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Abstract

Simple soil-vegetation-transfer (SVAT) and
energy balance models were used to estimate
the surface turbulent fluxes (i.e. sensible and
latent heat fluxes) over a complex olive grove
using thermal infra-red surface temperature
(TIRST). This approach used a dual source
SVAT model to calculate the sensible heat flux-
es from radiometric surface temperature.
These fluxes were then used together with the
estimates of the available energy also derived
from TIRST to estimate the latent heat flux by
applying the first law of thermodynamics Ze.
the conservation of energy principle. The data
used to validate this approach were collected
over an irrigated olive grove site located in
central Morocco near Marrakech. Mass and
energy fluxes, as well as micrometeorological
parameters, were continuously measured dur-
ing the year 2003. The comparison between
estimated and measured daily sensible heat
fluxes yielded an acceptable agreement in
spite of the complexity of the study surface
with a correlation coefficient (R?=0.86) and
root mean square error (RMSE) of 28 Wm2.
For the latent heat fluxes, the statistical result
for the comparison between estimated and
measured daily values showed a larger scatter
than that revealed for the sensible heat fluxes
(R?=0.75; RMSE=31.42 Wm2). However, the
correspondence is to be considered acceptable
given the difficulty in estimating latent heat
flux over such a complex field. Therefore, it
can be concluded that, in spite of the simplici-
ty of the proposed approach, it can be consid-
ered a suitable tool for estimating the turbu-
lent fluxes using TIRST over complex surfaces.
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Introduction

An accurate determination of regional tur-
bulent fluxes of sensible heat (H) and latent
heat (LE) at the land-atmosphere interface are
required in a wide variety of applications.
Agricultural and forestry research uses these
convective fluxes to predict crop growth.
Meteorologists need accurate estimates of
latent and sensible heat surface fluxes for
weather predictions. Biologists aim to have a
better understanding of how ecosystems func-
tion. Climatologists need estimates of how the
land surface and its vegetation may influence
climate, and hydrologists use estimates for
water balance simulations on different scales.

With the high cost of measuring turbulent
fluxes, a strong emphasis has been directed
toward understanding the processes governing
the exchange of water and energy between the
land surface and the atmosphere in order to
model turbulent fluxes at the different ranges
of the space-time scale. The model parameter-
ization of the interaction between a land sur-
face and the atmosphere is known as a soil-
vegetation-atmosphere  transfer scheme
(SVAT). Numerous SVAT schemes of varying
complexity have been developed in recent
years. These SVAT schemes have been used in
conjunction with thermal infra-red data (ie.
radiometric surface temperature) to estimate
accurate turbulent fluxes.!” Most of these
investigations consist of estimating sensible
heat flux, net radiation and soil heat flux from
thermal infra-red data and calculating latent
heat flux as a residual term of the energy bal-
ance equation by applying the simplified
expression of the first law of thermodynamics.
The latter is referred to as the conservation of
energy principle, meaning that energy can nei-
ther be created nor destroyed, but rather trans-
formed into various forms.

Estimating reliable values of sensible heat
flux represents the most problematic aspect of
this approach. In such model parameteriza-
tions, the soil-vegetation system is treated as a
single source of heat exchange with the over-
lying atmosphere. These kinds of SVAT are
classified as one-layer models. The heat flux is
related to the difference between the radio-
metric temperature and the air temperature at
a reference height. This approximation is still
acceptable over homogenous surfaces where
the vegetation is very dense and short or over
bare soil. However, in most cases, the land-
scape is under partial vegetation canopy so
that both soil and vegetation components con-
tribute to the sensitive heat exchange.?
Therefore, extension of the one-layer models to
sparsely vegetated surfaces can produce sig-
nificant errors in predicted heat fluxes.’ In this
context, much effort has been made to investi-
gate the parameterization of heat transfer and
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to improve the accuracy in estimating heat
fluxes over different land surface cover by
developing models which explicitly treat the
energy exchanges between the soil, vegetation
and the overlying atmosphere.’ Lhomme et al.
have considered that the soil-vegetation sys-
tem can be approximated with a two-layer
model where the energy fluxes are partitioned
between the soil and vegetation. They found
that the estimated heat fluxes from thermal
infra-red data over the millet crop using a two-
layer model showed good results compared to
the use of a one-layer model which over-esti-
mates the sensible heat flux.

