrico controlado
mediante un sistema de resistencias aerodinamisapeyficiales (Lhomme et al. 2012). En su
versién mas sencilla, éstos dividen la superfici@les componentes (modelos de dos fuentes):
suelo y vegetacion. Los modelos de dos fuentesffugropuestos para mejorar la modelizaciéon
de E mediante teledeteccion en areas de vegetaciorrdesWang & Dickinson 2012) ya que
permiten la consideracion de los procesos difeadesique afectan a ambos componentes. Asi,
los modelos de dos fuentes han resultado en meastesaciones dB en areas semiaridas que
los modelos mono-fuente, que asumen la superficioc un dosel vegetal continuo y
homogéneo, (Anderson et al. 2007; Norman et al519%demas, este tipo de modelos aportan
una informacion mas detallada de los flujos en gigie ya que permiten cuantificar la particion
deE, entre sueloHs) y vegetacionEg), que ha sido sefialada como un factor de vitabrtapcia
para la comprension de las dinamicas de la vegetari sistemas aridos y semiaridos (Huxman
et al. 2005). Por todo ello en esta Tesis nos amros en la evaluacion de modelos que

permitan esta perspectiva multifuente.

Son muchos los modelos desarrollados en los Ultafios para la estimacion regionalkle
utilizando datos de teledeteccion (ver revisionesCeurault et al. 2005; Glenn et al. 2007;
Kalma et al. 2008; Kustas & Norman 1996; Li et2009). A grandes rasgos y en el marco de
esta Tesis podemos distinguir dos tipos de mogeos la estimacion de empleando datos de
teledeteccion : i) Modelos residualgse obtienenLE como un residuo de la ecuaciéon del
balance energético (Ec. 2) mediante estimacidmaslegstantes variables de la ecuacikm G y
H) y ii) Modelos directogjue estimarLE de forma directa mediante la caracterizacion de la

resistencias superficiales que rigen el flujo deovale agua entre la superficie y la atmosfera.
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Los modelos residuales han sido hasta ahora loglo®thas populares para la estimacion
deE en areas semiaridas (Garcia et al. 2007; Domihgb 8011). Estos modelos se basan en la
estimacion directa del calor sensilie,mediante la denominadacuacion de resistencia global
para la transferencia de calb(Brutsaert 1982) segun la cudldepende del gradiente térmico
entre la superficie y el aire, asi como de la tesga aerodinamica que dificulta la transferencia
de calor desde la superficie a la atmésfera. Untnslenodelos residuales mas robustos para
estimar E bajo una perspectiva multifuente y que mejoresultatos ha demostrado en
condiciones extremas (Kustas & Anderson 2009; Ataal. 1996) es el modelo de dos fuentes
de Norman et al. (1995), conocido comwo-source moddlTSM). La formulacion del TSM ha
sido evaluada con éxito en areas de vegetaciérerdspKustas y Norman, 1999) y areas
semiaridas (Timmermanst al. 2007) aunque principalmente bajo condiciodesirrigacion
(Colaizzi et al. 2012; French et al. 2007; Gonz&)ego et al. 2009). La aplicacion del TSM
precisa la temperatura superficial de las dos ésrsueloTs) y vegetacionT), mientras que la
resolucién espacial de los sensores remotos asteal@ln demasiado grosera para distinguir
entre ambas, ofreciendo, en la mayoria de los casw@stemperatura superficial agregada de
ambas (r). Para solventar esta limitacion el TSM incluyeproceso iterativo (Norman et al.
1995), basado en la estimacion de un valor intggl; asumiendo que ésta transpira a su nivel
potencial (Priestleyg Taylor 1972). Dicho valor inicial dd. se recalcula en caso de que el
balance energético (Ec. 2) no se cumpla. Este pooiterativo y las asunciones en las que se
basa no han sido probados en areas con fuertdadiaries hidricas en las que la transpiracion
potencial raramente se alcanza. Aunque existenfalmsulaciones posibles del TSM, con
resistenciasen serieo en paralelg en funcion de si se asume 0 no interaccion ease
temperaturas de vegetacion y suelo, no esta clabde las dos es mas eficaz en condiciones
semiaridas naturales. Un problema adicional quetafe los modelos residuales, como el TSM,
aplicados a partir de datos remotos, estquepor tantoLE, puede ser calculado GUnicamente a
escala instantanea ya que la formulacion paral@llocddeH no permite su aplicacion con datos
de temperatura promediados a escala diaria o sup8&in embargo para muchas aplicaciones
datos delLE son requeridos a escalas diarias, diurnas o supserpara lo que se emplean
meétodos de extrapolacién temporal que a su vedesanl cierto error asociado (Glenn et al.
2007).

Los modelos directos, por su parte, estihBnde forma directa mediante la ecuacion de
Penman Monteith (Monteith 1964) o alguna de suspldicaciones como la ecuacion de

Priestley-Taylor (Priestley & Taylor 1972). La eciém de Penman-Monteith (ecuacion PM)
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considera que el flujo de vapor de aguB)(desde una superficie vegetada esta determinado po
la energia disponible y el déficit de presion deoray que dicho flujo esta restringido
fundamentalmente por la resistencia superficial gpene la superficie vegetada al paso de
vapor de agua, aunque también por una resisteectmlinamica. El parametro clave para la
aplicacion de la ecuacion PM es la resistenciarfiofa, especialmente en areas semiaridas, en
donde ésta es mucho mayor que la resistencia aaroiia (Leuning et al. 2008; Were et al.
2007). Uno de los primeros modelos que aplico dadaregional la ecuacion de PM empleando
datos de teledeteccion propuso una relacion erapiada resistencia superficial con el indice de
area foliar ofrecido por el sensor MODIS (Cleuglale007). Este trabajo dio lugar a una linea
de modelizacion regional d& que evolucion6 hacia una perspectiva multifuenegiante la
consideracion de los factores que afectan, tardaedb como a la vegetacion, para la estimacion
de la resistencia superficial del sistema (Leuringl. 2008; Mu et al. 2007; Zhang et al. 2010).
Leuning et al. (2008) propusieron un modelo decaplbn regional, conocido conRenman-
Monteith-Leuning moddPML), en el que la componente transpirativa selefipa en base a la
radiacion absorbida y el déficit de presion de vapgdentras que la evaporacion del suelo se
considera una fraccion constante de su tasa dema@n en equilibrio. Dicho modelo precisa
de datos meteoroldgicos de amplia disponibilidade) indice de area foliar procedente de
teledeteccién, asi como dos parametros que puellmmerse mediante optimizacion: la
conductancia maxima de las hojgs)(y la humedad del sueld) (Que controla la evaporacion
del suelo y que se considera constante. El moddlo fresentd buenos resultados en areas de
muy diferente clima y tipo de vegetacion incluyer@eas de vegetacion dispersa tipo sabana.
Aun asi, la eficacia del modelo fue inferior ena&renas secas debido a la consideracion del

parametrd constante (Leuning et al. 2008).

Fisher et al. (2008) propusieron una via alteraatpara la estimacion directa de
empleando la ecuacion de Priestley-Taylor (ecua&ldi (Priestley & Taylor 1972). Dicha
ecuacion permite la estimacion regional Heen equilibrio, aquella que tiene lugar en
condiciones ideales de disponibilidad hidrica yéfera saturada, reemplazando las resistencias
superficiales y aerodinamicas por un factor constaonocido como constante de Priestley-
Taylor (Zhang et al. 2009). El modelo propuesto fpisher et al. (2008), al que nos referiremos
como Priestley-Taylor-Jet Propulsion Laboratory modetodelo PT-JPL), emplea una serie de
parametros biofisicos limitadores que reducen $a @3eE en equilibrio hasta su tasa real en
funcidn de las condiciones de la superficie. El atodlistingue entre los factores que afectan al

suelo y a la vegetacion bajo una perspectiva metltife y fue disefiado para estirkaa escala
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mensual. El modelo PT-JPL presentd buenos resgltadd@6 areas de la red FLUXNET bajo
diferentes condiciones climéticas y tipos de vegétamostrando mejores resultados en areas
hidricamente limitadas que otros modelos previash@f et al. 2008; 2009). La principal
fortaleza del modelo PT-JPL es que presenta umapptencialidad para aplicaciones globales
dada su sencillez y por estar basado mayoritarisarendatos procedentes de sensores remotos
(indices de vegetacion, radiacién neta, radiaci®iR Rbsorbida) (Garcia et al. 2013). Sin
embargo dos aspectos limitan aun su aplicabilidath resolucién temporal de sus estimas
(mensual), que resulta demasiado grosera para swagigcaciones y ii) su dependencia de
ciertos datos que aun no ofrecen los sensores @syramo son la humedad relativa y el déficit
de presion de vapor, necesarios para determingpagimetro biofisico que controla la

evaporacion del suelo.
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Objetivos y estructura de la Tesis

A pesar del gran desarrollo que la modelizaciormred dekE ha tenido durante los ultimos
afos, pocos son los modelos disefiados y puestosebapen areas semiaridas naturales con
fuertes limitaciones hidricas en donde la modelimade la evapotranspiracién es aln un reto.
En esta Tesis abordaremos diversas cuestionesagdripracticas en relacion al desarrollo de
modelos de estimacion de la evapotranspiracion éstgs condiciones extremas. Gran parte del
trabajo se realiza en areas semiaridas meditesat@asureste espafnol en donde en los dltimos
afos se han instalado diversas estaciones metgmasddgue incluyen sistemas de medicién de
flujos micro meteorolégicos medianteC (Domingo et al. 2011). Haciendo uso de las
mediciones in-situ facilitadas en dichas estacipeeasluaremos tres modelos de estimacion de la
evapotranspiracion de aplicabilidad regional, urdeto residual Two-source modgelTSM) y
dos modelos directo®€é€nman-Monteith-Leuning mod€&ML y Priestley-Taylor-Jet Propulsion
Laboratory modelPT-JPL). Estos modelos han demostrado gran poteyasia su aplicacion en
areas semiaridas de vegetacion dispersa pero naitharprobados aun bajo condiciones tan
extremas de estrés hidrico como las estudiadas gre$ente Tesis. Asi mismo, desarrollaremos
diversas modificaciones de la formulacion origidaldichos modelos, para mejorar su eficacia

en ecosistemas naturales semiaridos de vegetasjoersh.

Los objetivos especificos de esta Tesis abordattissecuatro siguientes capitulos son:

1) Evaluar la eficacia de un modelo residual (T@Mscala instantanea (estimaciones de
H y LE cada 15 min) en condiciones semiaridas naturatsltenraneas y determinar como sus
dos formulaciones posibles, con resisten@asserieo en paralelg responden ante dichas
condiciones (Capitulo 1).

2) Determinar los principales factores que afe@da eficacia del un modelo residual
(TSM) para ofrecer estimas instantdneas en comgisidemiaridas naturales mediterraneas y
determinar la capacidad de este tipo de modeloa phtener valores diurnos d¢ y LE

mediante métodos de extrapolacion temporal (Caypul
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3) Evaluar la eficacia de un modelo directo (PMBygestimar valores diarios & en
areas naturales semiaridas mediante la reformwlad& pardmetrof como una variable

temporal dependiente de los cambios en la humeelagiidlio (Capitulo 3).

4) Evaluar y adaptar un modelo directo (PT-JPLapsmtimalE a escala diaria en vez de
mensual y reformular el parametro biofisico quetda la evaporacion del suelo basado

exclusivamente en datos remotos de temperaturafwigdey albedo (Capitulo 4).

10
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ABSTRACT

A Two-Source Model (TSM) for surface energy balanoasidering explicitly soil and
vegetation components, was tested under watersst@sditions. The TSM evaluated
estimates the sensible heat flux (H) using theasarhir thermal gradient and the latent
heat flux (LE) as a residual from the surface egdrglance equation. The analysis was
performed in a semiarid Mediterranean tussock geagsin southeast Spain, where H
is the dominant flux and LE rates are low, chalieggconditions under which the TSM
has not been validated before. We evaluated twierdiit resistance schemes: series
and parallel; as well as the iterative algorithncladed in the TSM to disaggregate the
soil-surface composite temperature into its separabmponents. Continuous field
measurements of composite soil-vegetation surfaogérature () and bare soil
temperature (J) from thermal infrared sensors were used for maesiing along with
canopy temperature estimatesTderived from fand .

Comparisons with Eddy covariance and field datavwat that the TSM produced
reliable estimates of net radiation (Rn) and H @sxwith errors of ~30% and ~10%,
respectively, but not for LE, with errors ~90%. pis of lower errors (~10%) in
estimating H using parallel resistance, the sermsheme increased slightly the
correlations (B = 0.78-0.80 vs. R= 0.75-0.77) and was also more robust in
disaggregating soil and canopy fluxes. Differentetween model runs using the
iterative algorithm to disaggregater®nd the simplified version that uses separate
inputs of T and T: were minor. This demonstrates the robustness ofitérative
procedure to disaggregate a composite soil-vegmtatemperature into separate soil
and vegetation components in semiarid environmeiitfs good prospects for image
applications.

Keywords: Mediterranean drylands; surface temperature; wuwwee model; surface
energy fluxes; Priestley-Taylor assumption; patafel series resistance network.

16



Using radiometric temperature for surface energyds estimation

INTRODUCTION

Land surface temperature is an integrated varidétermined by the interaction between
the land surface and the atmosphere (Choudhury)188d it is a key factor for partitioning
available energy into sensible heat fli @nd latent heat flud_E) (Kustas and Norman 1996).
Consequently, land surface temperature is oneeofdimote sensing variables most widely used
for surface flux modelling, as shown by the largeniber of papers published since the 1980’s

(for review see Glenn et al. 2007; Kalma et al.&20Qustas and Anderson 2009).

Some difficulties associated with the applicatidrremotely sensed surface temperature
for land surface flux modelling have been pointad. drhey include angular dependence
(Rasmussen et al. 2011), atmospheric and emissigitgction requirements (Dash et al. 2002),
and differences between aerodynamic and radiomstriface temperature (; Chehbouni et al.
1997; Norman and Becker 1995). These difficultieseh contributed to scepticism in the
research community about its operational useful{€@sugh et al. 2007; Hall et al. 1992).
Nonetheless, great advances have been made icatpli of thermal infrared remote sensing to
land surface flux estimation, and today, a widegeaof operational remote sensing models
relying on the use of surface temperature is abi@l@alma et al. 2008; Kustas and Anderson
2009).

This paper focuses on physical models based omeatdstimation of the sensible heat
flux, which is governed by the bulk resistance ¢igmafor heat transfer (Brutsaert 1982), and
relies on the surface-to-air temperature gradiem latent heat flux can then be estimated as the
difference between the available energy minus thesible heat flux. These models were
originally designed from a one-source perspectitier® the soil-canopy system was represented
by an ensemble surface temperature, called theodsgmamic temperature”T{er), Which
determines the total sensible heat flux (Kustas Anderson 2009). The drawback of this
perspective is that the aerodynamic temperaturenatabe measured by remote sensing.
Therefore, in some one-source models whggg has been replaced by the radiometric surface
temperature Tr), an extra resistance, called the excess resest@ag, has been included to
account for the differences between these two tesyres (see Norman and Becker 1995 for
clarification of the thermal terminology). Approgtely calibrated, one-source models have
shown satisfactory estimates of surface energyeiur heterogeneous landscapes (Bastiaanssen

et al. 1998; Kustas et al. 1996; Troufleau et 8B7), however, they show a highly empirical
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dependency which questions its operational appbieaparticularly in areas where no field flux

measurements are available.

To overcome these limitations, one-source modelge havolved into a multisource
formulation. Following this trend, th&wo-Source Mode(TSM) for sensible heat fluxH)
designed by Normaat al. (1995), provides a more realistic represgenmtaof the turbulent and
radiation exchanges over partial vegetation carsofian one-source models (Timmermans et al.
2007). The TSM accommodates the difference betWwaemdT,er by considering soilHs) and
canopy H¢) sensible heat fluxes separately, using the teatyper of soil Ts) and canopyT)
respectively. Since remote sensing resolutiontsnafoo coarse to distinguish betwdgrandT,
the TSM model includes an algorithm for estimatihgand T, from mono-angleTg. This
algorithm assumes as a first condition that carafgnt heat flux I(E;) responds to a potential
rate estimated by the Priestley-Taylor equatione@ey and Taylor 1972). From this starting
point, the iterative procedure estimalesand T, and solves the soil and canopy turbulent heat
fluxes by applying the surface energy balance eguab canopy and soil separately, and
assumingT,, Ts and Tgr have a nonlinear relationship (see next Sectionnfore details).
Depending on the coupling assumed between soilcandpy fluxes, the TSM can be applied
under two different resistance networks: the pakrapproach, which assumes no interaction
between sources, and series approach, which allotesaction between soil and canopy
(Normanet al. 1995).

Sensitivity analyses of the TSM have shown th& ihore robust than one or other two-
source temperature models (Zhan et al. 1996), andrglly outperforms one-source schemes in
extreme climatic conditions (Kustas and Anderso90In addition, the TSM allows surface
energy fluxes between soil and canopy to be disigiged. This makes possible to obtain
separate soil evaporation and canopy transpirastimates, critical to understanding vegetation
processes and water dynamics in drylands (Huxmaal. é2005; Reynolds et al. 2000). Such
evidences suggest that the TSM is a good candfdai@pplication to Mediterranean drylands.
The effectiveness of the TSM model has been sudlgsgproven in partially covered
agricultural areas, including semiarid areas, baitnhy under irrigated conditions (Colaizzi et al.
2012b; French et al. 2007; Gonzalez-Dugo et al92®Qustas and Norman 1999a; Li et al.
2005). Only a few studies have tested the TSM moddér natural semiarid conditions, most of
them at the Walnut Gulch (AZ, USA) experimenta¢ gilorman et al. 1995; Timmermans et al.
2007; Zhan et al. 1996), and no experimental arsabfghe TSM effectiveness in Mediterranean

drylands has been previously presented.
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This paper explores the usefulness of the TSM farfase flux estimation in a
Mediterranean tussock grasslatmtated in southeast Spain. In these ecosystemggr wa
availability and energy supply conditions do notincade, resulting in extremely low
evapotranspiration rates and dominaht(Rana and Katerji 2000), which makes for very
challenging conditions for running the model. Aethame time, two practical aspects of the
TSM were analyzed for model application in thesecdr conditions: the most appropriate
arrangement of resistances (parallel or seriesocapp), and the behaviour of the iterative

procedure included in the model to retrieve canamy soil temperatures.

Even though parallel resistance network was oriyinaroposed for sparsely vegetated
semiarid regions, and series approach for densgetaton cover (Kustas and Norman 1997;
Norman et al. 1995), there is no agreement aboidhapproach offers better results in semiarid
sparse vegetation. Kustas and Norman (1999a) fowtigr results using the series resistance
network in an irrigated cotton crop in central Ama, whereas Li et al. (2005) found similar
results with either parallel or series formulationcorn and soy crops under a wide range of
fractional vegetation cover and soil moisture ctinds. Due to its greater simplicity, and based
on Li et al. (2005), later work has preferably aggblthe parallel TSM formulation (Sanchez et
al. 2008; Timmermans et al. 2007) with good resuftder natural semiarid ecosystems, but it

has never been properly compared with the serigoaph under these conditions.

With regard to the iterative procedure for separpitanopy and soil temperatures and
fluxes, some uncertainties have previously beewrridesi concerning the best empirical value
for the Priestley- Taylor constanizt (usuallyopt = 1.3) (Agam et al. 2010; Kustas and Norman
1999a). Colaizzi et al. (2012a) also reported usipéd partitioning between soil and canopy
fluxes using the iterative procedure based on sBeyeTaylor in irrigated row crops. Therefore,
reevaluation of the effectiveness of this iterafwecedure under Mediterranean natural semiarid
conditions, where potential evapotranspirationai®lly reached and iteration is strongly forced,

seems highly advisable.

These two aspects of the TSM implementation in kedinean drylands were evaluated
by: i) applying the two possible resistance appneag¢ series and parallel, to our field site and
comparing them, and ii) comparing the results frd8M using a composite soil-vegetation
temperaturdy and the iterative procedure for flux partitionimgth results using separafeand
T. - and hence without iteration- to evaluate unaoetiess associated with the iterative procedure

included in the TSM formulation.
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A dataset of continuous ground measurements duBifigonths was used in this
assessment. This allowed the effectiveness of 8 10 be evaluated under a wide range of

natural micrometeorological and water availabitionditions.

MODEL DESCRIPTION

We used the TSM proposed by Normetmal. (1995) including the latest improvements
proposed by Kustas and Norman (1999a). This madbhsed on the Surface Energy Balance
equation (SEB) which can be formulated for the vwhmdnopy-soil system (Eq.1) as well as for

the canopy layer and the soil layer (designed hAgds subscripts respectively) (Eq. 2 and 3).

RN=LE+H+G 1)
Rn = H+ LE, (2)
Rn = He+ LE+ G (3)

whereRn s net radiation an is soil heat flux, which includes all the fluxes\\V mi-.
This way, all fluxes can be estimated for the carapd soil layers with the exception of the soil
heat flux G) which was originally proposed to be estimated asomstant fraction oRn
(Choudhury 1987) (Eq.7).

Rn = Rn + Rns (4)
H=H.+ Hs (5)
LE = LE. + LE; (6)
G = csRn (7)

More detailed methods to estim#&ehave been recently used to test the TSM (Colaizzi
al. 2012b; Kustas et al. 2012) based on Santarelid Friedl (2003) but showing still
considerable uncertainty. Therefore, we used meds$aito reduce the effect @ uncertainties
over LE estimates, more sensitive to errors due to the roagnitude ofLE characterizing
Mediterranean drylands (Domingo et al. 2011).
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A Beer’s law formulation was originally proposed foartitioning net radiation between
the soil and vegetation (Norman et al. 1995). Havevhis method results in significant
systematic errors for sparse canopies with relgtibet soil surfaces and some authors only
recommend it for canopies with nearly full coveu@tas and Norman 1999b). As an alternative
for sparse canopies, a more physically sound ahgorconsidering short-wave and long-wave
components was proposed by Kustas and Norman (L9B89ia method requires incoming short-
wave radiation as input and considers transmissfotirect and diffuse short-wave radiation,
and the transmission of long-wave radiation throtlgh canopy by the Campbell and Norman

(1998) formulation. This can be expressed as irakons 8 to 11:

Rn =Ln +@-7,)0-a,)S 8

Rn =Ln, +7,(-a,)S (9)

whereS (W m?) is the incoming shortwave radiatiors, is solar transmittance through the
canopy,as is soil albedo. is the canopy albedo. Estimates wgf as and a; are computed
following the equations 15.4 to 15.11 in (Camplaeil Norman 1998) and based on LAI, the
reflectances and trasmittances of soil and a silegiie and the proportion of diffuse irradiation,
assuming that the canopy has a spherical leaf ag#bution.

Lns and Ln. (W m?) are the net soil and canopy long-wave radiati@spectively,
estimated using the following expression:

Ln, =[1-exd-k QLAI)|Ly, + L, - 2L ] (10)

Ln, = exp(- k QLAI)L, +[1-exp-k QLAI)]L, - L, (11)

wherek_ (k. = 0.95) is the long-wave radiation extinction cagént, which issimilar to
the extinction coefficient for diffuse radiationtilow vegetation, i.e., Leaf Area Index (LAI)
lower than 0.5 (Campbell and Norman 1998)is the vegetation clumping factor proposed by
Kustas and Norman (1999a) for sparsely vegetatedsarwhich can be set to one when

measured LAI implicitly includes the clumping effgce. LAI from the Moderate Resolution
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Imaging SpectroradiometeMODIS) (Anderson et al. 1997; Norman et al. 199Bnmermans

et al. 2007), andls, L and Lsky (W m?) are the long-wave emissions from soil, canopy sind
The Stefan—Boltzman equation based on soil, camaoplyair temperatures, and vapor pressure
(Brutsaert 1982) can be used to compufé . andLgyy

To estimateH; and Hs the TSM resistance network may be considered teitheer in
parallel TSM) or in seriesTSM;) (Fig. 1). TSM> assumes that the air temperature above the soill
surface is independent of the vegetation temperatuhile TSMs permits interaction between

soil and vegetation heat fluxes, influencing thaperature in the air-canopy interface.

- ~ Parallel

. an

LE

Series

| lRH

LE

v
G

Figure 1. Resistances and flux separation for the paréited) and
series (bottom) versions of TSM wheris reference heighti,, T, and
Tr are radiometric temperatures of canopy, soil drel dggregated
surface of both respectivel¥y is air temperaturesy, r,, ray andry are
surface, aerodynamics and total boundary layestasies respectively
(details in text) andRkn G, LE andH are net radiation, soil heat flux,
latent heat flux and sensible heat flux respedfigland s subscripts
denote soil and canopy, respectively).
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TheTSM expression foH; andHs is as follows:

T,-T
H,=pCp—>—2 (12)
i AH+rs
T,-T
H, = pCp——2 (13)
rAH

whereray (M sY) is the aerodynamic resistance to turbulent heatsport between the

canopy source/sink height (Eq. 11):

o[ )

Fot = o (14)

wherez is the height where air temperature and wind smeedmeasured] (m) is the
zero-plane displacement heighiy, (m) is the momentum roughness lengiy,,(m) is the heat
roughness length, an#, and ¥, are the stability correction functions for sensilileat and
momentum flux, respectively, which depend on thenMeObukhov lengthl. (m). The method
proposed by Schaudt and Dickinson (2000) was useedl fand z,, estimation,considering
shrubland land cover type and a crown width rafit.@,, was estimated as a fractionZf, as
postulated by Garratt and Hicks (1973), izghs Zon/exp(kB), wherekB'~ 2.

rs (M s%) is the resistance to heat flow in the boundaygiammediately above the soil
surface. In the Kustas and Norman (1999a) upda$d, Ts was estimated considering the effect
of the surface-air temperature difference overftbe convective velocity based on Kondo and
Ishida (1997):

1
r =
TT-T)" +bu,

(15)
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wherec = 0.0025 and = 0.012 andis is the wind speed (m'§ at a height above the soil
surface where the effect of soil surface roughmgssinimal. This can be estimated following
Goudriaan (1977) (see Appendix C of Norman et 295).

For theTSM, H. andH; are defined by

T,-T,
H, = pCp == (16)
T,-T
H, = pC, &2 (17)

H = pC, 22 (18)

wherer, (m s%) is computed using the same equation previousiinet for ray (m s%)
(Eq. 14), but witheggn = Zom

re (m s%) is the total boundary layer resistance of the mete canopy estimated from the

wind speed within the canopy air space (see Appefidin Norman et al. 1995).

The TSM is based on single-time surface radiomégneperature observationgg] which
is related to the soilTf) and canopy T.) radiometric temperatures based on the fractional

vegetation cover within the sensor field of viefy,as follows:

14
T, = [fc T +(Q@- fC)TS4]1 (19)

where all temperatures are in K.

In the TSMT, andTsare estimated frorfiir by iteration for Equations 12-13$M) or 16-
17 (TSMy). As a starting point for determining the divergerbetween soil and canopy fluxes,

24



Using radiometric temperature for surface energyds estimation

the iteration procedure uses the Priestley-Taydmagon (Priestley and Taylor 1972) (Eq.20) to
estimate an initial Ec.

