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Abstract. For open orchard and vineyard canopies contain-the three wind profile algorithms highlights the dependence
ing significant fractions of exposed soit$0%), typical of  of wind speed just above the soil/substrate to leaf area index
Mediterranean agricultural regions, the energy balance of thend canopy height over the typical range of canopy proper-
vegetation elements is strongly influenced by heat exchang#es encountered in these agricultural areas. It is found that
with the bare soil/substrate. For these agricultural systemslifferences among the models in wind just above the soil
a “two-source” approach, where radiation and turbulent ex-surface are most significant under sparse and medium frac-
change between the soil and canopy elements are explicitlyional cover conditions (15-50%). The TSEB model heat
modelled, appears to be the only suitable methodology for reflux estimates are compared with micro-meteorological mea-
liably assessing energy fluxes. In strongly clumped canopiessurements from a small aperture scintillometer and an eddy
the effective wind speed profile inside and below the canopycovariance tower collected over an olive orchard character-
layer can strongly influence the partitioning of energy fluxesized by moderate fractional vegetation cover36%) and
between the soil and vegetation components. To assess threlatively tall crop &3.5m). TSEB fluxes for the 7 im-
impact of in-canopy wind profile on model flux estimates, an age acquisition dates generated using both the Massman and
analysis of three different formulations is presented, includ-Goudriaan in-canopy wind profile formulations give close
ing algorithms from Goudriaan (1977), Massman (1987) andagreement with measured fluxes, while the Lalic et al. equa-
Lalic et al. (2003). The in-canopy wind profile formulations tions yield poor results. The Massman wind profile scheme
are applied to the thermal-based two-source energy balancgightly outperforms that of Goudriaan, but it requires an ad-
(TSEB) model developed by Norman et al. (1995) and modi-ditional parameter accounting for the roughness sub-layer of
fied by Kustas and Norman (1999). High resolution airbornethe underlying vegetative surface. The analysis also suggests
remote sensing images, collected over an agricultural arethat within-canopy wind profile model discrepancies become
located in the western part of Sicily (Italy) comprised pri- important, in terms of impact on modelled sensible heat flux,
marily of vineyards, olive and citrus orchards, are used toonly for sparse canopies with moderate vegetation coverage.
derive all the input parameters needed to apply the TSEB
The images were acquired from June to October 2008 and

include a relatively wide range of meteorological and soil 1 |ntroduction
moisture conditions. A preliminary sensitivity analysis of

In Mediterranean cropping systems, which frequently experi-
ence both high levels of moisture stress and insufficient water

Correspondence taC. Cammalleri supply for irrigation, a detailed estimation of crop water re-
BY (cammillino@gmail.com) quirements can result in a significant reduction of agricultural
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waste of water. This type of information facilitates assess-1987) and semi-empirical (Uchijima and Wright, 1964) in-
ment of irrigation performance indicators at both field and canopy wind profile formulations have been proposed, with
farm scales, fundamental for agricultural economic systenthe goal of minimizing the number of input parameters re-
performance evaluation (Bastiaanssen and Bos, 1999). quired to describe wind profiles over a range of forest canopy
However, many of these Mediterranean cropping systemgonditions.
are characterized by strongly clumped canopy cover, with Tall and clumped (and/or patchy) crops, such as vineyards
significant exposure of bare soil between crop rows. Reli-and orchards, are in many ways similar to forested environ-
able algorithms for estimating total evapotranspiration (ET) ments, and require careful treatment of soil/canopy flux par-
therefore require a methodology to estimate water and energgitioning. An analysis of the impact of different in-canopy
fluxes from both the soil/substrate and the vegetation canopywind profiles parameterizations on modelled energy fluxes
Moreover, given that only the vegetation transpiration com-from the soil and vegetation components provides insight
ponent of ET is directly related to the effective crop stressinto the uncertainty in heat flux estimation, especially under
condition, accurate partitioning between soil evaporation andpartial canopy cover.
canopy transpiration will have added value for agricultural The study area examined here, located in south-west Sicily
water management monitoring and applications. (Italy), is comprised of olive and citrus orchards, vineyards
Remote sensing provides a means for mapping spatiaand bare soil fields with a wide range in fractional vegetation
distributions in water loss from soil and vegetation (e.g., cover and canopy height typical of Mediterranean systems.
Schmugge et al.,, 2002). Numerous remote sensing-basedere, flux observations from two micro-meteorological in-
approaches to ET mapping have been reported in the litstallations (a small aperture scintillometer and an eddy co-
erature (Kalma et al., 2008), many of which use thermal-variance tower) in an olive orchard are used to evaluate the
infrared to provide a key surface boundary condition (Kustasimpact of three different in-canopy wind profile algorithms
and Norman, 1996). Some have been developed to maximizen the heat fluxes estimated using the two-source energy bal-
ease of application, using semi-empirical (e.g., Roenink etance (TSEB) model (Kustas and Norman, 1999; Norman et
al., 2000) or within-scene scaling (Allen et al., 2007; Basti- al., 1995). The olive orchard had a canopy height of about
aanssen et al., 1998) approaches, whereas others are m@& m and a fractional vegetation cover of about 35%. High
physically based, explicitly modelling the soil-vegetation- resolution airborne imagery in the visible, near-infrared and
atmosphere exchange processes (Chehbouni et al., 200thermal-infrared bands was collected on seven dates, cov-
Norman et al., 1995). ering a wide range of meteorological (e.g., wind speed and
Recent studies (e.g., Choi et al., 2009; Minacapilli et al.,air temperature) and stress conditions (water availability due
2009; Timmermans et al., 2007) have emphasized the neetdb irrigation and rainfall) and were used to run the TSEB
for so-called “two-source” modelling schemes in order to ob- model. The high spatial resolution of the images (on the or-
tain a more accurate partitioning of the surface energy fluxesler of 10 m) permits the application of the TSEB model at
in partially vegetated areas. The combination of patchy vegthe sub-field scale despite the high spatial fragmentation of
etation cover and frequent dry surface moisture conditions irthe landscape, mainly characterized by field sizes of less than
arid or semi-arid climates causes a significant source of sens hectares.
sible heat flux from the soil surface, which will likely have a
measureable influence on the canopy fluxes (Kustas and Nor-
man, 1999). To reliably capture these effects in a modellingZ Methodology
framework, an explicit treatment of the soil and vegetation i ) i . i
exchange processes in the canopy air-space is required. |I|r]1 this se_ctlon a brief descrlptmn qf the T_SEB_modeI will be
such cases the wind speed profile function within the canopy?V€N: With focused attention on its applicability to sparse,
layer will strongly modulate the resistance to heat transporlcmrmjeoI vegetation. In addition, an overview of the different

from the soil and canopy elements, and can have asigniﬁcarff)rmUIationS for modelling in-canopy wind profile through

