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Abstract. Scintillometry is widely recognized as a potential aggregated flux estimates. However, this validation exercise
tool for obtaining spatially aggregated sensible heat fluxeds not as straightforward as one may hope for, due to mainly
at regional scales. Although many investigations have beemwo issues that are related to the spatial heterogeneity of both
made over contrasting component surfaces, few aggregatiotihe surface and the fluxes.

schemes consider footprint contributions. In this paper, an Although over homogeneous terrain, this methodology has
approach is presented to infer average sensible heat flux ove§roven to provide accurate estimates of sensible heat flux
a very heterogeneous landscape by using a large apertug@auwels et al., 2008; Watts et al., 2000; Meijninger and de
scintillometer. The methodology is demonstrated on SimU'Bruin, 2000; McAneney et al., 1995; de Bruin et al., 1995),
lated data and tested on a time series of measurements okhe first complication arises because of well-known theoreti-
tained during the SPARC2004 experiment in Barrax, Spainca| problems when applying the scintillation technique over
Results show that the two-dimensional footprint approachy heterogeneous surface (Ezzahar et al., 2007; Lagouarde et
yields more accurate results of aggregated sensible heat fluy;. 2002a: Chehbouni et al., 2000: Bses et al., 2006).

than traditional methods. Apart from these problems that relate to applying the scin-
tillation technique over heterogeneous areas, a second prob-
lem relates to the direct comparison between the remote
1 Introduction sensing-based and ground-based estimate of sensible heat
flux. If the surface is heterogeneous, the signal measured by
Spatial variation in land surface sensible heat fluxes is a crit{he sensor, the LAS in this case, depends on which part of the
ical factor in producing and modifying regional atmospheric Surface has the strongest influence on the sensor and, thus,
circulations (Avissar and Pielke, 1989) and has been a majoP" the location and size of its so-called footprint (Schmid,
subject of research during the past two decades (Chehbouri?02). In most natural landscapes, the footprint will con-
et al., 2000). Nowadays remote sensing algorithms ardain different landcover types and a successful interpretation
widely used for estimating these spatially distributed surface°f the measured fluxes will depend on an appropriate foot-
fluxes. To validate these algorithms, required ground truthPrint model (Soegaard et al., 2003). Therefore, the only use-
data are directly comparable to the flux estimates obtainedul comparison between remote sensing-based and ground-
from such algorithms. The increasing popularity of using apased estimates of sen_5|k_JIe heat flux can be done by account-
large aperture scintillometer (LAS) for doing so can be ex-ng for heterogeneity within the footprint.
plained by both its ease of operation and relatively low cost Shuttleworth (1988) argued that the most effective way
as well as by its potential capability of obtaining spatially to synthesize grid-area, weighted average values of surface
characteristics, is to use remote sensing techniques to di-
agnose areas which can be treated as a particular surface
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remotely sensed area-average frequency of occurrence. Shudptical wave numberk=27/A and x=¥ 2 KDu, where D
tleworth (1988) stated that “the effective area-average valuas the diameter of the receiver/transmitter aperture &nd
of land surface parameters is estimated as a weighted avhe three-dimensional spatial wave numbéi. is a Bessel
erage over the component cover types in each grid througlfunction of the first kind of order one, antly, the three-
that function involving the parameter which most succinctly dimensional Kolmogorov spectrum of the refractive index,
expresses its relationship with the associated surface flux"which describes the turbulent medium in terms of its Fourier

which is exactly what we will attempt here. components, is given by:
The objective of the current contribution is to verify the 2 o113
suitability of the LAS for producing area-average estimates®~ (K) =0.033-Cy K ®)

of sensible heat flux over heterogeneous terrain and its a

|fo||cab|l|ty ftor vallo!atlngbspatlzil_ly d'SK'?Utted _ﬂltjx e_stlr:Pa(;es the spatial average value of the structure parameter as ob-
rom remote sensing observations. A Toolprint-welghted ap-;nqaq from a LAS, following Wang et al. (1978):
proach is proposed in Sect. 2 to aggregate surface charac-

teristics, taking into account, within footprint heterogeneity, <C2 > —112.62 .p7/3.p-3 4)
the information obtained through remote sensing. The ap\ ¥/~ 7~ M)

proach is tested on simulated data in Sect. 3 and applied OV&fjhere the brackets on the left-hand side of the equation indi-
a very heterogeneous test site in Barrax (Spain) in Sect. 4. Aate a spatial average of the measured refractive index.
discussion on the results follows in Sect. 5 and the paper is  geyeral authors (de Bruin et al., 1993; Green et al., 2001;
concluded with some remarks in Sect. 6. McAneney et al., 1995) have described the theory in detail by
deriving turbulent exchange from scintillation measurements
over uniform surfaces, which is summarized here. In the op-
tical domain, when humidity fluctuations in the atmosphere