A
LEC = aPT fG A—+J/ RI‘L (20)

where opt is the Priestley-Taylor parameterl(3), fc is the fraction of leaf area index
(LAI) that is green or actively transpiring, is the slope of the saturation vapor pressure-
temperature curve at (kPa K*) andy is the psychrometric constant (kP&)K

Once the initialLE; is obtained, an initiaH. is derived using the estimatd&th, from
Equation 2 andl; is obtained from inversion of Equations 1IBS{\b) or 17 TSM). Ts is
estimated from this initiall. by Eq.19 andHs by Eq. 12 or 16 (depending on the resistance
approach). Finally an initiaLEs can be obtained by Eg. 3 using estimad and G. This
equation system is the basis of the iterative moee If the estimatedlEs is above zero,
iteration stops, as a reliable solution has beanhed. On the contrary, when the estimatieg
is below zero, an unrealistic situation under dagticonditions is assumed since condensation in
the soil is very unlikely to occur. This is congiee a sign of water stress, and consequéuitly
is set to zero andE, falls from its initial potential rate. Thereforénet initial LE. is overridden
and opt is iteratively reduced until the solutions féy and T agree with measuretk through
Eqg. 19 and realistic latent heat fluxes are fowrdobth canopy and soiLEs >0 andLE; >0 for
daytime) (Norman et al. 1995; Kustas et al. 208?)netimes, even wherkEs andLE; are set at
zero, the resultings (residually estimated from Eq. 3) exceeds the gnaxgilable to the soil
(Hs> Rns- G). In such situations, the iterative proceduregioglly designed to use estimatéd
from Eq. 7, considers unreliable the constant valfie; used in Eg. 7 and finds a “residual
solution” by invertingG from Eq. 3 to satisfy both the soil and canopyaste energy balances
(Norman et al. 1995). As in our study, measuredesbfG were used for model running, those
cases for which iteration was not able to reachsthieenergy closure whdrEs = 0 andLE. = 0
using measure@, were considered as an iteration failure and wetencluded in the accuracy

analyses.

Iteration is not required for the TSM wh&gandT, are known a priori. In that cask and
Hscan be estimated directly using Eqg. 12-18 anddtent heat fluxes computed as a residual of
each energy balance layer (Eq. 2 and 3). This migdeéreinafter referred to dSM without
iteration, to differentiate it from th@SM with iteratiorbased ofMr measurements.
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MATERIAL AND METHODS

Study site and field measurements

The Balsa Blanca field site is located 6.3 km fritv@ coast (36°56'24.17"N; 2°1'59.55"W,;
elevation 196m a.m.s.l.) in Cabo de Gata Natiormak PThe site is a tussock grassland, where
the predominant species is tBépa tenacissimé. (57.2%), a perennial grass, with other less
abundant shrub species, sucirhgmus hyemalisange (1.7%)Chamaerops humilik. (1.6%),
Brachypodium retusuniPers.) P. Beauv (1.4%lex parviflorus Pourr (0.5%) and®hlomis
purpureal. (0.2%). Because the vegetation is perennial,soneal values of cover fractiofy €
0.6) and canopy heighh{= 0.7 m) can be considered constant during the@ysperiod. The
model was tested from January"1%day of year - DOY 15) to Jund'gDOY 160) 2011. This
period covers the wide range of soil water avaligband phenological conditions shown in
Figure 2. During the study period, the volumetod snoisture content, measured at a depth of
0.04 m in a bare soil area with a water contenecedmeter (model CS616, Campbell scientific
INC., USA), ranged from a minimum of 7 to a maximoim24%, which covered the range of
annual variation. The evaporative fraction, defireel the ratio of latent heat fluxK) to
available energyRnG), ranged from 0.07 to 0.49 (at midday) (noticet ttiee evaporative
fraction never exceeded 0.5) dpdll from MODIS ranged from 0.3 to 0.7.
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Figure 2. Variation in leaf area index_Al) from MODIS over time, soil water
content at midday (SWC) and daily maximum air terapges T, max) (top) and
variation in daytime averages of observed net tadlia(Rn), soil heat flux (G),
sensible heat flux (H) and latent heat flux (LEptfbm panel) during the study

period.

ContinuousTgr and Ts measurements were acquired using Apogee IRTS-Pdibaod
thermal infrared thermometers (Campbell Scientific., USA). This broadband radiometer has
a full wavelength range of 6 to 14n. Two IRT sensors were installed at heights ofr3.&nd
0.65 m, measuring two target surfaces at nadipes/ely: a) composite soil-vegetation surface
and b) a pure bare soil surface (Fig. 3). The fialfl of view of 28° resulted in a soil and
vegetation mixtureTr) sampling area 3.70 m in diameter and a bare($gilsampling area
0.69m in diameter. Incoming short-wave radiatiors w0 measured at a height of 3.5m using

an LP02 Pyranometer (Campbell Scientific Inc., USApmperatures and radiance were
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measured every minute and stored as 15-min averages Campbell CR1000 datalogger
(Campbell Scientific Inc., USA).

Balsa Blanca site

Almeria (Spain)

Figure 3. Field site pictures, in A unstable (red ) and tgblue) footprints of EC tower are marked in
red and blue respectively, in B experimental as$gmblRTS-P sensors fofg andTs measurements and
in C detail of bare soil temperature measurements.

Temperature and radiance measurements were acquireal gl 00-m fetch of the Eddy
Covariance (EC) tower located at this field siteyRet al. 2011). The EC system tdrandLE
measurement included a three-dimensional sonic amater CSAT3 (Campbell Scientific Ltd,
USA) measuring wind speed and direction, and a Lli-Gpen-path infrared gas analyzer
(Li7500, Campbell Scientific Ltd, USA) measuring wat@por and C@ concentrations. Both
EC system components, located 3.5 m high and cortheztihe Campbell CR3000 datalogger
(Campbell Scientific Ltd, USA), measured at 10 Hz, #mel datalogger calculated and stored
means, variances and covariances every 15IltRimeasurements were corrected for air density
fluctuations from heat and water vapor flux as psgd by Weblet al. (1980), and for the
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rotation of the coordinate system (Kowalski et1897; McMillen 1988). Air temperaturdy)
and humidity RH) were also measured every minute using a therngoehyeter (HMP45C,
Campbell Scientific Ltd.) located at a height 0% 20 ) on the EC tower. Net radiatioiRi))
was measured every minute at a height of 1.90 mawaxture of canopy and soil surface using
a net radiometer (NR-Lite; Kipp & Zonen, Campbetiehitific Ltd, USA). Rn, RHand T, 15-
min-averages were recorded by the same Campbeld@R3atalogger used for the EC system

data.

In addition, the soil heat flux@) was calculated by the combined method (Fuchs ;1986
Massman 1992) by adding the average flux measwredsoil heat flux plate at a fixed depth (in
this case 0.08 m) (HFT-3; REBS, Seattle,Wa, USAhwenergy stored in the soil layer above
the heat flux plate measured using two thermocaufI€AV, Campbell Scientific Ltd.) buried
at 0.02 m and 0.06 m over the flux plates. Two gaf soil heat flux plates and their
corresponding thermocouples were installed in Baileand under plant positions for computing
Gps andGyp, respectively. Soil temperatures and fluxes weeasured every minute and 15-min
averages were recorded by a CR10X datalogger (Calirfptientific Inc., USA). Representative
data forG at the experimental site was computedGas fc Gp+ (1-fc) Gys, wherefc is the

vegetation cover fraction at the site.

Satellite and airborne campaign data

LAl andfys from the MODIS (Moderate Resolution Imaging Speetdiometer) sensor
were acquired as TSM model inputs. The product was used to estimdieincluded in Eq. 20,
as the ratio between intercepted and absorbed Smabwtic Active Radiatiofipar/fapar(Fisher
et al. 2008). MODIS data from Terra, MOD15A (Cotlea 5), and from the Aqua satellites,
MYD15A2, were used. The mean of Terra and Aqua \8-damposites (1-km pixel) for each

product was linearly interpolated between obseovatior daily estimates.

To assess the variability of surface temperatiigg \{ithin the footprint of the EC tower
four Very High Resolution (VHR) images of 0.4 m @ixacquired from an unmanned airborne
campaign over the site in May-18th-2009 at 7.09:h0 h, 11:38h and 14:10 h (solar time) were
used. The Unmanned Aerial Vehicle (UAV) platformeogted was a 2-m wingspan fixed wing
platform with up to 1-hour endurance at 5.8 kg takeweight (TOW) and 63 km/h ground
speed (mX-SIGHT, UAV Services and Systems, Germapgrated by the Laboratory for
Research Methods in Quantitative Remote Sensin@r{@uab, IAS-CSIC, Spain) and adapted
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to carry a payload consisting on a thermal camBean| et al. 2009; Zarco-Tejada et al. 2012).
The UAV was controlled by an autopilot (AP04, UAVaNgation, Madrid, Spain) to follow a
flight plan (Berni et al. 2009).

The Miricle 307 thermal camera (Thermoteknix Systdrtd, Cambridge, UK) was flown
over the study sites with a 14.25 mm f1.3 lensnected to a computer onboard the unmanned
vehicle. The image sensor was a Focal Plane AEBRA] based on uncooled microbolometers
with a resolution of 640x480 pixels and a speateaponse in the range of 8-jf, yielding a
25um pixel size. The camera delivered uncalibratedbitdigital raw images. Radiometric
calibration was conducted in the laboratory usitegkbodies under varying target and ambient
temperatures to develop radiometric calibrationoalgms. Atmospheric correction methods
were applied to the thermal imagery based on théVIRAN radiative transfer model to obtain
surface temperature. Local atmospheric conditioesewdetermined by air temperature, relative
humidity and barometric pressure measurementseatirtie of flight using a portable weather
station (Model WXT510, Vaisala, Finland). Atmosphecorrection methods conducted with
single-band thermal cameras were shown to prowideessful estimation of vegetation surface
temperature (Berni et al. 2009). Bouguet's imagkbdion procedure was applied to all
imagery acquired (Berni et al. 2009), and photognatnic techniques were used to register the
frame-based imagery to map coordinates. Threeeointlages were co-registered a posteriori to

the image acquired at 7.00h achieving a geolocatimr of 4 pixels.

To assess the variability of LAl at the study sie used an ASTER (Advanced
Spaceborne Thermal Emission and Reflection Radiethétom May-6th-2003 at 11.00 UTC.
ASTER, on board the Terra platform along with MOBi&ns a 60 km swath on the ground
every 16 days with a swath angle of + 2.4°. Thessehas nine reflective bands and five bands
in the thermal infrared (TIR) region. To estimae NDVI (15 m pixel) we used the surface
reflectance product (2ASTO7; HDFEOS version 2.8)hwa spatial resolution of 15 m (VNIR)
and 30 m (SWIR) and an absolute accuracy of 4%ftdatance (Abrams and Hook 2002).

Pre-processing of radiometric measurements

The Apogee IRT-P sensors, with reported accura#® @°C within a range of -10 to 55°C,
were programmed to correct for the effect of theermal sensor temperature and the thermal
mass (Bugbee et al. 1996). To ensure that the texpaiccuracy of IRT sensors is maintained
under our extreme field conditions, they were récated in the laboratory with a blackbody
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calibration source (Raytek BB4000) before theitahation in the field. The two IRT sensors,
labelled as IR and IRTomposite,according to their position in the experimentaldiset up,
were tested in a growth chamber under differentlinations of black body temperaturdsd),
ranging from 20 to 70°C, and air temperatuig3, fanging from 5 to 30°C. Temperatures were
measured every 15 seconds and 5-min-averages weemrded in a Campbell CR1000
datalogger. Mean measurement errors exceeded ploeted accuracy (Table 1) when target
temperatures were over 50°C. Given that surfacepeestures higher than 50°C have been
described under semiarid conditions (Chehbouni let 2801), we corrected the IRT
measurements following the regression line betwten Apogee IRT and the blackbody
temperatures over the whole range of temperatwested in the laboratory calibration (see

calibration line in Table 1).

Table 1: Results of laboratory calibration of the Apog&8{P sensors. Mean absolute error (MAE)
in °C of each sensor in different scenariosafbthe temperature combinations tested (MAE) tier
range of temperatures reported by the manufactMAE..q9 and for the temperatures tested out
of the manufacturer range (MAE of rangd- Air temperature T,) and black body temperatur@gf)
ranges considered for each scenario are express¥d. iThe final calibration line applied to each
sensor is also shown.

GENERAL STATS | T.range | Tesrange | IRT soi | IRT composite
MAE 5-30 20-70 0.42 0.42
MAE (ange 5-30 20-50 0.26 0.31
MAE o4t range 5-30 60-70 0.72 0.62
Empirical calibration line y =1.01x - 0.03 y = 1.0x - 0.06

*reported accuracy: £0.3 °C from -10 to 55°C

In addition to this calibration, emissivity and atspheric effects were also accounted for.
The radiance reaching the IRT radiometés,is the result of two main contributions: a) the
radiance emitted by the surface because of its éemtyre, and b) the portion of downwelling

long-wave sky radiation reflected by the surfacer(han and Becker 1995):

R, =R, +(1-&)L (21)

wheree is surface emissivityRg is the black body surface spectral radiance aaugrib
the surface radiometric temperatufB)( and L is the hemispheric downwelling long-wave

radiance from the sky divided fy
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The IRT radiometers provide measurements as beghkttemperaturesid) related to
brightness radiancdr§), assuming emissivity equal to 1. Therefore, ieorto estimat&s, first
Rs was estimated from the IRT measurements by applie Stefan- Boltzman equation, and
second Rg was derived from Eq. 21 for each IRT sensor udkmgpwn emissivity and
downwelling long-wave radiance. Once the radiornetadiancesRg, from the IRy and
IRT compositeS€NSOrs had been found, fheandTg radiometric, or “corrected”, temperatures were

found using the Stefan-Boltzman equation.

For Ts emissivity corrections we considered soil emisgjvis= 0.95, associated with bare
soils in open and closed shrublands (Trigo et @82. Although some studies have shown that
gs can vary with soil water content fluctuation (Mied al. 2007), a constant value was used
because the effects of that variation are in theesaange as the Apogee IRT sensor error
(Sanchez et al. 2009). FOr emissivity corrections, the composite emissivity) @depends on
the vegetation fraction covelicE 0.6), which was estimated as a linear combinatiomoth soil
and canopy emissivitiessande, respectively (Sobrino et al. 2001) (Eq. 22). kowve used:=

0.99, measured in the field at a similar siteSotenacissiméVillagarcia 2000).

er= fc ect(1- fC)es (22)

The downwelling long-wave radiantewas computed by means of the Stefan-Boltzmann
equation using air temperature and atmosphericsavitis Air temperature and vapor pressure

were used for estimating atmospheric emissivitipfeing Brutsaert (1982).

OnceTr andTswere found,T. was estimated using Eq.19. The estimaigts referred to

below as derived®..

Model validation

Model outputs were evaluated by comparing them wigH andLE fluxes derived from
the ECsystem. The energy closure of 15-min measurementsii field site is shown in Figure
4. The slope of the linear regression between Wadadble energyRnG) and the sum of the
surface fluxesH+LE) was 0.8, which indicates an average imbalan@botit 20%, on the same
order as reported by Wilson et al. (2002). HoweYar,model evaluation, the conservation of

energy equation must be satisfied (Twine et al.0208specially in residual models. Therefore,

32



Using radiometric temperature for surface energyds estimation

theresidual-LE closuranethod (Twine et al. 2000) was implemented. Theshod assumes that
most of the EC imbalance is caused by inaccuracieg, and solves foLE as the residual of
the energy balance equation (assumithgs measured accurately). Our choice is based on
previous work suggesting that this method wouldH®e most appropriate for validating SEB-
based models using EC data (Alfieri et al. 2012gtal. 2005), and on studies showing that
underestimation dfE by EC is greater than fét (Wang and Dickinson 2012).

950

750 4

50 4T . . .
50 150 350 550 750 950

RN-G (W)

Figure 4. EC energy closure measurements of 15maimsured data (N =
2991).

For model evaluation, our dataset of continuoussmeanents during the study period was
reduced to those 15-min daytime observations wideosedRnandLE above zero (not daytime
condensation), and modeh; andRn, above zero (minimum energy supply), in order taleate
the TSM under the conditions it was originally de&d for. These criteria left a total of 2991

cases.

Analysis of spatial heterogeneity

Water-limited ecosystems are more vulnerable tasmatch between tower flux and land
surface measurements due to their heterogeneoesatieg composition (Vivoni et al. 2010). If
the spatial heterogeneity is high, non-linear agatien of state variables such &g and
vegetation cover, might increase the differencewéen EC data and model outputs (Ershadi et
al. 2013). In our study, model inputs from senseith footprints different than that of the EC
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systems were used. As footprints can differed inaigphree orders of magnitude is critical to
perform an a priori assessment of the spatial bdit\aof the site before running the TSM.

The aim in this Section was twofold: i) to charaizie the spatial heterogeneity of the site
for vegetation cover and surface temperature. $§6e&s if the composite soil-vegetation surface
temperatureTr) and LAl used as model inputs are representativeffective or the spatially-
averaged variables within the footprint of the B@&er.

First, the EC footprint area was characterizedgiaimalyses from Were et al. (2010). They
applied the Flux Source Area Model (FSAM) of Schrtli§94, 1997) at the site that calculates
the dimensions of the source area of a given sassarfunction of sensor height, atmospheric
stability and wind speed fluctuations. Were e{(2010) considered the dimensions of the source
area responsible for 50% of the total source weightulated with FSAM. The footprints of the
EC tower for unstable and stable conditions, regrisg 96.4% and 0.4 % of the total
observations respectively, were defined as a cotl23.8 m radius for unstable conditions and
51.1 m radius for stable conditions (Were et aLl®@(Fig. 3).

Then, statistics fofTg derived from the UAV imageg¢mean, standard deviation and
coefficient of variation, CV) were extracted forufodifferent sites: Apogees footprint site
(hereinafter Apogee-site) considered representafitiee model input footprint, eddy covariance
tower site (hereinafter EC-tower), and two EC fomtis (hereinafter EC-footprint stable and
EC-footprint unstable). The Apogee-site and thet&@er regions were defined based on the
error from image co-registration (1.6 m). Similargatistics for NDVI from the ASTER image
were extracted for three regions: EC-footprint EalkC-footprint unstable and MODIS-1km
pixel (same as footprint of model input). Signifitalifferences between mean values from the
different regions were assessed using t-tests aél dBd Tz were normally distributed. NDVI
was used instead of LAl as no LAl imagery was aldé at high resolutions. However, NDVI is
linearly related with LAI within the range of valsidound at the study site (LAI<2 m) (Gamon et
al. 1995). For assessing spatial heterogeneilg @fithin the EC footprint, th@r from the UAV
can be used as atmospheric conditions do not chaiigan the area. The pixels (0.4 m) will
include a mixture of soil and vegetation, and aeme pixels of pure vegetation and bare soil

due to the high spatial resolution.
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RESULTS

Analyses of spatial heterogeneity

The heterogeneity of the footprint fég was found to be similar for unstable and stable
conditions with standard deviation increasing talgathe warmer afternoon hours when khe

flux increases as well (Table 2).

Table 2 Spatial heterogeneity of composite soil-vegetasarface temperature (TR) within the footprintaafer

stable and unstable conditions of the Eddy Coveedawer derived from four UAV scenes of 0.4 m pikéean is

the spatially-averaged TR in the area, Std is thedard deviation, n the number of pixels in theaaiand CV the
coefficient of variation (%).

Footprint area Area (m°) Hour (solar) Mean Std n CV (%)
7:00 28.17 1.10 60762 3.90
Footprint 8203.42 9:10 37.49 1.32 60762 3.52
stable ' 11:38 41.81 1.66 60762 3.97
14:10 40.75 1.82 60762 4.47
7.00 28.20 1.11 15852 3.94
Footprint 2605.78 9:10 37.47 1.11 15852 2.96
unstable ) 11:38 41.81 151 15852 3.61
14:10 40.59 1.60 15852 3.94

The Tg representative of the model footprint (Apogee)sitas not significantly different
(Fig. 5) from the area-averagelk over the footprint area under either stable ortabie
conditions after midday. However, before noon theaaveragedy within the footprint area
was ~0.8°C lower thafirat the Apogee site. This could have a small impaatnodeled fluxes,
producingH overestimates (Timmermans et al. 2007). Additignalespite of the fact that the
location of the IRT at the Apogee-site is distaoif the tower EC-sitelr from both sites are

not significantly different at any time of the day.

The area-averaged NDVI within the footprint of tB€ tower under unstable conditions,
dominant at the site, was not significantly differérom that within the MODIS 1km pixel (see
Table 3) its Coefficient of Variation (CV) was tlerémes greater. However, there is a great deal
of published evidence showing that the relationdti@tween surface reflectance is linear across
the range of spatial scales of most sensors andsatmeric conditions (Moran et al. 1997). This
suggests that using the NDVI from MODIS at 1 kmgbixs equivalent to using the area-
averaged NDVI value within the footprint.
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Table 3 Spatial heterogeneity of NDVI within the footprirfstable and unstable
conditions) of the Eddy Covariance tower using d&nel MODIS 1 km pixel region
derived from ASTER (15 m pixel). Mean is the spbtiaveraged NDVIin the area, Std
is the standard deviation and CV the coefficienvafiation (%) Significant differences
between means at p<0.05 were indicated by diffdetters.

Area(m?) Mean Std n CV (%) dﬁ?gg(r:\ig;
Footprint stable 8203.42 0.36 0.012 36 3.4 a
Footprint unstable 2605.78 0.36 0.013 16 3.7 ab

MODIS-1km pixel 1000000 0.37 0.049 4434 13.2 b
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Figure 5. Comparison of spatially-averagdig: at the IRT Apogee site, at the
Eddy Eovariance site, and within the footprint oegi defined for stable and
unstable conditionslr were derived from High Resolution Images from airte
flights at four different times on May-18-2009. Error bars represent the
confidence interval for significant differences (85).

Series vs. parallel original TSM version

No significant differences were found betwée®Vp and TSMs outputs using the TSM in
our semiarid site (Fig. 6). Statistics comparingdelooutputs with EC derived fluxes shown in
Table 4, have lower errors with the parallel apphpdut explained variance is slightly higher

with the series approach.

TSM» and TSM; were equally successful in estimatiRg with slopes close to 1 and R
0.93 for all approaches (Fig. 6A and D), and lowak&bsolute Percentage Errors (MAPE) of
12-13 % (Table 4). However, a tendency to overegns observed (Fig. 6A and D).

Differences in parallel and series model versioesewmore significant foH than forRn
(Fig. 6B and E). Both resistance networks showéetéer capacity for estimating low than

high H values,with similar accuracy wheh was low. At high values dfi, theTSM; showed a
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clear tendency to underestimate, wheré8d4 behaviour was more irregular especially using
the TSMwith iteration (Fig. 6B and E). As a result, mean average efiarsd were slightly
lower with the parallel approach, with MAE valuds5d- 48 W n¥ (25-23% of MAPE) using
the TSMwith or without iterationrespectively, than with the series which showedBWAlues

of 69-71Wn¥ (33-34% of MAPE) respectivel{However slightly better correlation {R 0.78-
080 vs. B = 0.75-78) and lower scatter (Fig. 6B and E) usirgseries approach was found.
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TSM with iteration (using Tg)
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Figure 6. Linear regressions between the surface energgdlestimated by the TSMith iteration (usingTg) (in A,B and C panels) and by the TSM
without iteration(usingTsandT’,) (in D,E and F panels) versus their correspondiogind measurement®n, H andLE for full dataset analysed (N =
2991). In grey, TSM model with parallel resistaapproachTSM) and in black, series resistance approd@iM;). Dashed line is the 1:1 line.
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Under the semiarid conditions studied, the TSM dbvarge relative errors in the latent
heat flux,LE, with MAE values of 84-115 W thand MAPE in the order of 73-99% (Table 4).
The lower errors were found using thi&M (73-74%). Linear regressions between modelled
and observedlE showed a larger scatter (Fig. 6C and F), wittbBlow 0.40 for all approaches
and despite oEE was mostly overestimated, slope values were c¢sme (Table 4), denoting
greater importance of non-systematic rather thatesyatic errors.

TSM> andTSMs tackle the partitioning of the turbulent fluxedween soil and canopy in a
different way. Although no separate measuremenseibfind canopy fluxes were available for a
proper evaluation of this partitioning bySM and TSMs, the comparison of measured and
estimated Ts (Fig. 7) showed a general tendency to overestimigteespecially at high
temperatures. This tendency, denoting that the T&®Mld be overestimatings flux, was more
pronounced with th& SM> (RMSE = 3.37 °C) than with tHESMs (RMSE = 1.67 °C).
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Figure 7. Comparison of soil surface temperature groun@iagions and
TSM with iteration output. In grey,Ts predicted by the TSM model with
the parallel resistance approadtsit) and in black,Ts predicted by the
TSM model with the series resistance approd@®M) (N = 2991) The
dashed line is the 1:1 reference line. Root Meana8s Error (RMSE)
was 3.27°C and 1.67°C fo6M andTSM; results, respectively.
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Table 4. Statistics comparing net RadiatidRrj, sensible heatH) and latent heat ) fluxes observed and predicted by TSM usiRgand the iteration procedure (left) and
usingTsandT’'c without iteration (right). Results of the TSM mobaeth parallel TSM) and series resistancESM;) approaches are shown (N= 2991).

TSM with iteration (using Tg)

TSM without iteration (using Tsand T'.)

Fl Resistance
ux approach ~ <O> <P> RMSE? MAE®  MAPE® R?  slope $£> RMSE* MAE® MAPE® R?  slope
W m? W m? W m? W m? % - - W n? Wm?2 W m? % - -
RN TSM: 375 412 o8 46 12 0.93 095 418 62 49 13 093 0095
TSM; 416 61 48 13 093 0.95
H TSM 209 176 64 51 25 0.75 0.72 176 64 48 23 0.77 0.66
TSM; 146 84 69 33 0.78 0.61 142 87 71 34 0.80 0.60
E TSM 115 185 105 86 74 0.36 0.90 192 105 84 73 0.39 0.86
TSM 220 130 110 95 0.39 0.94 227 135 115 99 0.38 0.90

2 <O> is the observed average

b <pP> is the predicted average

¢ Mean absolute errgyag = (Z_"_l‘ P -0 ‘ / n)

d n 1/2
Root mean square errorRMSE= [2 " (P -0,)? /n)]
i=1 I I

¢ Mean absolute percentage errgiapg = - 100 (Z“ P
< Q> it
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Evaluating the iteration procedure included in thariginal TSM

No significant changes in the scatterplots werefblbetween the TSMith iteration (Fig.
6A-C) and the TSMvithout iteration(Fig. 6D-F), and statistics were similar (Table 4)

Nonetheless, some minor differenceddiestimates depending on the model verswith(
or without iteratior) are detected (Fig. 6B and E). These differenca®wnore obvious with the
TSM approach, which increased in bias wherand T'; were used (slope = 0.66 vs. slope =
0.72) despite of a slight increase of explainedavee (R = 0.77 vs. R= 0.75) and decrease of
percentage errors (MAPE = 23% vs. MAPE = 25%) caeghdo theTSMs using iteration. The
TSM; presented a very similar behaviour using iterabomot, showing the same tendency to
underestimatdigh values oH as well as similar correlations {R 0.80 vs. R= 0.78), slopes
(0.60 and 0.61 respectively) and overall errors (NEA= 34% and MAPE = 33%). These
differences on estimation &f usingTs and T'cdid not significantly affected estimatesldt. The
scatter plots continued to show wide dispersionbimth TSM> and TSMs (Fig. 6C and F) and
only the slopes were reduced from 0.90 to 0.861giBEMs, and from 0.94 to 0.90, usingSM,

when iteration was not used (see Table 4).

In view of these results (Fig. 6 and Table 4), niworgy differences between TSM
performance usings and T'c or Tr and iteration can be confirmed under natural sedia
conditions. Nonetheless, it is important to consitiat the iterative procedure failed in a certain
number of cases, not included or discussed in pusvanalyses. Iteration was not able to achieve
energy closure for soil layer using measukgdvalues for those failed cases (see Model
Description Section). These iteration failures werere common usingSM, N = 668, than
TSMs, N = 292. In those cases when iteration failed, T8M worked properly using observéd
andT'c. In Figure 8, predicted fluxes from the TSMth iteration andwithout iterationcan be
compared for only such cases. When the iteratiooguiure failed both in series and in parallel,
TSM and TSM, iteration clearly overestimatdd (predictedLE was always zero). However,
without iteration,H was estimated better and was in good agreemeasg ¢tb the 1:1 line. The
iteration failed when usingSM; mostly with low energy supplyRp<300 W ni?), whereas
TSM iteration failed under a wider range of energyptygonditions Rnbetween 0 - 600 W m

2).
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DISCUSSION

Accuracy of the TSM for surface flux estimation ued Mediterranean semiarid conditions

Accurate estimation of surface fluxes in semiarittl ssparsely vegetated areas is a
particularly challenging task, more so when thenatheat flux is very low due to the strong
water limitations (Fig. 2), such as in Mediterrameltylands (Domingo et al. 2011). Our results
showed that under these conditions, the TSM of Nornet al. (1995) was accurate for
estimatingRn and H fluxes, but not forLE even using measure@ to reduce uncertainties

affecting residually estimatdcE.