In this specific study, we will investigate the
applicability of the two-layer model developed by
Lhomme et al.’ over a more complicated sur-
face. The complexities are related to the sparse-
ness of the vegetation, the heterogeneity of the
soil characteristics and, most importantly, the
heterogeneity in terms of soil moisture induced
by the irrigation method of flood irrigation,
which has an irregular pattern in space and
time. Additionally, the validation of the model
will be performed over an extended period
(measurements taken over approximately one
year) in order to test its consistency for accu-
rately estimating heat fluxes under all weather
conditions. Data used in these investigations
were collected within the framework of the
SUDMED project,® which was carried out in
southern Mediterranean regions (Marrakech,
Morocco) to assess the spatio-temporal variabil-
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ity of water needs and consumption for irrigat-
ed crops under water shortages.

Materials and Methods

Estimate of turbulent heat fluxes,
heat and latent heat

Conservation of energy (first law of thermo-
dynamics) is such that we can formulate a
budget equation for the energy flux at the
earth’s surface to see where the incoming
energy flux is going. The net radiation (Rn),
which is the net effect of incoming and outgo-
ing long and short wave radiation, can: i)
vaporize water (latent heat flux, LE); ii) heat
the soil [soil heat flux, G (Wm-2)]; iii) heat
the atmosphere (sensible heat flux, H (Wm2);
and iv) be absorbed by the crop (strength AS
(Wm2). The latter is generally neglected in sit-
uations where vegetation is sparse, as is the
case of our study site. The energy balance
must, therefore, be expressed in its most gen-
eral form as:

Rn =LE + H +G )]

Let us describe the theory which underlies
essential aspects of the use of the SVAT model
in conjunction with an energy balance model
to formulate turbulent heat fluxes: i) the theo-
ry of the two-source model (SVAT) proposed
for estimating the sensible heat fluxes using
thermal infra-red surface temperature
(TIRST); ii) a simple model proposed to esti-
mate the available energy (defined as Rn-G)
also using TIRST; iii) the latent heat flux is
estimated as a residual term of the energy bal-
ance equation (Eq. 1).

Soil-vegetation-atmosphere trans-
fer model: formulation of sensible
heat flux convection

From a physical point of view, the total sen-

sible heat flux, # (Wm2) in sparse vegetation
(Figure 1) can be formulated as:

(I, -T,) @)

P

H=pc -

a

where p is the air density (kgm), cp is the
specific heat of air at constant pressure
(Jkg'K1), and Ta is the potential air tempera-
ture at reference height (K), 7 is the aerody-
namic surface temperature (K) and r, is the
aerodynamic resistance to heat transfer
between the level of apparent sink of momen-
tum and the reference height (sm™). This
resistance is calculated by means of the classi-
cal formulae, which take into account the sta-
bility correction functions for wind and tem-
perature!! as:
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where u. is the friction velocity, ua is wind
speed at reference height, k is von Karman’s
constant, z, is roughness length for momentum,
1, and v, are the stability functions, respec-
tively, for heat and momentum given by
Paulson? T is a dimensionless parameter
defined as a function of Monin-Obukhov length
L, zero displacement height d, and reference
height z: as T =(z, — d)/L. L is defined by:

u.‘,ocpTa )
kgH

L:_

where g is the acceleration of gravity.

T, can be obtained by extrapolating the pro-
file of potential temperature through the
roughness sub-layer down to the level where
the extrapolated air temperature equals the
actual surface temperature. In practice, how-
ever, it is very difficult to determine. In order to
overcome this problem, we can express the
total sensible heat flux as the sum of the con-
tributions emanating from each layer, i.e. from
the canopy (H,) and from the soil surface (H;)
(H=H,+H,). These two fluxes are, respectively,
written as:

press

T
Hs = pcp(Tc - Tﬂ)/ra (7)

where T, is the canopy temperature, T, is the
soil temperature, r,, is the aerodynamic resist-
ance between the soil and the canopy source
height (s m™) and r, is the bulk boundary
layer resistance of the canopy (s m).
Following Shuttleworth and Gurney,® r, is
given by:

. haexip([:i])[ p( azu‘
-a,(d+z,, )]]

—cxp( P

®

Here, K(h) is the eddy diffusivity at canopy
height h, z, is the understory roughness
length, assumed to be 0.01 m. K(h) is written
as:

K(h)=ku. (h—d) €)]

where « is the von Karman constant (=0.4),
and u. is given by Eq. 4.