impact on both the radiative and turbulent heat exchange bel® €anopy layer is provided, with special consideration for

tween soil and vegetation. the canopy air space in between individual trees.
Past studies of the wind speed inside the canopy, espe;
cially in forested ecosystems, have been based on experi-’

mental observations and subsequent modelling of wind ProThe solution of the surface energy balance based on the

file using analytical and semi-empirical extinction formula- two-source approach requires partitioning the energy fluxes

tions (e.g., Cowan, 1968; Fons, 1940; Petit et al., 1976)y0ryeen the canopy and soil components of the modelling
However, the extreme variability in forest canopies results iNgcene:

large disparities in wind speed profiles due to differences in

1 Model description

canopy architecture, density, height and foliage distributionsR,, s — Go = Hs+ A Es Q)
(Fritschen, 1985). Despite this variability, a variety of ana-
lytical (Cowan, 1968; de Bruin and Moore, 1985; Massman, Rn ¢ = Hc+ A E¢ 2)
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Net long-wave radiation has been computed using the for-
mulation proposed by Ross (1975) assuming exponential ex-
tinction law of radiation in canopy air-space:

Lns=exp(—k LA e'o T3+ [1—exp(—k LA |eco T¢ —eso T3 (5)
Lnc=[1—exp(—k LAD)] (s’a T2+ 60 TA— 2eco Tg‘) 6)

wherek, is the extinction coefficient in the long-wave: (
0.95), ¢’ is the apparent atmospheric emissivity (modelled
by using the approach proposed by Brutsaert, 1988 the
Stefan-Boltzmann constanté; (~0.98) andes(~0.97) are
the surface emissivity of canopy and soil respectively (Brut-
saert, 1982)7; [K] is the air temperature above the canopy,
andT; andTs [K] are the surface temperatures of canopy and
soil, respectively.

The soil heat fluxGg, can be related to the net radiation
at the soil surface following the approach proposed by San-
Fig. 1. Scheme of the resistance network and key energy balancéanello and Friedl (2003):
variables used in the TSEB model.

Go=Acog27r (1+C)/B]|Rns (7

wherer is the time in seconds relative to the solar nodn,
represents the maximum of the raG@/Rn s, assumed equal

to 0.2 in agreement with the range of variability derived by
the studies of Choudhury et al. (1987), Friedl (1996), Kustas
and Daughtry (1990Y; [s] is the peak in time position, sup-

where R, and H represent the net radiation and the sensi-
ble heat flux [W nT2] respectively for the canopy layer and
soil (defined by the subscript ¢ and s, respectivetyy, is

the soil heat flux [W m?], AE, is the latent heat flux from
the canopy layer [W m?], representing the crop transpira- > ¢

tion, andi. Es is the latent heat flux from soil [Wn?], rep- ~ P0Sed equal to 3600 following Cellier et al. (1996), ank]
resenting the soil evaporation. Energy stored in the vegetals Set équal to 74000. .

tive canopy and consumed in photosynthesis is neglected in 11€se relationships were originally developed for a sur-
Eq. (2). The solution of Egs. (1) and (2) involves estima- face characterized by uniformly Qstnbgted vegetatlon cover.
tion of the net radiation components and soil heat flux basedn the case of clumped canopies with partial veggtqtlon
on radiation inputs and canopy extinction. Sensible heat i£OVer, the LAl can be corrected by means of a multiplica-

computed using the temperature-resistance network shown i€ clumping factor,$2, which takes into account reduced
Fig. 1, with latent heat determined as a residual to the over€Xtinction through a clumped canopy compared to uniformly
istributed vegetation. To compute the clumping factor,

all energy balance. The solution sequence was described X )
Norman et al. (1995) with revisions by Kustas and Norman ampbell and Norman (1998) suggest the following semi-

(1999), and it is outlined briefly below. empirical expression:
In the TSEB, the partitioning of net radiation between the Q(0)
soil and canopy net radiation is physically based and conf2(s) = Q(0) +[1—Q(0)]exp[—2.2(95)p] (®)

siders separately the divergence of the short-wayg &nd . . _
long-wave radiation &n) within the canopy layer, follow- ~whereQ(fs) is the clumping factor at solar zenith angle
ing the latest TSEB version proposed by Kustas and Normar§2(0) is the clumping factor for a nadir solar zenith angle, and
(2000). Net short-wave radiation is computed using a sim-p is an empirical expression given by:
plified version of the relationships reported in Chapter 150f
Campbell and Norman (1998): p=38-046D ©)
whereD is the plant height to width ratio, given as:

hC hC
Sne= (1—ac) Rs[1— exp(—kLAI)] @ P T ot (10)
wherek is the extinction coefficient for solar radiation mod- and /¢ is vegetation height [m] andy is typical vegeta-
elled as a function of solar zenith angt; (Norman and  tion clump width [m]. In row cropswy can be estimated as

Campbell, 1983)q¢ andas are the canopy and soil albedo Srowfc, Wheresyow [M] is the mean row spacing of the crops
and LAl is the leaf area index [fm~2]. (estimated from a land-use map) ayidis the fraction cover

derivable from vegetation indices (e.g., NDVI). The clump-
ing factor for nadir solar zenith angle can be estimated from

Sn’s: (1—as)RseXFX_kLA| ) (3)
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the total LAl and fraction vegetation coverage. In the fol- The aerodynamic resistaneg, can be modelled as a func-
lowing sections, the term LAI refers always to the clumped tion of wind speedl/ [ms~1], by means of the formulation

value,2(0s) LAI. proposed by Brutsaert (1982):
The sensible heat flux/, is expressed as the sum of the L i
contributions of soil Hs, and canopyH., accordingly with [In (zio—mo) - ‘I’m] ['” (ZTZ()—mc’) - ‘I‘h]
the assumption of “series” resistance network scheme (Shut-a= 0.16U (15)

teworth and Wallace, 1985). wherezt andzy [m] are the measurement height of air tem-

To—Ta T.—To Ts—Tp perature and wind speed above the canopy heifghis the

H = He+ Hs= pcp 7 :pcp( . + re ) 1) Zzero plane displacement [m}ym is the roughness length for
momentum transfer [m], andl, and¥, are the atmospheric

wherep is the air density [kgm?], ¢, is the specific heat  stability functions modelled according to Paulson (1970) and

at constant pressure [Jk§K~1], Ty is the surface aero- \Webb (1970).

dynamic temperature [K;, is the aerodynamic resistance  The resistance of the canopy boundary laysr, is

[sm~1], rsis the resistance to the heat transfer in the air spacechematized as suggested by Norman et al. (1995), according

between soil and source height [sthand ry is the resis-  to the parameterization proposed by McNaughton and van

tance of canopy boundary layer [s#} (Goudriaan, 1977;  den Hurk (1995):

Kustas and Norman, 1999; McNaughton and van den Hurk, . 12

1995; Norman et al., 1995). In order to obtdinand T in = c ( § > (16)

Eq. (11) the radiometric surface temperatigsp, retrieved LAl \ Udg+zom

by remote sensing is partitioned into soil and canopy compo-

& 0‘142 _1
nents based on the vegetation cover fracti@y), apparent v;g%rle ¢ ils ;g[ renci,\lfrlwl It(e)a? sizemm zsréuggesfgfhzyvﬁgzce
at the view zenith angle of the thermal radiometar ( ( .)’S . [m] do+zom

velocity at the heightdpy zom).