In this section, first a summary of the physical backgroundhave a much smaller influence on the signal than tempera-
of the LAS measurement is provided, described also in defure fluctuations, the structure parameter for tempera€ifre,
tail in Chehbouni et al. (2000), Lagouarde et al. (2002b) and(K?-m~2/3) can be derived fron€% as measured by a scin-
Wang et al. (1978), valid for the observations over a homogetillometer following Wesely (1976):

neous surface. Then a review is provided on typical problems )

over heterogeneous surfaces, followed by a section dealin@% = Cf/ (yr,“p) 2. (1+ 0'703) -2 %)

with implications for estimating fluxes from LAS observa- . _ _ .
tions over a heterogeneous landscape. in which T, represents air temperatut€), y is the refractive

index for air (7.910~7K-Pa 1), p (Pa) is the atmospheric
2.1 The homogeneous case pressure ané (-) is the well-known Bowen ratio, here used

as a correction term for humidity related scintillations. Simi-
Large Aperture Scintillometers (LAS) provide a measure-larity relationships (Wyngaard et al., 1971) based on Monin-
ment of the structure parameter for the refractive indéx  Obukhov Similarity Theory, provide the possibility to derive
(m—2/3) derived from the intensity fluctuations of an optical sensible heat fluxid (W-m~2), through the use of the tem-
beam between a transmitter and a receiver. The variance gderature scalel, (K), following:
the natural logarithm of the irradiandeincident at the re-

pI’ntegration of Eq. 2) combined with Eqgs.1) and @), yields

2 Scintillation technique

ceiver is given by: C2=T2(z—do) %3 fr (Z_Lﬂ) (6)
! wherez (m) is the effective height (Hartogensis et al., 2003)
oy =) —In(1)12 = /CIZV(M)W(u)du (1)  ofthe LAS measuremenip (m) the displacement heighfr
0 (-) the universal stability function, and the temperature scale

. . _ . is defined as:
where the overbar is a spatial averaging, &nd:) is a non-
uniform, bell-shaped weighing function: T, = —H @)

o O - Cp s Uy
W () =167 - P-/K‘:DN(K)sin2 wherep (kg-m~3) is the density of airgp (J-kg™t-K™1) is

0 the specific heat of air at constant pressure m,nﬂms—l)

K2Pu(l— 2 4 is the_ well-known friction velocity. The form of the stability
) ( ”;5( ”)> . ( J;((x)) dK (2 functions adopted here are taken from Green et al. (2001):
z=do ) _ ) .| zzdo || —2/3

whereu (-) is the normalized path distance from the trans- fT( L )_ cr1 (1+CT2 L )
mitter, equal tax/P, with P being the path length (m). The for(z —dp)/L <0 (unstable (8a)
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estimate for the areal averaged roughness length is obtained
from one of the two following schemes:
fr (Z_Ldo)=CT1~ (1+cr3- (ﬂ)Z/S) J

L
for (z —do) /L > 0 (stable (8b) In{(zo) =r - In (zo) +(@A—7r) - In(z02) (12a)

whereL (m) is the Monin-Obhukov length, defined as:
(=) =r-(n ()

Tek T D haen . (n(52)) (12b)

202

i ' 5 2)j itati -
In which ¢ (m-s™) is the gravitational constant aid-) the A mean windspeed then is obtained according to an aggre-

von Karman constant. The constants, crz anders () é;ation scheme based on a linear transit time for an air parcel
are take equal to 4.9, 6.1 and 2.4, respectivel ngaar L
d b y (Wyng along the pathlength, resulting in:

et al., 1971). There is no general consensus on the stability

function for stable conditions (Eq. 8b), however, in this work ,,y _ ui-uz (13)
we use the coefficients proposed by Wyngaard et al. (1971), reug+@A—r) - u1
as mentioned above. Integration of the weighing function of the scintillometer

Obtaining the sensible heat flux from a scintillometer mea-from 0 tor and from (-r) to 1 provides weighting factors,
surement over homogeneous terrain, thus, invokes soNing ; with i the component number. They are used to obtain

from Egs. (5)~(9). This requires measurements with a numan average value af2 assumed to originate from the two
ber of additional parameters; air temperature, air pressureggomponents following:

Bowen ratio, displacement height and friction velocity. Since
measurements of friction velocity are not generally available,<C12v2> =W C,z\/l + Wa- Clzvz (14)

independent windspeed measuremantat reference height

2. may be combined with an estimate of surface roughnes¥/hich is then used to derive an aggregated sensible heat
length, zo, following: flux in a similar fashion as described above. Lagouarde et

L al. (2002) compared these versus reference values for sen-
Uy =k -u- [In (%) —Yu (zuL—d)] (10)  sible heat, obtained from sonic measurements at the two
surface components weighted following the same approach
whereyry (-) is the integrated stability function (Panofsky as in Eq. £1). As such, the reference flux was defined as
and Dutton, 1984), to obtain estimates of friction velocity. the average of the component fluxes weighted by the ratio
Generally an estimation of the aerodynamic propertiesof their contribution to the pathlength of the scintillome-
of the terrain, surface roughness length and displacemerter. This yielded a small but systematic overestimation by
height, estimated as a fraction of canopy height, followingthe scintillometer-based estimates. A sensitivity analysis
Brutsaert (1982), ensures an accurate estimate of sensibten a simple model simulating the integration methodology

heat flux over homogeneous terrain. showed that the composition of the pathlength, the contrast
o in fluxes and, to a lesser extent, the aerodynamic properties
2.2 Application to a heterogeneous surface of the two surface components induced the deviations be-

When the th d ibed ab . lied h ttween the scintillometer-based estimates and the reference
en the theory, described above, IS applied over a NeL o5 of sensible heat flux. An underestimation (overesti-

erogeneous _surface, gqmprising of tvyo or more patches 0Fnation) by the LAS depended on whether the largest field in
agricultural fields, additional assumptions need to be made

Besides doubts on the validity of Monin-Obhukov similarity the pathiength was the wettest (driest) part.

