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[1] Micrometeorological measurements of evapotranspiration (ET) can be difficult to
interpret and use for validating model calculations in the presence of land cover
heterogeneity. Land surface fluxes, soil moisture (q), and surface temperatures (Ts) data were
collected by an eddy correlation-based tower located at the Orroli (Sardinia) experimental
field (covered by woody vegetation, grass, and bare soil) from April 2003 to July 2004. Two
Quickbird high-resolution images (summer 2003 and spring 2004) were acquired for
depicting the contrasting land cover components. A procedure is presented for estimating ET
in heterogeneous ecosystems as the residual termof the energybalance usingTsobservations,
a two-dimensional footprint model, and the Quickbird images. Two variations on the
procedure are successfully implemented: a proposed two-source random model (2SR),
which treats the heat sources of each land cover component separately but computes the bulk
heat transfer coefficient as spatially homogeneous, and a common two-source tile model. For
2SR, new relationships between the interfacial transfer coefficient and the roughness
Reynolds number are estimated for the two bare soil–woody vegetation and grass–woody
vegetation composite surfaces. The ET versus q relationships for each land cover
component were also estimated, showing that that the woody vegetation has a strong
tolerance to long droughts, transpiring at rates close to potential for even the driest
conditions. Instead, the grass is much less tolerant to q deficits, and the switch from grass to
bare soil following the rainy season had a significant impact on ET.
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1. Introduction

[2] Semiarid regions, such as around the Mediterranean,
suffer from broad desertification processes produced by
both natural (climate variations, fires, etc.) and human
(deforestation, overgrazing, urbanization, pollution, fires,
etc.) influences [Brunetti et al., 2002; Lelieveld et al.,
2002; Moonen et al., 2002; Mouillot et al., 2002; Ventura
et al., 2002; Ceballos et al., 2004].
[3] In these regions, the root zone soil moisture is a key

control on the surface water and energy balances [Entekhabi
et al., 1996; Western et al., 2002; Albertson and Montaldo,
2003], and thus further controls the recharge of groundwater
and surface water that may serve as drinking water reser-
voirs [Sophocleous, 2000; Ragab et al., 2001]. In semiarid
regions evapotranspiration (ET) is the leading loss term of

the root zone water budget with a yearly magnitude that
may be roughly equal to the precipitation [Reynolds et al.,
2000; Rodriguez-Iturbe, 2000; Baldocchi et al., 2004; Kurc
and Small, 2004; Maselli et al., 2004; Williams and
Albertson, 2004].
[4] These Mediterranean ecosystems are commonly het-

erogeneous savanna-like ecosystems, with contrasting plant
functional types (PFTs, e.g., grass, shrubs and trees) com-
peting for the water use [Scholes and Archer, 1997;
Ramirez-Sanz et al., 2000; Jackson et al., 2002; Baldocchi
et al., 2004; Fernandez et al., 2004; Williams and
Albertson, 2004]. Despite the attention these ecosystems
are receiving, a general lack of knowledge persists about the
relationship between ET and the plant survival strategies for
the different PFTs under water stress [Baldocchi et al.,
2004; Kurc and Small, 2004]. With this as motivation, we
explore the issue of estimating ET and its relationship with
soil moisture, q, for the typical PFTs of an heterogeneous
water-limited Mediterranean ecosystem. This is an impor-
tant ecohydrological issue [Rodriguez-Iturbe, 2000;
Albertson and Kiely, 2001; Williams and Albertson, 2004;
Montaldo et al., 2005] for both prognostic models, in which
predictions of q and land surface fluxes (e.g., ET) are required
for a projected radiative and precipitation forcing time series,
and diagnostic models, in which land surface fluxes are
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estimated for a set of observed atmospheric and surface states
(q and surface temperature, Ts) using satellite remote sensing
observations [Montaldo et al., 2001; Kustas et al., 2002;
Caparrini et al., 2004; Reichle et al., 2004]. Regarding the
diagnostic perspective, the mapping of surface q at high
spatial resolutions may be derived from active microwave
sensor (radar) observations (up to 10 m of spatial resolution);
however the uncertainties on the effectiveness of the radar
signal remain large, especially in heterogeneous terrain [e.g.,
Altese et al., 1996;Mancini et al., 1999; Holah et al., 2005].
While more accurate q estimates may be provided by passive
microwave remote sensor observations, they are at extremely
coarse spatial resolutions (25–50 km) [Jackson, 1997a;
Entekhabi et al., 2004], arguably unsuited to heterogeneous
Mediterranean ecosystems. Instead, estimates of Ts from
passive remote sensors (at infrared bands) are more attractive
because they are more robust and also available at higher
spatial resolutions: for instance, images from the AVHRR
sensor are at 1100 m spatial resolution and daily temporal
resolution, while images of the ASTER sensor mounted on
Terra satellite are at 90 m spatial resolution and 16-day
temporal resolution [Dash et al., 2002; Kustas et al., 2003].
For this reason, we investigate the possibility to estimate land
surface fluxes from Ts remote observations in heterogeneous
ecosystems.
[5] Given that shifts in vegetation cover vary with hy-

drologic controls, observation of water and energy fluxes
must be conducted through extended field campaigns [e.g.,
Jackson, 1997b; Halldin et al., 1999; Albertson and Kiely,
2001;Montaldo et al., 2003; Kurc and Small, 2004]. Recent
efforts [Baldocchi et al., 2004; Kurc and Small, 2004;
Williams and Albertson, 2004] compared spatially aggregate
ET estimates in grasslands and shrublands from micro-
meterological observations [e.g., Brutsaert, 1982; Garratt,
1992], and estimated the relationships between ET and q for
the two contrasting ecosystems. However, in heterogeneous
ecosystems with various land cover components, micro-
meteorological observations need to be carefully inter-
preted. Indeed, since the tower flux measurements are
often conducted at a height comparable to the patchiness
length scale, thus putting the characteristic transporting
eddy on a similar length scale as the surface heterogeneity,
the measured fluxes are not so trivially interpreted in terms
of the contributing source areas (or PFTs).
[6] The most elementary approach, as taken in most of