Finally, the set of two Egs. (11) and (12) in the unknown
variablesT;, Ts and Ty can be solved along with the overall
energy balance in Egs. (1) and (2) using an initial assumption
that the canopy transpiratiokE, is at the potential rate esti-
mated using the Priestley-Taylor equation (Priestley and Tay-

1/4
Trap = fo(@) T+ (1= fo(@) T2 (12)

In this experimentf =0 was used since the airborne sen-
sors were at near-nadir view angles, afa¢p) was derived
from LAl using (Choudhury, 1987; Richter and Timmer-

mans, 2009): lor, 1972). If the canopy is in fact undergoing water stress,
’ ' the Priestley-Taylor equation will lead to an overestimation
fc(0) =1—exp(—0.5LAl) (13) of AE¢, which in turn will likely result in an overestimation

) of Hy due to an elevateds resulting in negative value of

Inthe case of partial or open canopy cover under strong con; g (condensation) computed via Eq. (1). This condition is
vective conditions with hot, dry soil, the soil resistancg, ot physically realistic during daytime convective conditions
in Eq. (11) can be estimated following the modification pro- anq therefore a new solution is obtained by iteratively reduc-
posed by Kustas and Norman (1999) based on the study qfq the Priestley-Taylor coefficient, simulating the effects of
Kondo and Ishida (1997): canopy stress (see Kustas et al., 2004).

1 The main parameters used in the TSEB model are sum-
S VWY (14)  marized in Table 1, along with values or parameterizations

adopted in this study.

whereb’ can be set equal to 0.012 for natural surfaces, and _ _
the coefficient: [m s~ K~1/3] ranging between 0.0011 and 2-2 Wind speed above the soil surface
0.0038 as a function of the surface roughness. Sauer (199
and Sauer et al. (1995) suggest a value:-foi0.0025 for sur-
faces characterized by cultivated crops. The t&fim s1]
represents the wind speed just above the soil, where the e
fect of soil surface roughness is negligible, in general around’

%?1 the original TSEB formulation the wind speed above the
soil layer was modelled using the exponential law proposed
Py Goudriaan (1977), from here on referred to as the Goudri-
an approach:

0.05and 0.2 m. The value 6k can be derived from the wind  Us= Ucexp[—a (1—zs/hc)] 17
speed above the canopy by modelling the wind profile inside ]
the foliage space. where U represents the wind speed [mt$ at the top of

canopy (derived by logarithmic profile, adjusted by means of
stability function),zs [m] is the height above the soil where
the effect of soil surface roughness becomes negligible, set
equal to 0.1 m for the tall vegetation in this experiment, and
a is the extinction factor, given by Goudriaan (1977) as:
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Table 1. Main parameters used in the TSEB model simulations, along with values adopted in this study.

Variable Parameter Description Value
k Extinction coefficient for solar radiation 0.6/(2¢gs"->
ki Extinction coefficient in the long-wave 0.95

Rn ec Emissivity of canopy layer 0.98
&s Emissivity of soil layer 0.97
A Maximum ratioGo/Rn,s 0.2

Go B [s] G peak in time position 3600
CJs] Parameter fo6 g estimation 74000
do [m] Zero plane displacement 23

ra zom [M] Roughness length for momentum transfer Y8h

X C [s¥2m™Y Coefficient for leaf boundary-layer resistance 90
o Coefficient for wind speed ins 0.012

's c[ms1K=1/3] Coefficient for convective velocity ins 0.0025
zs[m] Height above the soil where is minimal the effect of soil surface roughness 0.1
Cyq Drag coefficient 0.2

Us e Parameter accounting for roughness sub-layer 15
zg [m] Crown bottom height 1/8;

*References for the adopted values are recognizable throughout the text.

a=0.28LAIZ/3 Y3113 (18) 2.0 (Raupach and Thorm, 1981). Due to the uncertainties
in the effective value of this parameter, a value of 1.5 was
wheres is computed by four times the leaf area divided by adopted in this experiment as suggested by Massman (1987)
the perimeter. on the basis of observed wind profiles in different crops. The
However, as observed by Brutsaert (1982), the use of aparameters, derived using Eq. (20), represents the extinc-
exponential wind profile inside the foliage space is not al-tion coefficient for hyperbolic-cosine profile, equivalent to
ways appropriate, especially in proximity of the soil surface. the parametet of the exponential in Eq. (17).
Moreover, a number of past studies focused attentiononwind  An analogous, but more complex, relationship exists for
profile observations for forested canopies and the difficultyihe case of a triangular foliage distribution, related to the
of specifying a unified in-canopy wind profile formulation ajry functions (Abramowitz and Stegun, 1964) above and
(Fons, 1940; Petit et al., 1976; Shaw, 1977; Uchijima andpejow the point of maximum foliage density. However,
Wright, 1964). In particular, Shaw (1977) observed that inthe requirement of knowing the vertical distribution of the
the lower region of the canopy a hyperbolic-cosine profile fg|iage restricts the application of this approach to sites

may be more appropriate. More recently, Massman (1987haying good ground-truth information and is therefore not
suggested the following expression (from here on referred tqgnsidered here.

as the Massman approach), assuming a uniform vertical dis- More recently,

- : on the basis of detailed analysis of ob-
tribution of foliage:

served wind profiles acquired inside pine forests in Great
Britain and the Shasta Experimental Forest in the USA,

\T12
U = UC[COz'o(fhgc)] 20s< 2 < he (19)  Lalic et al. (2003) suggest the following wind profile in-
side the canopy space (from here on referred to as the Lalic
. . ) . . approach):
in which the paramete# can be derived by the relationship:
_AC4LAI (20) costs(5) 7/2
= 0.1602 Ui = c|: cosh‘ic i| zd<z=<he (21)

where Cqy is the drag coefficient typically equal to 0.2
(Goudriaan, 1977), ang, is a dimensionless coefficient that
accounts for the presence of the roughness sub-layer of thehere zq [m] is the crown bottom height, the factgr is

underlying vegetative surface, having value between 1.0 angharameterised as in the Massman (1987) approach, and the

20s<Z =2d
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parameteC. is define as follow:

