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Abstract: Water scarcity is one of the main factors limitiagricultural development in
arid or semi-arid areas. Accurate Evapotranspmaitol) observations and estimations are
crucial in water cycle studies to estimate watesés from the terrestrial surfaces to the
atmosphere to close the regional water budget. efity covariance (EC) method is an
important technique measure ET and other land sirinergy fluxes. However, the
underestimation of energy fluxes and the problefa@fenergy balance non-closure are far
from solved. In this study, a new method is progageaccount for advection in order to
correct EC data under advective environments. @lliseection based method was applied
to data from Bushland, TX, which is subject to dityand strong winds. Observations from
two identical EC systems as well as two precisiamatithic weighing lysimeters were
used in this analysis. Both EC sites showed sigpnifi underestimates of
evapotranspiration (ET) compared with lysimeter soeaments. The daily energy balance
closure for NEO1 and SEO2 sites were 0.78 and i@3Sfdectively. The advection correction
method provided improved performance in daytimel, iais more suitable for ET estimate
than forcing closure under the advective envirorimiéor nighttime, two methods (NCM1
and NCM2) were proposed to correct EC underestsndteally, all the corrected ET
values were compared with the lysimeter measuresné&ior NEO1 site, the MAD (mean
absolute deviation) and the RMSD (root mean sqdasgation) were 47.72 W/mand
67.66 W/ni, respectively; and thé (coefficient of determination) was 0.85. For SE@2,
the MAD and RMSD were 30.59 W/mand 44.43 W/ and the ¥ was 0.93. The
statistical measures illustrated that the propasethods are functional and appropriate
under an advective environment. The accurate etgimiactual evapotranspiration will
benefit both the strategic planning of optimal watses and the improved understanding
the environmental and hydrological processes.
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1. 1. Introduction

With a rapid growth of population, agriculture, amdustry, the demand for water has increased
gradually across the world (SHi al., 2015). As a result, agricultural crops have bdamaged by
drought severity due to climate changes that in tantribute to water scarcity (Shin and Jung, 2014
Deng and Zhao 2015). The sustainable managemematef resources to address the water scarcity
issue requires an accurate estimation of wateetoBsm the terrestrial surfaces to the atmospimere
the arid or semi-arid ecosystems (Vanetal., 2015; Liet al., 2015). Evapotranspiration (ET) is an
very important process that relates to energy aattmexchange between hydrosphere, atmosphere
and biosphere (Brutsaert, 2005; Priestley and Tag®72). The accurate observation and estimation
of ET is extremely important to further our undargting of global climate change, land-atmosphere
interaction, water cycles and ecological studiesti®Bet al., 2004; Goutorbe et al., 1993; Kustad.et



2002; Lawrence et al., 2009; Shuttleworth, 200He ET from the land surface is approximately 60-
65% of global precipitation; and can be as large8@% in arid and semiarid regions of the world
(Brutsaert, 1982; Rosenberg et al., 1983). Crop@vanspiration response to different planting
scenarios and meteorological conditions plays aifsignt role in optimizing crop planting patterns,
resolving agricultural water scarcity and facilmgt the sustainable use of water resources ¢Lal.,
2015). There is still a big knowledge gap on howpmtranspiration varies in responding to changing
temperature and precipitation over different zoneterms of supply and demand regime for ET (Liu,
et al., 2013; Denget al., 2015). Accurate ET observations and estimatamescrucial in water cycle
studies and will benefit water management in anid semiarid areas of the world (Wagi@l., 2015).
Many methods have been proposed for measuring Eilsotomponents evaporatioft)(and
transpiration T) at various scales (Su et al., 2005, 2007; Tiaal.e2013). Sap-flow and porometer are
often used to measure transpiration from indivigelahts or leaves. Weighing lysimeters and other
mass balance methods are used to measure ET atst@das. Many methods have been used for
guantifying energy and water balance componentsEhat various scales, including Bowen ratio
systems, Eddy covariance (EC) and scintillomet&sgeft, et al., 2012). Remote sensing based ET
models can be suitable for estimating ET at redisnale. Among these observation techniques, EC
observations are often used to test the remotengebased ET models (Cleugh et al., 2007; Kustas et
al., 2006; McCabe and Wood, 2006; Wang et al., 2@bvez et al., 2005; Yang et al., 2012, 2013,
2015). However, many problems related to EC havdeen fully solved. Firstly, field observations of
surface heat and water vapor fluxes often failefich closure of the surface energy budget (Chavez e
al., 2009; De Bruin et al., 2005; Foken, 2008; Foke al., 2006). Tanaka et al. (2001) found the
surface energy balance was not closed in the GAMELTexperiment; the closure ratio in a typical
clear day was as small as 0.67 or 67%. Li et 8l0%2 evaluated the observations from ChinaFlux and
found imbalance was prevalent for all observatibess Several reasons related to the lack of céosur
of the surface energy budget have been discussdiahyt (1998). The soil heat flux is an important
term in the energy balance term; the uncertaimékizded to the measurements of the soil heat flay m
be one of the reasons for the energy balance romuwd, but soil heat flux is a minor componenthef t
energy balance when vegetated surfaces are coadjdehich is often the case. Heusinkveld et al.
(2004) tested a new approach utilizing a high terap@solution of soil heat flux measurements at th
surface, and they found that the energy balanceuocan be improved greatly. However, this
research was limited for a sandy desert and a ramfgether land surface types need yet to be
examined. Foken et al. (2006) discussed seversbnsafor the energy balance closure problem in the
surface layer and pointed out the EC method untiera®s turbulent fluxes in the case of ogives
converging when measuring lasts longer than thedy@veraging interval of 30 min. Additionally,
they pointed out that advection and non-steady statditions may be the main reasons for the energy
balance closure problem. The Energy Balance ExgeifEBEX-2000) (Oncley et al., 2007) studied
the ability of state-of-the-art measurements tselthe surface energy balance. All major terms of
surface energy balance were measured at nine gisesan estimate of heat storage in the plantmano
was conducted. The resultant imbalance was 10%st@hdxceeded the estimated measurement error.
They speculated the horizontal advection in therddetween the canopy top and the height of flux
measurement may have led to this imbalance. FoR@a8) reviewed 20 years of research on the
energy balance closure problem. He pointed out ttatassumptions that measurement errors, or
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storage terms, are the major reasons for the ermigyce problem do not hold. Instead, he indicated
that the exchange processes at larger scales ohdterogeneous landscape have a significant
influence. Recently, Leuning et al. (2012) attrddithe energy balance problem to eight reasong. The
concluded that the imbalance of energy balanceustofor daily averages is explicable by horizontal
and vertical advective flux divergences. For thdéf-haur time scale, the energy balance closure
problem may result from all sources of measurenagict data processing. Secondly, the correction
methods proposed by Twine et al. (2000) have ditmn used. However, there is not much knowledge
about the accuracy of these correction methodthdin study, the results from the method that ferce
closure were tested using observations from andit@rsystem. This validation is not sufficient,
because both observations were from EC systemsliffiliations of the EC measurements may exist
in both EC systems. Therefore, testing using agrrative means of observation may provide more
insight. Allen et al. (2011a) reviewed the basim@ples of ET measuring systems and discussed the
causes of error and biases to each systems, th&herfupointed out appropriate corrections are
necessary to EC measurements.