the references cited above, is to assume the observed ET
rates from the tower are representative of the large-scale
average land cover characteristics (i.e., the ecosystem), with
a single temporally constant value for the fractional cover of
each PFT. This simplification misses several important
aspects: (1) the source area of each land cover component
contributing to the flux measurement may vary during the
observation period; (2) the separate and unique forms of ET
= ET (q) for each PFT remain undefined, (3) the results are
not transferable to other sites with different percentage of
cover of PFTs. These are important issues because due to
human and natural influences the distributions of PFTs vary
spatially and temporally over the Mediterranean regions
[Scholes and Archer, 1997; Fernandez et al., 2004].
[7] The combination of recent advancements in footprint

models [Schmid, 1994; Hsieh et al., 2000; Schmid, 2002;
Finnigan, 2004; Kljun et al., 2004] and high-resolution

remote sensing of the land surface presents a promising path
toward interpreting land surface flux estimates from models
with tower-based micrometeorological observations in het-
erogeneous ecosystems. The concept of a footprint became
popular in the last decade because it provides a quantitative
interpretation of the field of view of tower-based eddy
correlation instruments. At the same time new satellite
remote sensors are permitting unprecedented spatial resolu-
tion (up to 1 m) mapping of land cover from visible (VIS)
and near infrared (NIR) bands [Su et al., 2004], and ground-
based thermal infrared thermometers permit the monitoring
of skin temperature for the constitutive elements (e.g.,
PFTs) of the land surface [e.g., Williams and Albertson,
2004]. These thermal sensors provide analogous informa-
tion to those of satellite thermal infrared sensors (simply
placed meters from a source rather than tens or hundreds of
kilometers).
[8] We propose to use micrometeorological measure-

ments, ground based thermal infrared thermometers, and
high-resolution VIS/NIR remote observations to estimate
land surface fluxes of each cover type, and then to use an
adapted 2-D version of the analytical footprint model of
Hsieh et al. [2000] (hereafter indicated with H2000) to
aggregate the fluxes appropriately for comparison to the
tower measured fluxes. The model-derived surface fluxes
are used with the observed soil moisture data to estimate the
relationships between q and ET for each constitutive PFT on
the landscape.
[9] A logical starting point is a patchy landscape domi-

nated by only two elements: bare soil and woody vegetation
or grass and woody vegetation. Despite its simplicity such
dual-PFT landscapes are fairly common in water-limited
ecosystems. The case study site is within the Flumendosa
basin on Sardinia, which is one of the regions of Italy most
affected by water deficits, and indeed the recent long-term
drought on the island has raised serious concerns about
climate change and land use impacts on the water resources
of the region. There is therefore an urgent need to exploit
advanced observation and simulation technologies to pro-
vide a better understanding of the water balance regime for
the entire island and for its major catchments. In this sense,
the Flumendosa river basin constitutes the water supply for
much of southern Sardinia, including the island’s largest
city, Cagliari (about 350,000 inhabitants in the urban area).
[10] In this way, the following objectives are addressed:

(1) assess the usefulness of surface temperature measure-
ments in concert with revised interfacial transfer theories for
heterogeneous landscapes for estimating evapotranspiration
over heterogeneous water-limited terrains and (2) identify
the functional relationship between soil water content and
evapotranspiration for the individual landscape components
(i.e., woody vegetation, grass and bare soil).

2. Experiment

[11] The site, the tower setup and instruments, and the
remote sensing images are described next.

2.1. Site

[12] The measurements were conducted at a site in Orroli
(39� 410 12. 5700 N, 9� 160 30. 3400 E, 500 m a. s. l.), situated
in the mideast of Sardinia (Italy). The site (area � 1.5 km2)
is a plateau that has a gentle slope (approximately 3�) from
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NW to SE. The landscape is a patchy mixture of Mediter-
ranean vegetation types: trees, including mainly wild olive
(Olea sylvestris) of height approximately 3.5–4.5 m, and
several cork oaks (Quercus suber) of height approximately
6–7 m, several different types of shrubs (e.g., Asparagus
acutifolius, Rubus ulmifolius) and herbaceous (grass) spe-
cies (e.g., Asphodelus microcarpus, Ferula comunis,
Bellium bellidioides, Scolymus hispanicum) that are present
in live form only during wet seasons and reach heights of
approximately 0.5 m. The soil thickness varies from 15–
40 cm, bounded from below by a rocky layer of basalt. This
impervious layer leads to tree and shrub rooting systems
that expand horizontally. The soil is mainly silt loam with a
bulk density of 1.38 g/cm3 and a porosity of 53%. The root
zone depth is coincident with the soil depth for these thin
soils. The foliage density of the woody vegetation (trees and
shrubs) remains approximately constant throughout the year
(woody leaf area index, LAI, fluctuates between 3.5 and
4.5), whereas, the leaf area of the herbaceous species
increases rapidly with winter and spring precipitation (max-
imum grass LAI of 2) and vanishes for the summer.
[13] The climate at this site is typically Mediterranean

maritime, with a mean historical (1922–1992) annual
precipitation of 690 mm (rain gauge data from the nearby
village of Nurri), and mean historical monthly precipitations
ranging between 103 mm in December and 12 mm in July.
Furthermore, historical air temperature data of the Nurri
station are mean annual value of 13.9�C, mean monthly
values ranging between 23.1�C in July and 6.1�C in
January.