~7/2
Ce= [cosh@ (1— ;—dﬂ (22)

The exponent 7/2 was derived, in replacement of the value o
0.5 proposed by Massman, by fitting the values measured i
a forest in Great Britain with the empirical relationship. In
the absence of additional information, the paramegexas

set equal to 1/3 of canopy height, on the hypothesis that for
tall canopies the foliage occupies primarily the upper 2/3 of

the canopy height.
The relationships described in Egs. (19) and (21) can be
used to derive the value of wind speed just above the sall, live ield (01-05)
analogous to Eq. (17), by replacing the tegmwith the Ry sy - v
3 Study area and data collection Fig. 2. Orthophoto of the study area. The coloured lines demar-

cate the main study fields: specifically, the blue line encompasses
The study site was located in southern Italy in a highly the olive orchard monitored by the two micro-meteorological instal-
fragmented agricultural landscape, mainly dominated bylations (denoted as SAS and EC). Additionally the location of the
orchards and vineyards with strongly clumped VegetationS|AS weather station is demarcated in the eastern part of the study
cover, set in a typical Mediterranean climate. During the pe-2"¢2
riod June—October 2008, 7 airborne remote sensing acquisi-
tions were made as part of the DIFBIgitalizzazione della
Filiera Agroalimentar@ project. In the same timeframe, a  The northern part of the test site mainly consists of olive,
series of field campaigns was carried out, aimed at characgrape and bare soil fields of moderate size, with a square
terizing radiometric, thermal and biophysical surface prop-shape water body in the east maintained for irrigation pur-
erties over this landscape, including continuous monitoringposes (see Fig. 2). In the central area there are alternating
of surface energy fluxes by means of micro-meteorologicalfields comprised of vineyards (fields V1 and V2, respectively

instrumentations. demarcated by blue marine and green lines), olive and citrus
. o orchards (fields C1 and C2, respectively denoted with red
3.1 Testsite description and orange lines) with varying fractional vegetation cover,

) , . ... canopy height and field size. In the eastern side of the ex-
The experiment site, located in south-west cost of Sicily herimental site there is located a meteorological installation
(Italy) about 5k”m south-east of the town of Castelvetranot the 51AS Gervizio Informativo Agrometeorologico Sicil-
(TP) at 373835N latitude and 1250'50" E longitude, en- _ 516) \vhich provides measurements of the main meteoro-

compasses an area of approximately 160ha in size. Thtyqica variables (e.g., incoming solar radiation, air tempera-
crops grown in this region are mainly olive trees, grapes and,; e pressure and humidity, wind velocity and rainfall). The

citrus trees (Fig. 2). The landscape around the study site i§qthern part of the area is mainly characterized by olive or-
generally flat and highly fragmented, with a mean field size ;o145 and in particular an olive field of about 13 ha in size

of few hectares, alternating between different crop types an(édemarcated by the blue line in Fig. 2) where two different

fallow fields with bare soil. _micro-meteorological stations were installed to measure en-

From a climatic standpoint, the area experiences a tyPig gy fixes: a small aperture scintillometer (SAS) system and
cal Mediterranean climate characterized by moderate rain

) : : “""an eddy covariance (EC) tower.
fall during the autumn and winter periods and by very high = rpq gjive trees have been planted on regular grid of about
air temperature, with little precipitation occurring during the

" 8 x 5m? (~250trees/ha). The mean olive canopy height is
summer months. The phase shift between the crop phen()lo%{bout 3.3m with a mean fractional canopy cover of approx-

ical (growth) cycle and the rainfall events generally results inimately 0.35. The entire olive orchard was subdivided into
a high evaporative demand during the summer period, espé; sub-plots, O1 to O5, in order to analyze the effective ho-
ciaII_y ifthere has been'an absence of prec_ipitation during themogeneity of the field, which is crucial for assessing whether
Spring. For example, in 2008 thg total rainfall for the study the micro-meteorological installation provides flux measure-
area was of about 450mm, while the FAQ-56 formu_la for ments representative of the field average. The sparse configu-
reference (_avapotransplratlon (Allen et al., 1998) predicts aMation of the olive trees, typical of Mediterranean agricultural
atmospheric evaporative demand of nearly 1100 mm. practices, causes the surface flux exchange mechanism to be
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Table 2. Summary of the in-situ measurements collected during (adopting the protocol suggested in the instrument manual;

each airborne campaign and accura®?) of calibration proce- Li-cor Inc.., 1992) and the plot scale value (to average over
dures. the clumping effects). The plant-scale values were used to

calibrate the images, while the plot-scale values were used to

Variables # Sampling sites ~ R? assess the clumping effect.
A linear interpolation (in time) of both spectroradiomet-

reflectance 8-12 0.94-0.99 .

TraolK] 6-10 0.97-0.99 ric and surface temperature measurements was used for all
o 7 0.99 the ground targets, in order to extrapolate the variables to the
LAI[m2m~2] 18 0.94 time of aircraft overpass. A summary of the observed vari-
he [m] 18 0.79 ables and the number of sites where data were collected are

reported in Table 2.

3.2.2 Surface energy fluxes measurements
strongly influenced by sensible heat fluxes coming from the

exposed soil, making this a good test case for studying soi,ace fluxes in the olive orchard were continuously mon-
resistance and wind profile parameterizations. itored during the entire study period by means of 2 micro-
meteorological installations: a small aperture scintillometer
and an eddy covariance tower.

The measurements collected during the 2008 study period 1he scintillometer system includedStintec SLS2dis-
address two primary objectives: (a) characterization of thePlaced beam small aperture scintillometer (SAS), a two com-
test site in terms of radiometric, thermal and biophysical Ponent (total incoming and outgoing) pyrradiometciienk
properties for the purpose of calibrating the remote sensing>™mPH model 8111), and three soil heat plate§=P01SC

data; (b) collection of micrometeorological observations for Hukseflux. The SAS was installed at a height of 7m above
evaluating TSEB flux predictions. the ground, with a path length of about 95 m; the pyrradiome-

ter was installed in correspondence of SAS transmitter an el-
3.2.1 Measurements for remote sensing data calibration ~€vation of 8 m above ground level (agl), and the three flux

plates were set beneath the canopy foliage, in an exposed
To construct reliable surface reflectance and radiometric surbare soil area and in an intermediate location, at depth of
face temperature maps, removing effects of atmospheri@bout 0.10 m below the ground. Due to the preparation of
absorption and scattering, the aircraft imagery were semithe soil by ploughing, the heat storage above the plates has
empirically calibrated with respect to in-situ observations. been neglected. Data from the three soil plates have been
Additionally, retrievals of vegetation properties such as LAl averaged to estimate field-scale representative values. This
and canopy height were improved using local calibrationinstallation allowed the direct measurements of net radiation
with ground-truth data. and soil heat flux, indirect measurements of sensible heat flux