Advection having great impact on ET has been reploior many field measurements. Commonly
in semi-arid and arid irrigated environments, Eh exceed the net incoming radiation due to the
advection from the surrounding landscape. Oke (L838d daily ET from a mini-lysimeter exceeded
the net radiation. Rijks (1971) found evaporatiaterwas 1.8 times greater than the supply of net
radiation. Wang et al.(1993) found significant “eéesoasis effect” in the Heihe River Basin Field
Experiment (HEIFE). Tolk et al. (2006a) found ETsngreatly enhanced by advection in the semiarid
regions of the southern High Plains. Allen et @01(1b) also found that the 24-h ET from alfalfa
measured by lysimeters was larger than the neatradi (Fig.1 in that paper). To date, there id stil
insufficient study to quantify advection effects the field. Liston (1995) applied a numerical
atmospheric boundary layer model to simulate lachlection on snow cover. However, this method
required detailed spatial knowledge of the patae,swind direction and fetch distances and was
computationally intensive. Lee et al. (2004) disagsvarious advection scenarios using a formula tha
related the ratio of eddy diffusivities for sensilib water vapor and the Bowen ratio. Prueger.et al
(1996) and Granger et al. (2002) quantified lochlegtion using the change of horizontal transpbrt o
energy content in the air layer below the boundager height. Accurate temperature and wind
profiles are needed in these types of studieshEurtore, advection has great impact on ET as well a
on other surface energy balance components. Impgdbhie study of advection becomes necessary to
solve the energy balance closure problem when @sirgddy covariance system.

To clearly address the advection problem, shorogefminutes to hours) ET observations with
high accuracy are necessary. Lysimeters are veppritant devices for measuring water use by
vegetation and percolation of water through sqkbstially because they do a direct measurement of
the mass of water lost to ET. A weighing lysimetsolves weighing a container of soil that is pkoht
with the same vegetation as its surroundings. Thasurement accuracy of ET by lysimeters can be
affected by many additional factors, such as ndfeun vegetation and soil conditions in the
surrounding field, personnel traffic, and cultieatioperations. More details of the lysimeter higtor
can be found in Howell et al. (1991).When propénistalled and managed, a weighing lysimeter can
yield the most accurate ET data. Chavez et al. {Jp@@dicated that the lysimeter accuracy was
sufficient to determine ET rates as small as 0d0B..L mm over time periods of 30 min or longer.



Therefore, observations from large precision mdhialiweighing lysimeters can be used to assess the
accuracy and limitations of EC systems. In thisgpap new approach was applied to characterize the
advection effects, and a new model was proposem@ct the EC underestimates in an advective
environment. Section two presents a brief desomptif the theory and methodology, and section three
introduces the study area and observations useusiistudy. Section four firstly assesses the amgur

of EC, and then presents the diurnal advectionhe @dvective environment. In the remainder of
section four, the EC observations are correctel thié newly developed model and the measurements
from precision lysimeters are used to test thelt®sBection five discusses the limitations of Wk

and the final section provides a conclusion.

2. Methodology
2.1 The surface energy balance

Monteith (1965) made a good analogy of evaporasisra commercial transactionvet surface
sells water vapour to its environment in exchange for heat. The heat can be supplied by solar
radiation, turbulent transfer from atmosphere, and conduction from the soil.” Figure 1 defines the
control volume for the thermal energy balance. Whedrection is negligible, the energy balance
equation can be expressed with Figure 1 (A). Fosimple lumped system, when effects of
unsteadiness, ice melt, photosynthesis, within pggnloeat storage and lateral advection can be
neglected, the land surface energy balance isenrés (Brutsaert, 1982):

(R,—G)=H+LE (1)

whereR,, is the net radiation, G is the soil heat flux,dthe sensible heat flux and LE is the latent
heat flux. This equation is often applied to evaduhe surface energy balance of EC measurements. |
the above equation, advection is generally omittetthe surface energy balance equation, which may
be applicable to non-advective and homogeneousisf Guo and Schuepp (1994) pointed out the
surface energy balance is limited by the assumptian the surface heterogeneity only affects the
partition of the net available energy between d#a@sand latent heat flux. They state this assumptio
essentially excludes the presence of the horizdrmgat flux over the surface that is responsible for
transporting a portion of heat between patchespénadive demand is high in arid and semi-arid areas
due to regional or local advection, often resultingeT significantly exceeding the local available
energy (net radiation minus soil heat flux) (De iBri2005; Evett, 2012a). Monteith (1965) showed a
diagram to illustrate the advection and changevaperation rate when air blows from dry surface to
wet surface (Figure 11 in his paper). He furtheinfgal out the vertical flux of water vapour at the
observation height will not be equal to the fluxta surface under such a circumstance.
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Figure 1. Control volume for thermal energy balance.

Accounting for energy from surrounding areas duedgional or local advection, the energy
balance equation can be written as (Figure 1 B):

(Rn — G) + AQ = H+ LE = Hyet + LEyet + Hagy + LE, gy (2)

whereAQ is the energy transported from surrounding are&std advectiont, . is the sensible heat
flux in the vertical directionL.E,.; is the latent heat flux in the vertical directidhg, andLE, 4, are
sensible and latent heat flux derived (or providedin heat advection in the horizontal direction. A
lysimeter can provide a direct measurement of LEeuran advective environment, i@ andH,q,

are difficult to measure directly. Monteith (197B¢inted out that advection is often neglected in
energy balance studies, more because it is nosiyialifficult to estimate rather than because it is
actually too small (mainly in humid climates) to ingportant. Many experiments indicated advection
would directly alter the boundary conditions, s@ashair temperature, humidity and wind speed (De
Bruin, 2005; Tolk et al., 2006a,b; Liu et al., 200@ et al. 2011). To promote generalization, it is
assumed that regional and local advection is engloldaly prescribed meteorological conditions.

2.2 The penman equation and the energy balance

The Penman equation for estimating evaporation fn@ter surfaces was essentially derived from
the energy balance that considers both net radiatiput (including solar and long-wave radiation)
and convective heat exchange between the watethendtmosphere (Penman, 1948). The Penman
equation is as follows:

A Y
E,=—®R,—G)+——E
P A+y(rl )+A+y 2 (3)

whereA is the slope of the saturation vapor pressur@aivdemperature curve,is the psychrometric
constantE, is the air drying power and the other terms weexipusly defined. The first term is often
called the radiation forcing part and represenésrtite at which water evaporates into saturated air
The second part is often called air drying powed agpresents the rate of latent heat flux due to
difference in air temperature and vapor pressuterdsn the surface and the atmosphere at a screen



height. Monteith (1965) and Eagleson (2002) usedpsychrometric chart to illustrate the Penman
evaporation formula. More details of the equatian be found in their papers.