Agreement betweeRn ground observations and TSM model estimates wasasifor the
four TSM versions tested (parallel and series; vaitid without iteration) with overestimates
showing a mean absolute percentage error (MAPHR€&E3% (Table 4). This level of accuracy
is satisfactory considering that only field measuweats of incoming irradiance were used, and
that the uncertainty of field measurementsRafis from 5 to 10% (Kustas and Norman 1996).
Similar level of accuracy has been reported byrsthathors (13%) in semiarid cotton croplands
(Colaizzi et al. 2012c) who included specific mazhtions for radiation modelling in row crops
(Colaizzi et al. 2012b) and in semiarid shrublandsng ASTER reflectance for clear-sky

conditions with errors below 8% (Garcia et al. 2008

H estimated accuracy ranged from 23 to 34% depermlinthe model version (Table 4).
This error is not unreasonable, bearing in mind niematch between the footprint of the
infrared radiometers and the flux measurement argh, a spatial heterogeneity within the
footprint area inTg and vegetation greenness around 4% for both Jasabespite of that, it is
remarkable that the error iH is not significantly higher than the 10% to 30%cemtainty
affecting turbulent flux measurement by Eddy Cosace (Twine et al. 2000) which happens to
be 20% in our study site (Fig. 4). This level of@@acy inH is similar to that found by Li et al.
(2005), who applied the TSM in soy and corn crogtannder different vegetation cover and
water availability conditions, with mean relativerags of from 34 to 38%. Our errors were
slightly higher than the range of errors reportgdobevious authors in a semiarid rangeland in
Arizona (19-24%) (Norman et al. 1995; TimmermanaleR007; Zhan et al. 1996). However, it
is important to highlight that some of these stadiested the TSM under semiarid conditions
only during the wet season (Zhan et al. 1996), singudata only for short periods (3 days)
(Timmermans et al. 2007). The reported tendendhpefTSM to underestimate for higthat our
field site (Fig. 6B and E) was observed at timeemH was higher thaiE, which was also
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reported by Zhan et al. (1996) for over 300 W rif. We observed this TSM behaviour both
with and without iteration (knowiis andT’¢). This shows that the tendency to underestimate is
not related to limitations in the iteration approabut could be interpreted as an indicator of an
overall limitation of the TSM whehl is the dominant flux and also an effect to compé&n$or

the overestimates iRn It is also likely that wheH is the dominant flux and conditions become
warmer, the surface heterogeneity within the faatpncreases as was shown in Table 2, using a
diurnal UAV campaign, increasing the likelihood af mismatch between surface fluxes
measured by the EC system and estimated by them&dél (Vivoni et al. 2010).

The TSM showed a high MAE ihE of 84Wm? (73%) to 115 W i (99%), and low
linear agreement with Ralways below 0.4 (see Fig. 6C and F). French.g28D3) also found
higher errors irLE estimates using the TSM in bare soils and patasiyse lands (53% and
30% of relative error MAPE, respectively) than ion@ uniform pastures (10-16%). Agam et al.
(2010) also reported high MAE of around 65 WP iim LE estimates under natural semiarid
conditions with high vapor pressure deficit and lawl using an initialapt of 1.3. They
suggested that the reduction of the initial valbierg used in the iteration could be consider as a
possible solution to redudeE errors in the TSM under such conditions. Howeweir, results
show that similar errors affectingg were found using the TSMithout iteration with no
Priestley-Taylor assumption. This points out thieo factors different to those related with the
iteration should be causing the TSM derivdel errors. ModellingLE at Mediterranean water-
stressed sites like ours, where 15- mihobservations are within the range of EC closurersrr
during several days is challenging. As the TSMnestesLE as a residual of the energy balance
equation, biases fromi, Rn and G might accumulate in théE estimates and higher non-
systematic errors could be expected (Kalma etQ8® In the present work measurement& of
flux were here used to reduce uncertainties afigdte, because modelle@ from Eq. 7, even
using a site calibratet} value ¢4 = 0.16), resulted in considerable erroré§®52 and MAPE of
30%, results not shown). Even though, the effectaoElight overestimation oRn and
underestimation oH strongly affected_E predictions which were hence overestimated in our
semiarid site. Furthermore, eesidual-LE closurewas used for validation following the
conclusions of previous authors (see Material andthilds Section, Model Validation
Subsection). Therefore, uncertainty of observEdn one hand and errors in estimatiigand
H on the other could explain the wide scatter in ltescatterplots (Fig. 6C and F). Other

models tested to estimate ddili at the same field site also provide low correlid? of 0.33
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to 0.49 using a Penman-Monteith model (Capitular® R = 0.57 using a Priestley-Taylor

mod.

Practical aspects for use of the TSM in Mediterraaredrylands

Even though the parallel resistances version of &M (TSM) was originally
recommended for sparsely vegetated semiarid regindghe series resistances versib8Ng)
for more densely vegetated regions (Kustas and Biori®99b; Norman et al. 1995), results of
testing both versions under a variety of conditibase been ambivalent (Kustas and Norman
1997, 1999a; Li et al. 2005; Zhan et al. 1996).r&fare, there is not yet a general agreement on
which TSM version should be selected in each dasthis paper, the two resistance approaches
to estimate surface energy fluxes under naturaliss@mMediterranean conditions were
compared, and in agreement with Li et al. (200%) Zhan et al. (1996), no strong differences
were found between fluxes from the two approacHesvever, the overall errors fot andLE
fluxes were slightly lower (~10% and ~20% respeadtiy with the parallel resistance approach
than the series (Table 4) for the TSWth andwithout iteration Some differences between the
series and parallel approaches were only noticeaitheTSM with iteration (Fig. 6B and E). In
this case, the series approach showed a strongdertey to underestimatd, whereas the
parallel schemes sometimes also overestimeteshowing a better general tendency (slope =
0.61 vs. slope= 0.72), but slightly lower explainediance than the series approach £F0.75
vs. R = 0.78) (Table 4 and Fig. 6). Underestimate$diave also been found in agricultural
areas toward the end of the wet season using ttes sersion of the TSM when non-transpiring
plant components or senescent leaves increasea@if@iokt al. 2012a; French et al. 2007).
Limitations affecting the design of tieSMs for partitioning of soil-canopy fluxes based on the
Priestley-Taylor assumption under high senescegtadion conditions were suggested by these
authors as possible explanation. Considering t@traulation of senescent leaves in the canopy
is a typical characteristic of perennial grasslahikis our field site, in the present study we
accounted for the variation of the green canopytiva (fc) and the reduction ofpr was
allowed in the iterative procedure (see Model Deson Section). However systematic
underestimation oH flux from TSM was still observed at high observet rates, when
senescent components are expected to be highesiraidr tendency was also observed using
the TSMs run without iteration. Colaizzi et al. (2012c) also obtained overestimatd
evapotranspiratignwhich should belerived from underestimates Hf for both TSM versions

with or without iteration when canopy contained non transpiring elementeyTiised an
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alternative to the Priestley-Taylor equation basadPenman-Monteith and despite of the fact
that uncertainties were reduced, overestimatesBrwere still found. They attributed those
errors to downward bias in measurement$oandT, with field infrared thermometers viewing
a greater proportion of the top and greener patthefcanopy colder than the whole canopy
contained a higher proportion of non transpiringnants. In our study similar errors could be
affecting producinglr underestimates and possible upward biagsofs it is measured in an

area slightly less shaded than the portion of bailearea in the footprint area ©¢.

However, overestimates &f usingTSM anditeration are related to the thermal gradient
considered in the parallel resistance approachddrbyTs-T, andT-Ty), which is higher than
with series resistance (driven By T,c andTe-T,o). This higher thermal gradient in the parallel
approach results in more frequent overestimatiad @fig. 6B) and in somEE = 0 predictions,
despite observedE being of almost 150 W th Predicted_E = 0 were also found by Kustas and
Norman (1997), who attributed them to outliers Hnretrievals In this regard, the series
approach, due to the moderating effect of theeaarperature in the canopy interfadgc, was
more effective in limiting an unrealistic rise T, and thereby, possible overestimate$igf{see
detailed analysis in Li et al. 2005). In our stuthg series resistance was also more robust than
the parallel resistance, regardless of whethemb@el was runvith iterationor without (Fig. 6B
and E). This agrees with previous analyses, in lwiitidhas been claimed thaiSMs is more
robust, and that it can therefore be applied tademrange of environmental conditions (Kustas
and Norman 1999a; Li et al. 2005).

The comparison ofsestimated froniteration and observed can also provide some insights
into the accuracy of turbulent soil and canopy fhaxtitioning by the two resistance approaches.
Partitioning seems to have been adequate with B8t approaches when soil temperatures
were below 30°C (Fig. 7), but turned out to be mum@blematic at highefs conditions, with
both resistance schemes showing a tendency to stveateTs, and presumablyds, with the
TSM; presenting better fit and a low&g bias. This seems to indicate that the series agpro
allowed more accurate partitioning of turbuleni#a in our semiarid Mediterranean conditions,
which might also be indicated by a highet tRan for the parallel version. Compared to other
studies, the overall errors fag estimationwith iteration at our site (3.37°C and 1.67°C RMSE
for TSMbandTSM; respectivelyvere lower than in previous studies on soybeancanal crops
(RMSE~ 4°C) (Li et al. 2005) although in those sakecame from the TSM run usint; from

satellite remote sensing images.
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Minor differences between TSM performarnveigh and without iteratiorwere found in our
field site when the iteration worked properly. Taadifferences were more noticeable using
TSM than TSMs, which could indicate weaker effectiveness ofaitien for flux partitioning
with the parallel resistance approach. More nolikealifferences between observed and
predictedLE from the original TSM and the simplified TSM veamsiusing measure@; and T,
(~10% of difference on MAPE), were shown by Colaiet al. (2012c) using the series
resistance scheme in a irrigated cotton crop &teaever, several differences between the their
work and ours regarding water availability (drylams. irrigated cropland), ecosystem type
(grassland vs. cotton cropland), methodology usedneasurels and T, and model design
(Priestley-Taylor assumption vs. Penman Monteituagption for the initial estimation off;)

make it difficult to discern the reason behind eliént model performance.

Finally, in evaluating the iteration procedure pysed by Norman et al. (1995), it is also
important to consider failed iteration in a certamomber of cases in which the TSM was
accurate usinds andT’; (Fig. 8). This iteration failures could be relatedh the unsuitability of
apt =1.3 used to initialize the iteration in naturaimsarid areas (Agam et al. 2010). The
unreliability of this value could cause overestiesabf initial LE; resulting inLEs = 0 and
overestimates ofls from the overall energy balance which will fordes titeration to reduc&
flux to unreliable valuesG<<0) (Fig. 8). The fact that iteration failed mayten usingTSM
and in a wider range of energy supply conditions @n< 600 W n¥) thanTSM; (mostlyRn<
300 W m?) can also be attributed to the moderating efféthe air temperature in the canopy

interface Tac) usingTSMsreducingHs overestimations.
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CONCLUSIONS

Our analysis using aggregated soil-vegetation radidc temperatures showed that the
TSM can be applied operationally, producing rekadstimates of sensible heat flik,and net
radiation,Rn, fluxes with error levels of ~30% and ~10% respeaii, under the wide range of
environmental conditions typical of Mediterraneaamsarid perennial grasslands. However,
latent heat fluxLE, estimates were not accurate and errors ranged #®ta 99%. The residual
estimation ofLE in the TSM has also been shown to be problematiareas where the
magnitude of th&.E flux is as low (average daytimeE of 70 W mi®) as in our Mediterranean
field site. Under these conditions, inaccuracieeaisited withRn andH fluxes from the TSM,
especially the latter, showed a strong impactL&nestimates. Reduction of uncertainties of
temperature measurements should be addressedean tordeduce errors affectirtg flux and
improve LE estimates from the TSM under semiarid natural ttmms. Methods with a lower
sensitivity of surface temperature uncertaintiesttes Dual-Temperature-Difference (DTD)
method (Kustas et al. 2012) can also be a promadiegnative which will be compared in future
works with the TSM.

The choice of parallel or series resistance forTiB& was revealed to be unimportant for
the overall TSM performance in semiarid areas, @ssignificant differences between model
approaches were found at our field site, nor aemtiatural semiarid areas tested. However,
despite having slightly lower errors HH (~10%) andLE (~20%) estimates when using the
parallel approach, there is some evidence of bstigability of series resistance. It seems that
the effect of considering air temperature in thaogy interface with the series approach was
appreciably better than with the parallel apprdactseparating total fluxes into canopy and sail,
and also reduced the number of cases of algorittiloré. Nonetheless, in order to establish the
best resistance approach for accurate partitiomhdotal turbulent fluxes under semiarid
Mediterranean conditions, comparisons with soil eaopy fluxes measured separately must be
evaluated. Regarding the effect of using a compasiil-vegetation temperature with iteration or
separate canopy and soil temperatures directly, Hbastimates presented lower the scatter
without iteration under the parallel approacf &R0.77 vs. R= 0.74) and a 2% of reduction in
MAPE, while in the series approach the results wh®iore robust as they did not change
significantly with or without iteration. These rdisushow the robustness of the iteration
procedure, especially under the series scheme,isegglegate composite a soil-vegetation
temperature into its separate soil and vegetat@mponents in semiarid grasslands providing

good prospects for up-scaling using mono-angle tersensing data.
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ABSTRACT

The temperature-based Two-Source Model (TSM) omidoret al. (1995) has not been
properly evaluated under the water stress condgtitypical of natural Mediterranean drylands.
In such areas, the asynchrony between precipitadod energy supply, strongly reduces
evapotranspiration E (or latent heat flux if expged in energy terms,) making sensible heat flux
(H) the dominant turbulent heat flux. We presenletailed analysis of the main environmental
factors affecting the TSM effectiveness under shetienging conditions. The accuracy of the
TSM, evaluated via errors in 15-min H estimatess waoved to have a diurnal variation.
Accuracy was clearly reduced for solar elevatiorglas lower than 25° and during marginal
hours of daytime, before 10 am and after 3 pm. duvéace to air temperature differenceg{T
T,) and the wind speed were the two environmentabfacshowing the strongest effect on the
TSM accuracy. In contrast with results observedthrer ecosystems, in a Mediterranean tussock
grassland the TSM accuracy was not clearly redungdloudiness and it was improved under
higher water stress and stressed vegetation camditiThe parallel resistances scheme of the
TSM (TSM) showed overall lower errors and a lower tendencyunderestimate at high H
values but the TSMreduced model errors under some specific conditisach low energy
supply conditions and atmospheric neutral condgion
Two extrapolation methods to obtain daytime turbtlduxes from 15-min estimates from the
TSM were compared: i) averaging the total daytim&antaneous fluxes derived from the TSM
(Averaging method) and ii) assuming the constarigpidday values of the evaporative and the
non evaporative fraction derived from TSM along taytime period (EF or NEF method).
Daytime estimates of H, and E were more accuratgube Averaging method than with the EF
or NEF method. Moreover, daytime estimates of HEdere better when using instantaneous
fluxes from the TSMthan from the TSM Thus, reliable daytime estimates of H were olatein
from the TSM in a Mediterranean dryland, with mean errors of2@nd high correlations
(R?=0.85). However, daytime E was strongly overestanal25%) using the TSM although a

good correlation with eddy covariance measuremesats found (R=0.84).

Keywords: turbulent heat fluxes, temperature-based two somn@del, model effectiveness,
diurnal behavior, time extrapolation methods, Mexgnean dryland.
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INTRODUCTION

A two-source energy balance model was proposeddiybin et al. (1995) for modelling
the surface energy fluxes over sparse vegetateds arensisting of a more realistic and
physically sound design than one-source models (O&knch et al. 2005; Timmermans et al.
2007). This model, known as the TSM, considersstiiéace to air temperature gradient as the
key driver of the turbulent fluxes coming from saild vegetation surfaces. The TSM, under a
multilayer perspectivemodels the land surface as a resistance netwovkebatenergy sources
from soil, vegetation and the overlying atmosph@feench et al. 2005). Depending on the
coupling assumed between temperatures of canopga@hdhe resistance network of the TSM
can be considereith series(TSMs), when interaction between canopy and soil tentpezs is
assumed orin parallel (TSM)) assuming no thermal interaction exist betweerh Hayers
(Kustas and Norman 1999b). To account for the fp@mtng of turbulent fluxes between soil and
canopy layers by the TSM, radiometric temperaturesn soil (T) and canopy T) are
necessary. However, the spatial resolution of mbghe surface temperaturésj data provided
by remote sensing is commonly too coarse to disteigbetween them. The TSM faces this
issue applying an iterative procedure based on nvain assumptions First a simple linear
contribution of the soil and canopy emitted radesjgoroportional to vegetation cover, to the
remotely sensed radiance measured by the tempesdnsor is assumed (see Capitulo 1). The
second assumption considers an initial canopy tidteat flux LE;) responding to a potential
rate estimated by the Priestley-Taylor equatione@ey and Taylor 1972). This initidlE;
value is iteratively overridden until the surfaceesgy balance equation on both soil and canopy
layers is met. Thus, the TSM retrieudsandLE estimates of soil and canopy layers using single
measurements Ofg, meteorological variables (air temperature, vapassure deficit, wind
speed, and solar irradiance) and ancillary inforomagbout the vegetation (leaf area index,
vegetation height and cover fraction) (Colaizzakt2012b). A detailed description of the TSM

formulation can be found in Capitulo 1.

Many studies have tested the utility of the TSM auibsequent improvements over a
broad range of vegetation cover and climate cambtisee a summary in Wang and Dickinson
2012). Nonetheless, the TSM model has been patlguecommended for clear sky conditions,
high thermal difference between soil and canopyr{vVand Dickinson 2012) and no presence of
senescent vegetation (Colaizzi et al. 2012a; Norgtaal. 1995). Kustas and Anderson (2009)
evaluated the TSM performance (in comparison wiBM) under extreme scenarios simulated
by the Cupid model, a complex soil-vegetation-atphese transfer (SVAT) model, and they did
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not found special limitations for their water sted vegetation scenario. However, model
performance has not been properly in-situ evaluatetbr strong water limited conditions where
H represents a significantly greater proportion bé tavailable energy as it occurs in
Mediterranean drylands (Garcia et al. 2007). InitDép 1 the TSM behaviour under the natural
water-limited conditions characterizing Mediterranedrylands was presented during an
extensive time period (5 months including the grayvseason) for the first time in studies of
TSM. Those results showed that the TSM producéasbiel estimates of the dominant turbulent
flux H, with errors around 30%, despite of the fact thgrificant variability was still found (R

= 0.75-0.78). However, poor accuracy was foundter_E flux with errors up to ~90%. These

results highlighted the need of clarifying underiahhenvironmental conditions the TSM

effectiveness is reduced in natural arid and sedhiereas. This is a prior step before further
model development and improvement in natural andl &emiarid ecosystems can be

undertaken.

The TSM was originally designed to estimate théasgr energy fluxes using instantaneous
surface temperature retrievals from remote sensemgors (Norman et al. 1995). The model is
designed to be applied during daytime conditions ignbased on parameterizations optimized
for a period encompassing few hours around solanr#&ustas and Anderson 2009). Even
though, when continuouBr measurements have been available, the TSM hasdmgtied for
the complete daytime period (Colaizzi et al. 2018brman et al. 2000; Sanchez et al. 2008).
Nonetheless, the diurnal behaviour of the TSM hatsbeen discussed yet, despite of the fact
that other temperature-based models have shownnesalkduring marginal hours of daytime
period (Su 2002). This has important practical iogilons for potential users of the TSM,
especially when data from sun synchronous satlliienited to the time of the satellite

overpass, are going to be used for model running.

The majority of studies in relation to the TSM haaealyzed model accuracy just for
instantaneous fluxes. However, daily or daytimenestes of turbulent fluxes are required for
water resources monitoring and ecological managemamposes (Glenn et al. 2007; Kalma et
al. 2008). Some papers have shown acceptablegegdin estimating daillg using the TSM in
irrigated agricultural areas (Colaizzi et al. 2012alaizzi et al. 2012b; French et al. 2007;
Gonzalez-Dugo et al. 2009). Nevertheless, no reta® exist in the bibliography about the
possibilities to obtain daytime turbulent fluxesngsthe TSM in Mediterranean semiarid natural
areas where it is expected a reduced datlyand increased daytinte fluxes (Domingo et al.
2011).
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The objective of this work is to clarify some oktissues previously described regarding
TSM performance under Mediterranean natural sedhieonditions. Specifically, three issues
have been evaluated in the present work: i) thendlubehaviour of the TSM to estimate the
dominantH flux, ii) the main environmental factors affectingpdel accuracy for estimating the
H flux in semiarid areas and iii) the capacity of fhiSM to obtain daytime values dfandE at
Mediterranean semiarid sites. To perform theseyaralwe used a dataset including in-situ flux
measurements and 15 minute TSM model outputs froth beries and parallel schemes of
surface energy fluxes (Capitulo 1). The analysifop@ed here should provide new insights on
the effectiveness and sensitivity of the two resise schemes of the TSM under a wide range of
environmental conditions and set the basis fornmedtng diurnal surface fluxes from

instantaneous estimates from satellite images idifdiganean semiarid grasslands.

EXPERIMENTAL DATASET AND FIELD SITE MEASUREMENTS

This study was performed in a Mediterranean senhifigld site called Balsa Blanca
located in southeast Spain (36°56'24.17"N; 2°15%%. The vegetation of the site is sparse and
it is dominated by the perennial tussock gr@gpa tenacissimdlL.) showing a cover fraction
(fc) estimated on the field of 0.6. The climate is Memanean semiarid with a mean annual
rainfall of 200 mm and a mean annual temperaturE86€. More detailed information about the

site can be found in Rey et al. (2012).

This field site was equipped with an Eddy Covaraa(teC) system located at 3.5 m height
for measuringd andLE fluxes from an homogeneous and representativeaars@d Hz frequency
(further details in Capitulo 1). Averaged valuesHodndLE every 15 min were recorded in a
datalogger (Campbell Scientific Inc., USA) and adaeed here as instantaneous fluxes. In order
to assure the energy closure of our EC derived mneasents, which presented an imbalance of
~20%, theresidual-LE closure method was applied (Twine et al. 2000pvious authors
suggested (Alfieri et al. 2012; Li et al. 2005)

Measurements of surface temperatdig {or model running and additional measurements
of bare soil temperatureld were acquired within the 100m fetch of the EC dowsing
broadband thermal infrared thermometers, ApogeeSHRT(Campbell Scientific Inc., USAJg
was measured with a sensor placed at 3.5m heigleirahg the ground at nadir over a sampling
area of 3.70 m in diameter, which is a represamatiixture of soil and vegetatioms was on

the other hand measured at 0.65m height over alsmrigare soil area of 0.69 m in diameter.
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Incoming short-wave radiatiors was also measured at 3.5 m height using a LP@@nBgneter
(Campbell Scientific Inc.,USA). Temperatures andiaaces were measured every minute and
stored as 15-min averages in a datalogger (CampbBeiéntific Inc.,USA). Brightness
temperatures sensed by the IRT-P sensors werddmanes! into radiometric temperatures (see
Norman and Becker 1995 for terminology clarificajioby correction of emissivity and
atmospheric effects (details of temperature pregssing can be found in Capitulo 1). Air
temperatureT,) and relative humidity of the aiHR) were also measured at 2.5 m every minute
with a thermo-hygrometer (HMP45C, Campbell Sciéniific., USA) and 15- min averages were
also stored. Leaf area index (LAI) was acquiredmfrthe Moderate Resolution Imaging
Spectroradiomete(MODIS) onboard the Terra and Aqua satellites wtitkm pixel resolution
(see more details in Capitulo 1). Additionally, el Water Content3WQ was measured from

a water content reflectometer (model CS616, Can@mékntific INC., USA) located at 0.04 m
depth in bare soil. SWC was used in present workhtracterize water availability conditions.
Solil profile temperature was measured with twort@ouples (TCAV) at 0.02 and 0.06 depth,
which they were later used to correct soil tempgeatvariations orSWC measurements by
applying the calibration standard quadratic equatietailed by the manufacturer (Campbell
Scientific INC., USA).

In order to accomplish the objectives of this wark used a complete dataset including
15-min measurements (EC derived) and predictionth@H and LE fluxes derived from the
original TSM presented by Norman et al. (1995) mmetlding the latest improvements proposed
by Kustas and Norman (1999a). The detailed desanifif the main equations can be found in
Capitulo 1. Predictions d¢ff andLE from the two possible resistance arrangementieofTSM,
parallel TSMs) and seriesTSMy), were included. The study time period was fromuday 1%’
(day of year - DOY 15) to Juné"qDOY 160) 2011, covering a wide range of environtaé
conditions (see observed ranges in Table 2). Thesdhevaluated included those observations
for which H and LE estimates were obtained from the TSM with a corbshaviour of the
iterative procedure (N=2991) (see more detailSapitulo 1).
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METHODS

Analyzing the diurnal behaviour of the TSM

To study the diurnal behaviour of the TSM, we hassessed the relationship between the
accuracy of the instantaneotisestimates and the two main factors related witlarsehergy
supply that change during the daytime period: time tof the day and the solar elevation angle,
reflecting a seasonal component. The time of dathés most common factor considered in
evaluations of the diurnal behaviour of models bseaof its implications when using sun-
synchronous satellite data, usually reduced todailg acquisition, for model running. However,
the solar energy supply, the main factor contrgllihe surface energy fluxes, is mainly driven
by the solar elevation angle. For instance, incgnsolar radiation at one specific time of day
clearly differs between wintertime and summertime do a higher solar elevation angle in
summer. Consequently, the accuracy of the TSM eaexipected to change depending on these

two factors, time of the day and solar elevatianglthe year.

In order to analyze the effect that these two matependent factors have over the TSM
accuracy, a sequential analysis was performedt, ks evaluated the evolution of the TSM
accuracy under a linear gradient of observed slaration anglesSE (see ranges d&E in
Table 1) using the entire 15-min dataset (N=298}).doing so we established the minimum
solar angle conditions necessary for the TSM teasg along the year. Secondly, the evolution
of the TSM accuracy during daytime hours was areyzour by hour between 7 am to 4 pm by
using a data subset in which those solar elevat@mmditions with reduced the TSM accuracy
based on the previous analysis were removed (N92&6his way, this second analysis will
show only the effects due to time of the day relgmslof the solar elevation effects. From this
sequential analysis the range of minimum solaragiem angle and time of day under which a
robust behaviour of the TSM can be found in ouriaah conditions along the year will be

determined.

The TSM accuracy was quantified using tlean Absolute Percentage ErrdMAPE)
and the coefficient of determination 3R between observed and TSM predicted The
coefficient of determination @R was selected as an indicator of the proportiorvarfance
explained by the model. MAPE was computed by Egh&reO; andP; represent observed and
predicted values respectively. This statistic ndizea the absolute error to the magnitude of the
observed flux, making it possible to compare maatturacy under conditions in which the

magnitude of the modelled flux can strongly diféerit happens along the day.
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MAPEzl—?f’(Zi":lm —oi|/oi) 1)

Additionally, to determine the ranges ®E and Time of day for which the accuracy of the
model differed significantly (p-value < 0.05) TukeNsD tests were performed (Sokal and Rohlf
2012).

Assessing model response to environmental factors

In order to identify the conditions under which tA&M performance reduces its
effectiveness and assess the factors showing lagsir@ffect on model performance, the effect
of nine factors on model accuracy was evaluatedsétactors were chosen in order to reflect
different conditions of energy supply, water auJaility, vegetation status and state of the

boundary layer.

Three factors were related to the energy suppliarsoradiance ), cloud sky cover

represented by a cloud factaif], and the surface to-air temperature differeAgeTg).