) . A slightly different approach is described by Ezzahar et
theory below the blending height over a heterogeneous sury, (2007), who estimate(‘f]%, at grid scale from compo-

face, problems exist on how to parameterize an equivalenhent LAS measurements, where the components consisted

or areally averaged temperature scale, and friction VelOCityof an olive orchard with two contrasting fields. Demonstrat-

(Lagouarde eF al, 2oozp; Ezzahar. gt_ al, 2007),_as_, well aTg‘ng that Monin-Obhukov similarity theory applies below the
how to deal with the nonlinear sensitivity of the scintillome-

. lending height, they obtained a grid-scale sensible heat flux,
ter toCIZV along its beam. Lagouarde et al. (2002a) presente ng he1g y I gr I X

; < H >, following:
an approach for a two-surface composite case where aggre-

gated estimates for displacement height were obtained usingtH) =r - Hias—1+ (1—7) - Hias—2 (15)

dy=r-di+1-r)-d> (12) Subscripts 1 and 2 here indicate variables associated with the
two surface components, or patches, amadicates the pro-

where the brackets indicate a spatial averagerandicates portion of surface 1 to the total grid. Simplifying EdL5]

the proportion of surface 1 under the beam of the scintillome-, o
ter, whereas subscripts 1 and 2 refer to the two surface com-""
ponents, or patches, under the beam of the scintillometer. ARu.Ty) =r - us1Tx1+ (1 —r) - u 2Ty (16)
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and combining Egs5) and (8b) with Eq. 15) an expression where k is von Karman constant ang, the measuring

for CIZV aggregated at grid was obtained: height. The footprint model, described in detail in Soegaard
et al. (2003), is then combined with the weighting function
<C12v> =<y>"1. (y1C,2\11+y2C,2\/2) (17)  of the LAS to obtain the relative contribution of each of the
) contributing component surface covergp;, where the sub-
with: scripti refers to a particular surface component. The LAS
u*i(1+0.03°l-5+93)*2-(z(>,- —d;)?/3 path is thought to consist of a series of single observation
yi =(ri) ' (18) points each for which a single source strength is calculated

i—di) \—
Tei - (1 epp Sty =203 using Egs. (19)—(20). Each of these source strengths is then
wherei is either component 1, 2 or indicating the grid-scale multiplied with the LAS weighting functioni’ («). Summa-
average (angular brackets), angl for <y>, r;=r for y; tion of the individual points, normalized by the total sum of
andr;=(1-r) for ys. the source areas, then yields the LAS weighted footprint. It

Grid-scale averages of displacement height and roughnesshould be noted that the footprint model used here is chosen
length are then obtained in a similar way as proposed byfor its relatively simple implementation. In principle, any
Lagouarde et al. (2002a) through Eg$l)(and (L12b), re-  other footprint model (Schuepp et al., 1990; Horst and Weil,
spectively. 1992; Schmid, 2002) may be used.

In the approach described by Ezzahar et al. (2007), the Spatially distributed information on surface aerodynamic
aggregated, or grid-scale, sensible heat flux reflects an ayproperties was entered into this model to account for foot-
erage sensible heat flux over those parts of the grid that arprint heterogeneity. This relative footprint-weighted contri-
observed. bution is then used to obtain aggregated displacement height,

In their experiment the source areas of the two LAS sys-surface roughness and structure parameter of air following
tems appeared to be approximately equal, rendesiegual  Egs. (L1), (129, (17) and (8), wherer; should be replaced
tor, equal to 0.5 in Egs. (15)—(18). They note, however, thatby r fp;. The objective here is to obtain an aggregated struc-
a third LAS, covering the two patches, would not provide ture parameter as it would be obtained from a single LAS
a measurement that can be used to validate their aggregareasurement over different components, as opposed to Ez-
tion method, since this scintillometer would have a varying zahar et al. (2007) who aimed at a grid-scale aggregated flux.
contribution of the two patches, depending on wind direc-To achieve thisy; needs to be replaced byp, in Egs. (1),
tion. Moreover, these contributions would be influenced by (123, (17) and (8).