It should be noted that the parameter o,
the decay of the eddy diffusivity within the
canopy, is often assumed to be constant, with a
value of 2.5, which in fact is the value found for
crops with a Leaf Area Index (LAI) of approxi-
mately 1. In the experimental area, average LAI
is approximately 3. Therefore, we have used
the formulation found by Lafleur and Rouse!
who have expressed o, as a function of LAL:

H, = pc,(T.— Ty, 6)  a,=26LA1% (10)
T.I
Reference height
H
Ta
= H. Tac
anopy source Ty
o T‘.
height ~~777777777 N M\_l
; Hs
Tas

Soil surface height Tg

Figure 1. Fluxes and potential-resistance network for a two-layer model of heat transfer.
T, is air temperature at a reference height, T, is foliage temperature, T, is soil temperature,
and T, is air temperature at canopy source height.
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For the bulk boundary layer resistance of the
canopy (r,), Choudhury and Monteith!
obtained this parameter by integrating the leaf
boundary layer conductance, which is the
reciprocal of the boundary layer resistance and
a function of wind speed within the canopy,
over the canopy height. Note that the LAl is
assumed to be distributed uniformly over the

canopy height
w
aw
U u(h)

Yoo = (1)

wai-onf-

where u(h) is wind velocity at the top of the
canopy (m s™), w is the leaf width (=0.015 m)
and o, is a constant (=0.005 m s-12),

Summing Egs. (6) and (7) gives for the total
sensible heat flux:

H = pcp(Tc_ 2 12)

where T, is the equivalent temperature (K),
the weighted mean of the soil (7},) and canopy
(T,) temperature, defined by:

as” ¢

(s +72)

7 o Vali +7aT.) (13)

4

and r, is the equivalent resistance (s m™),
given by:
o

ac” as

R
(rac + rm-)

(19

Lhomme et al.? have demonstrated that com-
bining Egs. (2) and (12) leads to

I.-71)

[3 a

"+

(15)

However, Eq. (15) requires an accurate
knowledge of T, and 7,, which is not easily
obtainable from remote sensing systems.
Lhomme et al’ have shown that T, can be
related to 7,, the radiative surface temperature

(K) by:

T.=T,=—(T,— T) =—cdT (16)
with c defined by:
c e = 17
1+(r, /1) an

and fis the fractional vegetation cover (for the
experimental site /=0.6). Lhomme et al.’ have
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shown that 6T can be approximated by:

oT=oT,—-T)" (18)
with o and m as empirical coefficients (a pos-
itive real number and m positive integer)
which can be determined statistically by
adjusting H estimated to H observed. Now, we
can rewrite Eq. (15) into an expression for the
estimation of sensible heat flux as a function
of the difference between radiative surface
temperature and air temperature:

(T, ~T,)-céT

H=,ocp[ EOET,

(19)

Available energy

Net radiation

Net radiation (R,), which corresponds to the
surface radiative balance in the solar domain
(0.15-4 mm) and the thermal domain (3-100
mm), is the source of energy for biophysical
processes at the surface and greatly impacts
climatic processes at all scales. It is the most
fundamental variable for surface energy bal-
ance studies. In the current study, R, is evalu-
ated as follows:

R,=(1-)R,+ &R, —R, (20)
where o is the surface albedo, R, is the solar
global radiation [W m?], ¢ is the surface
emissivity (in practical work a value of 0.98
may be taken for crop canopies,'®!” R, is the
atmospheric radiation which is emitted by air
molecules [W m~2], and R, is the terrestrial
radiation which is emitted by the surface [W
m?]. By using the Stefan-Boltzman equa-
tion,’® R, and R, can be expressed as a function
of air and surface temperatures, respectively.
Then, Eq. (20) can be rewritten as:

R,=(1-)R,+ &0 (g, T',—T7) (21)

with o as the Stefan-Boltzman constant
(5.67x10-* Wm2K and ¢, as the emissivity of
the atmosphere. The latter is estimated using
the expression proposed by Brutsaert et al."” as:

8,=124 (e, T)" (22)

with e, as the air vapour pressure (hPa).