For theE, (W/m? term in the above equations, Brutsaert (1982p@sed an equation to include
the effect of stability in the wind function. Tharinula can be written as:

_ pacp(eg - ea) _ kzu*pacp(eg - ea)y_l
= = e e
(m[ Zom VY |7 T )(In Zon Vol T )

wherepa(kg/m3) is the air densityk=0.4 is von Karman’s constant,(m/s) is the friction velocity,
Cp(1,013Jkgl°C'l) is the specific heat of air at a constant pressyris the aerodynamic resistance
(s/m).e; is the saturation vapor pressure of the air (k€als the actual vapor pressure of the air
(kPa). The quantitye§ — e,) is often termed the water vapor pressure dgftD, kPa); L (m) is the
Monin-Obukhov atmospheric stability length; Z (m)the wind speed measurement height above the
surfaceZ,,(m) is the roughness length for momentum tran&fgy{m) is the roughness length for
heat and vapor transfed, (m) is the zero-plane displacement height; ang and g, are the
atmospheric stability correction functions. Mordaile of this model can be found in the paper by
Katul and Parlange (1992).

Potential ET is defined as the amount of evapanatiat would occur if sufficient water supply
were available. In other words, potential ET i®redd to as the available energy that could be fed
ET (no positive sensible heat flux). The two-tertrusture in the Penman equation provides an
interpretation of local or regional advection (Bagrt, 1982). The first term of the Penman equasion
considered as a lower limit for evaporation fromishgurfaces and often referred as the equilibrium
evaporation, while the second term is interpreted departure from the equilibrium state. Thaths,
equilibrium evaporation occurs when the air, intachwith a wet surface over a large enough fetch,
tends to become vapor saturated and the air dgyowveer, in the Penman equation, tends to zero.
Brutsaert (2005) further pointed out that true Blgaum conditions are rare even over the oceargesi
the atmospheric boundary layer is continually resiing to unsteady large-scale weather patterns such
that it tends to maintain a humidity deficit evevepthe ocean. The simple review above indicates
advection may be common over the earth surfaceeddelogical variables, such as air temperature,
humidity and wind speed can directly drive the ative effects.

Advection can be characterized with potential evapon and available energy. If advection can be
neglected (Figure 1(A)), available energy®) is the only source of energy that can be pamitd to
the latent and sensible heat flux. Therefore, ttergial ET or the evaporation rate for the wettliis
equal to available energy under such circumstances.

Eq

Ep=(Rn—-0) (5)

Under such condition, H will equal zero and thetomnvolume will reach to isothermal condition.
This condition may be rare even over the oceanweder, in most conditions advection may not be
neglected easily under heterogeneous surfacesigatéd areas in arid and semi-arid areas (Figure 1
(B)). Under such conditions, the energy and watapov transported by strong wind from the
surrounding area carrying different air temperatrdumidity can greatly influence the evaporation
rate. Potential ET or the evaporation rate forwiee limit will differ from the local vertical avable
energy.



E, # (R, — G) (6)
Advection is accounted for in thg formulation, since observed air temperature, wspded and
VPD is directly used. Compare the potential ETha évaporation rate for the wet limit for two cases
(Figure 1 (A) and (B)), advection is responsible tbe difference. Therefore, advection can be
characterized with the difference between poteiiabnd available energy.

Y (E.- R, —G)) (7)

AQ=EP—(Rn—G)=A—+Y

A similar concept was by Katul and Parlange (199d@pnteith (1965) provided a general
explanation related to the latent heat and aval&plergy (Eq. 22 in his paper). It is convenient to
rewrite the expression for the potential evaporafgurface resistance equal zero) and availableygne
as follows:

E,  A/y+ri/r,

R,—-G A/y+1 (8)
where
eg_ea
r; = paCy ————— 9
1= Pa PYR,—G) ®)

Monteith (1965) termed; as ‘climatological resistance’. Several useful W#gmns can be made
based on the above equations.

(i) If ri equals & E, will equal (R-G) andAQ will equal zero. Under such conditions, advection
can be omitted in the energy balance equation.

(i) If ri is very large in comparison with, mwhich might occur when winds are strong and the a
flow is rather dry, then Ewill be larger than (RG) and advection will enhance the ET rate.

(i) If ri is small in comparison with,rwhich might occur when winds are weak and thdlaiv is
humid, then Ewill become smaller than (R5) and advection will result in depression of Eler

To facilitate the understanding of advectiantheoretical VPD (VPReor) for energy balance
condition can be derived. If advection is neglectEdjure 1(A)), k is equal to available energy.
Combining equation (3), (4) and (5) the followinguation is derived:

2(Ry—G
VPDtheory =(ef—ey) = %Cp) (10)

The above equation indicates the theoretical VP#@rdened by the available energy and aerodynamic
resistance under energy balance conditions. Itaghapointing out that when the observed VPD is
directly used to derive the potential evaporatibe, observed VPD may not be fully controlled by the
local energy balance. Comparing the derived thexale¥PD and the observed VPD, two deductions
can be made. If VPR is smaller than the observed VPD, which indicatigmificant advection
effects, then advection enhances ET rate. If MBRis larger than the observed VPD, it may indicate
a humid air flow, in which case advection depre&SEsate.

Through the analysis above, advection would caitberean enhancement or a depression of the
local ET rate depending on the nature of the aw/fl

2.3 Methods for correcting EC measurements



EC provides a direct measurement of surface haat lowever many field experiments indicate
that EC underestimates the latent heat flux. Inteofg the observed latent and sensible heat fluxes
often fail to reach energy balance (EB) closurelefned by Eq (1), which is often used to evaluate
energy balance closure. The underestimation ohtidteat flux using EC systems has caused much
confusion in EC applications. Twine et al. (200Qpgosed two methods to correct the EC
measurements for EB closure. In this study, thenotkebdf forcing closure based on the Bowen ratio is
illustrated. It was assumed the Bowen ratio isesity observed with the EC system:
_H_®Re-®  H Hos

LE LE (R, —G) —H  LEgs

B (11)

wheref3 is the Bowen ratio, anH,,s andLE,,s represent the sensible and latent heat fluxes
observed with EC system. The forcing closure metb@s follows:

B
Heor = m (Rn - G) (12)
LE ., = ! R G
cor_m( n— ) (13)