the weighting function of such a LAS. The approach described above is tested on simulated data
in a one-dimensional manner in Sect. 3. A one-dimensional
2.3 Footprint implications treatment assumes the components are only contributing

along the path of the scintillometer. This implies that only the

So far, we were mainly treating the heterogeneous surfacg og weighting function is influencing the component contri-
as a one-dimensional two-component area. However, wheR,tion. The LAS derived sensible heat flu%sim, is obtained
measurements are made below the blending height, a portiopym the prescribed component sensible heat flukasand

of the upstream surface, the source area, influences the Selr,. The procedure is such that the component structure pa-
sor. Numerous so-called footprint models are described ir}ameterscf\, ., Wherei is either 1 or 2, are calculated from

the literature that relate the measured flux at a certain heighhverting the procedure outlined by Egs. (5)~(9). These are
to the weighted spatial distribution of the surface fluxes thatiap weighted according to Eq4.7) and (8), usingrfp.; in-

contribute to the measurement. Meijninger et al. (2002) de—;q,4 of;, to simulate a<C2 > that a LAS would have mea-
scribed that in applying this concept to the LAS, one has N

) ) ) _ - 7= %sured, which is then used to obtaifyjy,. Following, Hsim is
to combine the footprint function with the spatial weighting compared to a reference sensible heat fldxy. The refer-

fun_cuonfm;the LfAS I?l order tohestlmate the frlelatlve contri- o ce flux is directly derived from the component fluxés,

bution of the surface Tluxes t(,)t € measured ux. and H», weighted by their relative contribution, following:
We used a simple three-dimensional footprint model that

calculates the source strengtfy; ,/, for a single observation  Hyet=rfp, - Hi+rfp, - Ho (21)

point, following: . . L
In Sect. 4 the aggregation approach is then applied in a two-

Fo o= Fy ~(y?/20%) 19 dimensional manner, incorporating the spatial distribution of
X'y e ( ) . .
J2moy the contributing components. The data used was collected

during the SPARC2004 field campaign in Barrax (Spain) and

whereo , is the cross wind spread in the directiphper- is described in detail in Su et al. (2008).

pendicular to the wind directionc() and F,/ is the relative
contribution per running m along the wind direction, as:

U Zm o —ufuy)Gm/kx")
F = . * m 20
Y 2 (20)
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3  Simulation

The (1-D) case of a composite surface comprising of two
plots is simulated. We choose two components with very £ =
contrasting sensible heat flux and assumed similar parame «
ter values as used in Lagouarde et al. (2002a). This mean
that for plot 1, we randomly generated sensible heat fluxes =
between 0 and 50 Wnt and for plot 2 between 350 and
400 WnT2. The roughness length and displacement height
were taken as 1/8 and 2/3 times the canopy height, following
Brutsaert (1982), where the canopy heights for the plots were ™
given random heights uniformly distributed between 0.015 & ™
and 1.5 m. Windspeed,¢f, chosen at a reference heights

equal to 50 m to ensure reasonably uniform windspeed, was
given random values between 0.5 and 6.0fand the con- ™
tributing areasr 2, were given random numbers between 0
and 1, so that their sum was equal to unity. Other parameters
were kept constant, available energy (necessary to calculate
a Bowen ratio) equal to 450 Wn3 and air temperaturd,,

equal to 301 K.

These data were input into a simulation (5000 runs) using
different aggregation methods. The first simulation followed E-rfp - Erfp
the approach described in detail in Lagouarde et al. (2002a).© =~ =~ = = ~ © 7 R
Since the reference flux here is derived from the component .
fluxes weighted by the contributing areass, in the remain-
der of this text it is referred to as L-r. A second simulation
concerned the same approach, but now with the reference: ..
flux defined as in Eq21). We will refer to this simulation as ®
L-rfp. The third simulation followed the approach described
in Ezzahar et al. (2007), also using the reference flux de- .. . . % ol b
fined following Eq. @1). Therefore, we will refer to it as (“’

E-rfp. The fourth simulation concerning the new approachFig_ 1. Simulation results for a two-component surface using ag-

described in the current contribution, is N-rfp. gregation approaches L-r, L-rfp, E-rfp and N-rfp (see main text for
Results are presented in Fig. 1, where in the left panelsdditional explanation). Left panels show simulated versus refer-
the simulated fluxes are plotted versus the reference fluxesnce fluxes, right panels show the “erroHgj,—Hyef, Versus the

The right panels show the differencHgn—Hpef, VErsus the  contributing areas; or rfp.

contributing area, either (the first simulation) orfp (the

other simulations). A low value for means a low contribu-

tion from surface component 1. The chosen contrast in senfal then represents an LAS measurementéf> over the

sible heat flux resulted in differencés—H- ranging from  two areas. The second approach, Ezzahar et al. (2007), con-

400 to—300 WnT2, similar to the range in Lagouarde et Structs an aggregatedCy >, directly from LAS measured

al. (2002a). They presented their results compodihg componentC,z\, avoiding the weighting function. As such,

from its components by not taking into account the weighting this <C12V> will yield an <H > that represents a spatially

function of the LAS. We have plotted the results in Fig. 1la weighted average, or grid-scale average, sensible heat flux.

and 1le, which resembles the “diamond” class in Fig. 10 WhenH1<H, andr < (1—r), the approach originally sug-

of Lagouarde et al. (2002a). The results from the secondyested by Lagouarde et al. (2002a) yielded an overestimation

simulation (L-rfp), whereH,ef was composed by taking the of Hgjm with respect taH,er. This is because the method does

weighting function of the LAS into account, are shown in take the LAS weighting functionW (1), into consideration