The ground measurement campaigns were conducted duwia the Monin-Obukhov surface layer similarity theory (Har-

ing each of the 7 acquisition days, beginning 2 h before thetogensis, 2006; Thiermann and Grassl, 1992), and then the

3.2 In-situ measurements

acquisition and finishing 2 h after the aircraft overpass. derivation of latent heat flux as a residual term of the surface
Specifically, spectroradiometric measurements were colenergy balance.
lected with anASD Inc. FieldSpec® HandHeldpectro- The eddy covariance system (EC) was located in the north-

radiometer over a number of natural and artificial surfacesern part of the olive field, and is part of tirboltalyproject
with different radiometric characteristics, surface tempera— an Italian network of eddy covariance installations for mon-
ture was measured using non-contact thermal-IR radiomeitoring carbon balance in agricultural and forest systems (Pa-
ters, LAl was measured for different crops usingiacor® pale, 2006). The instruments include a CSAT3-3D sonic
LAI2000 optical instrument, together with canopy height anemometerGampbell Scientific Ing.and a LI7500 open-
measurements. path gas analyzet{-cor Inc.) installed at an elevation of 8
The data were collected at several sites across the study above the ground, a NR-Lite-L net radiomet€ipp & Zo-
area, selected with the aim to represent the range of variabilner), and twoHFPO1SCflux plates HFP01SC Hukseflux.
ity in the scene of the observed quantity. Multiple repetitions This installation allowed measurement of all the terms of the
of the observations were collected in order to minimize errorssurface energy balance. It is well known that in most cases
related to the measurement techniques. turbulent fluxes measured by the eddy covariance technique
Particular care was taken with the measurement of fieldsuffer from lack of energy balance closure due to a number of
and plant- scale LAI for the olive grove. In fact, due to factors (Foken et al., 2006). In this experiment, the balance
the strong clumping of these crops, the measurements werelosure was satisfactory (Pernice et al., 2009) with a closure
structured to characterize separately LAl of a single plantratio, given by { +AE)/(Rn+ Go), of approximately 0.87.
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Table 3. Statistics derived by a comparison of SAS and EC half-hourly fluxes measurements over the full study period (June—October 2008,
daytime data only). Average SAS-EC measurements at the time of the aircraft overpasses during the 7 field campaigns are also provided.

Fluxes Mean RMSD MAD RE Average SAS-EC fluxes at
Wm=2] [Wm2] [Wm2] [%] the overpass times (by DOY)
163 185 204 235 247 284 295
Rn 320 37 24 7.5 601 460 521 480 461 335 390
Go 30 22 14 46.7 111 56 44 54 41 41 29
H 170 44 28 16.5 403 246 332 227 247 146 200
LE 120 56 42 35.0 87 158 145 199 173 148 161

1 N 1 N 1 N
Mean= 4+ > 05(Mi+0j)  RMSD= | (% 3 (M;—0))? MAD = & ( 3 |M; — Oj]
i=1 i=1 i=1

RE= M0 100

N is the number of half-hourly observationd; is the value of theé-th EC flux,
0; is the value of the-th SAS flux.

Still, in comparison with TSEB fluxes, EC flux closure was 3 spectral bands at Green (G, 530-570nm), Red (R, 650—
enforced by assigning energy residuals to the latent heat flu§90 nm) and Near InfraRed (NIR, 767—-832 nm) wavelengths,
(Prueger et al., 2005). and aFlir SC500/A40Mthermal camera (7.5-13 um) for ra-

Due to the differences in instrument locations and foot-diometric temperature estimation. The nominal pixel resolu-
prints, the EC and SAS systems generally measured fluxetion was approximately 0.6 m for VIS/NIR acquisitions, and
arising from two distinct source areas within the field. As- 1.7 m for the thermal-IR data.
suming that flux conditions were generally uniform across Figure 3 shows the scheduling of the acquisitions (verti-
the field, flux observations from the two installations were cal black lines), along with the temporal trend of daily ref-
averaged and assumed to be representative of the field aveerence evapotranspiration (reen dotted line) computed
age; this hypothesis will be discussed in Sect. 4.2. In Table 3y means of the FAO-56 proposed formulation (Allen et al.,
the SAS-EC average fluxes at the time of the aircraft over-1998) and total daily rainfall®, blue line) as was measured
passes are listed. by the SIAS weather station. The Eanalysis shows that

In order to assess uncertainties in the flux measurementghe maximum atmospheric demands were almost constant at
RMSD (Root Mean Square Difference), MAD (Mean Abso- about 6 mm d? in June-July, and decreased linearly from
lute Difference), and RE (Relative Error) statistics were com-the middle of August to a value of about 3 mm'din Oc-
puted from an EC-SAS flux comparison. Table 3 lists resultstober. This range of variability corresponds to potentially
from this comparison, computed using half-hourly daytime high vegetation stress conditions in the first period (charac-
flux measurements from June to October 2008. terized by absence of precipitation), followed by reduced at-

The RMSD and RE values computed fén, Go, and  mosphere demand and moderate episodic rainfall in the sec-
H listed in Table 3 are consistent with typical uncertainties ond period (from the end of September to October). Of par-
derived in flux measurement system intercomparisons (e.glicular interest are the two moderate rainfall events (of about
Twine et al., 2000). High RE values f@g reflect the rel- 10 and 25 mm) that occur between the 5th (DOY 247) and the
atively small magnitude of this flux, but absolute indicators 6th (DOY 284) remote sensing acquisitions on DOY 258 and
suggest reasonable agreement. Discrepancies in latent he2®7. These events made the last two acquisitions different
flux are the largest, due in part i from the SAS is com-  from the previous overpasses in terms of water availability
puted as a residual, and therefore accumulates errors in afind consequently potential water stress conditions.
measured flux components, and the EC technique lacking en- The application of the TSEB model requires a set of spa-

ergy balance closure. tially distributed remotely sensed inputs that were derived
from the airborne imagery. For this purpose the G, R and
3.3 Airborne remote sensing data processing NIR bands of the 7 acquired images were radiometrically cal-

ibrated, and atmospheric influence removed by means of the
The airborne remote sensing data acquisitions were collectedmpirical line method (Slater et al., 1996) using the spectro-
by “Terrasystem s.r.l.” using 8KY ARROW 650 TC/TCNS radiometric information collected by in-situ measurements.
aircraft, at a height of nearly 1000 m agl. The platform hasThe multispectral images were used to derive the Normalized
on board a multispectral camebauincantech MS410®ith Difference Vegetation Index, NDVI (Rouse et al., 1973), and
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er, 1| rrrrrr 22/07/2008 204 11:30
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N - ______ _______ ______ i g 10/10/2008 284 11:00
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*local time = UTC+2

Fig. 3. Daily reference evapotranspiration (left panel, green line on the primary axis) and total rainfall (left panel, blue line on the secondary
axis) for the study period derived from SIAS weather station measurements. Black vertical thick lines (left panel) highlight the airborne
overpasses. Right panel table shows DOY of remote sensing data acquisitions and the mean time of airborne overpass.

temperature and the in-situ measurements, adopting emissiv-
ity maps derived from NDVI on the basis of the approach
proposed by Sobrino et al. (2007). Due to the fact that
the adopted calibration procedures are widely used and vali-
dated, all the measurements were used to obtain the best cali-
bration of the empirical relationships. In Table 2 are reported
the coefficients of determinatioR¢) relative to the calibra-

tion procedures, highlighting the good performance obtained
with the in-situ local calibration approaches.