2.2. Tower Setup

[14] A 10 m tower was instrumented to measure land-
atmosphere fluxes of energy, water, and carbon in addition
to key state variables. The tower was anchored to a small
outcropped rock, surrounded by wild olive trees, grass and
bare soils (depending on the year season). Data are available
from April 2003 to July 2004.
[15] A Campbell Scientific CSAT-3 sonic anemometer

and a Licor-7500 CO2/H2O infrared gas analyzer were used
to measure velocity and gas concentrations at 10 Hz for the
estimation of latent heat (LE), and sensible heat fluxes (H)
through standard eddy correlation methods [e.g., Brutsaert,
1982; Garratt, 1992]. The two instruments were placed at
10 m height above the ground. Half hourly statistics were
computed and recorded by a 23X data logger (Campbell
Scientific Inc., Logan, Utah). The effect of the gentle slope
of the plateau was removed by an axis rotation (equations
are presented in Appendix A for completeness) analogous to
an approach used in other studies on complex topography
[Baldocchi et al., 2000]. The Webb-Pearman-Leuning ad-
justment [Webb et al., 1980] was later applied.
[16] Three infrared transducers, IRTS-P (Apogee Instru-

ment, accuracy of 0.3�C) were used to measure the surface
temperature (Ts) of the different PFTs. One IRTS-P ob-
served the skin temperature of a tree (wild olive) canopy at
3.5 m height above the ground and with a canopy view
zenith angle of about 70�, another observed either bare soil
or grass (depending on the season) at 1.6 m above the
ground with a canopy view zenith angle of about 50�, and
the third sensor was placed at a greater height (10 m above
the ground, view zenith angle of about 40�) to observe a
composite mixture of trees and soil or trees and grasses

(depending on the year season). In these transducers Ts is
derived from the apparent target temperature through cali-
bration relationships, which depend on the sensor body
temperature [Bugbee et al., 1998], and are provided by
the manufacturer.
[17] The incoming and outgoing shortwave and longwave

radiation components were measured by a CNR-1 (Kipp &
Zonen) integral radiometer positioned at 10 m with a
hemispherical field of view. Soil heat flux (G) was mea-
sured at two different locations close to the tower, one in an
open patch (4 m from the tower) and one under a tree
canopy of wild olive (5.5 m from the tower), with thermo-
pile plates, HFT3 (REBS), buried at 8 cm below the soil
surface. Two thermocouples (per plate) were buried at 2 and
6 cm, and one frequency domain reflectometer probe (FDR
Campbell CS615) per plate was buried horizontally at 5 cm,
as needed to estimate changes in the stored energy above the
plates (see HFT3 instruction manual edited by Campbell
Sci.).
[18] A total of seven FDR probes were buried close to the

tower (3.3–5.5 m away) to estimate the mean q within the
root zone. Four were buried horizontally (two at 15 cm
depth and two at 5 cm) and three were installed vertically
(i.e., average 0–30 cm).The FDR calibration (q = 2.755 �
7.875 t + 7.259 t2 � 2.002 t3, with t the FDR probe output
period in milliseconds) was made using gravimetric water
content sampled (a total of 11 samples during the entire
period of observation) near the probes over a wide range of
soil moisture conditions (0.08 < q < 0.55).
[19] Precipitation was measured by an ARG100 (Envi-

ronmental Measurements Limited) rain gauge. Recorded
precipitation and q time series (aggregated to the daily
scale) are shown in Figure 1. Data gaps (22.7% of the total
half hour values) exist mainly due to power supply failures
and maintenance operations. Rainfall observations during
the data gaps are filled with rainfall data of a nearby rain
gauge located in the town of Nurri.

2.3. Remote Sensing Images

[20] Two multispectral high spatial resolution (2.8 m �
2.8 m per pixel) Quickbird satellite images (DigitalGlobe

Figure 1. Mean daily root zone soil moisture (open circle)
and precipitation (bar) recorded at the Orroli tower. The two
investigated periods, P1 and P2, are also highlighted.
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Inc.) were acquired (DOY = 220, 2003 and DOY = 138,
2004). The two images depict the contrasting land covers of
the summer and the spring, respectively, which are key
seasons in the water resources management of Mediterra-
nean ecosystems. Indeed, the first image characterizes the
land cover after a long dry period just before a significant
rain event (Figure 1), so that the soil moisture conditions
were very dry (q � 0.08) and herbaceous cover was absent
such as is typical in the Sardinian summer. The second
image depicts the land cover conditions after a long wet
period (q � 0.4, Figure 1), hence the bare soil was nearly
absent because of the flourishing grasses that in those days
reached their maximum growth.
[21] The 6S model of Vermote et al. [1997] was used to

correct the images for atmospheric effects. The input
parameters for the 6S model were: midlatitude atmosphere
model, maritime aerosol model, horizontal visibility of
40 km, and inhomogeneous ground surface reflectance. A
supervised classification scheme based on the parallepiped
algorithm [Richards, 1999] allows for distinguishing
‘‘woody vegetation’’ (WV) from ‘‘nonwoody vegetation’’
(NWV, i.e., bare soil or grass according to the time period)
from the image of DOY = 220, 2003. The widely used
normalized difference vegetation index (NDVI) [e.g.,
Gamon et al., 1995; Carlson and Ripley, 1997; Scanlon et
al., 2002] was computed from the surface reflectance values
averaged over ranges of wavelengths in the visible red and
NIR regions of the spectrum. Figure 2 shows the compar-
ison of the distributions of the NDVI relative frequencies of
the two images in the field around the tower (area of 1300 m
� 1300 m), highlighting the contrast between the land
covers of the two periods. While on DOY = 220 of 2003
bare soil (i.e., NDVI equal 0) was the dominant cover type
(almost 90%), it was absent on DOY = 138 of 2004.
[22] The NDVI/NDVIMAX map (where NDVIMAX is the