The cloud factor was estimated as Crawford and Duoi999) proposed (Eq. 29lf
ranges from a totally clear sky is representedcliyO0 to a totally covered sky conditions
represented bglf=1.

clf=1- s (2)

wheres is the ratio between solar irradian&® and potential clear sky irradiance at the
ground Rso). Rso Was estimated by Eq.3, an approach proposed len At al. (1998) based on

Beer’'s Law.

O.OOl&DJ 3)

Ro=R ex;{ Ktsing

whereR, (MJ m?) is the extraterrestrial solar irradiance thatetefs on the day of the

year, latitude and solar timif is a turbidity coefficient whose value is assurredur study to
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be 1 reflecting clean air conditiori;is the atmospheric pressure (kPa) gns the angle of the

solar elevation angle (rad).

Two factors were selected to represent water awhilaconditions: soil water content
(SWQ measured at 0.04 m depth in a bare soil areavapdr pressure deficitvPD). Two
factors were mostly related to vegetation staesf drea indexLAl) and the difference between
soil and surface radiometric temperatufer). Tr can be used as an indirect indicator of the
vegetation status so that whén-Tg) is high, vegetation should be colder than seiggesting
possibly high transpiration rates, while whdig-Tg) is low or even negative, this suggests that

vegetation is inactive and/or is strongly wateessed.

Finally the two factors related to boundary layenditions were wind speed§ and the
stability indexz/L (Monteith and Unsworth 1990yvherez is the effective height of the flux
measurement system ahdis the Monin-Obukhov length. Based on this stgbiindex, the
atmospheric conditions can be divided in staldd (>0.01), neutral (-0.01z/L<0.01) and
unstable conditionz{L< -0.01).

To study the TSM effectiveness over the observedeaf variation of the nine factors,
we used a data subset that included only thosenaisms for which the accuracy of the TSM
was not significantly affected by the solar elematand the time of day conditions according to
the analysis previously exposed of the diurnal beheof the TSM (see previous Section). In
this way the effect of the factors over the TSM wvetisdied controlling for two previously
studied factorsSEand Time of day The observed range of variatiorawfh factor was divided
in 5 classes (See Table 2) and model accuracy wastified for each class established with a
minimum number of observations (n>11). Four stiagstvere used to quantify model accuracy
overH: Mean Absolute Percentage Err(MAPE, Eq. 1) Mean Percentage ErrofiMPE, Eq. 4),
the slope of the regression between observed and predittednd the coefficient of

determination (R.

mpe =220 ?_lR—oi/q) (4)
n 1=

These four statistics were calculated for eachtld five classes within each

environmental factor.
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Extrapolation from instantaneous to daytime fluxes

We evaluated two methods to extrapolate daytimbutant fluxes,Hp and LEp, from
instantaneous estimates of TSM,,LE andAE): i) using midday estimates of tlegaporative
fraction (EF) and thenon evaporative fractiofNEF) derived from TSM and assuming that
those remain constant during the daytime perkel ihethodor NEF methodespectively) and
i) by averaging all the estimatestdf andLE; available during daytimeA{eraging method

The EF or NEF methods based on the assumption that bi&f which is the portion of
available energy AE = Rn - @G dissipated as latent heat fluER=LE/AE), and its
complementaryNEF, the portion of available energy dissipated assibdm heat flux
(NEF=H/AE), remain constant along the daytime period (Cra@®6lL Based on this
assumptionHp andLEp can be estimated from instantaneous valuéd~br NEF and daytime
averages of the available enerd\Ef) as it is presented in Eq. 5 and 6 (witndp subscripts

referring instantaneous and daytime averages regelgy.

LE, _ LE,

— - EF =EF, = LE, =EF x A S
AE| AED i D D i ED ()
H _Ho | NEF = NEF, = H, = NEF, x AE, (6)
AE AE,

Traditionally, midday estimates &fEF or EF, have been used in Eg. 5 and 6 (Lhomme
and Elguero 1999; Bastiaanssen et al. 1998). Iptdsent work, we computed midday values of
NEF andEF; by averaging the 15-min estimatesNEF and EF between 12am to 1pm (solar
time) in order to reduce the variability inherewt flux modelling at 15-min time steps,.
Estimates ofAEp, were computed as the daytime average of the 1Gnanable energyAE)
estimated from Capitulo 1.

The EF or NEF methodand theAveraging methodavere applied to estimaté, andLEp
for those days for which both measurements andhatts ofH; andLE; were available during
the entire daytime period (witRn> 55 W ni®). This resulted in a data subset of only 24 days,
including clear sky and cloudy days, randomly distied during the complete study period.

A prior step in theEF or NEF method was to study baseline errors derived from the

assumption of daytime self preservationE# and NEF. For this purposeHp and LEp were
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estimated for the same 24 days data subset by BESIn§EF andAE; from the EC data, rather
than from TSM outputs This allowed to charactetilze proportion of error intrinsic to this
temporal up-scaling method in our Mediterraneaniaed conditions and for discussing the

reliability of the self preservation assumption enduch conditions.

While the daytime values dfip were presented in energy terms (Wmthe daytime
values ofLEp were transformed in totd values (mm day) to facilitate the comparison with

other studies following Eq. 7.

At
E, = E LE, (7)

where4t is the number of seconds comprised in the daypered,/ is the latent heat of

vaporization (Jg) andp is the density of water (1000 g¥n
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RESULTS
Diurnal behaviour of the TSM

The TSM performance under different ranges of selawvation §E) using the entire
analysis data set (N= 2991), is shown in Table lighificant influence oSE on the accuracy
of H estimates from both model versioA$SM and TSMs, was found by the Tukey test (p-
values < 0.05). High percentages of error were diofian H under conditions of solar elevation
lower than 25° (MAPE>100%). Similar results weraurfd for TSMp and TSM; (Fig. 1A).
However, accuracy at solar elevations higher thathvizas rather constant with errors around
26% for TSMp and a 33% foiTSMs and no significant differences in the MAPE valgsse
letters from Tukey test in Table 1). The correlativetween observed and predicted values,
represented by Rdid not change significantly either for parafBf~0.45) or series (R0.48)
when solar elevation was higher than 25°. Thereforebust behaviour of the two resistance
versions of the TSM can be considered only for rselavation conditions higher than 25°,
although still a high standard deviatiostd) of MAPE values was found foBE conditions
between 25-35°.
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Figure 1. Evolution of the accuracy statistics of the TSWean absolute percentage error (MAPE) and cogfticie
of determination (B,using the parallel (black line with filled trialeg) or series (grey dashed line with hollow
circles) resistance network, under different rangiesolar elevation (N=2991) (A) and along daytinmurs (N=
2677) (B). In brackets statistics found out of ecdlabulated values and related additional analgseshown in

Table 1.
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The analysis of the effect of the time of day wasfgrmed excluding data with solar
elevation conditions lower than 25°, under whiach T5M clearly failed, resulting in a subset of
N=2677. The time of day factor still presented gnsgicant effect (p-value < 0.05 in ANOVA
test) and results in Table 1 show that a signifigaorease of errors was observed using 7am
data both forTSM» and TSMs (73% and 61% MAPE values respectively), but erreraained
lower than 40 % for the rest of the daytime (Fi§).1The TSM scheme did not presented
significant differences in mean MAPE at all timesday between 8am to 4pm, with errors
ranging from 15% to 35% and’Ralues ~0.65 except at 4pm whehdRcreased to 0.22. The
TSMs scheme did not presented significant differenoeSIAPE from 8am to 2pm with values
ranging from 20% to 39% and *Ralues ~0.69, but a significantly better accura@s found
during the early afternoon (4 pm) (11% of errorgspite of this, standard deviatiasid, of the
mean absolute percentage errors remained highatespMAPE values folf SV and forTSMs
until 10am (Table 1).

Therefore this sequential analysis revealed thatbast behaviour of the TSM, for both
parallel and series resistances schemes, was fauour semiarid site only for solar elevation
conditions higher than 25° and a time of the dayveen 10 and 3pm (both included). Under
such conditions the accuracy Hf estimates from the TSM remained lower than 36%h(wi
reduced standard deviations) and tfen@s higher than 0.5 for both model versioFSMs> and
TSMs.
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Table 1 Statistic of the TSM performance for specific diions of two factors (solar elevation and time
of day). Mean absolute percentage error (MAPE) stashdard deviation of MAPEstd), letters from
Tukey test and coefficient of determination’Rre shown for each factor-range. Different lettom
Tukey test show significant differences between mig\PE values of the TSM in the different ranges
within each factor.

Factor TSMp TSMsg

Solar . N MAPE  std Tukey R? MAPE std Tukey R?
elevation (%) (%) test (%) (%) test

o° - 15° 35 1828 3604 c 0.00 1422 2864 ¢ 0.01
15° - 250 279 269 1867 b 0.55 214 1541 b 0.57
250 - 350 620 34 90 a 0.41 35 73 a 0.44
350 - 45° 712 27 33 a 0.40 36 24 a 0.40
450 - 550 543 29 54 a 0.47 36 41 a 0.50
550 - 65° 489 24 15 a 0.53 32 14 a 0.57
65° - 80° 313 18 12 a 0.48 27 13 a 0.51
Total N: 2991

Time of N MAPE  std Tukey R? MAPE std Tukey R?
day (%) (%) test (%) (%) test

7:00 72 73 246 ¢ 0.34 61 203 d 0.35
8:00 210 31 44 ab 055 32 33 ac 0.57
9:00 317 35 81 b 0.64 39 60 a 0.67
10:00 403 28 22 ab  0.69 34 17 a 0.71
11:00 386 24 13 ab 071 34 13 a 0.72
12:00 388 25 13 ab 0.70 35 13 a 0.72
13:00 382 25 15 ab  0.69 34 16 a 0.72
14:00 309 22 14 ab  0.65 31 14 abc 0.69
15:00 157 15 19 a 0.51 20 13  bc 0.64
16:00 53 34 26 ab 0.22 11 10 b 0.56
Total N: 2677

TSM response under different environmental conditi®

The five classes in which the nine factors werenéth are shown in Table 2. These
different factors and classes with their correspaganodelling error are depicted in Figure 2.
This analysis was done using a data subset com@isily daytime data with a robust behaviour
of the TSM based on previous analysis (solar elevatonditions higher than 25° and data from

10am to 3pm), leading a total number of cases &402s.
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Table 2 Range of values included in each factor's clabstal observed range is presented for each

environmental factor. N is the number of obsenraimcluded in each class. Only cases when s@aagbn is
higher than 25° and between 9am and 3pm time ofv@ag included in this analysis (N=2025).

S (Wm? cf (-) T -T. (°C)
class ranges N class ranges N class ranges N
I 140 - 350 48 | 0.00 (clear sky) 1355 | <22 20
Il 350-550 263 |l 0.00-0.17 287 1 22-44 1015
11 550-750 800 I 0.17-0.35 217 1 44-6.6 764
v 750-950 805 IV 0.3-0.52 114 IV 6.6 - 8.8 162
\Y, > 950 109 V >0.52 52V > 8.8 64
Observed range: [140, 1173] Observed range0[00070] Observed range: [1.4 , 10.7]

SWC (vol/vol) VPD (kPa) LAI (-)

class ranges N class ranges N class ranges N
I 0.03-0.07 663 | 0.0-04 51 | 0.30-0.38 417
Il 0.07-0.11 727 1 0.4-0.8 577 I 0.38 - 0.46 246
11 0.11-0.15 296 1l 0.8-1.2 697 1l 0.46 - 0.54 372
v 0.15-0.19 147 IV 12-16 373 IV 0.54 - 0.62 580
\Y, >0.19 192 V >1.6 327 V >0.62 410
Observed range: [0.03 , 0.24] Observed range: [0.08 , 3.4] Observed range: [0B?O]

Ts-Tr(°C) WS (m sh) Stability index (zJ/L)
class ranges N class ranges N class ranges N
I <0.0 21 | 0.0-1.5 70 | > -0.010 (neutral) 43
Il 0.0-2.0 424 1 1.5-3.0 309 I -0.010, -0.340 1901
1] 20-4.0 1022 1l 3.0-4.5 596 lI -0.340, -0.670 56
v 40-6.0 494 IV 4.5-6.0 447 IV -0.670 , -1.000 14
\Y, >6.0 64 V >6.0 603 V <-1.000 11

Observed range: [-4.050, -0.003]

Observed range: [-1.1, 7.2] Observed range: [0.04 , 12.3]

The conditions for which the TSM presented the rgjest decrease in accuracy were
related to a low energy suppl§300 W ¥ (class 1) andTr —Ty) < 2.2 °C (class I). The highest
MAPE values observed in those cases (class |) @dcwith H overestimates (high and
positive MPE values) and low correlation and sloffég. 2). It is noticeable that under these
conditions of reduced energy supply the errors wsageificantly lower using th&SMs although
the correlation was still poor. The surface totamperature differenc@lr —T,) was the factor
showing the strongest effect over MAPE values amahghe analyzed factors. A progressive
improvement of the TSM accuracy was observed a3 éanthgTg —T,) increased (from classes
| to V). Thus, both resistance versions of the TSiIMwed the highest accuracy for classfVv
(Tr —Ty) factor Tr =Ty > 8.8°C), with 13% and 22% MAPE values for patadled series

schemes respectively. However the linear agreemestpoor (low R and slopevalues) for
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class V of(Tg —Tg). For the other factor indirectly related to enesgypply, the cloud factalf,

the TSM showed lower MAPE and MPE values at medilasses otlf factor (classes Il and
IV) than for clear sky class (class I) and the perand series resistance schemes of the TSM
presented a different response when sky was syawlered. WhileTSM> presented a clear
decrease in accuracy with MAPE>50% and overestsnatél (positive and high MPREalues
~50%) when cloudiness was higif >0.52 (class V), th&@ SMs did not increase the percentage

errors substantially under such conditions.

MAPE values of the TSM slightly increased when wadwailability was high (see
evolution of MAPE values along tf@WCgradient Fig.2), and the linear agreement between
observed and predicted values was clearly better (highef &dslopd at low ranges oSWC
showing a progressively deterioration to higlsaNC conditions. In agreement with that, the
TSM accuracy was slightly better when VPD was hige evolution of MAPE values along
VPD gradient) and the linear agreement improvedgigly theslope at high VPD classes (Fig.
3). Furthermore, a similar response to variationsS§/C and VPD was found farSMs and
TSMs.

Regarding to the influence of factors related t® ¥iegetation state, it is remarkable that
high R valuesand slopevalues close to one, were found for low LAl levittasses | and I1)
dropping for higher LAI values (LAI>0.46) althougio strong variation of the TSM model
errors (MPE and MAPE) was found for the five LA&s$es. In the same direction, a worse TSM
performance was found when temperature differebetweenTs and Tr were high reflecting
more active vegetation. TH&; - Tg) factor showed higher errors (MPE and MAPE) andeiow
linear correlation from classes | to V (Fig. 3).3suggests that the TSM works more accurately
when differences between soil and vegetation teatpexs are low or even negative which is
usually related with less active vegetation in adaace to a better performance at lower rather

than high LAI values.
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Finally, the analysis of the factorslated to the boundary layer sta®S and stability
index z/L, showed that the TSM accuracy clearly improvedeuruigher wind speed conditions.
A progressive reduction of MAPE and MPE with in@ieg wind speed was found as well as a
better linear agreement. Figure 2 shows clearly whder neutral stability conditions (class ),
the TSM presented very high errors (MAPE and MPHgenv using the parallel resistance
schemeTSM.. However, when using tRESM, lower errors occur under neutral conditions than
under unstable conditions. Within the gradient n$table conditions (classes Il to V) all error
statistics seemed to increase to more unstableitcomg] both forTSM> and TSM;, but the
unequal number of observations included within aipigt classes (Table 2), makes difficult to

asseverate this last idea.

Additionally, it is notable that th& SM> showed lower overall errors (MAPE and MPE)
andslopevalues closer to 1 with similar’Ralues than th&#SMs However, theTSM; showed a
slightly more robust behaviour than thi&M reducing the model percentage errors under some
specific conditions related with low energy supfiiass | ofS factor, class V oflf factor, class

| of (Tr -Ty) factor) and with atmospheric neutral conditioclags | of thez/L factor).

As general highlights we can indicate that the aifeness of the TSM, under the two
possible resistance schemes, clearly decreasedtivdérk —T;) was lower than 2.2°C and when
WSwas lower than 1.5 rils For those conditions the TSM presented MAPE>4B860.4 and
slope<0.4. The conditions under which the TSM pennce was better, coinciding lower errors
(MAPE and MPE) and high values stbpeand R, were conditions characterized by low SWC,
low LAI, and reduced thermal differences betweehauw total surface.

Daytime fluxes extrapolation from instantaneous vals

Our results showed that, despite of both tempgradaaling methodsiveragingandNEF
methods, produced underestimategigfusing instantaneous estimates from the TSM (Big. 3
the Averaging methogbresented lower errors (20-36% vs. 31-43%) andtanbally better R
values (0.85-0.86 vs. 0.41-0.50) than MiEF method(Table 3). It is also remarkable thdp
estimates were always more underestimated usit@nitasieous estimates fronsMs.
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Figure 3. Scatterplots between estimated and observednaapti obtained byhe NEF methodA)
and theAveraging methodB) respectively both applied using TSM outputsifstantaneous fluxes,
versus observed (eddy covariance measiigd{N=24 days). Dashed line is the 1:1 line.

Daytime E was strongly overestimated with any of the two geral up-scaling methods
(Fig. 4). Estimates of daytime showed MAEs ranging from 1.27 to 1.80 mm dayhich
represent more than the 100% of the mean obsé&&d2mm day" ) (Table 3). However it is
important to notice that the correlation was high &l methods showing Rvalues between
0.82-0.85. TheAveraging methogresented lower MAPE values (125-162% uslig$Vs and
TSMs respectively) than th&F method(146-177%) and the scatter between the observed and
predicted was lower for theveraging methodt low values of daytimg (E<1 mm day) (Fig.
4).
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Figure 4. Scatterplots between estimated and observedngaigiobtained by th&F methodA) and
the Averaging methodB) respectively both applied from TSM derivedtargdaneous fluxes, versus
observed daytim&. (N=24 days). Dashed is the 1:1 line.
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method seems highly efficient whensing the retrieved EC fluxes instead (Fig. 5). The
assumption of daytime self-preservatioreéf andNEF only resulted in a mean absolute error of
13.2 W n¥?, which represents a percentage error of only 8ét18%of the daytime measured
Hp andLEp respectively. This fact shows evidence that erafiiescting daytime estimates bl

and E obtained by th&eF or NEF methodusing TSM derived fluxes, were mainly related to

Despite of the fact that daytime estimates of tlahiufluxes using th&F or NEF method
were less accurate than with tAeeraging methodvhen using TSM estimates, tB& or NEF

inaccuracies affecting the TSM instantaneous fluxes

Table 3. Statistics showing the accuracy of the estimdsegime averageH, Hp, and daytimeE,E,, obtained

by the EF or NEF methodand theAveraging methodespectivelybased on instantaneous estimates from the
TSM under the two resistance approaches in par@®Mp) and in seriesTSMs). Root mean squared error
(RMSE), mean absolute error (MAE), in brackets pleecentage that MAE represents to the mean measured

flux and determination coefficienRre showed (N=24 days for all cases).
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Flux  Scaling method RMSE (W MAE (Wm) R
TSMp TSMs TSMp TSMs TSMp TSMs
H NEF method 58 78 55 (31%) 75 (43%) 0.41 0.50
RMSE (mm day) MAE (mm day') R
TSMp TSMs TSMp TSMp TSMp TSMg
EF method 1.54 1.85 1.48 (146%) 1.80 (177%) 0.82 0.84
Eo Averaging method 1.31 1.69 1.27 (125%) 1.65 (162%) 0.84 0.85
300 200
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Figure 5. Scatterplots between the estimated daytitpe(left panel) and_Ep, (right panel) obtained
when applying theNEF methodand EF methodrespectively using measured values of midday NEF,
EF andAEp versus the observdd, andLEp (N=24 days). Dashed line is the 1:1 line. Mearpoalis

error (MAE) is shown and in brackets.
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DISCUSSION

Diurnal behaviour of the TSM

Our analysis of the diurnal behaviour of the TSMwad that the TSM accuracy was
clearly affected by the solar elevation and theetiof the day. The TSM effectiveness was
clearly reduced at solar elevation angles lowen 2&f and also at marginal hours of the daytime
period (before 10am and after 3pm) even at SE>28° ( and Table 1). A similar increase on
errors affecting modelletl at marginal daytime hours was pointed out by SI022 using a
Surface Energy Balance System (SEBS). They fouadithest model errors, around 40-50 W
m?, during marginal daytime hours and proposed as neaplanation failures in stability
corrections affecting these transition periods frmghtime stable conditions to daytime unstable
conditions (Su 2002). We think that, in the cas¢hef TSM, an additional factor is responsible
for the decrease of model accuracy under margima of day hours. Kustas and Norman et al.
(1997) showed that the uncertainty affecting théase to air temperature difference estimates,
(Tr-Ta), largely affects the accuraoy H using TSM (uncertainties of £3°K ifk-T, leads >50%
variation inH). We also found that model accuracy decreased \(fieh,) was low even around
midday (Fig. 2). Therefore, we consider that theeautainty associated to the IRT sensors
(Kustas et al. 2012) can cause stronger errorz6h, when temperatures are low, i.e at around
sunrise or sunset when the solar elevation angéebw. This fact could explain the decrease of
the TSM effectiveness under such conditions. Framresults, it can be stated that a robust
behaviour of TSM can be expected under solar atavaingles higher than 25° for the daytime
period between 10am and 3 pm (both included) undemral semiarid conditions. Consequently,
we would only recommend applying the TSM using litedata over natural semiarid areas

when they are acquired within this range of daytand solar elevation angle conditions.

TSM response under different environmental condit®

The TSM has been particularly recommended for ¢andi of clear sky, high thermal
difference between soil and canopy (Wang and Dskin2012) and no presence of senescent
vegetation (Colaizzi et al. 2012a; Norman et al3)9 However, these recommendations are
mainly derived from studies on irrigated semiargtieultural areas. The analysis presented in
this paper revealed a different response of the T&Mer natural semiarid conditions. Under the
range of conditions observed in our Mediterranagsdck grassland, the TSM presented the

highest limitations when the surface-air thermaldignt was low Tr- T, < 2.2°C). Under these
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conditions, TSM clearly overestimatét (Fig. 2). Norman et al. (2000) also found highoesr
affectingH estimates using TSM whéiix-T, was low. They showed that the Dual Temperature
Difference method (DTD), which mainly reduces modehsitivity to errors associated with
absolute values offr andT,, offered a clear improvement Hf estimates whenlg-T,) was low.
This is proving that TSM errors whedg(-T,) is low are related to uncertainties affecting
temperature measurements. As a practical asperd,important to enhance that our results
showed theT SMs clearly reduced errors wheiig(-T;) < 2.2°C in comparison with tHESM.
This is because of the air temperature in the camtprface Tac), which is considered imMSM,

partially reduces the sensitivity to absolute exfigrandT, (Capitulo 1).

Other factor analyzed in the present study, whiiébcts the TSM accuracy but has not
been deeply studied before, is the cloudinessesepted here by the cloud factoH,. It is
important to notice that most of the previous TSkalgses were restricted to clear-sky
conditions, because of the absence of satelli @dtievals for cloudy days (French et al. 2005;
Li et al. 2005) or just because cloudy conditionsravremoved from the analysis to ensure
relatively steady-state energy fluxes (Colaizzakt2012a). Kustas et al. (2002) found thiat
retrievals, from a temperature based one sourceeinpdesented a high sensitivity to high
fluctuations inTg derived from intermittent cloudy conditions in igarian site. Our analysis
showed on the contrary that under natural semieoidditions the TSM accuracy was not
reduced under medium covered sky conditions ¢If < 0.52) founding even lower percentages
of error (MAPE and MPE) than for clear sky condisofor both resistance schemes (Fig. 2).
This different response could be related with thfent factors driving the water and energy
fluxes in well-watered ecosystems, as riparian sareantrolled by energy supply, versus in
water-limited ecosystems, as in our Mediterraneamiarid grassland, controlled by water
availability. However, further analyses would becemsary to determine the reasons of that
different response of the TSM under the two différecenarios. The decrease of the TSM
performance under the maximum cloud cover sky dmrdi observedc{f > 0.52), more
noticeable when using th&SM, could be more related to the effect of uncert@sntof
temperature measurements since temperatures wbedirgss is high can be expected lower

(exposed earlier) than with clear skies.

The limitations previously found for the TSM perftgince under conditions of high
fraction of senescent vegetation (Colaizzi et @lLlZa; French et al. 2007; Kustas and Norman
1997; Norman et al. 1995) were not observed undenatural semiarid conditions. Our results

on the contrary showed that a better model perfoomavas found under conditions of low or
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even negativeli-Tg), low LAI, and low SWC. However, under our natusamiarid conditions a
new factor showing an important effect over the T&duracy, was identified, the wind speed.
The TSM offered bettal estimates, when wind speed was high and cleadlycel its accuracy
at low wind speeds. Neutral stability conditiontags | of thez/L factor) showed as well an

important decrease of the TSM accuracy, but onlyguhe parallel resistance scheme.

Daytime fluxes extrapolation from instantaneous vals

Daytime retrievals of turbulent heat fluxes undatunal semiarid conditions were found in
this study to be more accurate féy with minimum errors of 20% and*®0.85, whereas higher
errors were found for daytime valuesEfvith minimum errors of 125% but high correlations,
R?=0.84 (Table 3). Previous studies have shown gleaHbetter capacity of the TSM to estimate
daytimeE (Kustas et al. 2012; Kustas and Norman 1997) iy 24h) E (Colaizzi et al. 2012b;
Gonzalez-Dugo et al. 2009) than that found in anditions, with errors ranging from 5 to 25%.
However, it is important to consider that all thadadies were performed in areas (irrigated
agricultural semiarid sites and grass tall prajrieghere the latent heat flux was the dominant
turbulent heat flux, whereas in our Mediterraneatural semiarid sitthe dominant flux wasl.
IndeedHp was 71% of measured daytime available energyni®2¢ days that were included in
our daytime analysis. Therefore, the percentageradr found for daytime estimates of the
dominant turbulent heat flux in our sitel)(was within the range of errors of the dominant
turbulent heat flux in other sites. However, widgard to daytimé&, other two source models
that have been tested in this specific field séeehshown better accuracies, with errors ranging
between 30-35% although they explained a lowerameage of the flux variability (with R
between 0.47 and 0.57 ) (Capitulo 3; Capitulo 4).

Comparison of the two methods to up-scale the imateeous estimates of turbulent heat
fluxes to daytime values, bettestimates were found using tBereraging methodTable 3)
This is because in th&veraging methodhe overestimation found at marginal daytime hours
when S is reduced, and the underestimation found at nyiddéoen S is high (Fig. 2), were
compensated by the averaging procedure. This eséden higher potential of geostationary
satellites such as MSG-SEVIRI or GOES or groundsesenas preferential data sources to
estimate daytime fluxes by mean of TSM in natuehirid sites compared to polar-orbiting
satellites such as MODIS or ASTER, which will degpesn theEF or NEF methodto obtain
daytime fluxes. Nonetheless, despite of the loveeueacy found by th&F or NEF methodo

estimate daytime values using instantaneous TSMutsit this method proved to be efficient
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when using instantaneous EC fluxes (Fig. 5). Gerginal. (2011) stated recently that the diurnal
behaviour of theeF (and therefore its complementary NEF) exhibitstidag self-preservation
only under limited conditions of clear skies, hunaid, and strong solar radiation based on a
deep study performed in an irrigated wheat crop a¢miarid site. However we found that the
self-preservation assumption only resulted in paage errors of 8% and 16% fdp andLEp
respectively, even when including cloudy days (124 tested days presented cloudiness).
Similar agreement was found for cloudy than foracleky days (results not shown) using
measured instantaneous fluxes. This indicates dloaidiness did not affect the daytime self-
preservation oEF or NEF under our conditions. This agrees with the redudisy Farah et al.
(2004) who pointed out no effect of clouds on therrthl cycle ofEF in semiarid areas and
stated a fairly stable behaviour of daytife€ pattern for areas with high available energy,
moderate to dry surface conditions and high sunfasistance. Thus, th&- or NEF methodvas
not operational in our conditions because of ineces affecting to TSM retrievals but our

results showed that it could be operational if ioy@ments on those estimates were achieved.