Figure 4 shows false-colour composites of the three re-
flectance bands and the radiometric surface temperature
maps for the 11 June 2008 (DOY 163) and 21 October 2008
(DOY 295) acquisitions. The comparison of the two false-
colour composition images highlights the increase of vege-
tation cover (red areas) due to weeds growing beneath the
crop trees following the rainfall events on DOY 258 and 267.
Rainfall effects are also reflected in the radiometric temper-
ature maps, which show a general decrease in surface tem-
perature in most areas due to increased vegetation cover and

Fig. 4. Remote sensing images acquired during the first (DOY 163,
upper line) and last (DOY 295, lower line) overpass. Left panels

show false-colour composition of R=NIR, G=Red, B=Green re- We;ter soil .Cot%dlt_llf)snéé del. the t ¢ d biooh
flectance bands at a spatial resolution of about 0.6 m. Right panels orusein the model, the temperature and biophys-

show surface radiometric temperature maps at a spatial resolutioH:al parameters m_aps were aggreggted an_d Co_'reg'Stere_d to
of 1.7m. a common resolution of 12 m to avoid spatial discrepancies

between the multispectral and thermal datasets, following the

suggestion of Anderson et al. (2004). Aggregated tempera-
the surface albedo by means of a weighted linear combinatures were retrieved averaging the surface radiance values,
tion of the observed reflectances (Price, 1990). The approacivhile other maps were aggregated through linear averaging.
proposed by Clevers (1989) was locally calibrated using theThe resolution of 12 m was also selected in order to obtain
in-situ measurements in order to assess the LAl maps. Fia pixel dimension just greater than the average rows space,
nally, the canopy heights have been retrieved by means of lominimizing the presence of bare soil (or full covered) pix-
cal calibrated LAI-based polynomial empirical relationship, els inside sparse vegetation fields. In fact, at higher resolu-
as suggested by Anderson et al. (2004). Radiometric surtions (on the order of 10m), these areas are constituted by
face temperatureTkap) maps, primary input to the TSEB alternating fully vegetated and bare soil pixels, is not theo-
model, have been retrieved from tRlr instrument thermal retically suitable for application of land surface formulations
band images using a linear regression between the acquireslich as the TSEB, which were developed to be applied at
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Table 4. NDVI mean and standard deviation (in brackets) for the
Olive sub-fields and whole field (“All"), computed for the 7 airborne
acquisition dates.

:
j DOY o1 02 (OX] 04 05 All
&

f —+— Goudriaan 163 043 041 043 041 038 041
~+— Massman (0.06) (0.05) (0.05) (0.05) (0.06) (0.05)
~=—Lallc 185 0.40 0.39 0.40 0.41 0.37 0.39

(0.05) (0.05) (0.05) (0.05) (0.05) (0.05)
039 039 040 040 0.36 0.39
(0.05) (0.05) (0.05) (0.05) (0.05) (0.05)
041 039 041 040 0.37 0.40
(0.05) (0.04) (0.05) (0.04) (0.05) (0.04)
046 041 045 043 0.38 043

z/h,

235

/
i
/
| - 204
f
i

00 100 247 006) (0.05) (0.05) (0.05) (0.05 (0.05)

U/l 284 0.50 0.46 0.53 0.51 0.48 0.50

(0.04) (0.05) (0.05) (0.04) (0.05) (0.04)

Fig. 5. Normalized in-canopy wind profiles retrieved using Goudri- 295 0.51 0.47 0.54 0.54 0.51 0.51
aan (blue), Massman (orange) and Lalic (green) schemes. (0.04) (0.05) (0.04) (0.04) (0.05) (0.04)

spatial scales¥10'—10? m) where there is radiation and tur-

bulent exchange between soil and canopy components anghd very low wind speeds in the lower portion of in-canopy

surface-layer similarity defining the resistance formulationsairspace.

(e.g., Eq. 15) are applicable. It should be stressed, however, that these comparisons are
strongly influenced by the assumed canopy structure vari-
ables, especially LAl and canopy height. To better under-

4 Results and discussion stand this dependence, model sensitivity to primary biophys-
ical variables was evaluated. In particular we focus attention

In order to evaluate the effect of the estimated wind speedn the effect on above-soil speddf, representing the vari-

above the soil surface on the energy budget partitioning, thébles of interest for TSEB model application.

TSEB model was run for all the 7 dates using the three Figure 6 shows variability i/s/ Uc with changing values

in-canopy wind profile formulations described in Sect. 2.2.0f LAl and /&, fixed inside the typical range of variability

Flux outputs from the TSEB using these three formulationsfor Mediterranean agricultural crops. Looking at Fig. 6 we

were evaluated in comparison with measurements from thé&ee that the Massman (middle panel) and Lalic (lower panel)

olive orchard, then differences in model output over the en-models show low sensitivity to the assumed canopy height
tire study areas were assessed for all the acquisition date§zc ), while the Goudriaan (top panel) model shows wind

Additionally, a preliminary sensitivity analysis of the three speed reduction increasing non-linearly with canopy height.

wind profile formulations has been performed. Moreover, the Goudriaan approach shows an almost linear
dependence on LAl over this range, while the Massman and

4.1 Analysis of wind extinction models Lalic formulations show saturation in the extinction effect for
higher values of LAI.