spatial maximum of the particular NDVI map) of the field
around the tower (the tower is in the center of the map) for
the DOY = 220, 2003 is computed (Figure 3a). Note that
NDVI/NDVIMAX values of WV pixels are greater than 0.6,

so that the color bar of the Figure 3a is modified for a
better contrast of the WV pixels. The heterogeneity of the
field is well depicted by Figure 3b, which shows the spatial
average of NDVI/NDVIMAX within circles of variable
radius (for increments of 14 m) centered at the tower. It
is clear from Figure 3 that the tower resides in a prefer-

entially dense vegetation area, with the values of NDVI
NDVIMAX

decreasing from about 0.4 (close to the tower) to 0.1.
Beyond the radial bias, we also note a directional effect of
heterogeneity in Figure 3a.
[23] Hereafter we focus on two periods, P1 and P2 as

noted in Figure 1, bounding the image acquisition dates,
because the two periods allow for an evaluation of the land
surface fluxes in two contrasting ecosystem conditions: the
first period is in the summer (DOY = 187–242, 2003), with
the surface dominated by bare soil and WV (P1); the second
period is in the spring (DOY = 87–156, 2004) with the
surface primarily dominated by grass and WV (P2). Hence,
in each analysis period we consider a patchy landscape with
only two elements (WV and NWV), with NWV being bare
soil during P1 and grass during P2. This simplified ap-
proach is a necessary first step toward building a compre-
hensive approach for multielement ecosystems on complex
terrain. Note that in P2 there is a significant data gap (DOY
= 98–133, 2004), unfortunately.
[24] Figure 4 reports the hourly average values of air and

surface temperatures during the daytime of the two selected
periods highlighting the significant difference in tempera-
ture conditions between the two periods and among the
ecosystem land cover components. As expected, the data
show that during P1 the difference between the Ts of bare
soil and the Ts of WV is significantly larger than the
difference between the Ts of grass and the Ts of WV during
P2. This is an important consideration for spatially down-
scaling satellite data of radiometric surface temperatures in
these landscapes.

39

3. Theoretical Development

[25] For the stated objectives, estimates of the energy flux
contribution of each landscape component are necessary.
While it is true that the footprint (source area) of eddy
correlation flux measurements changes in size and direc-
tionality through time, this variation can be exploited to
sample the relative fractions of the different surface types.
[26] Hence the first step is to introduce the concept of

footprint for establishing an objective connection between
individual PFT-based surface flux model calculations and
the measured aggregate fluxes by the eddy correlation
system. The combined use of a footprint model and the
high-resolution satellite image allows us to distinguish the
source area of each PFT to the measured flux. Then,
the methodology for 1) estimating energy fluxes from Ts
(and meteorological) observations over heterogeneous ter-
rains, and 2) evaluating hydrologic relationships between q
and derived ET estimates for each landscape component are
described.

3.1. Footprint Model for Interpreting Surface Flux
Observations

[27] In a coordinate system (x, y, z) referenced at the
tower base, a source distribution SF at the ground is related

Figure 2. Distributions of the NDVI relative frequencies
of the two Quickbird satellite images at DOY = 220, 2003
(solid bar) and DOY = 138, 2004 (gray bar with dotted
line).
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to the observed surface flux Fobs (e.g., H, LE, or the
radiation) by [Schmid, 1997]:

Fobs 0; 0; zmð Þ ¼
Z1
0

Z1
0

SF x; y; 0ð Þf x; y; zmð Þdxdy ð1Þ

where zm is the height of measurement, f (x, y, zm) is the
source area function, which, for instance, depends on the
features of the turbulent flow (e.g., roughness properties,
stability of the air and wind direction) in the case of
micrometeorological observations and on the properties of
the instrument in the case of the radiometer [Schmid, 1997].
[28] If the landscape is decomposed into its constitutive

elements, we can discretize the integral equation (1) on a
uniform grid of M � N dimensions (note that Fobs and f
depend on zm, but hereafter we avoid to repeat this
notation):

Fobs ffi
Xne
k¼1

SF;k
XN
i¼1

XM
j¼1

fijxijkDxDy ð2Þ

where ne is the number of the constitutive elements (in our
case ne = 2 since we have NWVand WV), xijk is the fraction
of the kth cover type in the i-j grid cell, Dx and Dy are the
pixel dimensions, SF,k is the source strength for the kth
cover type, and fij is the value of the source area function for
the i-j grid cell.
[29] Rearranging equation (2) we obtain

Fobs ffi
Xne
k¼1

SF;kFfp;k ð3Þ

where the Ffp,k is the fraction of the kth cover type in the
footprint

Ffp;k ¼
XN
i¼1

XM
j¼1

fijxijkDxDy ð4Þ

[30] In the case of eddy correlation measurements Fobs is,
for instance, the observed H, LE. Several models have
already been proposed for f [Schmid, 2002; Vesala et al.,
2004]. We adopt the H2000 simplified analytical model
modified to include lateral dispersion. The proposed model

Figure 3. (a) Map of NDVI/NDVIMAX of WVof the field around the tower (the tower is in the center of
the map) determined from the Quickbird image (spatial resolution 2.8 m � 2.8 m) for DOY = 220, 2003;
note that NDVI/NDVIMAX values of WV pixels are greater than 0.6, so that the color bar is modified for a
better contrast of the WV pixels. (b) NDVI/NDVIMAX average values of the fields within a circle around
the tower versus radial distance from the tower. (c) Histogram of the time series of Ffp,WV of the whole
data set.
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has been tested against several data sets [e.g., Baldocchi and
Rao, 1995]. Appendix B describes how lateral dispersion
was included in the H2000 model. For illustration, we
present the cross-wind integrated footprint (Fy) and the
contour line of the 50% flux source area (i.e., 50% of the
measured flux comes from within this boundary) to dem-

onstrate the extent of longitudinal and lateral spread for
mildly stable (Obukhov’s length, L, of 100 m, friction
velocity, u*, of 0.5 m/s and standard deviation of the
velocity component along the vertical axis, sv, of 0.6 m/s)
and mildly unstable (L = �100 m, u* = 0.5 m/s and sv =
0.6 m/s) atmospheric stability conditions (Figure 5).