This method is herein named the Forcing Closurehbtéfor Daytime (FCMD). It is obvious that
the forcing closure method is based on the enedgnbe equation of Eq (1), which assumes
advection is negligible (Figure 1 (A)). Howeverjsttassumption may not be applicable under an
advective environment where the impact of adveadiorET is too large to be ignored. Therefore, it is
imperative to derive a correction method for an emtive environment. Since observed air
temperature, wind speed and VPD are directly usedgction is accounted for iy, as defined in Eq.
(7). It is still assumed that the ratio betweennd &E is correctly observed with EC system (Figure
1(B)). For daytime with positive sensible heat flthe Bowen ratio can be written as follows:

B — Hobs ~ E_p _
LE,p,s LE

(14)

The ratio of LE/E is often called evaporative fraction. Therefottge torrection method is as
follows:

LEcor = mEp (15)
Heor = b E
cor — 1_+B p (16)

To facilitate the description later, this methodsweamed the Daytime Correction Method (DCM).
The main difference between this method and the BGivbposed by Twine et al. (2000) is that the
forcing energy changed tgEAdvection effects are already accounted for enBhterm.

Nighttime ET is an important proportion of daily ETolk et al. (2006b) pointed out that nighttime
ET can be as much as 12% of daily ET in a highleatve environment. Therefore, accounting for
nighttime ET in the correction method is essentnsible heat flux often shows small or negative
values in nighttime, which leads to a Bowen ragssl than zero. The sensible heat flux is often
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responsible for a large portion of energy for nigfit The correction method used for daytime cannot
be applied to night time easily. When H is negatitie Bowen ratio can be written as follows:

H LE-Ep Ep H
= —= = —_——_—= obs (17)

LE LE LE  LE,p

and the correction method for the nighttime canlééved:
1
LEcor = TBEP (18)
Heor = LEp (19)
cor 1 _ B

To facilitate the descriptions later, this methodswnamed the Nighttime Correction Method 1
(NCM1). The above method is mainly based on themasions from EC. It is convenient to derive
another method for the correction of latent heat tt night. In normal conditions, the ET process i
not only controlled by the available energy bubatentrolled by the available water. Considering th
evaporation from a non-saturated surface, the wtiactual to potential evaporation can be a good
indicator of the water availability. Then, the adtavaporation can be expressed as:

E = f(u)(es — e5) = SE, = Sf(u)(e5 — e,) (20)

wheref(u) is the wind function, S is the water availabilitydex, e} is the saturation vapour
pressure of the surface, is the actual vapor pressure of the surface, egnd the actual vapor
pressure of the air. Combined with the energy lzaan the vertical direction, the evaporation fram
non-saturated surface can be written as:

A Y
E= (A_-I—X R, —G) + ﬁEa) (21)

S +3
For a wet surface, S will equal unity and this fatanis just the same as the Penman equation. For a

very dry surface, S will approach zero, arf@ goes to positive infinity, and the evaporatiore raill

be close to zero. This equation is similar to theegal expression for evaporation derived by Grange
and Gray (1989). The difference is that Granger Gnaly termed S as the relative evaporation, and
they employed an exponential function to deternihree relative evaporation. Assuming S is nearly
constant on a daily basis and that S can be defreed the corrected latent heat flux during the day
time, then the latent heat flux at nighttime cancoerected with equation (21). This method was
named the Nighttime Correction Method 2 (NCM2).

3. Study area and data description

The data used in this study were collected by tf8DAFARS, Conservation and Production
Research Laboratory (CPRL), located at Bushlanda3,eUSA. Long term observations indicate the
study area is subject to dry, hot air and strongdwi(mean of 4.3 m/s), which result in mean annual
Class A pan evaporation >2,600 mm, more than fioued mean annual precipitation (CPRL records).
The crops in this region are mainly corn, sorghwmter wheat, and cotton. Two large precision
monolithic weighing lysimeters (NEO1 and SE02) wased to measure ET in the irrigated cotton
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field. Prior to the field experiment, the lysimetevere calibrated and found to be accurate to withi
0.04 mm(Evett et al. 2012b). During this experiment, plaeight, plant width and leaf area index
were measured periodically (Evett et al., 2012ahWknazi et al., 2015). The vegetation on the NEO1
lysimeter grew faster than the surrounding field #me lysimeter tended to slightly overestimatédfie
ET during day of year (DOY) 203-209 (Alfieri et a{2012), Evett et al. (2012b)). Uneven
measurements of the NEO1 lysimeter were identiie®OY 158, 159, 163 and 166. The lysimeter
measurements from DOY 158 through 166 do not shaliwanal variation. However, SE02 site did
not show such problem. Each lysimeter was equippigldl a net radiometer (model REBS Q*7.1,
REBS, Radiation and Energy Balance Systems, BadleWA), four pairs of soil thermocouples
(model TMTSS-125G-6, Omega Engineering, Inc., StachfCT) and soil heat flux plates (model
HFT-3, REBS, Radiation and Energy Balance Syst&alievue, WA). The soil heat flux plates were
installed at 0.08 m depth at four evenly spaceétlons within and between the crop rows. Soil
thermocouple pairs were installed at 0.02 and @m06epth above the soil heat flux plates. Time
domain reflectometery (TDR) probes were buried.@200.06 and 0.12m depth next to each heat flux
plate to sense soil water content using the sati§p calibration of Evett et al. (2005). The TRata
were used to compute the heat capacity of the @od, this and the thermocouple data were used to
correct the heat flux plate data to surface heat faccounting for soil heat storage above the rsexit
flux plates) as described by Evett et al. (201Z&)o four-component net radiometers (CNR-1, Kipp
and Zonen, Delft, The Netherlands) were deployeth@nlysimeter fields. However, the observation
interval was different for the net radiometer ahd four-component net radiometers (observations
from the four-component net radiometers were mgsgmnsome days). Therefore, the net radiation
values (model Q*7.1) were adjusted using the cafibn based on the four-component net radiometers
(CNR-1, Kipp and Zonen, Delft, The Netherlands)oEs related to soil heat flux measurements were
reported to be around 20-30% in many field studidsusinkveld et al. 2004; Foken et al. 2006).
According to the study from Alfieri et al.(2012het day time mean of G for the NE site was 50 %/m
while the daytime mean of G averaged over all IiDrsat flux plates collected at the intensive gtud
site was 62 W/ where the difference was 12 WinHowever, large spatial variation in G was also
observed in this experiment, the range of peakegias nearly 40 W/mTwo identical EC systems
were located in the lysimeter fields. Each EC systensisted of a fast response 3D sonic anemometer
(model CSAT3, Campbell Scientific Inc., Logan, U&)fast response open path infrared ga®(kind
CQO,) analyzer (model LI-7500, LI-COR Inc., Lincoln, NEa fine wire thermocouple (model FWO05,
Campbell Scientific Inc., Logan, UT), an air temgdere/humidity sensor (model HMP45C, Vaisala
Inc., Woburn, MA), and a datalogger (model CR3008mpbell Scientific Inc., Logan, UT). The EC
system measured at a frequency of 20 Hz and 1%amerage LE and H fluxes were computed. Both
EC systems were installed at a 2.5-m height abaweengl. The raw EC data were corrected for
buoyancy/density fluctuation effects. This correwtis often called the WPL correction (Webb et al.
1980). Because the sensors were installed withetipation and there was adequate fetch, the
coordinate transformations and the data de-trendiage not pursued since the 15-min averaging
period was considered short for non-stationarygmes. More details of the experiment are available
in the paper by Chavez et al. (2009) and Alfierakt(2012). The cotton canopy height (h) reached
0.20 m by 26 June and 0.64 m by 28 July in 2008b& @ompatible with the temporal interval of the
observation data, a linear interpolation technigias employed for the cotton height. The zero plane
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displacement height ¢ and the roughness length X were parameterized by the following
equations (Allen et al. 1998):