Figure 5 compares in-canopy wind profiles obtained us- At all values of LAl andh., the Lalic model generates
ing the Goudriaan, Eq. (17), Massman, (Eq. 19 and Lalic,the lowest values ofs (as seen in Fig. 5). In contrast, the
Eq. 21), models, generated using mean field properties reGoudriaan approach returns low value¢/gbnly under con-
trieved for olive trees in the study site. For comparison ditions of high LAl andhc, while the Massman model re-
purposes, elevation (agl) is normalized by canopy height,quires only high LAl for significant wind speed reduction.
while wind speed is normalized with respect to the speed just The neteffectis that the Lalic model will typically produce
above the canopy. In this way, both variables range betweeRigher values of soil resistances), tending to reduce the
0and 1. influence of soil fluxes on the in-canopy microclimate. This

These comparisons show that the Goudriaan and Massmaill have the effect of reducing sensible heat flux estimates
approaches return very similar values in the upper canoerom the TSEB model under sparse canopy conditions where

layer, with divergent results in the lower profiles character- En.s IS relatively large.
ized by higher wind speeds from the Massman relationship.
The Lalic model exhibits a larger extinction in the upper layer
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— LAIF0.5 =— LAIF1.0 — LAF20 LAI=4.0

UfU 0.0 -~ -f

Fig. 6. Sensitivity of Us/U. from the three selected in-canopy wind profile models to variations in LAligndPanel(a) shows the results
for Massman model (square dotted lines); pabglshows the results for Lalic model (circle dotted lines); pdiegkhows the results for
Goudriaan model (triangle dotted lines).

500

Table 5. Trap mean and standard deviation (in brackets) for the
Olive sub-fields and whole field (“All") {C], computed for the 7
airborne acquisition dates.

450
400
350
B Measured

B Goudriaan DOY 01 02 03 04 (0]} All

O Massman

a7 300

= 250
T 200

0 B Lalic 163 46.78 4452 4578 4474 4627 4562

160 (2.71) (2.02) (3.00) (1.99) (2.02) (2.35)

50 185 4453 4340 4241 4255 44.39 4346

0 (2.73) (2.11) (2.58) (2.00) (2.10) (2.30)
sS4 ;s 27 2w 2% opa 4323 4227 4219 3890 4352 42.02

poy (2.03) (2.18) (2.24) (3.67) (1.84) (2.39)

_ . ) 41.41 4424 4351 4490 45.00 4381
Fig. 7. Bar plot comparing measured and modelled sensible heat 235 (2.87) (1.67) (1.91) (1.75) (1.73) (1.99)
fluxes for the 7_ach_1isition dates. The modelled values correspond 40.92 4210 40.10 4236 4139 41.37
to the mean olive field values, while the error bars represent the 247 (2.34) (2.00) (2.68) (2.30) (1.92) (2.25)
standard deviation in modelleld computed over the field polygon. g4 2779 2830 27.82 2039 2018 2850
(0.97) (0.96) (1.15) (1.25) (1.27) (1.12)

og5 2879 2941 2759 29.02 28.24 28.61

4.2 Olive field validation (1.93) (1.43) (1.83) (2.07) (1.78) (1.81)

As reported in Sect. 3.2.2, fluxes from the SAS and EC sys-
tems were averaged and are taken as reference values charac-
terizing the entire olive orchard. To support the hypothesis 0f204 precludes the possibility that the instrument source areas

uniformity in this field, spatial variability in NDVI and@rap include this sub-plot. For this acquisition, TSEB results from
was assessed for each of the 5 sub-plots, O1 to O5, on all 3ub-plot O4 have been removed from spatial averages.
acquisition dates. On the basis of this analysis of spatial variability, the

The results of this analysis, reported in Tables 4 and 5flux maps retrieved by the TSEB model using the three in-
demonstrate that the deviation of single sub-plot mean valuesanopy wind profile models were spatially averaged over
from the global mean is always lower than the standard devithe whole field (with the mentioned exception), and mean
ation for both NDVI andlrap. The only exception is for ra-  values were compared with the average EC-SAS measure-
diometric temperature in sub-plot O4 for the 3rd acquisition ments computed over a 2 h window centered at the time of
(DOY 204). This behaviour can be explained by a break inthe overpasses.
the irrigation system a few days before the airborne overpass, Figure 7 shows a histogram of the mean observed sen-
which caused a localized reduction of soil surface temperasible heat flux for each remote sensing acquisition date,
ture. Fortunately, the mean wind direction during the DOY along with modelled values obtained using the 3 wind profile
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Fig. 8. Scatterplots of measured vs. modelled net radiation (upper left panel), soil heat flux (upper right panel), sensible heat flux (lower left
panel) and latent heat flux (lower right panel) using the three different in-canopy wind profile models.

formulations. This plot shows that in these cases the Massboth the Goudriaan and Massman models provide reason-
man and Goudriaan approaches yield values very close table estimates while the Lalic model underestimdiedy
the measurements. In contrast, the Lalic approach yields rel90 W m2 on average. This results in an overestimation of
atively poor flux estimates. latent heating by the Lalic model, whereas the Massman and
Statistical comparisons between modelled and measureoudriaan approaches both return reliable results fr
fluxes are shown in Table 6. In terms of both RMSD and It should be noted that results from the Massman model
MAD, the Massman approach yields the lowest errors in senare related to the choice of the. parameters in Eqg. (20),
sible and latent heat flux. The Goudriaan approach, used invhich can change considerably for different land uses. This
the standard implementation of the TSEB, also returns reawill contribute additional complexity in spatially distributed
sonable estimates i andAE, comparable with the mea- applications of TSEB, because of the introduction of an ad-
surement uncertainties (see Table 3). In contrast, the Lalic inditional parameter that is not easily retrievable from remote
canopy wind profile model yields unacceptably high errorssensing data.
with respect to measured fluxes.
The statistics in Table 6 also suggest that the TSEB yieldst.3 Study area model comparisons
reasonable estimates of net radiation and soil heat flux, and
that model-measurement agreement for flux components igs highlighted in Sect. 4.1, differences between the three in-
not very sensitive to the choice of in-canopy wind profile law canopy wind profile laws can depend strongly on values as-
in this case. sumed for LAl andh. for the analyzed crop. This is fur-
Figure 8 compares measured vs. modelled fluxes via scather demonstrated in the pixel-by-pixel scatterplots shown
terplots. Both modelled net radiation and soil heat flux showin Fig. 9, representing an analysis of model results over
good agreement with measured fluxes. For sensible heathe entire study area. Figure 9 shows comparisongl of
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Table 6. RMSD and MAD statistics [W m?] computed using TSEB modelled and EC-SAS measured values collected during the 7 acqui-
sition dates over the olive field.