Soil heat flux

Soil heat flux (G) is an important compo-
nent of the surface energy balance, especially
over sparse vegetation. However, due to the
complexity of surface cover and physical
processes occurring in the soil, the soil heat
flux (G) is the most difficult scalar to measure
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accurately at the appropriate space-scale.
Therefore, in several micrometeorological
studies, G is parameterized as a constant pro-
portion of R, (i.e., G = cR,) that is fixed for the
entire day or period of interest.2?*? In this
study, the ratio of the soil heat flux to net radi-
ation was estimated according to Santanello ef
al.* as follows:

GR, = Acos [27(t+10800)/B] (23)
where t is the time of day in seconds, and A
and B are adjusting factors which were set by
Santanello et al.?* of 0.31 and 74,000 s, respec-
tively.

Latent heat flux

Provided that sensible heat flux H, net radi-
ation R, and soil heat flux G estimates are
obtained using the aforementioned formula-
tions, estimated latent heat flux LE can be
obtained as the residual term of the energy
balance equation by applying the first law of
thermodynamics:

LE= R -G-H (29

Site description and experimental
setup

Site description

Research work was conducted during the
year 2003 (1 January to 31 December) at the
275 ha Agdal irrigated olive grove which is
located to the southeast of the city of
Marrakech, Morocco (31°36’ N, 007°58'W).
Figure 2 shows the area of interest on a very
high spatial resolution image acquired by the
Quickbird satellite (0.62 and 2.4 m in panchro-
matic and multi-spectral, respectively). This
area was characterized by a semiarid
Mediterranean climate, with low and irregular
rainfall (annual average approx. 240 mm),
whereas the evaporative demand is around
1.600 mm per year. The atmosphere is very dry
with an average humidity of 56%. The average
height of the olive trees is 6 m with a mean
fraction cover of approximately 55%, as
obtained from hemispherical canopy photo-
graphs (using a Nikon Coolpix 950® with a
FC-E8 fish-eye lens converter; field of view
183°). Two water basins are used for irriga-
tion. Water is manually diverted to every tree
through a ditch network. Each tree is sur-
rounded by a small earthen levy, which retains
irrigation water, thus supplying water to every
tree. Irrigation is started from the southern
border of the field and, depending on available
manpower, progresses towards the northern
border of the site over approximately 12 days.

Micrometeorological measurements
The field was equipped with a set of stan-
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dard meteorological instruments to measure
wind speed and direction (with a Young Wp200
anemometer), air temperature and humidity
(with a Vaisala HMP45AC probe) at 9 m above
the ground. Radiative soil and vegetation tem-
peratures were measured using 2 Precision
Infrared Thermocouple Sensors (Apogee).
Measurements were sampled at 1 Hz, aver-
aged, and then stored at 30-min intervals on
CR10X dataloggers.

Surface flux measurements

Available energy

Net radiation was measured using a CNR1
radiometer which measures separately incom-
ing and outgoing solar and far infrared radia-
tion. The CNR1 was located in a place (at 8.5
m) that is representative of the vegetation and
soil. The soil heat flux density was measured
using heat flux plates (HFT3-L, Campbell
Scientific Ltd.) at three locations with con-
trasting amounts of radiation reaching the
soil. The measurement depth was 1 cm. The
plates were placed: one below the tree near the
trunk in order not to be exposed to direct solar
radiation; one exposed directly to solar radia-
tion, and one was placed in an intermediate
position. An average of these 3 measurements
was made to obtain a representative value.
Measurements of net radiation and soil heat
flux were sampled at 1 Hz, averaged, and then
stored at 30-min intervals on CR10X datalog-
gers.