2
do =3h (22)

Zom = 0.123h (23)

The roughness length governing the transfer of haedtvapor was approximated by (Allen et al.
1998):

Zon = 0.1Zg (24)

4. Results
4.1 The evaluation of the EC measurements

Two steps were taken to evaluate the EC measurentardtly, the surface energy balance closure
was analyzed. Secondly, the latent heat flux olesewith EC systems was evaluated by comparison
with the precision weighing lysimeter measurement® statistical measures for the evaluation of EC
measurements are listed in Table 1. Figure 2 shiogvsomparison between (&) and (H+LE) at the
two sites. At site NEOL, there were 481 samplesl uisehis comparison, most of the points plotted
below the 1:1 line, which illustrates a poor enefgplance closure of the surface energy budget
observed with the EC system and generally smdHer CE) than the available energy (Rn - G). The
slope and the intercept of the fitted line werelOand 14 W/rfy respectively. The mean value of all
(R-G) was 190 W/rhy while the mean value of all (H+LE) was only 150r. The energy balance
closure ratio of this site was 0.78 (78% closuiFe). the SEQ2 site, 429 samples were used and rhost o
them plotted below the 1:1 line. This site alsovedd a poor energy balance closure under the
advective environment. The slope and the interagpthe fitted line were 0.70 and 5 Wim
respectively. The mean value of all.{8) was 181 W/ while the mean value of all (H+LE) was
133 W/nf. The energy balance closure ratio was 0.74.

The comparisons illustrate both sites had poorgnbalance closure. According to Twine et al.
(2000), errors related to the soil heat flux measwnts are random errors and would not contrilmute t
systematic biases in the closure of the surfaceggri@alance. Both G and Rn were determined with
calibrated systems for which no large sources freare probable. Therefore, underestimation of H
and LE as sensed by the EC systems is likely tha reason for the large discrepancy of the surface
energy closure. Therefore, high accuracy latent th&a measured with another approach is needed to
evaluate the EC measurements. In this study, thssmmaeasurements from the two precision
lysimeters turned out to be suitable for this assest. ET rate values (mm' from the lysimeters,
were converted into latent heat flux (Wjnfollowing equation (1) in the paper by Chavezaét
(2009). Figure 3 presents the comparison of lateat flux derived from EC and precision lysimeter.
For the NEO1 site, 480 data samples were used astahthe points plotted below the 1:1 line, which
clearly illustrates that the EC system underesech&T. The slope and the intercept of the fittee li
are 0.63 and -3 W/m The mean absolute deviation (MAD) and the roommequare deviation
(RMSD) are 75 W/rhand 103 W/, respectively. The coefficient of determinatiof) (vas 0.66. The
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statistical computations further revealed the uestimates of the EC system at NEO1l under the
advective environment. The underestimates of ETevedso found at the SE02 site. There were 429
samples used in the comparison at SE02 site. Miogheo points plotted below the 1:1 line, the
discrepancy between the two was as large as 200°.\We slope and the intercept of the fitted line
for the points were 0.65 and -3 Wimespectively. The MAD and the RMSD were 66 \WAnd 91
W/m?. The £ was 0.71. Through the interpretation of the anslghown above, both EC systems
showed a poor energy balance closure, and the ESurements showed a significant underestimation
of ET compared with corresponding measurements thanprecision lysimeters.

Table 1. Statistical measures for the evaluation of EC messents.

Site

NEO1 SEQ02
Name
i LE(EC) vs Rn-G vs LE(EC) vs
Rn-G vs H+LE LE(Lysimeter) H+LE LE(Lysimeter)
N 481 481 429 429
MAD - 74.60 - 66.07
RMSD - 103.31 - 90.67
r? - 0.66 - 0.71
Slope 0.71 0.638 0.707 0.648
I'OTerce 14.22 -2.94 5.26 -3.09
Adj-l’2 0.96 0.872 0.97 0.92
-100 o 100 200 300 400 500 600 700 800 -200 -100 0 100 200 300 400 500 600 700
800 1 T T 1 r T T 800 700 . T - - : . r 700
700 A NEO1 - 700 600 SE02 —_ 600
N=481 N=429 1
800+  y=0.71x+14.22 : 890 5004 y-0.707x+5.265 1%
536 Adj.R-Square=0.96 Jwem 400 Adj.R-Square=0.974 400
‘E 400 400 g 300 1500
‘g- 300 300 ;g' 200 4 ] 200
= 17y p it ]
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o] , = (@) 1o - ) 1100
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Figure 2. Comparison between,/G and H+LE at two identical sitesf)(NEO1 site; (b)

SEO2 site)
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Figure 3. Comparison of latent heat flux measurements fromsk§€lems and precision
lysimeters (&) NEOL1 site; ) SEO2 site).

4.2 Characterizing the role of advection

Advection has a significant impact on ET as hasnbesported by many researchers. Gay and
Bernhofer (1991) found out that advection of sdesibeat from the surrounding desert region
enhanced ET by 22% and the amount of ET exceededvhlable energy (RG). Spronken-Smith et
al. (2000) also found out that the ET across dgated urban park exceeded the net radiation in the
afternoon due to the oasis effect. In the Regidk@dection Perturbations in an Irrigated Desert
(RAPID) experiment, Allen (1999) found out that ttagio of ET to R can exceed 1.5 in Kimberly,
Idaho, and that the dry air crossing a large desed may be responsible for this large discrepancy
the RAPID experiment, De Bruin et al. (2005) alsarfd a poor energy balance closure of the EC
system and they used a constant factor of 1.5 n@aoboth measured H and LE to close the energy
balance. They also recognized that this adjustinased on a constant factor was arbitrary. The tecen
studies revealed that advection can have a grgstdnon ET and energy balance in arid and semi-arid
environments where advection can’t be neglectede Hihis issue was further analyzed with the
measurements from both the EC systems and thesmnedysimeters.