Fig. 1b and f. Simulation results from the E-rfp simulation for obtaining an aggregate(d]zv, whereas for the calculation

are given in Fig. 1c and g, whereas results obtained from thef the reference sensible heat flubf;es, a linear weighing

N-rfp approach are given in Fig. 1d and h. based on the contributing area is assumed. This systematic
An important difference between the existing approacheseffect is removed when taking the weighting function into

is that the first one, Lagouarde et al. (2002a), constructs a@account. However, still deviations, originating from the dif-

aggregated LAS signalgC,%,>, from componemC,ZV ac-  ference in component aerodynamic characteristics, are noted

cording to the LAS weighting function. This aggregated sig- which can be attributed to the assumption of B (

L-r

L-rfp
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This problem was solved analytically by Ezzahar et4.1 Experimental setup
al. (2007) resulting in Eqsd{) and (8). However, when
applying their approach on a LAS signal measured over @A Kipp and Zonen Large Aperture Scintillometer (LAS),
two-component contrasting surface, the reference sensibléormerly Micromet Scientific LAS-150, was installed in the
heat flux, Hyet, Should also be estimated from the compo- center of the test site. The receiver of the LAS was installed
nent sensible heat fluxes weighted by the weighing functiorat a height of 5.06 m at the north-western side of a triangular
of the LAS. In the case offy<H, andr<(1-r), the Hyes shaped vineyard (“V1”in Fig. 2.) with sides measuring about
will be higher than thefsim since the method does not in- 200 m each, and quite variable canopy heights, depending on
corporate the weighting function of the LAS, resulting in an age of the crops, ranging from 1.0 up to 2.0 m. The transmit-
underestimation ofsjm. This phenomenon is illustrated in ter was positioned at a distance of 784 min a harvested wheat
Fig. 1cand g. field containing at parts dry wheat stubbles of about 0.15 to
When taking the weighting function into account for de- 0.20 m height. Installation height here was 4.64 m, yielding
termining the relative component contribution to the aggre-an effective measurement height of 4.85 m of the LAS, since
gated q’{, as well as to the aggregated aerodynamic prop-the area is extremely flat. Data were sampled and stored at
erties, the errors reduce to zero (see Fig 1d and h), meaning 1 Hz frequency. The demodulated carrier signal was also
that the nature of the scintillometer measurements is properlgtored, which was used for determining potential malfunc-
simulated. It should be noted, though, that when applyingtioning of the LAS. During the post-processing, the data was
the methodology of Ezzahar et al. (2007) and assumigg H averaged over 10 min intervals, a period imposed to provide
originates from a simple linear weighting of the componenteasy comparison with reference eddy correlation measure-
fluxes, the results are similar to those presented here. Howmnents. After the post-processing, a visual check was per-
ever, when utilizing LAS observations for validating spatially formed, possiblly due to the relatively short duration of the
distributed flux estimates, the relative contribution of com- campaign, and spikes in the observations were removed. The
ponent areas needs to be known. Therefore, in such casesagricultural field directly surrounding the LAS setup con-
the footprint calculations as well as the weighting function sisted of pivot-irrigated, dense-cropped corn fields, bare soil
should be taken into account. (though alternated by dried hordeum), garlic and grassland,
whereas at slightly larger distances a potato field and a for-
) est nursery as well as some other corn fields and a small or-
4 SPARC2004 Experiment chard in the northern part of the area were located. Although

Observations of water and heat fluxes (Su et al., 2008) werc?] ost of the bare soil and stubble were very dry, most crops

) .~ In the area were irrigated. In particular, the relatively large

anO%d4e f.dtfgng the. ESA} SPAdRCt(iPiC:;a ?_ARr_?.X CamEp a'gn.)corn fields were heavily irrigated, which at times resulted in

ield expenment conducted at he Las 11esas EXpellyiape conditions over the corn during daytime. Due to the
mental Farm test site at Barrax in the La-Mancha region in

Spai intained by the Provincial Technical A ) Iprevailing wind directions, we assumed that the main fields
pain, maintained by the Frovincial Technical Agronomica influencing the LAS would be “V1”, “C2” and “WS”, see
Institute (ITAP). Fig. 2
This agricultural area, which is partly |rr|gate.d, COMPIISES A Gill 3-D sonic anemometer was installed over the vine-
of land covers ranging from completely bare soil to fully veg- . O N )
. . . ard (field “V1") in the vicinity of the LAS receiver, about
etated parcels with canopy heights from several centimetre

. . 0 m from the northern edge of the vineyard, with local crop
up to two metres. The area is rather flat and is situated at ap ".
. eights about 1.1 m. Raw data here was sampled at a 20 Hz
average 700 ma.s.l. The campaign took place from 12 to 2

. frequency and stored at a portable computer using Camp-
July when natural surfaces are under water-stress since rain-_,", :

. . : . . . o bell's PC208W v.3.3 software. Flux calculations were made
fall is mainly absent during this period. Daily minimum and