Finally, our analyses also showed that better esésnof daytimée and Hp were found
using the parallel version of tHESM than the series one, despite of a slight decreaslee
correlations (Table 3). From thESM;, Hp was systematically more underestimated by the two
temporal up-scaling methods (Fig. 3) and conseduédaytimeE was more overestimated (Fig.
4) than with theTSMs. A previous study also found better daytime estmafLE from the
parallel than from the series version of the TSMewlsoil and canopy temperatures derived
from dual angle surface temperature was used all grass prairie (Kustas and Norman 1997).
This seems to indicate that despite of the more@sbbehaviour o SMs at instantaneous time

scales; thd SMs presents a clear advantage to estimate daytirhelént heat fluxes.
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CONCLUSIONS

A detailed analysis has been performed to evaltieemain factors affecting the TSM
effectiveness under water stress conditions typiédlediterranean drylands. By means of a
sequential analysis, we proved that the TSM wasctdtl by the two factors associated with
variations in solar irradiance along the daytimeqeeand also seasonal course: solar elevation
and time of day. Our results proved that a robesialiour of the TSM can only be expected for
conditions with solar elevation angles higher tB&h and during daytime hours from 10 am to 3
pm (both conditions simultaneously). It was alsoved that, under natural semiarid conditions
here evaluated, the TSM was not sensitivity to semaronmental factors, such as cloudiness or
vegetation status, which indeed did affected theehperformance in other sites without water
stress. Thus, in our study the TSM accuracy was raduced under medium cloudiness
conditions (0 <clf < 0.52) with TSM accuracy even being improved wipect to clear sky
conditions. Furthermore, when a high portion ofesgent vegetation is expected, with higher
water stress (loWCand highVPD) and very stressed vegetation (low or even negatiues
of Tr-Ty), the TSM effectiveness was not just reduced hstead increased in our semiarid site.
The environmental factors that affected more siytige TSM performance in our site were the
surface to air temperature differende-T,) and the wind speed, with an increase of accuracy
when both factors were high. In general, #®W showed overall lower errors and a lower
tendency to underestimate at highvalues, but theTSMs reduced model errors under low
energy supply conditions and atmospheric neutnadlitions.

Finally, the ability of the TSM to estimate daytimgbulent fluxes was only demonstrated
for the dominant sensible heat fluMp, despite of a systematic tendency to underestimate
Daytime E values were strongly overestimated using the T®ML a high portion of its
variability could be explained. Using instantanefiuges from the TSM, théveraging method
together with the parallel version of TSM providegtter daytime estimates than tE or NEF
method. This implies that data from geostationary satalisaich as MSG-SEVIRI or from
ground located sensors should be used as prefdreata sources to estimate daytime fluxes

using the TSM rather than polar orbiting sensochsas MODIS.
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ABSTRACT

An adaptation of a simple model for evapotranspirat(E) estimations in drylands based on
remotely sensed leaf area index and the Penmanéibragquation (PML model) (Leuning et al.
2008) is presented. Three methods for improvingctimsideration of soil evaporation influence
in total evapotranspiration estimates for these systems are proposed. The original PML
model considered evaporation as a constant frac{iprof soil equilibrium evaporation. We
propose an adaptation that considers f as a vadagiimarily related to soil water availability.
In order to estimate daily f values, the first pospd method {fyQ uses rescaled soil water
content measurements, the seconghd) uses the ratio of 8 days antecedent precipitatiod
soil equilibrium evaporation, and the thirdi{f.g), includes a soil drying simulation factor for
periods after a rainfall event. E estimates werdideged using E measurements from eddy
covariance systems located in two functionallyedéht sparsely vegetated drylands sites: a
littoral Mediterranean semiarid steppe and a drysBumid Mediterranean montane site. The
method providing the best results in both areas faas, (mean absolute error of 0.17 mm day
! which was capable of reproducing the pulse-betragharacteristic of soil evaporation in
drylands strongly linked to water availability. Bhproposed model adaptatioqsifg, improved
the PML model performance in sparsely vegetatedladds where a more accurate

consideration of soil evaporation is necessary.

Keywords: evapotranspiration, canopy condutance, soil eaijoor, LAl, optimization, soil
water content, soil potential evaporation
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INTRODUCTION

EvapotranspirationH), which is the sum of evaporation from sdik)(and plant canopies
(Ec) including rainfall interception, is the largesrm in the terrestrial water balance after
precipitation.E determines the balance between recharge and digcfram aquifers (Huxman
et al. 2004; Huxman et al. 2005) and in drylandsuad 90 to 100% of annual precipitation
returns to the atmosphere from the surface (Glenmal.e2007) by mean of this process.
Concurrently, latent heat flux.E), the energetic equivalent &f plays an important role in the

surface energy balance affecting terrestrial weatlieamics and vice versa.

Accurate regional estimation &fis necessary for many operational applicatiomgation
planning, management of watersheds and aquiferieandogical predictions and detection of
droughts and climate change. Remote sensing isrtlyefeasible technique fdE estimation at
regional scales with a reasonable degree of acgui@aerschman et al. 2009; Kustas and
Norman 1996). Many methods have been developedestimating regionaE in the last
decades, including those based on remotely senstts temperature (see reviews by Glenn et
al. 2007; Kalma et al. 2008; Wang and DickinsonZ0However, there are some difficulties
associated with using surface temperature for regiié estimation, mainly differences between
aerodynamic and radiometric temperature (Stewartalet1994) or complexity of using
instantaneous thermal data for flux estimatioraegdr time scales (Cleugh et al. 2007). This has
motivated development of other methodologies. Is tlontext, Cleugh et al. (2007) presented a
method forE estimation based on regional application of thenRen-Monteith (PM) equation
(Monteith 1964) using leaf area indekAl) from MODIS (Moderate Resolution Imaging
Spectrometer) and gridded meteorological data. Wik stimulated a number of later studies
(Leuning et al. 2008; Mu et al. 2007; Mu et al. 20Zhang et al. 2010; Zhang et al. 2008) that
have demonstrated the potential of the PM equatsoa robust, biophysically based framework

for E estimation using remote sensing inputs (Leunirg.e2008).

The key parameter of the PM equation is the surfaceluctances), which defines the
facility of the soil-canopy system to lose watersifple linear relationship betwe&j andLAl
was proposed by Cleugh et al. (2007) for estimarag two field sites in Australia. Mu et al.
(2007) took one step forward with separate estwnabif evaporation from soiE{) and canopy
(Ec) and a more detailed formulation figf considering the effects of vapor pressure defi2i)
and air temperaturel§) on canopy conductanc&d). Based on these studies, Leuning et al.
(2008) developed a less empirical formulation@arto apply the PM equation at regional scale.
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This new formulation considers both soil and canawaporation. ForG. a biophysical
algorithm based on radiation absorption dhgdwas proposed, whereas soil evaporation was
estimated as a constant fractionof soil equilibrium evaporation (Priestley andylta 1972)
defined as the evaporation rate under ideal carditiof water availability and saturated
atmosphere controlled exclusively by energy supplgplication of the Penman-Monteith-
Leuning,PML model, as it was named by Zhang et al. (20i€juires commonly available
meteorological datd,Al data from MODIS or other remote-sensing platfornsl two main
parameters, considered by Leuning et al. (2008bdoconstantsgs, maximum stomatal
conductance of leaves at the top of the canopyf,amgresenting the ratio of soil evaporation to
the equilibrium rate. The original PML model wasakested using data from 15 Fluxnet sites
located across a wide range of climatic conditiand vegetation types with good general results
(average systematic root-mean-square error in maythearE of 0.27 mm day). Nonetheless

the model has not been tested in conditions ohgtesidity as Mediterranean drylands.

In drylands, where water availability is the maiantolling factor of biological and
physical processes (Noy-Meir 1973), evaporatiomfgwil can exceed 80% of total(Mu et al.
2007). Soil water availability is highly variable these ecosystems and assunfiisga constant
as in the original PML model is inadequate. Leurgh@l. (2008) acknowledged this limitation
and recommended that remote-sensing or other mpobsibe developed to trdaas a variable
instead of a parameter, especially for sparselyetedgd sitesL(Al < 3). To estimatd as a
temporal variable Zhang et.a2010) used the ratio between precipitation andilibgium
evaporation rate as an indicator of soil water labdity. Preliminary results of PML model
performance at an Australian tropical savannahssimved an improvement of the results Eor
estimation when th&lobal Vegetation Moisture IndgxVMI) (Ceccato et al. 2002) was used

to estimatd as a temporal variable (C. Hensley, unpublished, #111).

While these studies are promising, the PML modslia as yet been tested under strong
water stress conditions characteristic of Meditegem drylands. In this work we evaluated the
PML model for estimating dailfe in sparsely vegetated semiarid areas using thifésreht
methods to estimate the temporal variatiorf:dj direct soil water content measurements; ii)
Zhang’s et al. (2010) method adapted for daily ptibn; and iii) a simple model for soil
drying after rain. We analyzed the three proposddptations of PML in two different
Mediterranean drylands: i) a littoral semiarid gepand ii) a shrubland montane site. Both sites
are characterized by sparse vegetatiohl € 1) and annual precipitation < 350 mm yednring

the study period. A whole year & measurements from eddy covariance systems irtstatle
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each field site were used to test the adapted PMdemito determine the most robust method to
evaluatd in the studied conditions.

MODEL DESCRIPTION
Penman-Monteith-Leuning model (PML) description

Not considering for simplicity the canopy rainfaiterception, Evapotranspiratiok)(is

the sum of canopy transpiratiof;) and soil evaporatiore():
E= Ec + Es 1)

The fluxes of latent heat associated viittandEs were written by Leuning et al. (2008) as

_eA+(pc,1y) D.G. , . €A
E+1+G, /G, E+1

AE

) (2

where the first term is the PM equation writtentfog plant canopy and the second term is
the flux of latent heat from the soil. The variably and As are the energy absorbed by the
canopy and soil respectivelys, and G, are the aerodynamic and canopy conductances, as
defined below.¢ is the slope(s) of the curve relating saturation water vapor gues to
temperature divided by the psychrometric constgnp(is air densitygc, is the specific heat of
air at constant pressure, abglis the vapor pressure deficit of the air, compwasdhe difference
between the saturation vapor pressure at air teatyreres;;, and the actual vapoe,(D, = €sat-

€). The factorf in the second term of Eq. 2 modulates potentiapevation rate at the soil

surfaceE . = €A /(¢ +1), byf = 0 when the soil is dry, tb= 1 when the soil is completely wet.

Changes in energy stored in the soil and plant mam@oe negligible on a daily basis and hence
can be ignored when calculatiry, = Az, wherer = exp-kaLAl) and ka is the extinction
coefficient for total available enerdy Energy absorbed by the canopyis= A(1-r) (Hu et al.
2009; Leuning et al. 2008; Zhang et al. 2010). Wieeldy covariance data are used for
validation,A = H +1E can be assumed in order to ensure internal censigtin relation to eddy

covariance closure error (Leuning et al. 2008).tsiand Norman (1999) have questioned the
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reliability of this simple Beer-Lambert law in sparvegetation but a sensitivity analysis showed
that Es was insensitive to alternative estimatesAgi{not shown). Of far greater importance is

correctly estimating, as discussed below.

Aerodynamic conductandg, is estimated using (Monteith and Unsworth 1990)

k2u
G. =
*Inl(z -d)/z,,|in[(z, ~d)/z,,]

@)

wherek is Von Karman’s constant (0.40Q),is wind speedd is zero plane displacement
height,z,m, andz,,, are roughness lengths governing transfer of maumnemand water vapor and
z is the reference height whereis measured. In this version of Eq. 3 the inflieraf
atmospheric stability conditions ov&;, has been neglected for two reasons: i) in dryased
where G; << G,, E is relatively insensitive to errors i@, (Leuning et al. 2008); and ii) in
semiarid areas, where highly negative temperattagignts between surface and air temperature
are found, correction for atmospheric stability czause more problems than it solves for
estimatingG, (Villagarcia et al. 2007). The variablész,,, andz,, were estimated via the canopy
height ) (Allen 1986):d = 0.66h, z,m= 0.123 andz,, = 0.1h. Becausd is insensitive tds, in
arid conditions, we have used these empirical ioglateven though they were developed for

crops and may not apply strictly to sparse vegatgiderni et al. 2009).

Canopy conductance was estimated using (Isaac20@4; Leuning et al. 2008):

G, =3 Q, *+ Qs }{ 1 } (4)
kQ Qn eXp(_kQ LAI) + Qs | 1+ D, / Dso

wherekg, is the extinction coefficient of visible radiatiogsy is the maximum conductance
of the leaves at the top of the canoQyis the visible radiation reaching the canopy swafdmat
can be approximated &3 = 0.8A Leuning et al. (2008) ar@so andDs, are values of visible
radiation flux and water deficit respectively whéme stomatal conductance is half of its
maximum value. We use@so= 30Wni%, Dso= 0.7kPako = ka= 0.6 (Leuning et al. 2008).
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The PML model (Egs. 2 — 4) includes factors cofitrgl soil evaporation and canopy
transpiration but accurate estimationggfandf is crucial for model success. Three methods for

estimatingf , with increasing complexity, are presented next.

Methods for f estimation

f as a function of soil water content datas(fc)

Evaporation from drying soil is largely controllegt moisture content near the surface and
thus we used volumetric soil water content measatél04 m to estimatie A maximum water
content thresholdnax at which soil is considered to evaporate at thalérium rate { = 1),
and a minimum water content threshdlg;,, at which soil evaporation is considered negligibl
(f = 0) were experimentally determined for each fwte in order to rescale observed soil water
content ¢opg from O to 1 as follows:

( =1 Whéss> Omax
fswe < =0 Wheops< Omin (5)
_obs_emin
—_— Whemin< Oobs=< Omax
\ gmax_gmin

f as function of precipitation and equilibrium evapation ratio (fzhang)
We adapted and tested a method for estimdtipgesented byhang et al. (2010) who

variedf by the ratio of accumulated values of precipitat{p) andEcqs over N days. Zhang et
al. (2010) estimateflusing N = 32 covering 16 days prior and 16 daterdhe current daly but
here we set N = 8 between dagnd seven preceding days/j to match the time resolution of
LAI from MODIS. The finakexpression fofzhangis
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L

thang: min| —=~ 1 (6)

Z Eeq,si

i-7

where P; is the accumulated daily precipitation aBgls; is the daily soil equilibrium

evaporation rate for day

f as a function of soil drying after precipitatioff grying)
Mediterranean areas are characterized by irregptacipitation which causes rapid

increases in soil moisture during rain followedexyended drying periods. Thus and we propose

to model this pulsed pattern to improve the tinsohation off compared with th&hangmethod.

The formulation foffgrying IS given by

( Z P,
= min| -—=£—,1 whenP; > Ppin
Z Eeq,si
< i-15
tjwing (7)
=fLpexp(w 4t) whenP; < Pnin
\

wheref,p is thef value for the last effective precipitation dd & Pmin = 0.5 mm day), At
is number of days between this and the currenti @y is a parameter controlling the rate of
soil drying, higherw values reflecting higher soil drying speed. Fondicity o was considered
a constant estimated by optimization, even thoughknown thato is related to air temperature,

vapor pressure deficit, wind speed and soil hydraarbperties (Ritchie 1972).

90



Improving evapotranspiration estimates in Mediteean drylands: the role of soil evaporation

MATERIAL AND METHODS
Validation field sites and measurements

The PML model was evaluated at two experimentassibcated in southeast Spain
characterized by Mediterranean climate (see Tapath stronger aridity conditions than where
the PML model has previously been tested (Leunirad. 2008).

Balsa Blanca is a steppe located in Cabo de Gataradld@ark at 196 m a.s.l. and 6.3 km
from the coast (36°56'24.17"N; 2°1'59.55"W) showanlylediterranean semiarid climate. During
the study period 2006 to 2008 the site experiergcettan annual temperature of 17°C and mean
precipitation of 319 mm ¥k, falling mostly during autumn and winter, with yedry summers.
Vegetation in Balsa Blanca has a fraction cove8@¥. The mean canopy height is 0.7 hm=(

0.7 m) and is strongly dominated by perennial g&tgsa tenacissimé. (57.2%) though other
shrub species can be found in lower proportidigmus hyemalisange (1.7%)Chamaerops
humilis L. (1.6%), Brachypodium retusunfPers.) P. Beauv (1.4%)Jlex parviflorus Pourr

(0.5%), Phlomis purpured.. (0.2%). Soil has a depth of around 0.15 - 0.2amd a measured
daily mean soil water content at 0.04 m depth thages between 0.04°m® in summer and

0.25 mt m* after intense rain events.

Llano de los Juanes is a shrubland plateau locatdtie Sierra de Gador at 1600 m
elevation and 25 km from the coast (36°55'41.7"R®45'1.7"W), with mean annual
temperatures of 13°C and mean precipitation of 8&6yr* during the study period from 2005
to 2007. The climate is subhumid montane Medit&aanwith irregular precipitation patterns
mostly in autumn and winter when it may fall aswndhe vegetation is sparse with a cover
fraction of 50% and a mean canopy height of 0.%vm Q.5 m) dominated by three main species:
Festuca scariosglLag.) Hackel (19%)Genista pumilassp pumila (11.5%) yHormatophylla
spinosa(L). P. Kupfer, (6,3%) (Serrano-Ortiz 2008; Seoddrtiz et al. 2009). Soil depth is
highly variable (between 0.15 m and 1 m) with medsized stones and outcropping rocks (30—
40% rock fragment content (Serrano-Ortiz et al. J00easured soil water content at 0.04 m
depth ranged between a minimum of 0.08mTin summer and 0.40 fm™ after intense rain

events.
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Table 1 Details of validation field sites used in thisdy.

Temperature (°C)

Vegetation Mean annuat

Field site Latitude and  Measurements Elevation o . . A
classification Dominant speciesprecipitation pax  Mean  Min

name Longitude dataset used (m) (IGBP Class) (mm)
Balsa 36°56'24.17"N  October 2006 - . .
Blanca  : 2°1'59.55"W December 2008 190 Stipa tenacissima - 319 8 174
Closed Festuca scariosa,
Llano de los 36°55'41.7"N;  April 2005- 1600 shrubland  Genista pumila, 326 31 13 4
Juanes 2°45'1.7"W  December 2007 Hormatophiylla
spinosa

Water vapor fluxes were measured at each site usddy covariance (EC) systems
consisting of a three axis sonic anemometer (CSAEBnpbell Scientific Inc., USA) for wind
speed and sonic temperature measurement and arpagreimfrared gas analyzer (Li-Cor 7500,
Campbell Scientific Inc., USA) for variations in,® density. EC sensors were located above
horizontally uniform vegetation at 3.5 m at Baldari®a and at 2.5 m at Llano de los Juages (
= 3.5 andz = 2.5 respectively). Data were sampled at 10 Ht fluxes were calculated and
recorded every 30 min. Corrections for density yrbdtions (Webb et al. 1980) and coordinate
rotation (Kowalski et al. 1997; McMillen 1988) wecarried out in post-processing, as was the
conversion to half-hour means following Reynolddes (Moncrieff et al. 1997)'he slope of
the linear regressions between available endRgy GG) and the sum of the surface fluxés €
LE) for both sites (see Fig. 1) yields a slope ~i.8alsa Blanca and ~0.7 in Llano de los
Juanes. This is consistent with the 20% underestifioand in the FLUXNET network (Wilson
et al. 2002).

Balsa Blanca Llano de los Juanes
500 500
y2=0.86x+ 32.69 y=0.73x +13.10
R% = 0.91 R2=0.79
400 . 400 1

300 e 300

200 200

LE +H (Wm2)

100 100

400 500 500

Rn - G (Wm2)

Figure 1. Scatterplots of measurédt + H versusRn - G (=A) for each field site used in this analysis
(daytime averages). Linear relation arfdvRlues are shown. In grey line 1:1 for reference.
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Complementary meteorological measurements wereraégie at each field sitdn NR-
Lite radiometer (Kipp & Zonen, The Netherlands) swead net radiation over representative
surfaces at 1.9 m height at Balsa Blanca and 1d& blano de los Juanes. Soil heat flux was
calculated at both sites following the combinatinathod (Fuchs 1986; Massman 1992), as the
sum of averaged soil heat flux measured by two filates (HFT-3; REBS) located at 0.08 m
depth, plus heat stored in upper soil measuredway thermocouples (TCAV; Campbell
Scientific LTD) located at two depths 0.02 m andéOm. Air temperature and relative humidity
were measured by thermohygrometers located at Zh&ight at Balsa Blanca field site and 1.5
m at Llano de los Juanes (HMP45C, Campbell Scieniifd., USA). A 0.25 mm resolution
pluviometer (model ARG100 Campbell Scientific INOSA) was used to measure precipitation
at Balsa Blanca and a 0.2 mm resolution pluviometss used at Llano de los Juanes (model
785, Davis Instruments Corp. Hayward, Californi&gA). Soil water content was measured at
both sites using water content reflectometers (@&616, Campbell Scientific INC., USA)
located at 0.04 m depth. Due to the high soil loggeneity, three randomly located sensors were
averaged to obtain a representative SWC valueaaioLtle los Juanes, while at Balsa Blanca one
sensor located in bare soil was used. All compleargrmeasurements were recorded every 30
min using dataloggers (Campbell CR1000 and CampB&B000 dataloggers, Campbell
Scientific Inc., USA) and daytime averages weraluse

Remotely sensed data

LAl estimates were level 4 Moderate Resolution ImagBmectrometers (MODIS)
products provided by the ORNL-DAAQtfp://daac.ornl.goy! ii) MOD15A (collection 5) from
the Terra satellite; and ii) MYD15A2 from the Agsatellite, both with a temporal resolution of
8 days. The averaged valueldl reported from MOD15A and MYD15A2 for the 3 km @

area centered on each EC tower was computed.ifgtaras performed according to MODIS

quality assessment (QA) flags to eliminate pooligudata which were replaced by the average
of previous and subsequent values when they weaaiahle. It was also checked that the land
cover class assigned by MODIS fbAl estimation in the study field sites, closed anérop

shrublands, was consistent with the actual vegetati
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Model performance evaluation

Average daytimd& measurements were used to validate daily estindtEsderived from
the PML model run using average daytime micromelegical data (Cleugh et al. 2007;
Leuning et al. 2008; Zhang et al. 2010he measurement datasets were divided into an
optimization periodo estimatdocally specificgsy andm valuesand avalidation periodof PML
model outputst both field sites (Table 2). The estimation dfimzed parametengsx ando was
performed by searching for values that minimized tost functionF for the total sample
number (N) using thegenoud packagéor the R software environment (Mebane and Sekhon
2009).

>

Eest,i - Eobs,i
N

F=

(8)

whereEgg; jis estimatede for dayi andEgps,; is observed for same day.

Table 2. Optimization and validation periods used in bitehd sites.

Experimental field site Optimization period Validat period
18 October 2006 19 October 2007
Balsa Blanca 18 October 2007 31 December 2008
(N=365 days) (N = 440 days)
27 March 2007 4 April 2005
Llano de los Juanes 31 December 2007 24 March 2006
(N=279 days) (N = 355 days)

Standarized Major Axis Regressi¢gBMA) type Il (Warton et al. 2006) was used for
comparing daily measurements and model estimatds didiring the validation period. SMA
regression attributes error in the regressiontinieoth the X and Y variables, a method which is
recommended when the X variable is subject to mreasent errors, as is assumed for the EC
system measurements used in this work. Slapér(tercept i) and coefficient of determination
(R%) computed using SMA regression are reported in piats. Mean absolute error§MAE)
(Willmott and Matsuura 2005) are used for quantigaevaluation of PML model results, while
root mean square error§RMSE) are also presented for comparison with ipress works.
Systematic and unsystematic components of RMSEI\tit 1982) are also reported. A low
systematic error indicates that model structurejadely captures the system dynamics (Choler
et al. 2010).
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RESULTS

While the two field sites are both Mediterraneanlatids with sparse vegetation, the
temporal pattern in phenologyAl) is very different. At Balsa Blanca intermitterdinfall
throughout the year cause SWC dntb fluctuate more than at Llano de los Juanes hwhas
distinct wet and dry seasons. TBeand SWC patterns at Balsa Blanca are stronglyetink

whereas phenology is the main factor controlihgt Llano de los Juanes (Fig. 2).

The three methods proposed for estimatingelded different levels of accuracy for
estimating dailyE. Forfswg experimental thresholdk.xandéminat Balsa Blanca were, 0.20°m
m3and0.05 n? m* respectively. At Llano de los Juanes, the sameegaivere 0.35 fm™ and
0.10 n? m? respectively. Usingfswc and fznang I the PML model resulted in strong
overestimations o following heavy rainfall at both field sites (FIigC and D), whereas use of
farying gave closer agreement with observations. All tmneg¢hods for estimatinfoverestimated
E when observed was lower than 0.2 mm d3yat Balsa Blanca field site, but systematically
underestimatedE at the beginning of the dry season at Llano deJwanes mountain site
coinciding with great part of the growing seasomrfAto July of 2005). Reasons for this are

discussed in the next section.
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Balsa Blanca Llano de los Juanes
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Figure 2. Time series of (top) 8-day accumulated preciita(P) in mm, actual soil water content (SWC) inmm
water in mni soil and 8-day averages oAl and (bottom) and 8-day averages of obseEvadd estimate® in mm
day* usingfarying fswcandfznangrespectively.

Estimated values of dailig from the PML model are compared to observationbadlh
field sites in Figure 3. Usinfying in the PML model resulted in the best slope=(0.98) and
intercept b = 0.01) for linear correlation versus observEd though the coefficient of
determination (R= 0.47) usindarying is slightly lower than withswe (R? = 0.54) at Balsa Blanca
field site. Despite the better correlation achieusthgfswg this method tends to overestim&e
values, a problem not found usifaging. The highest correlation at Llano de los Juanesagain
obtained usinduyrying (R?= 0.59), whereas usirfgwcandfzhang produced two clusters of high and
low predictions and hence poor coefficients of deteation (R = 0.24 and R = 0.33,
respectively). The PML model witlyying underestimatek at this site wheie > 1.10 mm day

(Fig. 3F), resulting in a linear regression slop®.@9. Figure 2B shows that this site has highly
seasonal wet and dry periods.
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Balsa Blanca Llano de los Juanes
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Optimized values ofgsx were similar for both field sites under the threeposed
formulations forf (gsx ranging from 0.0076 to 0.0109 rif)s(Table 3). On the other hand,=
0.137 at Balsa Blanca is considerably lower thas 0.478 at Llano de los Juanes, which

indicates the model requires a faster drying rateé_flano de los Juanes than for Balsa Blanca.