Figure 4 (a) presents a time series comparisoRpeG) and (H+LEs) at the SEO2 site, where L&
is the latent heat flux measured with the precisygmmeter and H is the sensible heat flux measured
with the EC system. The sum of (H+ldf was greater than the available energy @ for these days
under advective environmental conditions of very dir and strong winds. This phenomenon was
especially significant in the afternoon of theseg/sdaEven though the sensible heat flux was not
corrected for the underestimate, (H+jsEstill showed to be 50-120 Wiyreater than the available
energy (R-G) around noon. The same phenomenon was also fauthé NEO1 site. The discrepancy
clearly illustrates the occurrence of advectioreet and further illustrates that the energy baanc
eguation can't neglect the advection term undereetiie environment conditions. The effects of
advection include two facets: advection not onlyaces ET but also modifies the local energy
balance as described in equation (1). Figure 4{bjvs a time series of the difference between latent
heat flux from lysimeter and eddy covariance syst@nSEQ02 site. The difference shows a clear
temporal pattern. The maximum of the differenceagisvoccurred after noon. Figure 4(c) and Figure
4(d) show a time series of wind speed and wateowapessure deficit (VPD) in these days. The
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difference between latent heat fluxes from thenhgter and EC system (Fig. 4b) shows a quite similar
temporal pattern as the wind speed and VPD, whiclicates advection may be one of the most
important reasons for the discrepancy of the labhmatt flux between lysimeter and eddy covariance
system. Figure 4(d) shows a time series compatstween the observed VPD and the theoretical
VPD [see Eq. (10)] at SEO2. It is clear the obsgVED is constantly larger than the theoretical VPD

The maximum difference is significant in the lafeemoon, which indicates a significant advection

effect, which explains the enhanced afternoon elifee between LE measured by the lysimeter and LE

estimated by the EC system.
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Figure 4. (a)The time series comparison between-@ and (H+LEs) at SE02.1§) The
time series of the difference between latent hkat from lysimeter and EC system at
SEO02. (LEs represents latent heat flux from lysimeter, while-c represents latent heat
flux from EC system)d) The time series of wind speed at SE@). The time series of

VPD and VPELheoryat SEO2.

Characterizing the role of advection is imperaiivéhese environments. Equation (7) was applied
to characterize the advection effect. Figure 5 shthe diurnal variation of advection in the days$haf
experiment under the advective environment. Theeettbd energy ranged from -50 W/io 280
W/m?. The largest advection often occurred at approtéinal 700 CST (Central Standard Time) of
the day at which time the,Ryreatly declined while the air drying power was#l strong. This was
consistent with the study by Alfieri et al. (202@ho found a clear temporal pattern of the diffeeenc
between lysimeter-derived ET and EC-based ET. Toegd that smaller differences occurred earlier
in the day and the maximum difference occurred ig&0 CST. Advection was nearly zero near

midnight. Particularly strong advection can

be fhom the 178, 178", and 178 days of the year.
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Figure 5. The diurnal behavior of advection at SE02 siteanrath advective environment.

4.3 Corrected Latent heat flux accounting for advection

The analysis in section 4.1 clearly illustrated tiiglerestimation of ET by the EC systems in the
advective environment. Section 4.2 further analytnedadvection effect on the local energy balance.
The sum of H and L was 50-120 W/tgreater than the local available energy-@}. Therefore,
the closure forcing methods proposed by Twine et(2000) may not be appropriate under such
conditions, because these methods are based oasthanption of energy conservation for EC
measurements. In this study, the method descrilmedsection 2 was applied to correct EC
measurements under the advective environment. Asguime ratio of H to LE was correctly observed
with EC systems, the daytime ET values (0900-1580)Gvere corrected based on the potential ET
derived from the Penman-Brutsaert model (Brutsd®82; Katul and Parlange, 1992). The statistical
measures for daytime are listed in Table 2. Figufa) shows the corrected LE compared with latent
heat flux measured with the precision lysimeteNBO1. There were 154 samples in this comparison.
Most of the points were located close to the h&.liThe slope and the intercept of the fitted tméhe
points were 0.76 and 91 Wnrespectively. The’rwas 0.82. The MAD and RMSD were 56 W/m
and 75 W/, respectively. The bias was 9 Winfigure 6 (b) presents the comparison at SE02. The
results seemed better than those from NEO1. Theda®6samples were evenly distributed along the
1:1 line which illustrates that the corrected meltilaring daytime was appropriate. The slope and the
intercept of the fitted line were 0.90 and 41 \k/nespectively. The MAD and RMSD were 36 W/m
and 48 W/rf. The bias was 7 W/mThe £ was 0.89.

In order to further evaluate the performance of thodel, the closure forcing method of Twine et
al. (2000) was also applied in this study. Figuh@ws the corrected results derived from the céosu
forcing method. At NEO1 site, most of the pointstgd below the 1:1 line. The slope and the infarce
of the fitted line were 0.80 and 35 WinThe MAD and the RMSD were 55 Wrand 73 W/, and
the F was 0.83. The bias was -30 W/Imt SEO2 site, the slope and the intercept ofitted line were
0.89 and 8 W/rh The MAD and the RMSD were 45 Wrand 55 W/rf, and the Twas 0.85. The bias
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was -28 W/m. Using the mean net radiation from 6 sites anchikan soil heat flux from ten soil heat
flux plate measurements, Alfieri et al. (2012) atgaplied the closure forcing method to correct the
observations from 4 July through 7 August. Aftejuating the turbulent fluxes to force closure, they
still found the adjusted latent heat flux was lg&s the measurements from lysimeter. They fouad th
mean differences were 76 W/rand 52 W/rf for NEO1 site and SE02 site, respectively. Conmgari
the statistical measures in Table 2, the newly ldgeel models showed improved results compared
with forcing the energy balance closure at the S&EG2 Results for the SEO01 site did not differ lnuc
between the two methods.

In further comparision of the two correction methpd/e excluded the uneven measurements in
DOY 158, 159, 163 and 166. In response, MAD and RM& DCM decreased to 54 Wfnand 70
W/m?, respectively, and thé decreased to 0.80. For the closure forcing mettt@MAD remained
unchanged, RMSD increased to 74 \{/mnd the 7 decreased to 0.78. The DCM method showed
slightly more improvement than did the closure ifogcmethod. Alfieri et al. (2012) and Evett et al.
(2012b) reported the observation problems of tiserigter at the NEOL site where the vegetation on
the lysimeter grew more rapidly than that in the@unding field. Therefore, statistical indicatafs
NEO1 may not clear reflect the advantage of thelyeleveloped method. However, this observation
problem was not found at SEO2 site. Thus the statlsndicators at NEO2 are more informative of
this newly developed model under the advectiverenment.