Figure 5. (top) Cross-wind-integrated footprints (Fy) for mildly unstable (thin line) and mildly stable
(thick line) conditions. (bottom) Contour lines representing the 50% flux source area for the two
footprints of Figure 5 (top).

Figure 4. Diurnal variation of the ensemble-averaged ground-based IRT temperatures during the two
periods for individual WV (Ts,WV), bare soil (Ts,bs), grass (Ts,g) and the composite surface temperature
(referred to as Ts,mix), and the footprint weighted surface temperature value (T̂ s,fp). For reference the
observed air temperature (Ta) at zm = 10 m is also shown (solid line).

6 of 16

W08419 DETTO ET AL.: EVAPOTRANSPIRATION IN MEDITERRANEAN ECOSYSTEM W08419



[31] Instead, in the case of the radiative flux observations
(i.e., for the radiometer), f is given by the optical source
weight function of the instrument [Schmid, 1997]:

f ¼ 1

p
zm þ r2d

zm

� ��2

ð5Þ

where rd is the radial distance from the radiometer center. In
this case Ffp,k is constant through time.

3.2. Estimation of the Energy Balance Fluxes

[32] Here we present a forward model that will estimate
fluxes for each PFT and aggregate them to the tower
footprint for subsequent comparison to measured fluxes
(which are of course footprint specific). Surface fluxes ‘‘at
the tower’’, for any particular time period, are predicted
through

F̂ ¼
Xne
k¼1

ŜF;kFfp;k ð6Þ

where F̂ is the estimated surface flux, Ffp,k is given by (4),
and ŜF,k is the estimated flux contribution of the kth cover
type (described below).
[33] For calculating Ffp,k we need to estimate xijk in (4),

with ne = 2 in our case. Note that the value xijk for WV land
cover (xij,WV) may be less than 1 according to the WV
density in the pixel (see section 2.3). Because NDVI and the
fraction of vegetation cover are strongly related [e.g.,
Gutman and Ignatov, 1997; Shimabukuro et al., 1997] we
adopt xij,WV = NDVIij/NDVIMAX, where NDVIij is the
NDVI value of the generic grid cell (Figure 3a) and, i.e.,
xij,NWV = 1 � xij,WV for NWV cover.
[34] We now present the methodology for estimating ŜF,k

of each energy balance term.
3.2.1. Available Energy
[35] The available energy of the kth cover type is ŜQn,k =

ŜRn,k � ŜG,k, with ŜRn,k and ŜG,k the estimated Rn and G
contributions of the kth cover type, respectively. ŜRn,k is
estimated from the measurements of the incoming short-
wave (Rsw,in) and longwave radiation (Rlw,in) fluxes and
the Ts of the kth cover type (Ts,k) as [e.g., Brutsaert,
1982]

ŜRn;k ¼ Rsw;in 1� akð Þ þ ek Rlw;in � sT4
s;k

� �
ð7Þ

where ak and ek are the surface albedo and emissivity of the
kth cover type, respectively, and s is the Stefan-Boltzmann
constant. When reflected shortwave and emitted longwave
radiation observations and surface temperature observations
are available ak and ek may be accurately estimated through
calibration.
[36] ŜG,k is estimated as a fraction of ŜRn,k, given by

ŜG;k ¼ ck ŜRn;k ð8Þ

where we assume constant values of ck for the different
land cover types, which is an acceptable assumption at
daily timescale [e.g., Brutsaert, 1982]. Also ck may be
accurately estimated through calibration using soil heat
flux observations.

3.2.2. Sensible Heat Flux
[37] The estimated sensible heat flux contribution of the

kth cover type (ŜH,k) is computed from the bulk transfer
formulation [Garratt, 1992]:

ŜH ;k ¼ Chrrcpu Ts;k � Ta
� �

ð9Þ

where r is the temporal mean air density, cp is the specific heat
capacity of dry air at constant pressure, u and Ta are the wind
speed and air temperature, respectively, andChr is the transfer
coefficient that relates directly the sensible heat flux and the
radiative surface temperature of each land cover type in our
analysis. Note that in the bulk transfer formulation ŜH,k is not
related to Ts but to the aerodynamic surface temperature of the
Monin-Obukhov similarity theory [e.g.,Brutsaert, 1982].Chr

is related to the interfacial transfer coefficient, often referred
to as kvBH

�1 [Brutsaert, 1982;Garratt, 1992]with kv (=0.4) the
von Karman’s constant, through

Chr ¼
Cd0:5m

B�1
H þ Cd�0:5

m

ð10Þ

where Cdm (=u*/u)
2 is the bulk drag coefficient at zm.