Turbulent flux measurements: sensible and
latent heat fluxes

An eddy-covariance systems (EC) was
installed to provide continuous measurements
of vertical fluxes of heat, water vapor and CO
on the 9.2 m tall instrument tower. The EC sys-
tems consisted of a 3D sonic anemometer
(CSAT3, Campbell Scientific Ltd.) which meas-
ured the fluctuations in the wind velocity com-
ponents and temperature, and a Krypton
hygrometer (KH20, Campbell Scientific Ltd.)
that measured the concentration of water
vapour. Raw data were sampled at a rate of 20
Hz and were recorded using CR5000 datalog-
ger (Campbell Scientific Ltd.), equipped with a
1 Gb PCMCIA-card for the storage of large raw
data files. The half-hourly values of fluxes were
later calculated off-line after performing pla-
nar fit corrections,” correcting the sonic tem-
perature for the presence of humidity, fre-
quency response corrections for slow appara-
tus and path length integration,” the inclusion
of the mean vertical velocity according to Van
Dijk et al.® and oxygen correction for the
Krypton hygrometer, which is sensitive to 0,.2
For the data processing, we used the eddy
covariance processing EC-pack software,
developed by the Meteorology and Air Quality
Air Quality Group, Wageningen University.

[page 4]

This software is available for download at
http://www.met.wau.nl/. Knowledge of the
uncertainty is essential for the statistical eval-
uation of modeled and measured fluxes. This
issue has been an active area of micrometeo-
rological research.’’" In order to obtain some
idea as to the uncertainly inherent in flux
measurements, the error bars in Figure 3 pres-
ent sensible and latent fluxes. The average flux
uncertainties for all used values were approxi-
mately 10-12% for sensible and latent heat
fluxes, respectively.

Results and Discussion

In this study, the Eddy-Covariance (EC) data
were used to assess the accuracy of the mod-
eled turbulent fluxes. Therefore, we first ana-
lyzed the energy balance flux components.

Experimental
P:

site

-press

~~

Indeed, closure of the surface energy balance
provides an objective criterion for evaluating
EC flux measurements. By ignoring the term
of canopy heat storage at a daily time scale,?3
and assuming the principle of conservation of
energy, the energy balance closure is defined
as R -H.—LE, -G = and should be close to zero.
Rn is the measured net radiation, G is the
measured soil heat flux, and H and LE are the
sensible and latent heat fluxes measured from
the EC system. Figure 4 shows the plot of R -G
against the sum of the turbulent fluxes
(Hee+Lg.) for a daily time scale. The linear
regression (forced through the origin) yields
WmHR,~ G = 0.97(Hye+LEy), R? =0.9 and
the Root Mean Square Error RMSE=31 Wm2.
In comparison to reports from other experi-
mental studies (the average error in closure
ranges from 10-30% according to Baldocchi et
al.") the energy balance closure obtained
here can be considered to be fairly acceptable,

Figure 2. Overview of the study site.
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especially if one considers the complexities of
the study site (tall and sparse vegetation, and
the irrigation method which has an irregular
pattern over space and time). Therefore, the
EC flux measurements can potentially be used
to validate the modeled turbulent fluxes.

In Figure 5, the sensible heat flux measured
with the EC system, H,,, is compared to that
simulated from the SVAT model, H,,,, using
the measured radiometric surface tempera-
ture. This comparison is made on a daily time
scale. The linear regression (forced through
the origin) yields [Wm2]: H,,,,00.98 H,,, R* =
0.86, and the Root Mean Square Error (RMSE)
was approximately 28 Wm2. It should be noted
that the comparison included all weather con-
ditions (dry and wet conditions). An attempt
was made to study the sensitivity of a set of
parameters (ie. cover fraction, vegetation
height and leaf area index) on the modeled
sensible heat flux (Table 1). The test was car-
ried out between days 121 and 150 using half-
hourly values. The statistical results showed
that the model is very sensitive to the cover
fraction and the vegetation height.

To illustrate the effect of the irrigation
method, a comparison was made during homo-
geneous conditions (dry conditions and days
following rain events) and heterogeneous con-
ditions (during irrigation). The statistical
results are presented in Table 2. It can be seen
that there is a very good correlation under
homogeneous conditions compared to that
obtained during heterogeneous conditions.
This was expected given that the SVAT models
are based on point measurements with a foot-
print less than that of the EC system and thus
only give reliable results at the homogenous
surface. However, taking into account the com-
plexity of the field, the result obtained is very
encouraging. Indeed, the nature of the olive
grove (relatively tall and sparse, irrigated trees
in a semiarid environment) means transfer
processes of heat and mass are more compli-
cated than over short crops. Therefore, it can
be concluded that, in spite of its simplicity, the
SVAT model can be considered suitable for
estimating the sensible (convection) heat
fluxes using the radiometric surface tempera-
ture in difficult environments.