Table 2. Statistical measures for daytime (0900-1500 C$iection.

Site Name NEO1 SEO02
Correction Method DCM FCMD DCM FCMD
N 154 154 126 126
MAD 56.23 54.69 36.44 44.70
RMSD 75.47 72.91 48.24 55.37
Bias 8.58 -29.57 6.97 -28.47
R? 0.82 0.83 0.89 0.85
Slope 0.76 0.80 0.90 0.89
Intercept 90.56 35.47 40.84 8.06

Adjusted f 0.82 0.86 0.89 0.89
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Figure 7. Comparison of latent heat flux measured with lydien and adjusted latent heat
flux based on the forcing closure method (0900-1660).

Table 3. Statistical measures for nighttim@Q0 to 900 and 1500 to 2300 QIorrection.

Site Name NEO1 SEQ02

Correction Method NCM1 NCM2 NCM1 NCM2

N 326 326 303 303

MAD 51.72 41.69 34.15 28.15
RMSD 77.88 60.90 48.69 42.74

R? 0.534 0.72 0.76 0.81

Slope 0.807 0.849 1.01 1.01
Intercept 18.05 14.28 0.437 2.7
Adj-R-Square 0.603 0.73 0.81 0.84

Nighttime ET is an important proportion of daily BT the environment at Bushland (Tolk et al.,
2006b). In this study, two methods proposed inise@ were applied to correct ET values at night.
The statistical results are listed in Table 3. Feg8 presents the comparison of latent heat flux
measured with lysimeter and adjusted latent heatbdhsed on NCM1. For the NEO1 site, the NCM1
method showed poorer performance. The MAD and RM®Ee 52 W/rfi and 78 W/rf, respectively,
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with r? = 0.53. This poorer performance at NEO1 was reledethe uneven measurements of lysimeter
in the first few days (See Figure 11). Excluding ttneven measurements in DOY 158, 159, 163 and
166, the MAD and RMSD decreased to 45 \W/and 63 W/, respectively, And theiincreased to
0.71. The NCM1 showed much better results for tB@Zsite for which the MAD and RMSD were 34
W/m?and 49 W/, respectively. The slope and intercept were 1r@llGa437, respectively, and tife r
was 0.76.

The application of NCM2 needs an assumption. Assgrtiie water availability for ET was nearly
constant on a daily basis, the S in Eq. (21) caddrred from the corrected ET values in the dagtim
The mean value of S from 0900 to 1500 CST was usecbrrect the nighttime ET values with
computed potential ET values at nighttime. Figur@r8sents the comparison of latent heat flux
measured using lysimeters and corrected ET valuegyhttime based on NCM2. For the NEO1 site,
the slope and the intercept of the fitted line w&84 and 14 W/fm The MAD and the RMSD were 42
W/m? and 61 W/rf, and the ¥ was 0.72. Excluding the uneven measurements in &8 159, 163
and 166, the MAD and RMSD decreased to 38 \énd 56 W/, respectively, and thé mcreased
to 0.76. For the SEO2 site, most of the values veks&ributed evenly along the 1:1 line, which
illustrates acceptable results for the NCM2 coroecimethod at nighttime. The slope and the intdrcep
of the fitted line were 1.01 and 3 WinThe MAD and RMSD were 28 W/and 43 W/rf, and f =
0.81. The correction method performed better aSiE@2 site than at the NEO1 site. NCM2 showed an
improvement compared with NCML1 at both sites.
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Figure 9. Comparison of latent heat flux measured with lydien and adjusted latent heat
flux based on NCM2 at night time, (0000 to 900 4660 to 2300 CST).

Combining the corrected latent heat flux for bo#tyttme and nighttime, the diel ET was obtained.
The statistical measures for diel ET are listed@able 4. Figure 10 presents the diel ET correctigd w
DCM and NCM2. It shows the comparison of the cdeédatent heat flux to the measurements from
the precision lysimeters (including both day tinmel aight time). At NEO1, the slope and the intetcep
of the fitted line were 0.89 and 22 WinThe MAD and the RMSD were 48 W#rand 68 W/, and
the ¢ = 0.85. Compared with the statistical measure3able 4 and those in Table 1, the new
correction methods significantly improved the urdéimates of EC system at NEO1. For comparison,
the slope and intercept of the fitted line in FBg. were 0.638 and -3 WAnAN even better result was
found at the SEO2 site for which most of the datimts were evenly distributed along the 1:1 ling(F
10b). The slope and the intercept of the fitte& hmere 0.98 and 7 W/mthe MAD and the RMSD
were 31 W/m and 44 W/, and the 7 = 0.93. Compared with the statistics in TableHe hew
correction methods nearly eliminated the underegion of (LE + H) by EC measurements at the
SEO02 site. Results from the combination of DCM &l€M1 were comparable to those obtained using
DCM and NCM2. Evett et al.(2012) reported the déotgl latent heat fluxes from the NEO1 site were
up to 18% larger than those from the NE field, wihb@ased on the soil water balance method. In this
study, we found the latent heat flux from the NEQ&%imeter was 14% and 8% larger than
DCM+NCM1 and DCM+NCM2 during DOY 203-209. In allhg performance of the corrected

method proposed in this study was good, and caappiied to correct EC measurements under

advective environments.
Table 4. Statistical measures for diel ET correction.

Site Name NEO1 SE02
Correction Method DCM+NCM1 DCM+NCM2 DCM+NCM1 DCM+NCM2
N 480 480 429 429
MAD 53.17 47.72 34.82 30.59
RMSD 77.12 67.66 48.56 44.43
R? 0.80 0.85 0.915 0.93
BIAS 1.03 3.44 3.09 4.67
Slope 0.88 0.898 0.992 0.988
Intercept 22.24 21.99 4.61 6.61

Adj-R-Square 0.81 0.85 0.921 0.933
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Figure 10. Comparison of corrected latent heat flux from E@hwneasurements from the
precision lysimeters (both daytime and nighttime).
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5. Discussion

EC is an important technique to sense the surfaeggg fluxes and often is applied to validate or
evaluate ET models based on remote sensing. Howteeegproblems of lack of energy balance closure
and the underestimation of latent heat flux by E€&hads have been reported by many (e.g., Allen et
al., 2011b; De Bruin et al., 2005). Weighing lystare are an important technique to directly measure
ET, but they have limited spatial representatiod aeed careful operation. With no assumptions
necessary, a weighing lysimeter measure ET thrtlughvater mass changes of the soil container, and
the observations embody the energy from both lacailable energy and (local and regional) advected
energy from surrounding areas. Comparing the obsiens from these technigues in a homogenous
area would provide more in-depth understandingantifatmosphere interactions, the energy balance
closure problem, and the uncertainties relatetiécdBC technique. In this study, the observatioos fr
both lysimeter and EC techniques were comparedreThere some uncertainties related to the
observations from the lysimeter at the NEO1 siezabise the plant growth on the lysimeter was larger
than that in the field. Alfieri et al. (2012) alseported those observation problems at the NE@L sit
However, this problem was not found at SEO02 sitel Bvett et al. (2012b) found that the lysimeter
derived ET at this site matched well the ET deriftenin the soil water balance in the surrounding
cotton field. The EC method showed a large undenasion of ET under advective conditions. This
was also reported by Chavez et al. (2009) and Aiéieal. (2012). The discrepancy between the two
techniques could not be completely accounted freeiby the imperfect closure of the EC or the
uncertainties related to the net radiation and Isedt flux. Evett et al. (2012a) pointed out tha t
strongly advective conditions (warm dry air frone urrounding area) may be the main reason for the
large discrepancy between the two techniques.isnstidy, a method was proposed to account for the
advection in order to correct EC measurements umldeective environments and the resulting
statistical computations indicated that this appho#@s applicable under advective environment
conditions.