Additional analysis were performed at Llano de Josines site to determine the reasons
explaining the systematic underestimatioredbund during the dry and growing season (April
to June of 2005). UnderestimatesHfcaused by a too logk, value could be a possible reason.
To evaluate if underestimates@f were being obtained by including in the optimiaatdataset
periods showing a very different vegetation aggivat this strongly seasonal site (the growing
and the non-growing season) (Fig. 2), parametetisngations were performed using specific
periods (Table 4).
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Table 3. Optimized model parameters and statistic of model

performance for the whole validation period N= 4#ys in
Balsa Blanca and N = 355 days in Llano de los Jlane

Balsa Blanca fswe f2hang farying
Osx 0.0097 0.0085 0.0080
® N/A N/A 0.137
MAE 0.32 0.27 0.17
RMSE 0.41 0.40 0.22
% syst. error 52 5 18

% unsyst. error 49 95 82
Eavg 0.49 + 0.28 mm day
Llano de los Juanes fswe fZhang farying
Osx 0.0076 0.0098 0.0109
® N/A N/A 0.478
MAE 0.25 0.22 0.17
RMSE 0.34 0.31 0.24
% syst. error 40 37 42

% unsyst. error 61 63 58
Eavg 0.56 + 0.35 mm day

& Abreviations as follows: gsx, maximum conductantkeaves;o,
soil drying speed; MAE, mean absolute error (mm-tdgyRMSE,
root mean square error both (mm dgy% syst. error, percentage
of systematic error; % unsyst. error, percentageirafystematic
error, B, mean observed value of daily evapotranspiratiom (
dayhand N/A, not applicable parameter.
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Table 4. Estimated model parameters by optimizing usingdhiginal optimization period, the
growing season or the non-growing sea%on

Optimization f estimation method
Parameter iod Dates
perio fSWC thanq fdryinq
Osx . 27/March/2007 0.0076 0.0098 0.0109
Original
® 31/December/2007 N/A N/A 0.4783
Oox Growing 18/Apnili2007 0.0088 0.0100 0.0105
® Season 5/August/2007 N/A N/A  0.5000
Osx Not Growing 10/August/2007 0.0015 0.0078  0.0099
) Season 22/December/2007 N/A N/A  0.4343
& Abreviations as followsg,,, maximum conductance of leaves;soil drying speed; and N/A, not applicable
parameter.

Estimates of model parameterg(and o) did not significantly differ using different
optimization periods (Table 4). Only use of optigdzparameters for the non-growing season
usingfswcprovided a clearly lowegsy (Table 4). This lower value @kx generated a better fit of
model output usingswcduring the non-growing season but very strong testenates ot for
the period when vegetation mostly controllEd(Fig. 4). Thus, no practical improvement of
model performance during the dry and growing seaddhe validation period was found using
specific optimization periods (Fig. 4) and simiaunderestimates were still found even when
using model parameters optimized specifically foowgng season conditions. This test also

showed a low sensitivity of optimization to theipdrused.
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DISCUSSION

The development oE estimation methods under strongly water-limiteshditons is a
priority (Glenn et al. 2007) and an especially cterpproblem (Domingo et al. 2011). This
study evaluated the potential of the PML model stneateE in sparsely vegetated drylands
where soil evaporatiorEf) is a major component of totgl In this model, energy consumed by
Es is modulated by the factdr(Eq. 2)which depend®n the moisture content of soil near the

surface (Leuning et al. 2008).

Despite thedependence df on soil moisture content, using locally measured s@iter
content data fof = fswc (EQ. 5) provided unsatisfactory estimatesEofising the PML model
(Table 3). This may be caused by uncertaintiesroh@téng the experimental threshold values
Omin @andfmaxused in Eq. 5. Moreover the differences in acqum@stimatinge usingfswcat the
two field sites (Fig. 3A and B) were related to dtianal differences between them. The daily
pattern ofE at our littoral site, Balsa Blanca, was stronghkéd to the SWC pattern seen in
Figures. 2A and C. SWC controls both soil evaporatind transpiration because the dominant
species,S. tenacissimais well-adapted to aridity showing opportunistiogth patterns with
leaf conductance and photosynthetic rate largghgedéant on water availability in the upper soil
layer (Haase et al. 1999; Pugnaire and Haase 199.explains the good results obtained
using fswc here. At the mountain site, Llano de los Juan®s,pattern irE was more closely
linked with LAI than SWC (Fig. 2B and D). This was evident fromeduction of the influence
of Es to evaporationdynamics especially during the dry and growing seasfrom April to
August, where extraction of water by plants fronemleracks and fissures in the bedrock has
been previously detailed (Canton et al. 2010).dntiast, during the wet season (November to
March 2006) usindswcleaded to an overestimate Ewhich may be explained by the effect of
high stoniness and frequent rock outcrops (30-40ek fragment content) which reduce the
effective soil surface described by the SWC dalas Timited the usefulness of thgyc method
in stony soils. A further limitation to regional @ication was the lack of spatially distributed
SWC data.

Use of fznang In the PML model resulted in strong overestimat@nE during periods
following heavy or continuous rain events and aegalty low correlation with observations
(Fig. 2 and 3). This occurred because Eq. 6 regults.ng 0scillating between 0 and 1 during
periods of heavy but intermittent rainfall, whereas reality soil water content decreases

progressively after rain events. Originally Zharigak (2010) used this approach to estimiate
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over 32-day intervals during which this oscillatieffect is less pronounced. They obtained an
RMSE of 0.56 mm day for a sparsely vegetated savannah site in Aust(adirginia Park)
where mean annu@l was 1.20 mm day Usingfznang resulted in an RMSE of 0.40 - 0.31 mm
day" at our sites, which is a relatively larger erfoart at Virginia Park, considering that mean
annualE was0.49 mm day at Balsa Blanca and 0.56 mm dagt Llano de los Juanes. These
results and Table 3 show that thengmethod did not improve PML model performance for o

ecosystems.

Adoption of thefqying method (Eq. 7) notably improved PML model perfonece at both
sites with relative errors (RMSE of 0.22 - 0.24 rday") which are similar to the relative errors
obtained by Leuning et al. (2008) and Zhang et(2010) for Virginia Park. This method
outperformed the other two approachfes¢andfznang at both sites, showing a better capacity to
describe the gradual drying of soil following raitif As a resultE estimated usingring did not
show the strong overestimation obtained withfhe andfznang methods after rainfall (Figs. 2C
and D). Likefznang faring Shares the advantage of only requiring widelydabée precipitation
and equilibrium evaporation data, with the expenisa single additional parameter With the
use offaring the PML model was able to capture the varying & bnE;s at both field sites. The
optimized value ofo = 0.137 at Balsa Blanca, and thus the soil dryatg, was lower than =
0.478 at Llano de los Juanes. The soil evaporatwveponent at Balsa Blanca thus has a longer
period of influence on totdk than at Llano de los Juanes where the soil driedemyuickly.
Moreover, the importance of infiltration occurrimg preferential flows through the abundant
cracks, joints and fissures, typical of this ka&rstiountain area pointed out by Cantén et al.
(2010) and Contreras et al. ( 2006) is charac@ngs| by the high rate of modelled soil drying.

The stronger phenological control ovEr the reduction of effective evaporative soil
surface due to stoniness and rocky soil featurdstaaimportance of infiltration at Llano de los
Juanes, contribute s having a less important role in totaldynamics than at Balsa Blanca.
This explains the systematically lower percentagere found in this area because all three
adapted model versions tested here better cagtareystem dynamics at Balsa Blanca, where

soil evaporation plays a more important role thatlano de los Juanes (Fig. 3).

The systematic underestimationby the PML model at the beginning of the dry seaso
observed at Llano de los Juanes (Fig. 2D) u$thgq andfqnying could be caused biy. or Eg
underestimates. Underestimates @f would be the main reason why PML could be
underestimatindz.. The inclusion in the dataset used for optimizatd both, the growing and

the non-growing seasons, for which a clearly déiférvegetation activity is expected at this

102



Improving evapotranspiration estimates in Mediteean drylands: the role of soil evaporation

strongly seasonal site (Fig. 2), could prodygge underestimates. However, tests optimizing
model parameters using different optimization p#sigTable 4) showed consistency ik
optimized values and weak sensitivity to the otetion period used. Therefore underestimates
of E by the PML model at the beginning of the dry seasan be explained by errors i
caused by too low values Bfying, andfznang During this period, the effect of precipitatiaior

the preceding wet season (finishing 20 days befarevalidation period) is not considered foy
due to the time resolution of both methods forneatingf (16 and 8 days respectively). These
methods are not able to capture high soil wateilaubty levels resulting from the cumulative

effect of a long prior wet season.

Constant model parameter values dgrand o were used to test the performance of the
PML model to estimat& for two dryland ecosystems where vegetation arnicase exposed to
strong fluctuations of environmental conditions. iWWhuse of constant parameter values may
provide sub-optimal model performance, such singalifons are necessary for regional
application, with awareness of possible errors@ased with the simplifications.
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CONCLUSIONS

The capacity of Penman-Monteith-Leuning model (PMiodel) to estimate daily
evapotranspiratiomn sparsely-vegetated drylands is demonstratedugjirahe development of
methods for temporal and spatial estimation of b evaporation parametér We advance
Leuning et al. (2008) who found that estimatingl ®maporation parametdras a local time
constant produced poor results in sparsely-vegetateas I(Al < 2.5). Out of three proposed
methodsfaringShowed the best results for PML model adaptatidwatexperimental sites. This
method’s results achieved reasonable agreementB@tderived daily evapotranspiration rates
bearing in mind the difficulties associated witmodeling in drylands, where measutedates
are especially low, often not exceeding the eraoige of methods for estimatiigfrom remote
sensing (Domingo et al. 2011). In modeling the peegive soil drying process after
precipitation events, thRying method avoided the strong overestimate& abtained with two
other f estimation approache$swc and fzhang Nevertheless, théing method showed some
limitations in its ability to model the soil evaion rate when this was influenced by high soil
water availability levels during the growing seasmm the cumulative effect of a long prior wet
season at Llano de los Juanes.

The use of time-invariant parameters for evapop@atgon modeling is a delicate issue in
drylands and other extreme ecosystems where vegetahd soil are exposed to strong
fluctuations in environmental conditions. Whereim@ifying compromise is required in the
design of operational and regionally applicable el@dwe show here that reasonable results can

be obtained using temporally-constant estimateg@ndw in the PML model.
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ABSTRACT

Improving regional estimates of actual evapotraregmn (LE) in water-limited regions located
at climatic transition zones is critical. This studssesses an LBodel (PT-JPL model) based
on downscaling potential evapotranspiration accagdto multiple stresses at daily time-scale in
two of these regions using MSG-SEVIRI (surface ¢eatpre and albedo) and MODIS products
(NDVI, LAI and #ar. An open woody savanna in the Sahel (Mali) antMediterranean
grassland (Spain) were selected as test siteskdtty Covariance data used for evaluation. The
PT-JPL model was modified to run at a daily timepsand the outputs from eight algorithms
differing in the input variables and also in therrfmilation of the biophysical constraints
(stresses) were compared with the LfEom Eddy Covariance. Model outputs were also
compared with other modeling studies at similargliodryland ecosystems.

The novelty of this paper is the computation ofey knodel parameter, the soil moisture
constraint, relying on the concept of Apparent Tialr Inertia (Ew-.at) computed with surface
temperature and albedo observations. Our resulwsd that §u.ar from both in-situ and
satellite data produced satisfactory results for BE the Sahelian savanna, comparable to
parameterizations using field-measured Soil Watent€nt (SWC) with Rgreater than 0.80. In
the Mediterranean grasslands however, with mucletadaily LE values, model results were not
as good as in the Sahel?#®.57-0.31) but still better than reported valuesm more complex
models applied at the site such as the Two SourcdeM(TSM) or the Penman-Monteith
Leuning model (PML).

PT-JPL-daily model with a soil moisture constrabdsed on apparent thermal inertigyfat
offers great potential for regionalization as neldi-calibrations are required and water vapor
deficit estimates, required in the original versi@me not necessary, being air temperature and
the available energy (Rn-G) the only input varigblequired, apart from routinely available

satellite products.

Keywords: evapotranspiration, surface temperature, PrieStéggor, thermal inertia, MSG-
SEVIRI, water-limited ecosystems, MODIS
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INTRODUCCION

Evapotranspiration (or latent heat flux expresseeénergy terms, LE) represents 90% of
the annual precipitation in water-limited regionieh cover 40% of the Earth’s surface (Glenn
et al. 2007). In these regions there is a clode between carbon and water cycles (Baldocchi
2008) where water availability is the main confiarl biological activity (Brogaard et al. 2005).
LE rates also determine groundwater recharge (Haxehal. 2005) and feedbacks to continental
precipitation patterns (Huntington 2006). The Saimel the Mediterranean basin are both located
in transitional climate regions and are thus exgtd be extremely sensitive to climate change
(Giorgi and Lionello 2008). The land surface igrasg amplifier on the inter-annual variability
of the West African Monsoon leading to the obserpedsistency patterns (Nicholson 2000;
Taylor et al. 2011; Timouk et al. 2009). Therefareproving estimates of temporal and spatial
variations ofLE is crucial for understanding land surface-atmospirgeractions and to improve

hydrological and agricultural management (Yuan.e2@L0).

LE can be estimated at regional scales using rereargy data. One way is to use models
based on the bulk resistance equation for heagfea(Brutsaert 1982), relying on the difference
between surface temperaturgs)(and air temperaturel{) and the aerodynamic resistance to
turbulent heat transport. In this cakE,is estimated indirectly as a residual of the stgfanergy
balance equation (Anderson et al. 2007; Chehbduai. €997). This approach circumvents the
problem of estimating soil and canopy surface tasces to water vapor, needed to compie
that tend to be more critical IbE modeling than aerodynamic resistances in drylagions
(Verhoef 1998; Were et al. 2007). In those regidws-source models treating the land surface
as a composite of soil and vegetation elements wlifferent temperatures, fluxes, and
atmospheric coupling provide better results thamglsisource models (Anderson et al. 2007).
However, despite the strong physical basis of tauree models (Kustas and Norman 1999;
Norman et al. 1995) their spatialization is diffichecause the task of estimating aerodynamic
resistances at instantaneous time scales is mudltrrequiring knowledge about atmospheric
stability, several vegetation and soil parametersvall as meteorological data (Fisher et al.
2008). Further complications arise from the pamitof Tz between soil and vegetation (Kustas
and Norman 1999) because the radiative surface etyse differs from the aerodynamic

surface temperature especially over sparsely vegksarfaces (Chehbouni et al. 1997).

A second group of models using remote sensing die¢atly solve thd_E term using the

Penman-Monteith (PM) combination equation. In tase,LE can be partitioned into soil and
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vegetation components (Leuning et al. 2008). Whtk &pproach, the challenge is to characterize
the spatial and temporal variation in surface catahces to water vapor without using field
calibration (Zhang et al. 2010). A simple way tdireate surface conductances is to use
prescribed sets of parameters based on biome-tgps @hang et al. 2010). Other approaches
perform optimization with field data but can leada lack of estimates over vast regions of the
globe, such as the Sahel, due to the scarcityelaf measurements (Yuan et al. 2010). One of the
first attempts to characterize surface conductamteout optimization proposed an empirical
relationship withLAI derived from MODIS (Moderate Resolution Imaginge§poradiometer)
(Cleugh et al. 2007). Mu et al. (2007; 2011) redinthis approach using the empirical
multiplicative model proposed by Jarvis (1976) resting moisture and temperature constraints
on stomatal conductance and upscaling leaf stonatatiuctance to canopy. Alternatively,
Leuning et al. (2008) used a biophysical modelsiaface conductance based on Kelliher et al.
(1995) method. However, this method required oation with field data fogs, the maximum
stomatal conductance of leaves, and for the sdiemeontent. As both parameters were held
constant along the yelE was overestimated at drier sites. To addresssttostcoming, Zhang

et al. (2008) introduced a variable-soil moistusefiondependent on rainfall, and optimizgg
using outputs from an annual water balance modal Budyko-type model (Zhang et al. 2008;
2010). Although this represented a step-forwardofoerational applications, results at dry sites
were still poorer than at more humid sites (Zhang).e2008; 2010).

A solution to overcome those parameterization @noisl using the Penman-Monteith
equation, was the simplification proposed by Plegsand Taylor (1972) (PT) for equilibrium
evapotranspiration over large regions by replatiegsurface and aerodynamic resistance terms
with an empirical multiplierapr (Zhang et al. 2009). The PT equation is theordyici@ss
accurate than PM although uncertainties in paransstimation using PM can results in higher
errors (Fisher et al. 2008). Fisher et al. (2008)ppsed a model based on PT to estimate
monthly actualLE. The authors used biophysical constraints to reditEdrom a maximum
potential valueLEp, in response to multiple stresses. One advanthf@soapproach is that it
does not require information regarding biome-typealibration with field data. The modeling
framework can be seen as conceptually similar éosihr-called Production Efficiency Models
(PEM) for estimatingGPP (Gross Primary Productivity) (Houborg et al. 2008nteith 1972;
Potter et al. 1993; Verstraeten et al. 2006a;) wmeaximum light use efficiency of conversion
of absorbed energyapar into carbon is reduced below its maximum potentiaie to

environmental stresses. In fact, part of the foatioh from the PT-JPL model has been
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introduced into some PEM models (Yuan et al. 201®.main model assumption is that plants
optimize their capacity for energy acquisition inway that changes in parallel with the
physiological capacity for transpiration (Fisherakt 2008; Nemani and Running 1989). This
idea is to some extent related to the hydrologszplilibrium hypothesis stating that in water-
limited natural systems, plants adjust canopy dgreknt to minimize water losses and
maximize carbon gains (Eagleson 1986) but appleer chorter time-scales. The modeling
approach described above neglects the behaviardofidual leaves and considers the canopy
response to its environment in bulk for which ibhdee refer to as a top-down approach (Houborg
et al. 2009). Top-down approaches use simplerrsgaliles compared to bottom-up models that
require detailed mechanistic descriptions of leakl processes up-scaled to the canopy
(Schymanski et al. 2009). Although top-down apphescequire less parameters than bottom-up
approaches, they are subjected to a higher dedrempiricism with high uncertainty on the

functional responses of ecosystem processes tooanvental stresses (Yuan et al. 2010).

The use of global satellite vegetation products aradeorological gridded databases as
input to top-down approaches based on the PM oPihequations has made possible to obtain
regional estimates of evapotranspiration (Mu et2807). However, there are still limitations
regarding the use of such databases. One handingxggobal climatic data sets interpolated
from observations such as the Climatic Research diéta set (CRU, University of East Anglia)
are available on a monthly but not a daily basigwNet al. 2000). Moreover, data from
reanalyses such as ECMWF (European Centre for Me&ange Weather forecasts) or
NCEP/NCAR present coarse spatial resolutiork.25°) (Mu et al. 2007) being desirable to

minimize the use of climatic data when possible.

On the other hand, PM and PT satellite-based appesahave taken advantage of optical
remote sensing data to estimate vegetation pregdtit thermal remotely sensed data has been
used only marginally and with coarse spatial rasmiudata such as the microwave AMSR-E at
0.25° (Miralles et al. 2011). Incorporation of dpwave infrared thermal data at spatial
resolutions of 1-3 km available from the MODIS (Mwodte Resolution Imaging
Spectroradiometer) or the SEVIRI (Spinning Enhanvéslble and Infrared Imager) sensors
could help to track changes in surface conductéBeeni et al. 2009; Boegh et al. 2002), soil
evaporation (Qiu et al. 2006), surface water defBoulet et al. 2007; Moran et al. 1994) or soil
water content (Gillies and Carlson 1995; NishidaleR003; Sandholt et al. 2002). In relation to

soil moisture a promising approach is the mappingod moisture based on soil thermal inertia
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(Cai et al. 2007; Sobrino et al. 1998; Verstraateal. 2006b), following the early work of Price
(1977) and Cracknell and Xue (1996).

The objective of this work was to adapt and evalwataily version of the PT-JPL model
and introduce a new formulation for soil moistueséd on the thermal inertia concept. The aim
is to minimize the need for climatic reanalysesaday incorporating thermal remote sensing
information in order to facilitate future model regalization. The PT-JPL model in its original
formulation has proven to be successful over 36 XINBT sites at monthly time scales, ranging
from boreal to temperate and tropical ecosystenmveider, none of those included semiarid
vegetation with annual rainfall below 400 mm (Fiskeeé al. 2008; 2009). Model performance
using in-situ and satellite data was compared Wald data from Eddy Covariance systems at
two semiarid sites: an open woody savannah in #ieelS(Mali) and Mediterranean tussock
grassland (Spain). Finally, to place the resultshim context of global drylands, model results
were compared to published results from similar e®dsing remote sensing at dryland savanna
and grasslands sites across the globe.

FIELD SITES AND DATA

Two field sites (Fig. 1) have been used to testntloelel in semiarid conditions: an open
woody savannah in Mali and tussock grassland innSgageneral description of the sites is

included in Table 1.

Table 1 General characteristics of the two instrumenteltl fsites in the Sahel region and in the Meditezem
basin.

Site name Vegetation  Mean annual Soil type Dominant herbaceous Dominant woody
(location) type rainfall yp species species
Agoufou Cenchrus biflorus Acacia raddiana
(Mali) Fixed Aristida mutabilis Acacia senegal,
(15.34°N, Open woody Zornia glochidiata Combretum glutinosum
375 mm dunes- ; ) .
1.48°W) savannah Arenosol Tragus berteronianus Balanites aegyptiaca,
Leptadenia
pyrotechnica
Balsa Calcium Stipa tenacissima Thymus hyemali_s_
des e g o e e
P : grassland Mollic yp
(36.94°N, leptosol (Per_s.) P. Beauwlex
2.03°W) parviflorus
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Figure 1: Location of the two study sites: an open woodyasaa (15.34°N, 1.48°W) in the Sahel (Mali) and
Mediterranean tussock grassland (36.94°N, 2.03tW§gain. The map with Kbppen-Geiger climate classes
(Kottek et al. 2006) overlaps country boundariebe Mediterranean site presents Cold semiarid ciimat
(BSK) and the Sahelian site Arid/desert/hot clin{&é/h).

Sahelian Open Woody Savannah site

The Agoufou site is an open woody savannah, honemenover several kilometers, with
trees representing less than 5% of vegetation cé@veomprehensive description of the site is
provided by Mougin et al. (2009). The top 0-0.0®ithe soil is 91% sand, 3.3% silt and 4.6%
clay (de Rosnay et al. 2009). The region experenaesingle rainy season with most
precipitation falling between late June and mid tSeyer followed by a long dry season of

around 8 months.

In-situ data for the 2007 growing season were pleyi by the African Monsoon
Multidisciplinary Analyses (AMMA) project. Sensibleeat flux was measured with sonic
anemometers (CSAT) measuring the three vector coerge of the wind at 20 Hz. Latent heat
fluxes were measured with the Eddy Covariance sygtegger CR3000, anemometer CSAT3
and IRGA LiCor7500, Campbell Scientific Inc. and-Cior Inc., USA). The four components of
the net radiation were measured with a CNR1 (Kipgh Zonen CNR1, Delft, Holland).
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Measurement height for the flux sensors are 2.5ail. heat fluxes were computed from
soil temperature measurements. See Timouk et @09)2for more details. Wind speed and
direction (Vector A100R), land surface temperat(Eeerest 4000.4zl), air temperature and
humidity (HMP 45C, Vaisala) and precipitation (2elf, RG1) were also measured. Time
domain reflectometry sensors (CS616, Campbell 8ieimc., USA) measured volumetric Soill
Water Content at several depths with the shallqwebe, the one used in this work, located at
0.05 m.

Leaf area indexL(Al) and fractional cover were monitored approximahery 10 days
during the 2007 growing season (DOY 184 to 269 @la 1 km long vegetation transect using
hemispherical photographsAl was validated using destructive measurements (Moegal.
2009). Comparisons with MODISAI during three years produced=R.82 and RMSE 0.26
(Mougin et al. 2009). The fraction of vegetatiorveois 50%, with a maximum average height
of 0.4 m for the herbaceous cover. A period stgrior and finishing after the rains was
evaluated (DOY 170 to 315). No gap filling has beenformed. Gaps in flux data are present
notably in late July to early August (Fig. 2).

Mediterranean grassland site

Balsa Blanca site is a tussock grassland steppendted byStipa tenacissimé. (91%
cover) located within the “Cabo de Gata-Nijar NatuPark” (Spain) the only subdesertic
protected region in Europe, with a semiarid Med#&eean climate. Annual rainfall is highly
variable from year to year with mean values of 8 and mean annual temperature of P81
In the closer long-term station the average wasm200(records from the closest meteorological
station, Nijar, distant 30 km) (Rey et al. 2012)harainfall falling mostly in fall and winter and a
prolonged summer drought. The fraction of vegetatover is 60%, with mean average height
of 0.7 m. The soil is classified as Mollic Lepts®#WRB) (World Reference Base for Soil
Resources, FAO 1998)ith depthranging from 0.15 to 025 m.

In-situ data were acquired during the 2011 grovgiegson between January and June. This
period should capture most of the annual varighilitLE although it is only part of a complete
growing season that starts in fall until early suenr(Fig. 2). Latent and sensible heat fluxes
were measured with respective Eddy Covariance &G)ems (logger CR3000, anemometer
CSAT3 and IRGA LiCor7500, Campbell Scientific Inand Li—Cor Inc., USA). The

measurement heights were 3.5 m. Sensors measutd tdz and fluxes were estimated and
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stored half-hourly applying the corrections for saxotation (Kowalski et al. 1997; Mcmillen
1988) and density fluctuations (Webb et al. 1980).

Net radiation was obtained using NR-Lite (Kipp&Zohe Four soil heat flux plates
(HFPO1SC; Campbell Sci. Inc.) were placed at 0.0depth, two under plant and two under bare
soil, and connected via multiplexer to a dataloggére soil heat flux at the surface was
determined by adding the measured heat flux at M0&) to the energy stored in the layer
above the heat plate estimated from soil temperaturd soil moisture measurements. Soll
temperature was measured using soil thermocoup@ay) at 0.02 and 0.06 m depth adjacent
to the heat flux plates. Land surface temperatuas measured with three Apogee sensors over
bare soil, vegetation, and a composite of bareasuall vegetation, (IRTS-P). Air temperature and
relative humidity were measured with thermohygraeme(HMP45C, Campbell Scientific Ltd.).
Rainfall was measured using a tipping bucket raogg of 0.25 mm of resolution (ARG100
Campbell Scientific INC., USA). Time domain refleotetry sensors (CS616, Campbell
Scientific Ltd) measured Volumetric &m™) soil water content§WC)under bare soil and

under plants with 0.04 m being the top most meakssod moisture.

Figure 2 shows the seasonal dynamics for volumsticwater content, expressed in %

(SWQ, rainfall (mm), evapotranspirationf) in W ni%, andNDVI for the two study sites.
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Figure 2: Volumetric soil water content % (SWC), rainfall fijy evapotranspiratiorLE) in W m-2, and NDVI dynamics
during the periods of analyses in the Sahelian savgAgoufou) in 2007 and in the Mediterranean gjeamls (Balsa
Blanca) in 2011. SWC probes were located at 0.@Hhd0.04 m depth respectively.
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Satellite Data

NDVI data were acquired from the Moderate Resolutiomaging Spectroradiometer
(MODIS) Terra and Acqua sensors products MOD13(d MiY13Q1 (collection 5) over the
two study sites. This product consists of 16-dayposites of 250 m pixel (Huete et al. 2002).
LAl and fpag products from Terra and Acqua (MOD15A2, MY15A2)nswsting of 8-day
composites of 1 km pixel (collection 5) (Myneniatt 2002) were acquired as well. To get daily
estimates a linear interpolation using both Terrd Acqua values was performed within the 8-
day or 16 day interval in each case.

Land Surface Temperature§T) and broadband surface albedr) products used in this
work were developed by the Satellite Applicatiorifi for Land Surface Analysis (LSA SAF)
with data from the Spinning Enhanced Visible andraired Imager (SEVIRI) radiometer,
onboard of the MSG (Meteosat Second Generationg MISG-SEVIRI sensor includes 12
separate channels and 15 min temporal resolutidanga attractive for applications requiring
intra-daily information. As for any geostationargtallite the trade-off is the low spatial
resolution of 4.8 km at nadir (spatial sampling3i&km) and large view angles (Schmetz et al.
2002). The LST algorithm is based on a generalgggd window, following (Wan and Dozier
1996) formulation adapted to SEVIRI data (Trigaakt2008). It requires information on clear-
sky conditions and TOA brightness temperaturestter split-window channels 10.8 mm and
12.0 mm. Channel and broadband emissivity is estithas a weighted average of that of bare
ground and vegetation elements within each pixelguthe fraction of vegetation cover derived
from NDVI (Trigo et al. 2008). The albedo produstbhased on short-wave channels at 0.6, 0.8
and 1.6 um. It has an effective temporal scaleddys and updated on a daily basis using cloud-
free reflectance observations that are correctedatmospheric effects using the simplified
radiative transfer code SMAC (Geiger et al. 20@ynamic information on the atmospheric
pressure and total column water vapor comes froenEBbropean Centre for Medium-range
Weather Forecasts (ECMWF) NWP model. Cloud ides@tfon and cloud type classification are
used in the processing of all LSA SAF products.
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METHODS
PT-JPL-daily Model Description

The daily model proposed here (hereafter PT-JPd#& a modified version of the
algorithm described in Fisher et al. (2008) wheEeis partitioned into canopy transpiration
(LE;) and soil evaporationLEs) (Eg. 1). In this paper, we did not consider ioggtion
evaporation I(E;), or evaporation from a wet canopy surface, asom LAl ecosystems it
accounts for a limited amount of the total wataxf(Mu et al. 2011) and in turn using it requires
observations of relative humidity at the sites. ldge@r, preliminary model evaluations showed
that including it did not improve or worsen theuks.