Before evaluating the accuracy of the model
to predict the latent heat flux, we first com-
pared initial estimated available energy
(denoted AE.,) against the ground based
measurement (denoted AE,.) on the daily
time scale in order to quantify the error asso-
ciated to the estimated available energy in the
calculation of the latent heat flux (Figure 6).
The available energy is defined as the differ-
ence between the net radiation and the soil
heat flux (R,-G). AE,,, was obtained from Eqs.
(21) and (23). Taking into account the com-
plexity of the field, the correspondence

OPEN 8ACCESS

Table 1. Statistical results of the sensitivity of a set of parameters [i.e. cover fraction (fc),
vegetation height (h) and Leaf Area Index (LAI)] on the modeled sensible heat flux.

fc 0,1 0,2 0,3 0,4 0,5 0,6 0,7 08 0,9 1
RMSE 12684  109.69 91,69 7479  59.65 4862 5046 52.3 6645  0.87
R2 0.859 0.86 086 087 087 087 087 087 087 087
h(m) 3 4 5 6 7 8 9 10
RMSE 85 96.4 818  57.63 455 66.9 1134 186
R2 0.85 0.85 086 087 087 0877 087 0.86
LAI 1 1.5 2 2,5 3 3.5 4
RMSE 47 4712 4656 4583 4542 455  46.13
R? 0.86 0868 08714 087 0.875 0.87 0.88
600
Y=0.97X 1:1
R2=0.9
RMSE=31Wm™ .
400
':‘E
=3
[24]
T
200
0
0 200 400 600

H,+LE,. (Wm™)

Figure 4. Comparison between daily available energy (AE=R - G) and the sum of sensible
(H.) and latent heat (LE, ) fluxes measured by the Eddy-Covariance system.
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Figure 5. Comparison between daily modeled (H

flux.

‘mod.

) and measured (H,) sensible heat
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between AEest and AE,. was quite good in
spite of the remarkable discrepancy. The RMSE
value was approximately 31.6 Wm=, and the Y=0.99X
linear regression forced to the origin yielded a R2=0.89
0.99 slope value and a (.89 correlation coeffi- RMSE= 31.6 Wm-2 2
cient. A part of the revealed discrepancy can be
related to the calculation of the atmospheric
emissivity using Brutsaert’s formula (Eq. 21)
which was only established for clear days."” To
illustrate the effect of this assumption, anoth-
er comparison was made during cloudy and 200
clear sky conditions (Table 2). By analyzing
the correlation obtained, it can be concluded
that conditions of cloud can create some dis-
crepancies. .

By comparing our finding with those 0m
obtained by Ezzahar ef al.*! using the model by 0 200 400 600
Su® for deriving the soil heat flux, one can be AE,,..(Wm?)
concluded that the use of soil heat flux esti-
mated from the model by Santanello et al.** sig- Figure 6. Comparison between daily estimated (AE,) and measured (AE,.) available
nificantly improves the available energy esti-  energy.
mates. Indeed, Ezzahar et al.' have revealed
that the estimated available energy underesti-
mates that measured (approx. 9%). Knowing
that the latent heat flux is estimated as the
residual term of the energy balance equation
in the model proposed for this specific study,
any difference in the estimated available ener-
gy can be directly translated to the latent heat 400
flux and produces an error in its estimation. Y=0.94X