[38] For the parameterization of BH
�1 over a uniform land

cover surfaces are generally classified as smooth, bluff-
rough, or permeable-rough. Formulations have been derived
experimentally and/or theoretically [Brutsaert, 1982;
Garratt, 1992; Verhoef et al., 1997; Kustas and Norman,
1999; Massman, 1999], often linking BH

�1 to the roughness
Reynolds number z0+ (=u* zom/u, where zom is the roughness
length for momentum, and u is the cinematic viscosity)
through (at a given Prandtl number)

B�1
H ¼ aznB0þ þ b ð11Þ

with a, b and nB being empirical coefficients. In Figure 6 the
BH
�1 (z0+) relationships of bare soil (i.e., bluff-rough), grass

Figure 6. BH
�1 values estimated from observed data using

(12) versus zo+ for the composite soil-WV and grass-WV
surfaces. For reference, published BH

�1 values for bluff
rough surface, grass, and an aspen forest are reported.
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and Aspen forest surfaces from Brutsaert [1982,
Figure 4.24] are shown, and in Table 1 the corresponding
values of a, b and nB are reported. However, most natural
surfaces are intermediate or composite thereby falling
between these classes (for example in sparse or open
canopies). For these surfaces, Massman [1999] developed a
complex model, which provides estimates of BH

�1 as a
function of LAI and canopy drag coefficient, but it requires
detailed information (e.g., the vertical foliage distribution)
that is not readily available. Instead, we examine two
different approaches for estimating BH

�1.
[39] 1. The land cover is viewed as a set of tiles of WV

and NWV. Within each component tile, the surface rough-
ness (and interfacial properties) are assumed to be statisti-
cally homogeneous and representative of the cover type
only in the tile (no dependency on neighbors). We refer to
this as the ‘‘two-source tile model’’ (2ST) because the heat
sources of WV and NWV are separately resolved, and the
bulk heat transfer coefficient is computed as if the land
cover is decomposed into two spatially homogeneous tiles.
[40] 2. The surface roughness and heat source elements

are randomly distributed and sensed by the turbulent flow as
a single ‘hypothetical’ surface. Hence the interfacial transfer
properties appear to resemble those of a bluff rough surface
(e.g., bare soil) with trees and shrubs adding ‘‘excess’’
roughness. We refer to this as the ‘‘two-source random
model’’ (2SR), because the heat sources of WV and NWV
are treated separately, but the bulk heat transfer coefficient
is computed as spatially homogeneous.
[41] While in the 2ST approach, BH

�1 is evaluated by (11)
using literature parameter values, in the 2SR approach we
need to compute the spatially aggregated (effective) BH

�1 as
a function of the spatially aggregated z0+ for the mixed WV-
bare soil (P1 period) and WV-grass (P2 period) systems.
Considering an analogous expression of (9) for the whole
system, inverting it, and making explicit BH

�1 from (10) we
estimate BH

�1 as

B�1
H ¼ Cd�0:5

m

Cdmrcpu T̂s;fp � Ta
� �
Hobs

� 1

 !
ð12Þ

where Hobs is the observed sensible heat flux, and T̂ s,fp is an
estimated average value of the Ts of the whole ecosystem,
weighted by the foot print model using an analogous
equation of (6) for Ts. Then, we propose to define new
relationships for BH

�1 (z0+) for mixed land cover systems,
fitting (11) to the scattered points estimated by (12), and
therefore estimating the a, b and nB coefficients of (11) for
the two observation periods. This is done in section 4.1.
3.2.3. Latent Heat Flux
[42] For estimating the latent heat flux contribution of the

kth cover type (ŜLE,k) the same methodology of ŜH,k may be
used, estimating ŜLE,k from the difference between the land
cover surface humidity of each kth cover type (qs,k) and the
air humidity [e.g., Garratt, 1992, equation 3.51], but much
of the problem is the determination of the qs,k. Indeed, for a
saturated soil, wet canopy or water surface, qs,k equals the
saturated value at that surface temperature, but for an
unsaturated or drying surface, qs,k is not so readily deter-
mined [Garratt, 1992].
[43] For this reason, we propose to bypass this difficulty

and estimate ŜLE,k as a residual term of the energy budget.

For obtaining a more robust estimate we compute the latent
heat flux at the daily timescale, as is appropriate for
hydrologic balance calculations. A successful technique
for daily averaging the energy flux is based on the assump-
tion of the self-preservation of the evaporative fraction of
the kth cover type (EFk), which is the ratio of the latent
energy flux to the available energy [Crago and Brutsaert,
1996]. We assume that EFk is constant during the daylight
hours (i.e., when ŜQn,k > 0), and the best estimate of EFk is
taken from the middle of the day (e.g., between 10:00 and
16:30). In this way EFk can be computed by

EFk ¼
1

nmd

Xnmd
l¼1

ŜLE;kl

ŜQn;kl
¼ 1

nmd

Xnmd
l¼1

ŜQn;kl � ŜH ;kl

ŜQn;kl
ð13Þ

where nmd is the number of time steps included in the
middle of the day computations, and the daily latent heat
flux contribution of the kth cover type (ŜLEd,k) is estimated
as

ŜLEd;k ¼ EFk

1

nd

Xnd
t¼1

ŜQn;kt ð14Þ

where nd is the number of time steps included in the
daylight computations (ŜQn,k > 0).

3.3. Comparison Between Predictions and
Tower-Based Observations of the Energy Fluxes

[44] The Ŝk energy flux contributions are predicted by
(7)–(14) using Rsw,in, Rlw,in, Ts,k, u, and Ta measurements,
and scaled by the footprint weights for comparison with
tower measurements. For LE and H we compare the
predicted fluxes with adjusted eddy correlation measure-
ments (LEobs and Hobs) that have been rescaled to force
energy balance closure [Blanken et al., 1997; Twine et al.,
2000]. This method assumes that the Bowen ratio (Bo =
Hobs/LEobs) is measured accurately by the eddy correlation
system, and observed H and LE are adjusted to preserve the
Bo and conserve the energy [Blanken et al., 1997], so that
the fluxes are estimated by:

LEobs ¼
Q̂n;ec

1þ Bo
; Hobs ¼ BoLEobs ð15Þ

where Q̂n,ec is the recalculated available energy by (6) with
the eddy correlation footprint.