Actual LE is calculated based on potential evapotranspiratiosoil (LEps) and canopy
(LEpc) which are reduced from their potential level gsififferent constraints (multipliers) based
on plant physiological status and soil moistureilabdity (Fisher et al. 2008)LE, was
calculated using (Priestley and Taylor 1972) equmati

LE = LE, +LE, (1)

Three plant physiological constraints were congdédo regulate evapotranspiration: green

canopy fraction, a plant temperature constrdifiafhd a plant moisture constraifig) (Eq. 2).
LE, = f, f f, LED, 2

All the equations and variables are described i@ a. Considering that the physiological
capacity for energy acquisition should be adjustétl the capacity for transpiration, the green
canopy fraction, that represents the canopy fracictively transpiring, should reflect an upper
limit for transpiration.f; was estimated as the ratio between intercepted absbrbed
photosynthetic active radiatiofpadfipar (Table 2). The original model formulation for
estimatingLAl andfapar using NDVI and the extinction of radiation equati@able 2) was used
as well as new estimatesloAl andfaparderived from MODIS standard products.

The plant temperature constraifif) (@ccounts for reductions in photosynthetic efficig
when plants grow at temperatures departing fronr gtimum temperature range (Potter et al.
1993).fr depends on the optimum air temperature for plaotvdr Tope (°C) andTay, (°C) the
average daily temperature. In the original modgi; was assumed to coincide with maximum
canopy activity and was estimated as the air teatpegof the month with the highestDVI and
radiation and minimum vapor pressure defigiPD) (June et al. 2004). However, this approach

in Mediterranean semiarid environments is proneri@alisticT,p: values due to the decoupling
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between warm and rainy seasons, with the maximuak fe& vegetation activity occurring in
late winter (Garcia et al. in review). In a preliraiy evaluation we observed that fhérom the
Carnegie-Ames-Stanford Approach model (CASA) penked better. In the CASA modgl has
an asymmetric bell shape reflecting a higher siitgitto high than to low temperatures (see
Table 2 for equations) (Potter et al. 1993). Toidalibrations offo, depending on the site, we
fixed Topt in 25°C, a value that has been applied in globzdeting studies across different type
of biomes (Yuan et al. 2010). We checked in preiamny analyses that variations of 5 °C

around this value of, did not affect model outputs.

The third constraint foLE. was a plant moisture constraiff,, defined as the relative
change in light absorptance with respect to theimam fapadfaparmay). This approach assumes

that plant absorptance decreases mostly due taummistress (Fisher et al. 2008).

The soil evaporation component was constraineddnjilanoisture limitationfsy(EQ. 3).

LE, = f, LEP, 3)

S

In this work, we evaluated dpy estimate based on the thermal inerfi§ concept using
Tr and albedo. Thermal inertia is a physical propeftgoil at the land surface measuring the
thermal response of a material to the changes ieimperature (Nearing et al. 2012). The higher
the Tl the lower its diurnal temperature fluctuation.ifstting thermal inertia requires knowing

thermal conductivity of the materi&), its density ) and specific heatQ) (Price 1977).

Increasing soil moisture content modifies soil thak conductivity and reduces the diurnal
surface temperature fluctuation (Verstraeten et2806b). In early studies, this diurn@k
variation was linked theoretically to thermal in@ntesulting in the apparent thermal inerédd[)
index (Price 1977). Estimating thermal inertia gsiamote sensing was first introduced by Price
(1977) and expanded by Cracknell and Xue (1996)ri60 et al. (1998) and Lu et al. (2009). In
this study we estimate@TI following Verstraeten et al. (2006b) which wasdzhen Mitra and
Majumdar (2004) (see Eq. 4ATI relies on broadband albedo)( and the difference between
maximum daytime Trpomay and minimum nightimeTgrpmi) Surface temperature, and a solar
correction factor C (equation 5) that normalizesdbanges in solar irradiance with latitude,
and the solar declination angie the angle between sun rays and the plane of #mthEs
equator. It is assumed thaT| reflects both soil and canopy water content ifthencludes both
soil and vegetation components (Tramutoli 2000;s¥feeten et al. 2006b). In fact, a composite
Tr might track better changes in root-zd®¥/Cas the canopy temperature responds rapidly to

changes in root zor@WGC which can be decoupled from the bare soil sur&8& From the 15
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minute Tr data the minimum Tg-pmip and maximum Trpmay Values from each day were
extracted. Observations flagged as cloudy in theTRIBSAT LST data and days when the
midday observation was missing were excluded frbwn analyses. A smoothing procedure
averaging with the prior and following day was agglto the ATl assuming that the soll

moisture conditions could be interpolated betwa#éssquent days and to remove noise.

ATI=Cc—17@ (4)

R-DMax TR—D min

C =singsing [[1-tan’ 9 [dan’ ¢ ) + coss [Eosy [arccos(-tans Hang ) (5)

Whered is latitude, andp solar declination estimated using the methodaifgl 1983).

However, the coupling betweeiTl and soil moisture is not straightforward. Thermal
inertia could be converted directly to soil moistyrovided soil properties are known (Lu et al.
2009; Minacapilli et al. 2009; Van doninck et ab12). Since those properties only change over
geologic time scales, short-term changeé T can be linked to changes in soil moisture using
time-series (Van Doninck et al. 2011). Verstraetgnal. (2006b) related soil moisture to
remotely sensedTI derived from METEOSAT imagery by assuming that theimum and
maximum seasondTI| (ATlnin and ATlvay) correspond to residual and saturated soil moisture

contents obtaininfsv-ai(See equation in Table 2).

To evaluatesy derived fromATI two additional formulations disy used in the original
model formulation have been also tested (see TAblde first is based on field measurements
of volumetric soil water contenSWWQ (fsm-swg, whereSWCwas rescaled between a minimum
(SWGin) and a maximum valueSWGuayx) (Fisher et al. 2008). In our casBWG, was
estimated as the minimum value of the dry seaStVG,ax was estimated as the valueSMWCin
the 24 hours after a strong rainfall event, whielm be considered as an estimate of the field
capacity. IfSWC> SWGyax thenfsy- swe=1. In the Mediterranean site, the 2006-2011 penas
used to extracBWG,in andSWGyaxas the period used to apply PT-JPL-daily was rmiraplete

season.

The second approach to estimijgwas the original PT-JPL model formulation based on
the link between atmospheric water deficit and smilisture {su-risne) (Bouchet 1963; Morton

1983). This link is compromised if the vertical acknt atmosphere is not in equilibrium with the
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underlying soil (Fisher et al. 2008). Theparameter indicates the relative sensitivity of so
moisture toVPD (see Table 2).

Table 2 Equations and variables involved in estimatingJPL-daily model biophysical constraints, plantiaales and
energy variablesfapar is the fraction of Absorbed Photosyntheticallytide Radiation,fipar the fraction of intercepted
photosynthetically active radiatiorT,, is optimum temperature for plant growth (25 °Ta, (daily mean air temperature,
°C), faparmaxiS maximumfapar SWG Soil Water Content (fm™®), RH is relative humidity (%)VPD is the vapor pressure
deficit (kPa),ATl is the observed apparent thermal inertia indexlx,°QTImin is the seasonal minimuiTl, ATlyax IS the
seasonal maximurATI. Rn is daily net radiation (Wif). Values for parametersg,=0.6 (Impens and Lemeur 1969);
kear=0.5 (Brownsey et al. 1976),=1.16;b,=-0.14; (Myneni and Williams 1994im,=1.0;b,-=-0.05 (Fisher et al. 2008y,
(psychrometric consta)st 0.066 kPaC; f=1kPa apr =1.26 Priestley -Taylor coefficient} is the slope of the saturation-to-
vapor pressure curve (P3K In the reference column it has been added aigitodel for the cases when the formulation
was used in Fisher et al. (2008) or this studiéfformulation has been implemented in this study.

Variable  Description Equation Reference
Biophysical . _ fapar Fisher et al. (2008)
. fg =—F~=8 .
constraints fy Green canopy fraction 9 flpAR original model
. f. = 1181401 + 2w 10 Ta) [ '
fr Plant temperature constraint ' [{Mi ] Potter et al. (1993) this
[1 + e&S(—TL,m—lO—Tq“)] StUdy
. . f i
fu Plant moisture constraint fyy =—2PAR Fisher et al. (2008)
f APARMax original model
‘ _q [ SWC-SWGyy Fisher et al. (2008)
¢ Soil moi . SMSWE ™= SWGyax — SWGhin original model
SM oil moisture constraint f i ols Fisher et al. (2008)
SM-Fisher ~ original model
. :[ ATl = ATl J Verstraeten et al
SMATE T ATl = ATl (2006b) this study
Pla.nt PARfraction absorbed by f aparcNDy =ML CNDVI +by Myneni anq Williams
variables f reen vegetation (1994) original model
APAR 9 9 ; Myneni et al. (2002)
APAR-MODIS thIS Study
PARfraction intercepted .
fipar - _ Fisher et al. (2008)
by total vegetation fipar =Mz INDVI +b, original model
f fractional vegetation cover fc =f Campbell and Norman
¢ 9 THIPAR (1998) original model
Norman et al. (1995);
LAI Leaf Area Index LAl v = -Ln@- fc)/kPAR Ross (1976) orlglnal
model
LAl Myneni et al. (2002)
MOD1S this study
Energy Norman et al. (1995);
variables Rny Net radiation to the soil Rng = Rn [e(~KralAl) Ross (1976) original
model
Priestley-Taylor potential LEp. = A Rn-R Norman et al. (1995)
LEp: evapotranspiration for canopy P =Ter A+ y( n-Rn) original model
Priestley-Taylor potential LEp. = A RN -G Norman et al. (1995)
LEps evapotranspiration for soil Pe = e n s y( " -G) original model
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Global sensitivity analyses (EFAST) approach

Sensitivity analysis can be used to evaluate tHecwsf of uncertainty on input or
parameters on model output or to evaluate whicfalbkes or parameters have the largest effect
on model output (Matsushita et al. 2004). In thislg Global Sensitivity Analysis (GSA) of PT-
JPL-daily model was performed using Extended Foukimplitude Sensitivity Test (EFAST)
(Saltelli et al. 1999). EFAST was originally devedal by Cukier et al. (1978) and improved by
Saltelli et al. (1999). The advantage of EFAST cared to traditional sensitivity analyses such
as one-at-a-time (OAT) or experimental design (EDihat it allows several input variables to
vary simultaneously considering interactions amthragn. It can be used for non-linear and non-
monotonic models providing similar results to mooenplex methods based as well on analyses
of variance but being computationally more effitiefbaltelli et al. 1999). A Fourier
decomposition is used to obtain the fractional kbation of the individual input factors to the

variance of the model prediction (Campolongo e2@00).

To identify the relative importance of each modwgdut in terms of its contribution to the
output variance of daily evapotranspiration, pdyations for each variable were applied around
the mean value of the growing season and also drow@an monthly value&n, G, NDVland
Ta were varied by £10% around their monthly means andual mean based on reported
uncertainty of field measurements for those vaesah|Garcia et al. 2008). For the constant
model parametersm, by, my, by, krn, andkpar the range of uncertainty was based on values
used in the literatur€Table 3. A perturbation of +25% around the mean was camed for the

soil moisture constraintdy) and the plant temperature constrafgk (

Table 3 Ranges of variation for input parameters andaldeis in PT-JPL-daily model. F&n, G, NDVland

T, ranges of £ 10% around monthly means and annuanmeas considered. For the constant model
parametersmy, b, m, b, ks, andkpar the range of uncertainty was based on values inste literature. For
the soil moisture constraints() and the plant temperature constraft & range oft 25% around the mean
was considered. Description of variables and pat@rmean be found in Table 2.

Input var Range Reference

Ta +10% of mean value This study

Rn +10% of mean value This study

G +10% of mean value This study

fr +25% of mean value This study

fsm +25% of mean value This study

NDVI +10% of mean value This study

my [1.16, 1.42] This study

b, [-0.039, -0.025] This study

mp [0.9,1.2] Fisher et al. (2008)
b, [-0.06, -0.04] Fisher et al. (2008)
Kgrn [0.3, 0.6] Ross (1976)

Kear [0.3, 0.6] Ross (1976)
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Evaluation of the PT-JPL-daily evapotranspiration odel

PT-JPL-daily was run using a combination of fieltlaemotely-sensed data as inputs to
parameterize the biophysical constraints and partthe energy between soil and canopy (Table
4). Two versions (the original version and one wersising MODIS products) dfAl andfapar
were tested which modify two of the plant constisifp andfy as well as the energy partition
between soil and vegetation (Table B).addition, three versions &y were used as explained
in the model description Section (Table 2). Modedults were compared wittE from Eddy
Covariance fluxes and the coefficient of determami(R’), Mean Average Error (MAE), the
bias, the RMSE (Root Mean Square Error) and MAPEdMADbsolute Percentage Error) were
used as indicators of model performance. To comperdeledLE with LE measurements from
Eddy Covariance the energy balance from the Eddyaance data should be forced to zero
(Twine et al. 2000). We used the criteria of preisg the Bowen ratio that assumes that the
Bowen ratio H/LE) is well measured by the EC system and the clostna is proportionally
distributed intd_LE andH (Twine et al. 2000).

The evaluation results fRerrors and biases) are presented in four stepst, Fodel
performance using measured soil moisture constfiinkwg was analyzed. Here, the accuracy
of the two different versions farAl andfapar Was compared as, in principle, this model version
usingfsu-swcshould be the most precise from the point of vadveoil moisture constraint and
can be used as a benchmark. In the second stepfedisébility of usingfswm-risher from
atmospheric variables at daily time-scale in seichieonditions was evaluated. In the third step,
the performance of the model run with the appattegrimal inertia indefsy _a1ifrom in-situ and
also satellite data was evaluated. In these thieges gshe two versions for estimatibg\l and
faparWere evaluated as well resulting in a total ohe@gorithm versions evaluated (see Table
4). Finally, to place model results in the contekiglobal drylands, our accuracy results were
compared to published accuracy results from othmtats that used remote sensing information
at the same and at other dryland savanna and gndsskites across the globe. In those cases
when model outputs were provided by the authors3Gtminutes time step, they where
aggregated at daily time scale and compared wehetldy covariance data to have comparable

statistics.
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Table 4 Eight versions of PT-JPL-daily (FD) were run bdhea different combinations of equations and
data used for the variabldsj, firar and LAl Rnis Net radiation (W), G is soil heat flux (W), Ty,

air temperature (°C)SWG Soil Water Content (%)YPD, Vapor pressure deficit (kPaRH, Relative
humidity (%), Tg, Surface temperature (°@)AIl (Leaf Area Index)fpar (fracion of Photosyntetic Active
Radiation) anda broadband surface albedo. The soil moisture caingsr used werefgy.swc(from
measured volumetric soil water conterftyrisner (from atmospheric water deficit), anfdy.am (from
apparent thermal inertia). Two differefabagr and LAl wereused (a¥aparnovi @andLAlypy (FDa model
versions) and (b) usedpar-mopisand LAlyopis(in FDb model versions). All equations are desdatibe

Table 2.
Common
Algorithm  Algorithm fsm fapar and LAI variables
version hame estimate data/source estimate Data/source Datagsour
fAPAR-NDVI
! FD&wc f SWain-situ LAl NDVIMODIS
2 |:Db3 sM-swe fAPAR-MODIS fPAR’
we LAlyvopis LAI/MODIS
3 FD@&isner VPD, E‘;‘I‘R'NDV' NDVI/MODIS
fSM—Fisher RH/in- situ NDVI f . -
4 FDbisner IfAP‘l‘;;DMD‘iZ'S L Al/,fﬂAngs Rn, G, Fin-situ
5 FDattin situ Ts. afin-situ E‘;’?ﬁgﬁ"" NDVI/MODIS ~ NDVI/MODIS
o fapAR-MODIS frar
° FDDrinsty ¢ LAlwopis ~ LAI/MODIS
SM-ATI
7 FDarivse E\;’?R'NDV' NDVI/MODIS
Ts,allMSG NDVI ¢
8 FDbATI—MSG APAR-MODIS PAR
LAlyopis LAI/MODIS
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RESULTS AND DISCUSSION
Global Sensitivity Analyses (EFAST) approach

Considering the variability around mean annual doms, the contribution to uncertainty
was less than 20% for most parameters and variablése Sahelian savanna. The greatest
uncertainty was due to two of the biophysical cansts:fsy andfr with 22.19% and 17.68 %
respectively (total effect). Five other variablesalved inLAI estimation and energy partition
between soil and canopy contributed around 12% ddeainuncertainty (Fig. 3). However, the
relative importance of each variable depends ortithe of the year. At the beginning of the
seasonLE was most sensitive to accuracy fgy reaching the maximum value of explained
variance among all variables and months (40%). iguthe maximum peak dfiDVI, in the
middle of the season, the greatest sensitivity das tofr, and my (involved in fy andfg
estimates vidapar). During the senescent phase, the model was nemstive to accuracy in
kearandkgy, involved in energy partition into soil and vedeta.

Under annual Mediterranean conditions, most oltieertainty was related to the partition
of energy between soil and vegetation, shown byhiteest sensitivity to the two coefficients of
extinction of radiationkpar(50%) involved inLAI estimates, ankk,(20%) both contributing to
estimate the net radiation reaching the soil coreptriThis is similar to the situation during the
senescent phase in the Sahel. Seasonally, thevediaportance of each variable was similar to

the annual pattern, except in January when moddtegdas more sensitive to accuracyRn

Figure 3 shows how in both ecosystem types, meactednd total effect (that considers
interactions) on evapotranspiration were very sinwith differences around 1-2%, indicating

low effect of variable interactions.
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Figure 3. Upper panels: sensitivity of modeled evapotramsgigin according to mean annual conditions (% peesggnof explained
variance). Main effect is the variance explainedhwit considering interactions among variables totdl effect considering
interactions. Lower panels: sensitivity of mode&@potranspiration considering monthly conditiomghe Sahelian savanna and
Mediterranean grasslands (total effect). Uncernydmels were set as +10% of the mean for inpuiabdes NDVI, Tam, Rn, and G
and of +25% of the mean for the soil moistuig)(and plant temperaturéy) constraints. For constant model parameters: hl, b
m2, b2, kRn, and kPAR, the range of uncertainty based on values used in the literature.

Evaluation of the PT-JPL-daily evapotranspiration edel with Eddy Covariance data

Soil Moisture Constraint from Measured Soil Moistar(fsp-swq

In the Sahelian savanna the performance of PT-#f-dE model using measuresWC
(fsm-swd was similar regardless of tfigarandLAl estimate used (FRacor FDhswd (R?=0.85-
0.86 and MAE=14.14-13.54) (Table 5 and Fig. 4a4ind In the Mediterranean grasslands, both
the coefficient of determination and errors wesoaimilar regardless of tligo-arandLAl used
(R°=0.75-0.74; MAE=10.66-11.44) (Table 5 and Fig. Sal &b). Therefore, PT-JPL-daily
formulation is capable to reproduce the dynamickBiin the Mediterranean grasslands, as it
explained 75% of theE variance. Considering that the uncertainty ofédhergy balance closure
from Eddy Covariance data in this Mediterraneae, silculated at daily time scale, represents
21.7% of the available energRii-G), the accuracy obtained with PT-JPL-daily usiggswcis
closest to the one from Eddy Covariance. In theeGahe model explains up to 86% of the
variance, which considering that the closure eisd.78% of the available energy at daily scale

is also close to the instrumental accuracy. Howawethis site during the growing season there
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was a systematic underestimateL&f during the period of maximum growth followed by an
overestimate, independently of thearandLAl used(Fig. 4a and 4b)

Table 5. Evaluation of PT-JPL-dailE with Eddy Covariance data. In the savanna thelteehave
been evaluated between June and December 2007naii@ iMediterranean grasslands between
January and June 2011. Model versions starting kiha” were run withfapar.noviand LAlypy; @and
with “FDb” with fapar-mopis@and LAlyopis fsm-swe IS the soil moisture constraint derived from
measured volumetric Soil Water Content, arfgy.ati from Apparent Thermal Inertia. Surface
temperature and albedo could be acquired frontinsginsors or from satellite (MSG) sensors.

Site fsm Model version R MAE?® biaS RMSE MAPD (%)
FDaswc 0.85 14.14 7.59 21.45 22.69
in -situ  FDbgyc 0.86 13.54 4.02 20.39 21.72

Sahelian savanna FDawrmen,  0.82 20.69 -1.48 23.88 33.20

(all dates) FDbariners  0.83 19.72 -7.14 23.10 31.65
satellite FDaar.msa 0.79 23.11 16.5230.55 37.09

FDbati.msc 0.80 20.21 11.7826.53 32.43

FDaswc 0.75 10.66 10.1012.43 30.89

in -situ  FDbgwc 0.74 11.44 10.96 13.2 33.16

Mediterranean grasslands FDaut1-in-situ 0.58 966 570 11.10 28.01
(growing season) FDbat.in-situ 057 985 6.21 1158 2857

satellite FDaat.msc 0.32 10.16 -3.01 14.48 29.46
FDbat.msc 0.31 10.78 -3.80 15.03 31.26

&Mean absolute diﬁerenquE=(zp:l‘q_m /n)

" biaspias= (¥, (Q_R))/n

° Root mean square errorgRmse= [(Zin:l(q_pl ) /n)]1’2

4Mean absolute percentage diﬁerenmpE:%(zpﬂ‘q_m,n), whereP; is the model-predicted valu®;

is the observed value(3® is the mean observed value, n is the number afrehgons.
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Figure 4. Daily LE (Wm?) in the Sahelian savanna (Agoufou, Mali) from Edetyvariance data (black dots) and
modeled (white dots) during 2007. In the firstwoh (figures a, c, e, g) the model was run usipgr.novi and
LAlypviand in the second column (figures b, d, f, h) u$iagk-mopisandLAlyopis. In each of the six rows, the model
was run a different soil moisture constraifigfi.swcfrom measured volumetric soil water content (figueg b) fsy.
risher fTom atmospheric water deficit (figures ¢, dkm.aminsitu from apparent thermal inertia from in-situ
measurements (figures e, ffv.a1i -ussfrom apparent thermal inertia from MSG-SEVIRI maasnents (figures g,
h).
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Figure 5. Daily LE (Wm™®) in the Mediterranean grassland (Balsa Blancainyfirmm Eddy Covariance data (black
dots) and modeled (white dots) during 2007. Inftist column (figures a, c, e, g) the model was usingfapar.
novi andLAlypyand in the second column (figures b, d, f, h) u$ipgr-mopisaNdLAlyop1s.In each of the six rows,
the model was run a different soil moisture conistrdsy.swdfrom measured volumetric soil water content (figure
a, b), fsm-risnerfrom atmospheric water deficit (figures ¢, ®u.atinstufrom apparent thermal inertia from in-situ
measurements (figures e, fv.am .mscfrom apparent thermal inertia from MSG-SEVIRI m&aments (figures g,

h).
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To assess whether this mismatch in the Saheliarceitld be related to tHeAl andfpar
estimates, we compared satellltdl estimates with field estimates and also evaludkted
evapotranspiration model ran with field estimatsLfAl andfpar Comparison of Al satellite
products with field estimates (Fig. 6a) showed ésetbrrelations with MODIS.Al (R°=0.93)
than for LAl estimated from NDVI (R=0.71). Although MODISLAI underestimated the
maximum peak and overestimatedl during growing and senescence stages its phenology
pattern matched better with the field data tharLthederived from NDVI (Fig. 6a). In this case,
the maximumLAl happened earlier in the season than the field maxiLAI, showing also
greater overestimates during growing and senegdedes. This could explain a slightly better
performance of theE model using MODIS products during the growing sead able 6).

However, model outputs ran using field measurAd fc andfapar (estimated as described
in Mougin et al. 2009) did not improve model perfi@nce (see Table 6). Therefore, using
satellite products for vegetatiohAl andfpar) to run the model produce similar results than
using field vegetation estimates.

Table 6. Comparison of model performance during the peabdield sampling (DOY: 184-269) in the
Sahelian savanna (AgoufolNlote that the period used is slightly shorter thkanTable 4, and explains
why the model statistics for FRgcand FDRyc differ slightly from Model 4 statistics.

fapar, LAI Model version R? MAE? biad RMSE®

fapar-NDvILAINDVI FDaswc 0.67 20.53 9.50 26.29
fAPAR-MODIS,LAIMODIS FDbSWC 069 1966 313 2497
fapar-field LA felg FDreig-swe (Kr= 0.60) 0.68 21.39 11.26 26.10
fapar-field LA fielg FDreig-swe  (Kri=0.75) 0.76 19.23 9.31 20.96

&Mean absolute differenquE:(zpﬂ‘q_m / n)

® bias pias= (z;;l(Q-Fi ))’ n
® Root mean square errorRMse= [(Zin:l(Q—Pl ) n)]l/2

whereP; is the model-predicted valu€), is the observed value, 0= is the mean observed value, n is the number of
observations.

It seems that when vegetation is changing verydhpmround the seasonal peak in the
Sahel, the model can account for the general patetLE but not for minor ups and downs
observed in the Eddy CovariantE. Increasing the energy partition allocated to vatyen by
using krn Of 0.75, a value obtained by optimization at tite éRidler et al. 2012), improved
significantly the results (R0.76 vs. RB=0.68) (Table 6). Using this coefficient reduced Lt
offset after theLAl peak, but not before (Fig. 6b). It should be nateat field LAl estimates
(Fig. 7) present uncertainty as well, as they waterpolated between the field samplings,
acquired every 10 days. Thus, before the maximuuAl peak (DOY=235) the previous field
sampling was 10 days earlier, making it possiblmitss a higher and earlier maximum peak. In
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that casel Al underestimates would produt& underestimates between the period DOY225
and DOY235 (Fig. 6).