Finally, providing the sensible heat flux and R*=0.75
the available energy estimates, the latent heat 200 RMSE=31.42Wm~
flux, LE,, is estimated by applying the first
law of thermodynamics assuming the principle
of conservation of energy. Figure 7 shows a
comparison between the estimated LE, and
the measured LE,, on a daily time scale. The
RMSE value was approximately 31.42 Wm?,
and the linear regression forced to the origin 100
yielded a 0.94 slope value and a (.75 correla-
tion coefficient. In spite of the revealed dis-
crepancies between LE_,, and LE,, the corre-
spondence is deemed acceptable considering 0
the difficulty in estimating latent heat flux 0 100 200 300 400
over such a complex field. There are several LE. (Wm™)
explanations for this relatively large scatter
between measured and estimated latent heat  Figure 7. Comparison between daily modeled (LE,, ) and measured (LE,) latent heat
fluxes. First, the error associated with the esti- ~ flux.
mated sensible heat flux can be translated in
error in the estimation of LE, ;. The difference
is related to the effect of the contrast in the

footprint scale, espemally during the rriga tion Table 2. Statistical results of the comparison between: i) measured and modeled turbu-
events. As reported previously, the footp.rlnt of  lent fluxes during homogeneous conditions (dry and days following rain events) and dur-
the EC system covers a large area while the ing heterogeneous (during irrigation) conditions; ii) estimated and measured available
model used for local measurements, such as  energy during cloudy and clear sky conditions.

surface temperature, is derived from the

radiometer. In order to illustrate the effect of

600

11

200

LEm(sd (W m-:’_)

the contrast in the footprint scale, a compari- Homogenggus conditions N H 103 0.1 22
son is made during homogeneous (dry condi- (dry conditions and Qa?/s following rain events) LE 0.99 0.65 32
tions and days following rain events) and het- Heterogeneous conditions H 0.93 0.68 31
erogeneous conditions (during irrigation). Lo ) LE 0.87 0.53 42
Statistical results are presented in Table 2. It ~ Cloudy conditions AE 1.03 0.87 46
can be seen that the scatter obtained in H dur- ~ Clear sky conditions AE 0.97 0.93 41
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ing heterogeneous conditions is clearly
remarkable in LEmod. Second, since the
LEmod is estimated as the residual term of the
energy balance, any difference between meas-
ured and simulated available energy and the
error associated to the energy balance closure
is directly translated into error in the simulat-
ed LE,;. Finally, part of the discrepancy can be
related to the assumption of energy conserva-
tion which cannot be practically evaluated.

Conclusions

This study investigated the use of a soil-veg-
etation-atmosphere transfer model in conjunc-
tion with an energy balance model and
Thermal Infra Red data (TIR) to estimate tur-
bulent fluxes (sensible and latent heat) in dif-
ficult environmental conditions (tall vegeta-
tion, irrigation method which has an irregular
pattern over space and time, and variable soil
characteristics). An experiment was conducted
over the irrigated olive grove of Agdal which is
located in Marrakech (central Morocco) during
the year 2003. Mass and energy fluxes, as well
as micrometeorological parameters, were con-
tinuously collected during the year. A simple
two-layer model was proposed to measure the
sensible heat flux using the TIR data. In spite
of the discrepancy observed, the daily sensible
heat fluxes estimated from the model agreed
reasonably well with those measured from the
eddy covariance system (R?=0.86, RMSE=28
Wm-2). Therefore, it can be concluded that, in
spite of its simplicity, the proposed model can
be considered a good tool for monitoring the
sensible heat fluxes over an extended period
including all weather conditions (dry, moder-
ate and wet). This study has also shown that
when we combined these modeled fluxes of
sensible heat with the available energy esti-
mates using the TIR data, the latent heat flux-
es can be reliably predicted over complex ter-
rain in spite of the large scatter (R%=0.75 and
RMSE =31.42 Wm2) that is obtained when
comparing the estimates against the Eddy
covariance measurements.

The proposed approach to estimate turbu-
lent fluxes used local measurements of surface
temperature, albedo and solar radiation, and
assumed that the source area of these meas-
urements is comparable to the source area of
the Eddy Covariance system which changes
with wind direction during the day. This
assumption can certainly lead to some errors
in the comparison between modeled and meas-
ured turbulent fluxes, especially in wet condi-
tions. Indeed, during the irrigation event, het-
erogeneity is observed at the source area scale
of the eddy covariance. Finally, despite the lim-
itations mentioned above, one can safely con-
clude that the proposed approach is reasonably

OPEN 8ACCESS

adequate for routinely quantifying the values
of turbulent fluxes over a complex field and
thus monitoring the management of agricul-
tural water resources.
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