3.4. The B Function

[45] For estimating hydrologic relationships between q
and the evapotranspiration of each land cover type, we
compute the b function defined as the ratio between the

Table 1. Estimates of the Interfacial Transfer Parameters for

Several Surfaces Expressed as BH
�1 = a z0+

nB + b for a Prandtl

Number Equal 0.71

Source Surface Description a nB b zo+

Brutsaert [1982] bluff-rough surface 6.15 0.25 �5 100–103

Brutsaert [1982] grass 1.46 0.23 0 102–103

Brutsaert [1982] aspen forest 3 � 10�5 1 0.2 104–105

Estimated grass-WV 0.117 0.53 0 103–105

Estimated soil-WV 0.034 0.59 0 103–105
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evapotranspiration and the potential evapotranspiration of
the kth cover type. The evapotranspiration contribution of
the kth cover type is estimated through (14), converting
ŜLEd,k in units of water loss per day (i.e., dividing ŜLEd,k per
the latent heat of vaporization and the water density), and
the potential evapotranspiration is estimated through the
Priestley-Taylor equation [e.g., Brutsaert, 1982, equation
(10.23)], with the ae Priestley-Taylor coefficient assumed
equal to 1.26. In this way, b can be computed for each kth
cover type at daily timescale during both the two observa-
tion periods (P1 and P2), and using both the two approaches
(2SR and 2ST) described in section 3.2.2.

4. Results and Discussion

[46] First, the BH
�1 (z0+) relationships necessary for the

2SR approach are estimated through (11) and (12). Then,
the performance of the two approaches in predicting energy
fluxes is evaluated. Finally, the b functions for the cover
types are estimated and their ecohydrologic significance is
discussed.

4.1. Estimate of Interfacial and Surface Roughness
Properties

[47] For the 2SR approach we need to estimate BH
�1

through (12). First, Ffp,k time series of the micrometeoro-
logical observations are estimated using (4) and (B2).
Figure 3c reports the frequency distribution of the fraction
of the WV cover in the footprint of the micrometeorological
observations (Ffp,WV) for the entire data set. We note that
Ffp,WV is mainly in the range of 0.1–0.22 with the peak of
the distribution close to 0.15. Average diurnal courses of
T̂ s,fp for each of the two periods are plotted in Figure 4.
[48] In Figure 6 the computed BH

�1 values are plotted
versus z0+ values for the composite WV-bare soil (points)
and WV-grass (circles) surfaces [Brutsaert, 1982, Figure
4.24]. The BH

�1 (zo+) functions of type (11) are fitted to the
observed values for the two composite surfaces, and the a, b
and nB coefficients of (11) are computed (Table 1). Func-
tionally, the rapid increase in effective BH

�1 with increasing
z0+ resembles a bluff-rough surface but with a z0+ much
larger than those reported for bare soil (or grass) alone (see
Table 1). The dependence of the effective BH

�1 on z0+ is also
much stronger than those reported for strictly grass or WV
(Figure 6).
[49] For the 2ST approach, we assume a constant value of

BH
�1 (=2) for WV due to its low variability with z0+ (c.f.

Aspen forest in Figure 6), and use literature values for the a,
b and nB coefficients of (11) for grass and bare soil (Table 1).

Using these interfacial transfer model parameters, we opti-
mized zom for bare soil and grass to best match (in a root-
mean-square sense) Hobs. This optimization resulted in a
bare soil zom � 0.015 m, which is close to the literature
values (0.001–0.01 m [Garratt, 1992]). For grass, the
optimization yielded a zom � 0.05 m, also consistent with
literature values and the rule of thumb relating canopy
height hc (�0.5 m) to zom (zom/hc � 0.1 [Garratt, 1992]).

4.2. Calibration of the Models

[50] The comparison between predicted and observed
energy flux is made at the daily timescale and in units of
mm/d of water for better assessing the impact on the soil
water balance. The fraction of WV cover of the radiometer
footprint is 0.38. The values of ak of each land cover type
were adjusted starting from literature values [e.g., Brutsaert,
1982; Garratt, 1992; Brutsaert, 2005], to best match (in a
root-mean-square sense) the observed values of the reflected
shortwave radiation (Table 2). The values of ek were chosen
from literature values [e.g., Brutsaert, 1982; Garratt, 1992]
(Table 2) to best match longwave radiation observations
using the IRTS-P observations of Ts,k. However, the emis-
sivity is implicit in the IRTS-P design and it is fairly
insensitive to modest variations in vegetation type [Bugbee
et al., 1998]. Predicted net radiation obtained from (6) with
ŜRn,k given by (7) match very well the observations for both
the two observation periods (Table 3).
[51] The availability of soil heat flux probes for both the

NWVand WV cover types allowed for the calibration of the
ck parameters of (8) (Table 2), obtaining very low root-
mean-square errors (RMSE) (RMSE � 0.16 mm/d for bare
soil and grass components and even lower for the WV
component). Hence the available energy is well predicted.
[52] The energy balance closure of observed surface flux

is successfully tested comparing the observed LE + H and
the Q̂n,ec recalculated available energy with the eddy corre-
lation footprint. For P1 LE + H is overestimated by
approximately 5% relative to Q̂n,ec, and for P2 it is under-
estimated by 5% using the surface fluxes not rescaled to
force energy balance closure.
[53] We indicate with ẐH and ZH,obs predicted and ob-

served sensible heat fluxes expressed in mm/d of water.
Comparisons between measured and modeled (using both

Table 2. Radiative and Soil Heat Flux Dimensionless Parameter

Values for Each Land Cover: Surface Albedo (a), Surface

Emissivity (e), and Fraction of Soil Heat Flux to Net Radiation

(c)a

Land Cover as c e

Soil 0.15 [0.1–0.35] 0.21 [0.1–0.3] 0.97 [0.95–0.98]
WV 0.08 [0.07–0.2] 0.04 0.98 [0.96–0.97]
Grass 0.16 [0.15–0.30] 0.14 0.97 [0.97–0.98]
Mix 0.12 0.13 0.97

aReported ranges from the literature [Brutsaert, 1982; Garratt, 1992;
Brutsaert, 2005] are shown in brackets.