The literature discusses many potential causen@déngstimation of sensible and latent fluxes by
EC systems. Sensible and latent heat flux can derastimated by using averaging periods that are
too short to capture the low-frequency contribusidinnigan et al. (2003) reported that increasneg
averaging time from 15 min to 1 h increased H bya&% LE by 12% for measurements at 71 m above
the 40 m forest at Tumbarumba. These errors ineraasghe measurement height increases because
larger, low frequency eddies then contribute sigaiitly to the fluxes (Foken et al. 2006, Fokemlet
2011). However, using a larger averaging periodsdus solve the lack of energy balance closure for
the EC heat fluxes. During the SMEX02 experimertia¥®z et al. (2005) processed the flux data
using half-hour integration periods, and severatemions were performed to the raw EC data, and
still a large lack of energy balance closure remairin this study, 15 min averaging time was used
and may cause underestimation of H and LE. Howekerproblem related with low frequency errors
may not be significant because both EC systems imstalled at a 2.5-m height above ground. Over
short vegetation, underestimation of low frequeflax contributions appears to represent a minor
issue, and smaller increases are expected whenureesents are made at lower heights where
turbulent transport is dominated by smaller, higlgliency eddies (Foken et al. 2011; Leuning et al.
2012). Alfieri et al. (2012) used the data collecteom the same field campaign. One-hour block
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average turbulent fluxes were calculated in thaidyg and the energy balance non-closure problem
was still significant. Alfieri et al. (2012) founclosure values of 0.87 and 0.85 for NEO1 and SEO2.
The period of the data used in our study was diffefrom that used in Alfieri et al. (2012. The alat
used in our study are for selected days duringrtbeths of June and July 2008, while the data used i
Alfieri et al. (2012) were collected during the joer from 4 July through 7 August. This is why the
closure values are different in the two studiesn@beless, using a larger averaging period of ooe h
did not solve the lack of energy balance closuretfe EC heat fluxes.

Advection has a great impact on the local enerdgnizca. Many related field experiments indicated
that advection would greatly enhance ET beyond@via energy (e.g., Oke, 1979; Tolk et al., 2006a).
However, the energy balance equation neglecting@aobn is widely used and often leads to some
confusion, errors, and to the energy balance okoguoblem. For the advection effects, Brutsaert
(1982) provided a good example. He pointed out tiratatmospheric boundary layer is almost never
uniform, in fact it is continually responding tade-scale weather patterns, which tend to mairdain
humidity deficit even over the ocean. However, fineblems of EC heat flux underestimation and
imperfect EB closure (the energy balance equategletted advection) are intertwined and lead to
inaccuracies when determining ET of a given vegetaurface using EC systems. It is worth noting
that the conservation equation was applied to sthéyenergy balance closure problem in recent
studies (Kochendorfer and Paw, 2011; Leuning et28112), and these showed great improvement
over previous studies. However, due to limited oks#gons and complex interactions between land
and the atmosphere, such studies greatly rely omesassumptions. The forced closure method of
Twine et al. (2000) is mainly based on the ene@giice equation, neglecting advection, and may not
apply under advective environmental conditionsfaet, the forced closure method is only a special
case of our method under conditions whegp@} equal E.

Although the results appear promising, there aliessime limitations in this study. Because of the
lack of related auxiliary data, the cotton heiglitewery day was simply derived with a linear
interpolation and this would cause some uncer&sriti the results. The water availability for ETiS
Equation 21) was introduced to estimate ET on & Bésis. S was assumed to be constant for a 24-h
period. In reality, S is a variable with a diurnariation. In addition, it was assumed that the net
radiation and soil heat flux observed with fourrpaif soil heat plates have a sufficient accuraxay a
good spatial representation in this study. This matybe true in reality, for the soil heat flux nfagve
large spatial variation (Alfieri et al. 2012).

6. Summary

In this study, a new method accounting for advectias proposed to correct EC underestimates of
latent heat flux under advective environments. dbservations from two identical EC systems as well
as two precision weighing lysimeters from the USBRS CPRL, Bushland, TX, USA were used in
this study. The evaluation of the EC data compasétt the lysimeter measurements indicated
significant underestimation of the land surfacergndluxes. The energy balance ratio for the two EC
sites was 0.78 and 0.74. The sum of measured lataitflux from the lysimeter and the measured
sensible heat flux from the EC system was 50-12Gh3/gteater than the local available energy-G3;
which clearly illustrates the occurrence of theedon in this environment. The advection effecswa



24

characterized as ranging from -50 V§/tn 280 W/m. The largest advected energy often occurred at
approximately 1700 CST when, Breatly declined while the air drying power wa# shportant due

to strong wind speeds and dry air masses. Theatmmemethod was applied to both sites. In daytime,
it was found that the proposed method was morealdeitto correct ET under the advective
environment than was the closure forcing methoedas (R-G) and the Bowen ratio from the EC
measurements. The improved performance was maimyalthe consideration of the changing effects
of the advection in the new method. During nigh&tjnrwo new methods were proposed to correct EC
measurements. The NCM2 method assumed that the axetibability for ET was nearly constant on a
daily basis and then employed a revised Penman Inmderrect the nighttime ET values. The results
indicated that this method was capable of corrgck values at night. Finally, all the corrected
values, including both daytime and nighttime caiioets, were compared with the lysimeter
measurements. At the NEO1 site, the slope was M®@ and RMSD were 48 W/fmand 68 W/,

and the Twas 0.85. For the SE02 site, the slope was 0.9 lnd the RMSD were 31 W/nand 44
W/m?, and f was 0.93. The proposed approaches resulted inriamoreductions in EC system
underestimates under advective environments anklesegn recommended.
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Highlights

« Observations of ET compared between two identical EC systems and two
lysimeters

« A new method to correct EC measurements under advective environment

« The method is more suitable than the forced closure method, especialy in daytime