Model Ry \ Go \ H \ LE
RMSD MAD \ RMSD MAD \ RMSD MAD \ RMSD MAD
Goudriaan 28 23 17 15 40 32 43 37
Massman 28 23 16 14 32 25 40 34
Lalic 29 23 17 15 92 89 98 96

@ Massman| |
o Lalic

H- Others [Wm®]

ta
=

H - Goudriaan [Wni’]

Fig. 9. Scatterplots of sensible heat fluxes from Goudriaan models vs. Massman and Lalic models, for the 3rd acquisitianhjpaeel
wind speed), 2nd acquisition (pariglmiddle-range wind speed) and 7th acquisition (panklwer wind speed).

fluxes estimated for the airborne acquisition under higher On most days, the three in-canopy wind profile models

wind speed conditions (3rd acquisition, DOY 204), moder- yield similar estimates off for vineyard field V1. This field

ated wind (2nd acquisition, DOY 185) and lower wind speed has very low canopy coverage, with only moderate extinction

(7th acquisition, DOY 295). in the foliage air-space. In contrast, the vineyard in field V2
The plots of Fig. 9 show that the Massman model gen-had moderate canopy coverage, more comparable to the olive

erally returns the highest values of sensible heat, whereagroves examined in earlier sections. In this case, the Lalic

the Lalic model yields the lowedt. Moreover, the differ- model predicts the largest extinction effects and therefore the

ences between the three models are largest for mid-rBinge lowest estimates of sensible heat flux, similar to the olive

values, generally associated with areas of moderate veget@ases.

tion cover (approximately in the range 0.15-0.50). Addition-  In summary, significant differences in system sensible heat

ally model discrepancies are largest under the highest wingstimated using the three wind profile models are found only

speed conditions. for canopies characterized by moderate vegetation coverage.
Finally, illustrated in Fig. 10 are differences between crop For higher cover fields, the soil sensible heat flux contribu-

types in how choice of in-canopy wind profile model impacts tions become negligible, whereas for low vegetation cover

modelledH, showing mean sensible heat flux estimated byfraction, the canopy extinction effects on near-surface wind

each model for citrus fields C1 and C2 and vineyards V1speed are minor.

and V2 demarcated in Fig. 2. Obviously the absence of flux

measurements in citrus and vineyards fields allows only a

comparative model vs. model examination on these fieldsd Conclusions

Differences are relatively small for field C1, characterized

by high LAI, probably due to the fact that soil sensible heatA set of 7 high resolution multispectral airborne remote

fluxes contributions are negligible for this canopy coverageSensing images and associated in-situ measurements have

condition. Field C2 also had high LAI, but lower than field Peen collected over an agricultural area in the southern part

C1; in this case, differences i estimated using the Lalic of Sicily, characterized by a typical Mediterranean climate.
model are more significant. This dataset has been used to evaluate the behaviour of the

TSEB model over fields with sparse, tall vegetation, such as
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‘ @ Goudriaan [ Massman [ Lalic
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Fig. 10. Bar plot comparing modelled sensible heat flux for the 7 acquisition dates for the fields: C1 (upper-left panel) C2 (upper-right
panel), V1 (lower-left panel) and V2 (lower-right panel). See Fig. 2 for the field locations. Error bars represent the standard deviation in

modelledH, computed over the field polygon.

orchards and vineyards. For such canopy architectures, a de- The Lalic model predicts strong extinction of winds
tailed analysis of flux exchanges in the air space betweenhrough the canopy, and therefore low wind speed at the soil
canopy crown and soil surface can provide valuable insightsurface and therefore low soil sensible heat flux contribu-
into the surface energy budget partitioning. tions. The Massman and Goudriaan models predict similar
The goal of this work was to assess sensitivity of TSEB wind speed profiles, with the Massman model generally re-
flux estimates to the modelling of the wind speed just aboveturning lower extinction and higher sensible heat flux values
the soil using three different approaches: the Goudriaarthat were in better agreement with measured fluxes. Differ-
in-canopy wind profile model (1977) used in the original ences in flux estimates using the three models were largest
TSEB formulation, the Massman (1987) model, and thefor high wind speeds and mid-range flux conditions.
Lalic et al. (2003) formulation. Evaluation of the three  To better understand the correlation between canopy pa-
models was performed over an olive field where micro- rameters and model differences, model flux estimates were
meteorological measurements were collected throughout theompared over 4 additional fields where no fluxes measure-
growing season using a small aperture scintillometer and aments were available, characterized by different vegetation
eddy covariance installation. coverage and crop type, including citrus groves and vine-
Analysis of the results indicates the best agreement withyards. This analysis suggests that in-canopy wind profile
measured sensible heat flux was obtained using the approachodel discrepancies become relevant, in terms of impact on
proposed by Massman, with errors, quantified by means ofnodelled sensible heat flux, only for sparse canopies with
RMSD and MAD indices, on the order of 20 Wth for moderate vegetation coverage. This finding can be explained
all energy flux components, comparable with uncertaintiesby the negligible contribution of soil sensible heat flux in the
expected in the measurements themselves. However, thease of high coverage, and by the minimal wind extinction
simpler Goudriaan model also yielded reasonable estimatesffect in the case of very sparse vegetation.
of the sensible and latent heat fluxes, with somewhat larger While the Massman model yielded better agreement with
errors than the Massman approach but still comparable wittobserved fluxes in this study, the simpler Goudriaan ap-
the measurements uncertainties. In contrast, results from thproach provided comparable results using fewer parame-
TSEB model using the Lalic formulation were poor, espe-ters. The Massman model requires a parameter account-
cially for high values of sensible heat fluxes values associatedhg for roughness sub-layer of the underlying vegetative sur-
with day characterized by high wind speed conditions. face, the value of which will be difficult to specify accurately
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in spatially distributed applications of the TSEB. For local- Cellier, P., Richard, G., and Robin, P.: Partition of sensible heat
scale applications, the Massman model may provide better fluxes into bare soil and the atmosphere, Agric. For. Meteorol.,
results. 82, 245-265, 1996.

Further tests of in-canopy wind profile parameterization Chehbouni, A., Nouvellon, v., Lhomme, J. -P., Waits, C., Boulet,
within the TSEB model will incorporate forested land cover ~ G- Ker, Y. H., Moran, M. S., and Goodrich, D. C.: Estimation
classes and a range of surface moisture conditions to better of surface sensible heat flux using dual angle observations of ra-
understand sensitivity to canopy architecture and soil surface diative surface temperature, Agric. For. Meteorol., 108, 55-65,

i, . 2001.
conditions. In the near future, the study will be extended i m. kustas, W. P.. Anderson, M. C.. Allen. R. G., Li, F., and

in detail for crops characterized by a strong row structure, - jaersgaard, J. H.: An intercomparison of three remote sensing-
such as vineyards, to assess the role of wind direction in pased surface energy balance algorithms over a corn and soybean
flux exchanges. In order to more rigorously evaluate these production region (lowa, US) during SMACEX, Agric. For. Me-
wind extinction models under a range of canopy conditions, teorol., 149(12), 2082—2097, 2009.

a series of wind profile measurements will be collected un-Choudhury, B. J.: Relationships between vegetation indices, radia-
der different cropping systems. Such measurements will im- tion absorption, and net photosynthesis evaluated by a sensitivity

prove our understanding of these exchange processes underanalysis, Rem. Sens. Environ., 22, 209-233, 1987. _
clumped vegetation conditions. Choudhury, B. J., Idso, S. B., and Reginato, R. J.: Analysis of an

empirical model for soil heat flux under a growing wheat crop for
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