Table 3. Comparison Between Observed and Modeled Fluxesa

Model Period w1

w2, mm/d
of water r2

RMSE, mm/d
of water

ẐRn I 0.95 0.06 0.99 0.22
ẐRn II 1 �0.01 1.00 0.08
ẐH,2-ST I 1.22 �0.48 0.82 0.61
ẐH,2-SR I 0.95 0.22 0.77 0.40
ẐH,2-ST II 1.08 �0.03 0.70 0.74
ẐH,2-SR II 0.91 0.12 0.78 0.50
ÊT2-ST I 0.89 0.24 0.67 0.33
ÊT2-SR I 0.76 0.47 0.64 0.39
ÊT2-ST II 1.08 �0.41 0.68 0.68
ÊT2-SR II 1.11 �0.23 0.75 0.58

aNet radiation is indicated with ẐRn, and the sensible heat flux is
indicated with ẐH. The comparison is conducted via a regression model of
the form y = w1 x + w2, where y is the modeled flux and x is the observed
flux. The coefficient of determination (r2), and the root-mean-square error
(RMSE) are shown. The indexes ‘‘I’’ and ‘‘II’’ refer to the P1 soil-WV and
P2 grass-WV periods, respectively.
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2ST and 2SR approaches) sensible heat flux are shown in
Figure 7, and Table 3 reports statistics of comparison. In P1
ZH,obs is fairly well reproduced using both approaches
(RMSE � 0.61 mm/d); however, the overall performance
of 2SR in terms of near-unity of the regression slope and
RMSE are slightly better than 2ST. In the spring time (P2),
the correlation coefficients and RMSE values (Table 3) are
mildly degraded though the difference in performance is not
statistically significant (Figure 7 and Table 3).
[54] The assumption of the self preservation of the

evaporative fraction was verified, with the data showing
this ratio to be nearly constant from 10:00 to 16:30. Hence
the latent heat flux can be estimated trough (14) and (6).
Predicted ET (using both 2ST and 2SR approaches) are
compared to observed ET in Figure 8 and Table 3. In
contrast with the sensible heat flux, similar predictions of
the latent heat flux are obtained for both the 2SR and 2ST
approaches for P1 (RMSE � 0.39 mm/d). For P2 the
agreement between measured and modeled ET becomes
worse (RMSE � 0.68 mm/d), which is contributed to by the
degraded ẐH predictions during this period. We note that
these RMSE predictions are very close to RMSE values
(=0.5 mm/d) reported for daily bare soil evaporation using
skin temperature measurements for input and lysimeter ET
measurements for model validation [Katul and Parlange,
1992].
[55] To assess the impact of the difference in ÊT pre-

dictions over a long period, we compute the cumulative
modeled and observed ET, and the modeled potential
evapotranspiration (PET) for the two periods (Figure 9).
In P1 the total observed evapotranspiration (ETobs) is well

predicted by 2ST (difference of less than 10%), while it is
moderately overestimated by 2SR (difference of �20%). In
P2 both approaches provide accurate estimates of the total
ET, with difference between observed and modeled being
less than 8 %. Hence, since the observed and modeled ET
rates are similar at half-hourly timescales and when inte-
grated to express the total impact to the surface water
balance, we conclude that the proposed approach for esti-
mating ET performs well.

4.3. Sensitivity Analysis of the Evapotranspiration to
the Fraction of Vegetation Cover

[56] In section 2.3 we highlighted the heterogeneity of the

field showing that NDVI
NDVIMAX

, which represents the average

value of the fraction of WV cover of the field (Fc,WV) as
assumed in x 3.2, varies between 0.1 and 0.4 with the size
and relative direction of the area being averaged cover.
Instead, using the flux footprint model, the Ffp,WV of the
eddy correlation observations tends to stay in the range
0.1–0.22.
[57] For highlighting the impact on ÊT of potential errors

in specifying the correct value of the fraction of the land
cover type, and for demonstrating the importance of the use
of the footprint model in the interpretation of observations
of ET in heterogeneous terrain we perform a sensitivity
analysis of ET to Fc,WV.
[58] We vary Fc,WV in the range 0.0–0.4, and model the

energy flux with two approaches commonly implemented in
LSMs [e.g., Noilhan and Planton, 1989; Koster and Suarez,
1992; Giorgi and Avissar, 1997; Albertson and Kiely, 2001;

Figure 7. Comparison between observed (ZH,obs) and modeled (using both the 2ST and the 2SR
approaches) daytime sensible heat flux for (a and b) P1 and (c and d) P2. The 1:1 line is shown for
reference.
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Figure 9. Cumulative observed (ETobs) and modeled (both 2ST and 2SR) ET during (a) P1 and (b) P2.
Here the abscissa ‘‘Day’’ represents sequential days excluding precipitation and gaps. The PET is
estimated using the Priestley-Taylor equation.

Figure 8. Same as Figure 7, but for evapotranspiration.
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