. . . _using the Alteddy software developed at ALTERRA, Wa-
maximum temperatures measured over the vineyard durm%eningen The Netherlands and averaged over 10, 30 and
the period were 14.3 and 32®. The prevailing wind direc- ; ’

. . L . 60min intervals. Possible low frequency losses resulting
tions range from a typically south-eastern direction durlngfrom short integration times (Von Randow et al., 2008) could

morning hours, changing towards a northern direction dur- ’ . . ; )
. . . be ruled out as the longer integration times did not bring
ing late afternoon. This meant that around noon, which co- L . h L
incided with nominal airborne and spaceborne image acqui?bom any significant increase in flux estimation, see also
sitions. eastern winds were prevailin (Su et al.,, 2008). A Young 81000 3-D sonic anemome-

' P 9 ter was installed at a height of 4.4 m at the western side of
field “C2", measuring the fluxes from the corn during pre-
vailing wind directions and at times from the vineyard dur-
ing western winds. Raw 10Hz data of the 3-D ultrasonic
anemometer were stored on a portable computer using the
program Tourbillon v. 1.0., which has been developed at

the Institut National de la Recherche Agronomique (INRA),
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Fig. 2. Map (North oriented) of the experimental set-up at the gig 3 Quality checked sensible heat fluxes measured by the sonic

Las Tiesas experimental farm, showing landcover units and scinynemometers over the vineyard, wheat stubble and corn field for the
tillometer weighted observation source area. The LAS is repre-q, ration of the experiment.

sented by two white circles, and the sonic anemometers by (three)
crosses, whereas an arrow indicates the wind direction. Letters rep-
resent landcovers vineyard (“V"), grass (“Gr”), corn (“C”), bare soil 4.2
(“BS"), wheat stubble (“WS”), garlic (“G”), potato (“P”") and forest '
nursery (“FN”), whereas the numbers refer to the respective field
numbers.

Input data

Parameters needed for estimatiag'>> comprise of spa-
tially aggregated available energy,R,—G>, air tempera-
ture <Tyjr> and friction velocity<u, >.
Bioclimatology Section, Bordeaux, France. Flux calcula- Here the available energy is used for calculating the
tions have been checked at several time integration lengthBowen ration, which is a correction term in E).( Since
(using the classical EDIRE software), without noticing large the net radiation and soil heat flux only appear in this correc-
differences indicating that integration losses were not criti-tive factor in an in-direct way, their accuracy is not critical
cal. Due to the rotating pivot irrigation system, the sensor(Lagouarde et al., 2002a). Because the net radiation and soil
had to be mounted at the edge of the corn field with aver-heat flux could not be measured in all sites, we concentrated
age crop heights about 1.8 to 2.2m. A Campbell CA27T,0n the vineyard measurements. The bulk of the 69 obser-
1-D sonic anemometer was set up at a height of 1.1 m ovevations were made between 10:00 and 15:00UTC, during
the dry wheat stubble field (field “WS”), some 150 m south- Which the available energy varied between 400 V¥nand
east of the LAS transmitter. The nominal calculation pro- 500 Wit 2. Therefore, we have adopted a spatially constant
cedure given in the CA27 manual was followed relying on average of 450 WiTe.
a 10 min covariance calculation with a 10 Hz scanning time. For <Tai> we have used a measurement obtained at about
For the sake of proper comparison, the 10 min averaging in5 m above the ground over the vineyard, which is in the cen-
terval data is used on all the data. ter of the experimental area. In addition, simulations have
As such, the landcover components potentially influenc-indicated that spatial variation in air temperature over the
ing the LAS observations were monitored during the 6 days,area typically are in the order of 1.5K (Timmermans et al.,
from DOY 197 to 202, in 2004. The observations were made2008), which, we feel, justifies using a single measurement
just outside the protected area of the Las Tiesas experiment&f air temperature here. Moreover, the observation is time-
farm, which gave reason to remove part of the instrumentaaveraged implying that local variations may have been re-
tion during night-time hours. Due to periodic malfunction- duced.
ing of some of the sonic anemometers, no continuous dataset Although the development of internal boundary layers
could be obtained. However, after averaging 10 min intervalsabove each surface component may alter the blending height
a data set of 69 observations was produced, containing LASoncept slightly (Wieringa, 1986), the blending height con-
as well as all three sonic measurements, see Table 1. cept is used here. Wind speed measurements taken at 4.88
The temporal evolution of the latter is shown in Fig. 3. (m) above the ground over the vineyard are transferred to
This final dataset, containing flux observations on DOY 198,the blending height, which is then taken as a representa-
199, 200 and 202 recorded between 08:00 and 16:00 UTClive aggregate windspeeeu>, for the area. Aggregated
was then used for further analysis. displacement height and surface roughness length were ob-
tained from Egs.X1) and (L2g), wherer is replaced byfp.
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Table 1. Summary of sensible heat flux measurements and instru!NY of avineyard or a wheat field, so-called zero-dimensional