These results suggest that the model could beinefit an improved energy partitioning
between soil and canopy considering variable etitinccoefficients and separate long-wave and
short-wave components (Kustas and Norman 199%elisas from shorter-time scale estimates
of LAl andfpar

—e— LAINDVI (R=0.71)
2

1.2 o LAI MODIS (R=0.93)

—y— LAl field
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Figure 6. a) Comparison of Al estimated fronNDVI (LAlypvy), LAl from
MODIS, andLAl from field estimates during the growing seasor2@d7 in
the Sahelian savanna. b) Dail§ (Wm?) from Eddy Covariance data (black
dots) and modeled usirigAl from field estimates ankk,=0.65 (grey dots)

and kg, =0.75 (Triangles). Rrefers to the coefficient of determination
comparing withLAI from field estimates.
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Soil Moisture Constraint from Atmospheric Variable$swy.rFisher)

EstimatingLE using fsu-risher With the same parameterization as in Fisher e{24l08)
(6=1; midday conditions) did not provide meaningfabults in the Mediterranean grasslands
(R°~0.16) (Table 7). In the savanna, correlations vetéer but well below those found fias.
swe (R?=0.61-0.62) and with high biases around 25-29 W (fiable 4, Fig. 5 and 6). This
constraint diagnosed the major water stress duttieg growing season around DOYs 240-
250.We evaluated the sensitivityfef;-risherto Svalues between 0.05 to 2, and to the use of daily
average or midday conditions f&H andVPD. Table 7 shows the results when the model was
run with two different values gf. They are shown in the table as they providedtst results
in each site;3=0.1 kPa, that was applied at a global scale iné¥lal. (2007), ang=1 kPa
applied in Fisher et al. (2008)

In the savanna, the best results correspondefi=1okPa and daily average conditions
(R?=0.80; MAE=18.08 W ). In the Mediterranean grasslands PT-JPL-dailjopered better
using 5=0.1 (Table 7), especially for midday conditions’$&64-0.53) although_.E was
systematically underestimated (biasd$-17 W n¥). These results suggest a stronger control of
atmospheric conditions on soil moisture changetheMediterranean conditions than in the
Sahel. Therefore, parameterization udigigrisnershould be tuned according to the conditions in

each site for successful results.
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Table 7. Evaluation of PT-JPL-dailyE with Eddy Covariance data for different parameegions of the soil
moisture constraint derived from atmospheric watsicit: f,, ..., = RH'"P/#. Results are shown for midday

and daily average conditions f&H (relative humidity) and/PD (Vapor Pressure Deficit) and fg@#=0.1 kPa
and =1 kPa. Results from the best performing combimatibparameters in each site are shown in bold font
the savanna results were evaluated between JunBeraber 2007 and in the Mediterranean grasskaons
January to June 2011. Model versions starting ttha” were run withfapar-npviand LAlypy; and with “FDb”
with fapar-mopisBNdLAlyvopis

Site period conditions B(kPa) Model version R? MAE bias RMSE MAPE (%)

FD&kisher 0.69 26.09 14.8732.81 41.87

daily 1 FDbkisher 0.80 18.08 8.47 24.35 29.01
FDasher 0.71  20.49 41.1353.18 32.88
Savanna All 0.1 FDbrgher  0.66  23.60 37.9249.94 37.87
(Agoufou) dates 1 FD&isher  0.62 3219 29.2743.05 51.65
midday FDbrgher ~ 0.61  35.72 25.6240.61 57.32
FDassher  0.68  18.65 43.0456.21 29.93
01 FDbrne ~ 0.65 21.86 39.7152.45 35.09
FDasher 0.16 15.08 -6.6819.40 43.73
daily 1 FDbrigher  0.17  28.25 '26.38 34.44 81.89

Mediterranean rowin 01 FD&:isher 0.36 21.22 8.49 1474 66.67
grasslands geasong ' FDbrigher ~ 0.27 20.40 9.49 16.24 64.10
(Balsa L FDaiher 0.16 35.03 -7.0220.48 110.05
Blanca) FDbeenery  0.13  36.24 -8.2321.92 113.87

idd
midday FDawye  0.64 1442 15611823 4530
FDbeene 053 1224 17.9220.66 38.44

0.1

Soil Moisture Constraint from Apparent Thermal Inéig (fsp-ami)

Using in-situ data, model performance in the sagdion the thermal inertia indexy-at
was practically equivalent to that usiB§VC(fsm-swd, with RZ ~0.82 and slightly higher errors
but similar or lower biases (Table 5). Non sigrafit differences were found when usiiagar
and LAl from MODIS or a linear function diiDVI except from a slightly lower bias with the
latter. At the end of the rainy season (DOY 27§),a7i overestimated E as even at an entirely
dry soil theATI index will never become zero, since that would megan infinite temperature
amplitude (Van doninck et al. 2011).

In the Mediterranean grasslands, statistics frondehperformance usintgy.am from in-
situ data were again not as good as than in thensav Although the Rusingfsw.an was lower
than those obtained witlgm-swe the errors decreased and the biases were hiédbsé obtained
with fsm-swe Similar to the savanna site, results were quitela independently of theAl and

fpar €Stimate used to run the model.

When running the model using satellite MSG instefid-situ data fofsy.at, good results
were obtained in the savanna site in terms 6+®80 and MAE=23.1-20.1 W fr(Table 5) but

134



Actual evapotranspiration in Drylands: Assessimgphisical constraints

higher biases were detected duéEounderestimates during the growing season (Fig4dy
This was due to the fact that the diuriialdifference Tr.omax- Tromin) Was always higher for

MSG than for in-situ data (Fig. 7), producing lovgeil moisture fgy) values.

In the Mediterranean grasslands, using MSG datieadsof in-situ to estimat&y.am
produced a greater loss of accuracy ftfan in the savanna although errors were simitar a
biases even lower than with in-situ data (Table(#).one hand, results using in-situ data were
worse to start with than in the savanna with catiehs around #&0.58. As in the
Mediterranean siteE is lower (Fig. 2) the model is less tolerant téfedent error sources.
Besides the noise apparent in the MSG time-sahescomparability of the diurnal temperature
difference Tr-omax Tr-omin between in-situ and MSG data was more problentaan in the
savanna, with systematically higher MSG values .(Fy Additional inspection offg (15
minute) observations between field and satelliig.(8) showed that differences between in-situ
and satellite were larger in the grasslands (MAE32C) than in the savanna (MAE=1.56 °C).
In the Mediterranean site the sensor viewing argg2.68° while in the Sahel it is only 18.01°.
This results in a larger scale mistmatch at the iMe@dnean site between the satellite pixel and
the footprint of the in-situ sensors as well asatge atmopsheric effects due to a larger

atmospheric path radiance.
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Figure 7. Comparison of the diurnal surface temperaturtedifice Tr.pmax Tr-omip from field (Apogee)
and satellite (MSG-SEVIRI) sensors in the savanmhia the Mediterranean grassland.
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Thefsu.amiapproach is very sensitive to uncertainty in therdaga since day and nighig
are used in the denominator (Cai et al. 2007; 8obet al. 1998; Verstraeten et al. 2006b).
Sensitivity to errors is greater wh&mis higher which occurs at the end of the studyoglein
the Mediterranean site and the middle of the seasdine Sahelian site (Guichard et al. 2009)
(see Fig. 4g 4h and 5g 5h). In fact, in the Mediiean grasslands, the lack of fit feg.am
MSG (R =0.32-0.31) was caused by the last 10 days ostimdy period (see Fig. 5g and 5h).
Another important limitation of th&TI methodology is the vulnerability to noise introdddy
meteorological conditions (Van doninck et al. 201Ahough we have compared only dates
without clouds according to LSA SAF Quality Flagsspection of SEVIRI images revealed a
large cumulus cloud affecting the adjacent pixeltloé Mediterranean grasslands location
unreported in the Quality Flags during the lasta@s of the period. When excluding those days
R? increased to 0.64-0.66.

6 Mediterranean

60} savanna grassland
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Figure 8: Comparison of 15 minute observations of radiometurface temperature from field (Apogee) and Ikgte
(MSG-SEVIRI) sensors in the savanna and in the Medinean grassland during the study period.
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Comparison with other Evapotranspiration Models Blobal Dryland Ecosystems

In the Sahelian savanna site, a Soil-VegetationeSphere Transfer (SVAT) model forced
with some of the same in-situ climatic inputs amgjetation parameters was calibrated using
multi-objective functions during the 2007 growirgason (Ridler et al. 2012).

Calibration of the SVAT model with in-sitlix and SWCshowed better results {£0.81)
(Table 8) than PT-JPL-daily during the growing ssasalibrated with field data when
correlations were around*80.67-0.65 (see Table 6). Nonetheless, daily ema@ee similar in
magnitude and in fact underestimates were highias€42.26 W rif, not shown) than with PT-
JPL—daily (Table 6). These results are reasonabtbeaSVAT model, based on the two-source
(Shuttleworth and Wallace 1985) model coupled hydrological model, has a stronger physical
basis (Overgaard 2005). It requires several plamtt soil parameters such as root depth,
minimum stomatal conductance, soil hydraulic coniditg, as well as atmospheric variables
including rainfall, wind speed, and relative hurtydiat 15-minute time scale. However,
calibration of the SVAT model with both MSG and ARE (Advanced Microwave Scanning
Radiometer) satellite data for operational purpakEseased correlations t64.63 equivalent
to PT-JPL-daily results during the growing seasbab(e 8 and Table 6). Results from a simpler
modeling approach based on the triangle relatignéhiisen et al. 2008), estimate# in the
Sahel in a site with higher rainfall (487 mm in 8p@ith similar error levels to our Agoufou site
and also underestimates: RMSE=31.00 V¥ @orrelations were higher ¢R0.75) than in our
model. Sun et al. (2011) model results based oratervdeficit index in an open savanna in
Sudan using a combination of MODIS and SEVIRI peiduproduced similar results than PT-
JPL-daily run with satellite products 10.73 and MAE=26 W fi) considering the fact that
they acquired, from ECMWF weather forecasts product and we useitinT,. In this case, the
peakLE was also underestimated. Although the model captLEE changes at the beginning of
the season, it seems that the transpiration presdassconditions of the Sahel are difficult to
reproduce during the period of plant growth asedédht studies underestimdi& during the
growing season independently of model complexitidig® et al. 2012). For instance, in the
semiarid savanna in Niger, the SVAT mo&#t HyS-savannthat presents an additional tree-
layer, systematically underestimated pédk despite of added model complexity and a high
degree of parameterization (Saux-Picart et al. Pq@8=0.66-0.64, their results have not

included in Table 7 as they represent 30 minuteremdlaily estimates).

Compared to other models using remote sensingnmrd@bon in the same Mediterranean

grasslands site, PT-JPL-daily performed better. iRstance LE estimates usindsy-swcwere
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more accurate R0.75; MAE ~10 W rif) than those from a Penman-Monteith model adapted
by Leuning et al. (2008) (hereinafter PML). In tRL the soil evaporation fraction was
estimated with measure®WC,similarly to fsy-swc(Capitulo 3) (Table 8). In addition, the PML
required optimization with field-measurede and meteorological variables such \aBD, or
estimation of aerodynamic and surface conductariaes.more operational parameterizations of
PML for the soil evaporation fraction based on nueeg rainfall produced also poorer results for
PML at the same site (Table 8) (Capitulo 3), witmikr results to PT-JPL-daily run with
satellite MSG data fofsy.an, and poorer than PT-JPL-daily run wikky.am in-situ (R~0.58,
MAE ~10 W ni?).

PT-JPL-dailyLE estimates using MSG data figf; provided also better correlations than a
triangle approach run with MODIBz andNDVI (R°=0.24) despite of lower errors (MAE=3.56
W m?) (Garcia et al. in review).E estimates from the more physically based two sootodel
(TSM) (Norman et al. 1995) run with in-sifg from exactly the same dataset and aggregated at
daily-time scale (applying the Bowen ratio to emstire energy closure for EC measurements)
were also less accurate?(®0.34-0.31) than PT-JPL-daily run with in-situ orSK8 Tr results
(Capitulo 1) (Table 8). TSM results using separaasurements of soil and vegetatitg
instead of an aggregated measure did not imprdwedesults (Capitulo 1).

Finally, to place the results from PT-JPL-daily raith ATI in the context of global
drylands, we compared them with studies using Parkhanteith remote sensing (PM) or
Priestley-Taylor (PT) models over savannas andstgads at dryland sites from different
regions of the globe (Table 8). These comparistosild always be considered with caution as
each model uses different input data sources atll the environmental conditions and the
vegetation change. However, we have focused orleg accurate PT-JPL-daily algorithm,
amenable for regionalization (FRausg ran with satellite MSG and MODIS data both for
vegetation and soil moisture constraints, leavipgnd available energy as the only field input

variables used.
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Table 8 Statistics from actual evapotranspiration modsisig remote sensing data over dryland savannayaassland sites. Climate

classification is based on Koppen-Geiger (Kottek abt 2006) where BWh: Arid/desert/hot air; BSk: delmiarid, Aw:
Equatorial/desert; Csh: warm temperate/summer drpwsummer; Cfb: Warm temperate/fully humid/warm swennCsa: Warm
temperate/summer dry/hot summer. A brief descriptb model type is included. When errors where reggbin mm day they have

been converted into W n Statistics in parenthesis refer to the model gx@anations in parenthesis

Ecosystem Site Country Lat o Climate Model type R? MAE RMSE Reference
type Lon type
Open woody  Sahel . 15.34, PT-JPL-dailyfsy.aTi 0.80 2021 26.53 .
savanna (Agoufou) Mali 148 BWh satellite in-situ) ©083) (972 (2310 s study
Open woody  Sahel . 15.34, SVAT in-situ Ridler et al.
savanna (Agoufou) Mali -1.48 BWh calibration 0.81 16.57 9.90 (2012§
Open woody Sahel . 15.34, SVAT satellite Ridler et al.
savanna (Agoufou) Mali -1.48 BWh calibration 0.63 39.24 46.66 (2012§
Open woody 15.41 Triangle using i Stisen et al.
savanna Sahel (Dahra) Senegal 1547 BWh SEVIRI/MODIS 0.75 31.00 (2008)
Open woody Sahel (SD- 13.28 Sim-ReSET using ) Sun et al.
savanna DEM) Sudan  Tnhe  BWh oryiRyMODIS 073 26.00 (2011)
-19.88 L
Open woody Virginia Park  Australia 146.55 Aw PM- in- situ 0.23 - 112.1 Cleugh etal.
savanna meteorological (2007)
Open woody Virginia Park  Australia 1251%85% Aw PML-optimized 0.49 - 15.94 Zhang et al.
savanna 9 ) with hydrol. model ) ) (2010)
Howard . -12.50 PML-optimized (Zhang et al.
Savanna Springs Australia 131.15 Aw with hydro. model 0.53 i 3218 2010)
AZ -
Woody 35.40 MOD16. PM new 0.06 23.92 Muetal.
savanna Flagstaf - USA -111.80 ©SP version(old version) (0.42) i (1851)  (2011)
Wildfire
TX -Freeman
Woody Ranch USA 29.9 Cfa MOD16. PM new 0.48 ) 2591 Muetal.
savanna Mesquite -98.0 version(old version) (0.52) (30.76)  (2011)
Juniper
Mediterranean CA - Tonzi USA 38.4 Csa MOD16. PM new 0.61 i 19.08 Muetal.
savanna Ranch -121.0 version(old version) (0.53) (21.36)  (2011)
Mediterranean CA - Tonzi 38.4 PM (field eddy Yuan et al.
savanna Ranch USA -121.0 Csa calibration) 0.57 i 30.19 (2010)
Mediterranean CA - Tonzi USA 38.4 Csa . 0.74 Vinukollu et
savanna Ranch PT-JPL-daily (Kendall) 1939 41 (2011)
: PT-JPL-daily
Mediterranean . 36.94 ? 0.31 10.78  15.03 ;
grasslands ~ casaBlanca  Spain 565 BSk Isirh]ﬂ_.é&)satelhte ©57)  (Ll4s (oge 1M Study
Mediterranean Balsa Blanca  Spain 36.94 BSk PML-inputSWC 0.54 13.03 - Capitulo 3
grasslands -2.03
Mediterranean . 36.94 PML —input rainfall  0.32-  13.88- .
grasslands Balsa Blanca  Spain -2.03 BSk (two methods) 0.47 9.92 i Capitulo 3
Mediterranean . 36.94 Triangle using Garcia et al.
grasslands Balsa Blanca  Spain 203 BSk MODIS 0.24 3.56 - (in rev.)
. TSM with Ts
Mediterranean . 36.94 o 0.34 39.05 43.89 :
grasslands Balsa Blanca  Spain 203 BSk composne_ln (0.31) (53.82) (58.52) Capitulo 1
parallel(series)
. TSM with Tssoil
Mediterranean . 36.94 ) ' 0.14 4486  51.00 "
grasslands Balsa Blanca  Spain 203 BSk Tscanopy_ln ©0.25) 57.67) ©250) Capitulo 1
parallel(series)
AZ -
Arid steppe Audubon USA 31.6 BSk MOD16. PM new 0.22 i 23.07 Muetal.
grasslands Research -110.5 version(old version) (0.48) (23.07)  (2011)
Ranch
Arid steppe AZ - USA 31.6 BSk
grasslands Audubon -110.5 : i 0.37 ) Vinukollu et
Research PT-JPL-daily (Kendal) 18.75 al. (2011)
Ranch
AZ - Walnut
Arid steppe Gulch USA 31.7 BSk MOD16. PM new 0.07 i 19.36 Muetal.
grasslands Kendall -109.9 version(old version) (0.25) (18.51)  (2011)
Grasslands
Mediterranean CA- 38.40 PM (field eddy Yuan et al.
grassland Vairaranch ~ YSA 1209 ©%2 calibration) 051 i -4.56 (2010)

*30 minute model outputs provided by the authongehaeen aggregated to daily time scale, applyiedBibwen ratio method for ensure
the energy closure of EC derived fluxes, in thiskmorcompare with the rest of the models.
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It can be seen in Table 8 that PT-JPL-daily FPascin the Sahelian savanna’@®.80;
RMSE=26.53 W 1i1f) performed better in general than PM models aemtavanna sites
although it has to be considered that not all theedels were forced with local meteorological
inputs (Table 8). Thus, the PML improved algoritinrom Zhang et al. (2010) where maximum
stomatal conductance is optimized with a hydro-oreiegical model, showed lower’Rt two
Australian savannas R 0.53 and 0.49) less arid than our site (with 1#64 and 526 mm of
annual rainfall respectively) with the PT-JPL-dadyror within the range of those two sites
(Table 8). Results from a PM model in one of thesthalian savannas forced with in-situ
meteorological inputs were also poorer than ouunltegR=0.23) (Cleugh et al. 2007). Our
algorithm performed also better than the MODIS paidor evapotranspiration (MOD16) of
Mu et al. (2011), in three woody savannas in aeigions of the USA (with Rranging from
0.06-0.61). Again, PT-JPL-daily errors were withtu et al. (2011) ranges of error at those
savanna sites (RMSE = 18.51-30.6 \W)min another global study (Yuan et al. 2010) usdtM
approach optimized with Eddy Covarianceé from 21 sites. Their model in the Mediterranean
savanna of Tonzi performed worse (Table 8) thanIPI-daily usingfsm-ati msain the Sahelian
savannah although it should be noted that they asddmperature from reanalysis. In the same
savanna of Tonzi ranch,Vinukollu et al. (2011) &xbla daily version of the PT-JPL model with
the soil moisture constraint based on the waterovageficit although the error was low
(RMSE=18.75 W 1) the non-parametric Kendall's Tau (equivalent teafon-correlation

coefficient) was 0.74 using only satellite inputada

Regarding the Mediterranean grassland site, oureiidsl results using satellite data for
soil moisture and vegetation (FRavsd (R°=0.32; RMSE=15.03 W if) were in the range of
the MOD16 algorithm of Mu et al. (2011) for two crsteppe grasslands in the USA with
R?=0.48 (Audubon) and 0.25 (Walnut Gulch) respectivelth the old algorithm version and
R?=0.05 and 0.49 with the new version. Our PT-JPllydaiodel errors were lower than Mu et
al. (2011); RMSE=22.95 and 18.42 W’mith the old algorithm and RMSE=22.95 and 19.26 W
m? with the new algorithm. In Audubon steppe the PT-dlaily model of Vinukollu et al.
(2011) was not very successful in capturing thepma dynamics (Kendall's Tau = 0.37) but
showed still a better performance than Mu et @13 algorithm ran during the same time (not
shown in Table 8). Results from Yuan et al. (20P8) model calibrated with field data at
another Mediterranean grassland (Vairaranch) wettebthan our model results#.51 and
bias=0.16 W .
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CONCLUSIONS

The Priestley Taylor-Jet Propulsion Laboratory (FPL-) evapotranspiratiobE model,
developed by Fisher et al. (2008) is based on thestRey-Taylor equation downscaled
according to multiple stresses. The PT-JPL is étftra for its simplicity and potential for
regionalization using satellite data. In this studydaily version of the model was evaluated in
some of the most extreme conditions from the pointvater availability: an open woody
savanna in the Sahel and a Mediterranean grasdlatidwith annual rainfall below 400 mm. A
new approach was tested with in-situ and satelhtia using a soil moisture constraint based on
the Apparent Thermal Inertia concefdat) relying on remotely sensed observations of serfac

temperature and albedo.

When using field measured soil water conteS8WWQ to estimate the soil moisture
constraint, the daily PT-JPL model reproduced tle dynamics measured from Eddy
Covariance systems within the uncertainty levelghef closure error system. When using the
Apparent Thermal Inertia indefsu.am at the Sahelian savanna, results with in-situ esee
equivalent to those obtained using field measB®dC When up-scaling th&y.am to MSG-
SEVIRI satellite data, a satisfactory agreementhwiield data was also found 780.80;
MAE=20.21 W n¥). At the Mediterranean grassland, results u&ipgr were less accurate both
for in-situ and satellite data {R0.57-0.31: MAE=9.85-10.78 W frespectively) but still
outperformed reported results of two more compleodefs ran at the site: the Two Source
Model (TSM) and the Penman-Monteith-Leuning (PMLgdal.

In the context of global drylands, the PT-JBE model usingfsu.am provide results
comparable in accuracy to more complex models ratlagi savanna and grassland biomes.
Nonetheless, efforts should be made when udiggar to reduce evapotranspiration
overestimates when the soil is completely dry andriprove the cloud-mask algorithm as the

fsm-aTiiS Very sensitive to changes in solar irradiance.

This study also showed that the original model fdation for soil moisture constrairfty,
relying on the atmospheric water deficit shoulddaébrated differently in each site to obtain
meaningfulLE results. Therefore, the use of soil moisture caists likeATI based on routinely
available products like surface temperature ordnber from soil moisture missions like the
SMOS (Soil Moisture & Ocean Salinity mission) ortfuture NASA mission SMAP (Soil
Moisture Active Passive) would eliminate the neédiater vapor data and field site calibrations
at dryland regions. The described modeling fram&wis also suitable for introducing
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information from spectral regions currently undseed in evapotranspiration models. For
example, canopy water status could be tracked byt-slave infrared indices (Ceccato et al.
2002; Zarco-Tejada et al. 2003) and photosynthatitvity by narrow-band indices like the

Photochemical Reflectance Index, PRI (Gamon €t37). Due to the strong coupling between
evapotranspiration and carbon assimilation fluxeslnyland regions, some of the biophysical
constraints used in this model could be used tonadjze Gross Primary Productivity (GPP)

estimates based on Light Use Efficiency models.
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CONCLUSIONES GENERALES

1. El modelo residualwo-source modgelTSM, basado en medidas de temperatura superficial
no fue capaz de ofrecer estimas con errores adeptale la evapotranspiracion a escala
instantanea de 15 minutos. Sin embargo, si fuezcd@aestimar el calor sensible y la radiacion
neta con un grado de exactitud aceptable demostrasidla efectividad del proceso iterativo
incluido en su formulacion para desagregar la teatpea superficial {gr) en sus componentes,
suelo s y vegetacion Tc). Estos resultados evidencian las limitacioneslad@stimacion
residual deLE en areas semiaridas mediterraneas, en donde eaceptables eH y Rn (del
30% y el 10% respectivamente), tuvieron un fueripacto sobre los valores HE obtenidos de

forma residual dada la reducida magnitud_Been este tipo de ecosistemas.

2. La exactitud del TSM present6 una variacionrdiurviéndose afectada tanto por la elevacion
solar como por la hora del dia. Nuestros resultdéosuestran que al menos en areas semiaridas
naturales, la aplicacion del TSM ofrece mejoresiltados en condiciones de elevacion solar
mayor a 25° y durante las horas del dia compresdidae las 10:00 y las 15:00 (ambos factores
incluidos) ya que, en condiciones distintas a esthsSTSM gener0 mayores errores en sus

estimas.

3. Las condiciones meteorologicas que mas afectarda exactitud del modelo en zonas
semiéridas naturales fueron el gradiente de teriyarantre la superficie y el airégfT,) y la
velocidad del vientoW9, siendo mejores los resultados del TSM cuandooanfilreron altos.

En areas semiaridas el TSM no se vio afectadogprdsencia de nubes o por condiciones de
vegetacion senescente, ambas condiciones bajadasl § SM ha demostrado una reduccion de
su exactitud segun trabajos previos efectuados reasano limitadas hidricamente. Esto
demuestra una diferente sensibilidad del TSM easéemiaridas naturales.

4. En condiciones semiaridas naturales el TSM &paz de ofrecer buenas estimas diurnas del
calor sensibleHp, aplicando métodos de extrapolacién temporal, perdel calor latente cuyo
valor fue fuertemente sobreestimado en todos lessceon errores mayores del 100% aunque un
alto porcentaje de su variacién fue recogido pomebelo (R >0.8). Para obtener valores
diurnos deH y LE mediante el TSM con los menores errores es neggsamediar las estimas

instantaneas obtenidas a lo largo de todo el penidagino Averaging method Este método es
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mas eficaz que asumir que el valor estimado deatzibn evaporativa al medio dia se mantiene

constante a lo largo del periodo diurtNhEF o EF methodl

5. Las dos formulaciones posibles del TSM, corréassstenciagen serie(TSM) o0 en paralelo
(TSMp), ofrecieron resultados instantaneos similaresjaerel TSMs redujo los porcentajes de
error promedio dél y LE, mientras que eISM; permitié una mejor particion de los flujos entre
suelo y vegetacion y mostré un comportamiento rabssto ante la variacion de las condiciones
meteoroldgicas. Sin embargo, para obtener valoigmas deH y LE, el empleo deTSM

presento claras ventajas sobf&Vk, ofreciendo mejores resultados.

6. El modelo directo Penman-Monteith-Leuning PML, logré obtener estimas de la
evapotranspiracion diaria con un grado de exactiazbnable (30-35%) en condiciones
semiéaridas, gracias a la adaptacion de su formulagiiginal mediante la incorporacion de la
variacion temporal de la evaporacion del suelomiagificacion introducida logré reproducir el
comportamiento pulsétil tipico de la evaporaciohgielo en zonas semiaridas de vegetacion
dispersa, mejorando la eficacia del modelo PMLieha$ condiciones en las que la evaporacion

del suelo no puede considerarse constante tal ptantea su formulacién original.

7. De los tres métodos evaluados para estimardpoeacion del suelo, el mejor es el método
faning Que emplea la relacion entre la precipitacion yelaporacion potencial del suelo
acumuladas durante los 16 dias previos a un ewdmtfiuvia e incluye un factor para la
simulacion del secado del suelo posterior a laidlugmpleanddqing la aplicacion del PML
precisa de la calibracion local de dos parametaosonductancia maxima de las hojgs)(y la

velocidad de secado del sueds).(

8. La adaptaciéon del modelo dire®destley-Taylor-Jet Propulsion Laboratqri T-JPL, para la
estimacion diaria d& mediante la modelizacion de la evaporacion delosee funcion de los
cambios en la humedad del suelo representados medi#ainercia térmicady.at) empleando
datos de temperatura superficial y albedo, preseejores resultados en un area de sabana en el
Sahel que en un espartal mediterrdneo. Aun adljchie espartal mediterraneo el modelo PT-
JPL ofrecié mejores estimas diariasiigue los modelos PML y TSM.

9. En el area de sabana del Sahel, el empleo de dattemperatura y albedo ofrecidos por el

sensor remoto MSG-SEVIRI ofrecié resultados simiaal empleo de mediciones in-situ de
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dichas variables, mientras que en el espartal erediiteo los resultados empeoraron al emplear
datos remotos. La adaptacion propuesta del modeldPR, permite obtener resultados similares

a los obtenidos en areas semiaridas naturales medwros modelos mas complejos que

requieren un mayor numero de datos de medicion | laxaparametros calibrados

experimentalmente.

10. Nuestros resultados evidencian la mayor idaakide los modelos directos para la
estimacion regional d& en areas semiaridas de vegetacion dispersa feerts modelos
residuales. Dentro de los modelos directos, la tadam propuesta del modelo PT-JPL se
presenta como la mejor opcion, tanto por su seacilkomo por su aplicabilidad regional,
gracias al empleo de la inercia térmita.far), mediante datos remotos de albedo y temperatura

superficial.
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“Esto es un desafio, es decir: voy a poder con este reto, voy a poder con el vértigo, con el
frio, con el agotamiento.... es igual. Es meterse algo en la cabeza y conseguirlo.

Nunca tires la toalla, nunca, siempre hay una oportunidad.

Cima! reunidn! fuera!”

Jesus Calleja,
Ascension cara oeste del Naranjo de Bulnes