mentation used. approaches, as well as a one-dimensional analysis, assuming
a two-component surface consisting of vineyard and wheat
Instrument Height Field Samplingrate Averaging time stubble. Reference values of sensible heat flux in the ho-
(m) (H2) (min) mogeneous, or zero-dimensional, cases were taken from the
LAS150-Receiver 506 vi o1 10 sonic measurements in the respective fields, whereas in the
LAS150-Transmitter 4.64 WS 1 10 1-D d 2-D h lcul d foll .
Young 81000 3-Dsonic 44  C2 10 10 -D and 2-D cases they were calculated following EX}) (
Campbell CA27T 1-D sonic 1.1 ws 10 10 Naturally, adding the corn component, only possible when
Gill 3-D sonic 3.4 Vi 20 10, 30, 60

treating the LAS measurement in a two-dimensional way,
both H et and Hjas decreased as a result of low sensible heat
flux for the corn. The upper panels in Fig. 4 shows the re-
In addition, Egs.11) and (128 were expanded to three com- sults when assuming the LAS measures over a homogeneous
ponents, representing the vineyard, the wheat stubble and theurface, consisting entirely of vineyard (left panel) or wheat
corn field. Spatially distributed information on component stubble (right panel). The lower panels show the results for
characteristics was obtained from a landcover classificationhe one-dimensional (left panel) and two-dimensional (right
based on an ASTER image in its original resolution (15 m) panel) cases. A summary of the results is provided in Table 2.
in combination with a look-up table containing associated |t goes without saying that ignoring the influence of the
canopy height (Van der Kwast et al., 2009). For the wheat thecorn field in the aggregation process, obvious for the zero-
surface roughness length was estimated as the canopy heighid one-dimensional cases, for the current case it is not real-
divided by 8 (Brutsaert, 1982), yielding a value of 0.03 (m). istic. Large discrepancies betweglys and Hye are noticed
Since the corn crops were very dense, their surface wain these cases and correlation coefficients were never exceed-
considerably smoother than could be expected based soleiyg 0.28. Dramatic improvement in both correlation coeffi-
on the height of the canopy (Shaw and Pereira, 1982). Ancient and RMSD is seen when applying the two-dimensional
alyzing measurements from the sonic anemometer over thapproach, although still relatively high deviations are no-
corn during near neutral atmospheric stability conditions,ticed.
yielded roughness length values between 0.03 and 0.09m, An attempt is made to further improve these estimates us-
with an average of 0.068 m. The same procedure was foling prior knowledge on flux contrasts between the surface
lowed for the vineyard. Here the roughness estimates wergomponents. This is discussed in the following section.
clustered around two values, depending on the wind direc-
tion. Parallel to the row-orientation of the crops, we found
roughness values around 0.14 m, whereas perpendicular 9 Discussion
the rows values around 0.18 m were found. Depending on
wind direction either one of them was assessed to the vineWhen aggregating the aerodynamic properties of the surface
yard. components, reasonable estimates can be obtained from the
Displacement height for the three landcover component$anopy heights, yielding the possibility to estimate compo-
was obtained by taking it equal to two-third of the canopy nent friction velocities assuming a wind speed measurement
height for the corn and vineyard. For the harvested wheatat a sufficient height is available. If further estimates of the
a displacement height of 0 (m) was taken, since it consisteontrast between the fluxes of the different components are
of rather irregularly spaced wheat stubble, rendering the disavailable, this would potentially improve the estimation of

placement height principle not applicable. the aggregated flux, since these are then the only remaining
parameters determining the relative contribution§§§ in
4.3 Results Egs. (17)—(18) to<C2 >.

We have run aggregations using several different ratios of
We have applied the footprint approach using the methodsensible heat flux which could reasonably be expected for
presented by Soegaard et al. (2003) combined with thehe three land cover components. However, no reasonable
weighting function of the LASW (u), following Meijninger results were obtained which is attributed to the high varia-
etal. (2002). Sensible heat fluxédas, were calculated from  tion of the ratio between the sensible heat fluxes measured
the scintillation measurements using the aggregated paranwover the different fields with time, see also Fig. 3. The fluxes
eters as described in the previous section. Values of the awver the vineyard and wheat stubble were rather stable for
erage sensible heat flux obtained with the scintilometer arehe days of observation, but rather large fluctuations for the
plotted versus the reference measurements from the sonicorn were noted, most probably due to irrigation. However,
anemometers obtained from EJj in Fig. 4. to test whether improvements could be established, we have
To demonstrate the impact of the two-dimensional foot-used the measured ratios between the component fluxes and
print in the current case, additional calculations were per-implemented these in the aggregation scheme. The results
formed, assuming either a homogeneous land cover consisfer this simulation are displayed in Fig. 5a.
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Fig. 4. Comparison between spatially-aggregated sensible heat fluxes derived from sonic anemdfpgjeand scintillometry | aos).

Upper panels show results from the 0-D approach, assuming a homogeneous landuse of either(e)nayattbat stubbléb). The lower

panels show results from the 1) and 2-D(d) approaches, assuming the surface to be composed of vineyard and wheat stubble and
vineyard, wheat stubble and corn, respectively.

Table 2. Correlation and Root Mean Squared Differences (RMSD) those cases the deviation is Con$|derably larger than for the
between aggregated LAS observations and reference values for sef@S€S Where only unstable conditions occurred. However, af-

sible heat flux using different approaches. ter excluding these cases from the simulation still deviations
remained.
Approach Correlationk2) RMSD (W.m~2) Des_pite c_arefql an_alysis of the I_ocal circumstan_ces and
0-D (V1) 0.28 816 prevailing wind d_|rect|ons when setting up the experiment, it
0-D (WS) 012 113.7 coyld not be avo!ded that at certain moments during the cam-
1-D (V1-WS) 0.18 96.5 paign the footprint of t_he LAS mclgded land covers where
2-D (V1-WS-C2) 0.74 67.7 no reference observations of sensible heat flux were made.

Since the aggregation procedure for the aerodynamic prop-
erties demands that the sum of the relative contributions of
the components is equal to unity, the valuesfpp; were
Surprisingly, the results deteriorated with respect to thenormalized by dividing them by the sum of the three compo-
aggregation not using prior knowledge on flux ratios. nents where the actual reference measurements were taken.
One of the obvious reasons is the simultaneous occurrencelowever, during 73% of the time the three components con-
of unstable and stable conditions within the footprint of the tributed for more than 75% to the total footprint of the LAS,
LAS. Under certain conditions, the irrigated corn fields cre- which we believe is acceptable. Under these circumstances,
ated an oasis effect in the elsewhere dry and hot surroundsne could think to use thermal remote sensing information
ings, causing at times stable conditions over the corn. In suclio produce estimates of fluxes for components that were not
cases, which are represented by a low or even negative refecovered by sonic anemometers (Hoedjes et al., 2007). How-
ence flux, Egs. (17)—(18) do not hold since the LAS cannotever, this information was not available for the duration of
discriminate between upward or downward fluxes. In Fig. 5athe experiment.
these cases are marked by circles. Itis clearly noticed that for
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by circles(a), homogeneity of sonic footprints related to wind direct{oh

Another reason for a mismatch betwedgs and Hef is at- Fig. 6b. For illustration purposes the maximum ratio, be-
tributed to incorrect component fluxes. Obviously the sonictween the corn and the wheat stubble fluxes, is set to 5 in
measurements are also characterized by their respective foatie figure. Because of this, one outlier is not shown, which
prints, which, like the LAS footprint, is variable in time, showedH component-ratios around 200 and a difference be-
depending mainly on wind direction. The instrumentation tweenHj,s and Hyes equal to 88.5 Wm?. It appears that gen-
was installed so that during prevailing wind directions they erally a larger contrast between the component fluxes invokes
would produce the most “pure”, or highest quality observa-larger discrepancy betwedtys and Hie;. There seems to
tions. These occurred during the first few days of the experi-be one exception to this, which is the point with the highest
ment as may also be noted from Fig. 3. Unfortunately, winderror. However, on inspection we learnt that this point had
directions changed during the experiment, resulting in lesseabout 20% of its footprint not covered by any of the three
quality EC observations mainly for the vineyard and corn. surface components measured by a sonic anemometer. More-
However, with the change of wind direction to the west, alsoover, the sonic anemometer of the vineyard for this particular
the corn was almost entirely excluded from the scintillometerobservation only had a 48% contribution from the vineyard
footprint, rendering this observation less crucial. itself, despite a favourable wind direction.

Figure 5b shows the contribution of the field where the A threshold value seems to be present at a contrast ratio of
sonic anemometers were located relative to the total conabout 2. Below this value differences betwefns and Hyes
tributing source area as a function of wind direction. The are within 20 Wn12, above this value discrepancies rapidly
vineyard is represented by open circles, the wheat stubblécrease. This indicates that when the contrast of surface
by crosses and the corn is represented by closed diamondBuxes for different landcover components were too large (i.e.
It is clearly noticed that when wind directions are betweenthe ratio is larger than 2), the LAS measurement experienced
100 and 186, resembling easterly to southerly directions, problems.
the footprints were most “pure”, or homogeneous.

A plot of the results of the aggregation scheme for esti-
mating H only for wind directions between 100 and 280 6 Conclusions
are presented in Fig. 6a. Although for some points a near
pel’feCt fit is Obtained, there are still a few observations thatA methodo'ogy iS proposed to produce LAS_derived area-
generate large discrepancies betwé andHrer. Since, in averages of sensible heat fluxes suitable for validating spa-
the simulations, no discrepancies betwéggs and Hret OC-  tjally distributed models that estimate surface fluxes by re-
curred, the reason here, apart from contrasting stability, musgote sensing observations. The soundness of the method is
liein the Component fluxes being incorrect, or not pure, or in'demonstrated by reproducing reference ﬂuxes from Compo_
complete, meaning the footprint of the LAS contained morenent fluxes. Although model results were considerably better
covers than only vineyard, wheat stubble or corn. than using traditional approaches when applied over the very
The discrepancies betwedt,s and Hef Seem related heterogeneous Barrax test site, some complications are no-
to the contrast between the component fluxes, as shown iticed.
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