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Abstract

There is considerable interest in using remote sensing to characterize the hydrologic behavior of the land surface on a routine basis. Information on
moisture fluxes between the surface and lower atmosphere reveals linkages and land–atmosphere feedback mechanisms, aiding our understanding of
energy and water balance cycles. Techniques that combine information on land and atmospheric properties with remotely sensed variables would
allow improved prediction for a number of hydrological variables. Over the last few decades, there has been a focus on better determining
evapotranspiration and its spatial variability, but for many regions routine prediction is not generally available at a spatial resolution appropriate to the
underlying surface heterogeneity. Over agricultural regions, this is particularly critical, since the spatial extent of typical field scales is not regularly
resolved within the pixel resolution of satellite sensors. Understanding the role of landscape heterogeneity and its influence on the scaling behavior of
surface fluxes as observed by satellite sensors with different spatial resolutions is a critical research need. To attend this task, data from Landsat-ETM
(60 m), ASTER (90 m), and MODIS (1020 m) satellite platforms are employed to independently estimate evapotranspiration. The range of the
satellite sensor resolutions allows analyses that span scales from (point-scale) in-situ tower measurements to the MODIS kilometer-scale.
Evapotranspiration estimates derived at these multiple resolutions were assessed against eddy covariance flux measurements collected during the
2002 Soil Moisture Atmospheric Coupling Experiment (SMACEX) over the Walnut Creek watershed in Iowa. Together, these data allow a
comprehensive scale intercomparison of remotely sensed predictions, which include intercomparisons of the evapotranspiration products from the
various sensors as well as a statistical analysis for the retrievals at the watershed scale. A high degree of consistency was observed between the
retrievals from the higher-resolution satellite platforms (Landsat-ETM and ASTER). The MODIS-based estimates, while unable to discriminate the
influence of land surface heterogeneity at the field scale, effectively reproduced the watershed average response, illustrating the utility of this sensor
for regional-scale evapotranspiration estimation.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Evapotranspiration is one of the most important components
of the hydrological cycle. Combined with rainfall and runoff, it
controls the availability and distribution of water at the Earth's
surface, and for this reason, is of significance to a number of
water-related research and application areas. Quantifying the
spatial variability in hydrological and land surface variables is
important to water resource management, particularly in agri-
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cultural regions. There are also strong interconnections and
feedbacks between hydrological variables, like soil moisture and
evapotranspiration, with regional hydrometeorology (Betts
et al., 1997; Hipps & Kustas, 2000), which broadens the interest
in accurately determining energy partitioning of surface fluxes.
The need for effective regional measurements of the surface
energy balance, surface temperature and soil moisture, has
resulted in research into the use of satellite remote sensing.
However, the problem of “point perfection but regional
presumption” (Prince et al., 1998) is an issue, where much of
the forcing data and validation information is spatially sparse at
discrete locations.

Issues of scale are of critical interest to hydrological
investigations (Grayson & Blöschl, 2000; Kalma & Sivapalan,
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1995; Wood, 1994). Often, there is a gap between the desired
resolution and the practical scale at which processes can be
represented, constrained to a large degree by the availability of
forcing and evaluation data. Methods to address spatial and
temporal disparities between landscape heterogeneity and sen-
sor and model resolution are limited, since an adequately
developed theory of scale dependence or scaling in hydrology
does not yet exist (Beven & Fisher, 1996). Yet, it is an issue that
continues to perplex many aspects of hydrological modeling,
particularly surface flux estimation (Raupach & Finnigan,
1995). While the patchiness of landscapes is difficult to measure
on the ground, satellite remote sensing can observe these
variations across a number of scales (up to continental scales),
with spatial coverage that is unattainable from ground-based
measurements. Despite the challenges of obtaining skillful re-
trievals, satellites observations are the only viable method for
measuring relatively small-scale variations in surface fluxes and
states at regional scales, and to examine the same region at
multiple scales from a variety of available sensors with different
spatial, spectral, and temporal characteristics. Determining
effective techniques to make use of data from various sensors
has been the focus of considerable research (Jackson, 1997;
Kustas, 1990; Wan & Dozier, 1996), but little actual inter-
comparison between sensors has been undertaken, with most
analysis focused on individual satellite platforms.

The work presented here extends recent research in esti-
mating surface heat fluxes from satellite observations. The work
uses remote sensing platforms and field data collected during the
2002 Soil Moisture Atmospheric Coupling Experiment (SMA-
CEX) (Kustas et al., 2005), conducted over the Walnut Creek
catchment in central Iowa. French et al. (2005b) examined two
different modeling approaches to illustrate the utility of em-
ploying the Advance Spaceborne Thermal Emission and Reflec-
tion Radiometer (ASTER) for surface flux prediction. They
show that ASTER data holds much promise for high-resolution
flux mapping, even though the models used illustrated varia-
bility in individual surface flux prediction. Su et al. (2005)
presented results for the retrieval of evapotranspiration over the
Walnut Creek watershed using a Landsat-ETM scene. Consid-
ering the complex spatial structure of the land surface in the
catchment, good agreement between the Landsat-based retrie-
vals and in-situ tower measurements was observed. Kustas et al.
(2004) present one methodology to assess the effects of pixel
resolution on surface flux variability using high-resolution
(60 m) Landsat-ETM data (Li et al., 2004). By aggregating the
high-resolution data, they mimicked lower-resolution sensors
having pixel resolutions ranging from 120 m, 240 m, and 960 m;
the later close to the 1-km pixel scale of the thermal band on the
Moderate Resolution Imaging Spectroradiometer (MODIS) sen-
sor. From the simulated lower-resolution sensors, they attempt to
understand the influence of sensor resolution on flux prediction.
The authors found good agreement in comparing modeled fluxes
with in-situ and aircraft data, although at MODIS-like resolu-
tions, it was not possible to distinguish variation in fluxes
between soybean and corn fields.

One limitation in the Kustas et al. (2004) aggregation study
is that they focused on a single sensor, progressively degrading
the resolution to mimic expected results from coarser scale
sensors, a typical approach for such analyses. The approach in
this study differs from previous studies in that data from three
different sensors, Landsat, ASTER, and MODIS, are used
independently to study the effect of sensor resolution on land
surface flux estimates. As discussed in Section 3, the Landsat
image was collected within 30 min of the ASTER and MODIS
image. By assembling these data, the study provides for the first
time an intercomparison of flux estimates from different sensor
systems relative to the high-quality SMACEX ground-based
measurements and assesses the consistency in predictions
across satellite platforms and resolutions. The surface fluxes
were estimated using the Surface Energy Balance Systems
(SEBS) (Su, 2002), with vegetation and surface temperature
information derived separately from each sensor. Meteorolog-
ical forcing data is determined from an average of the in-situ
measurements, coincident with different satellite overpass
times. To the authors' knowledge, this represents the first de-
tailed intercomparison of these satellite systems for coincident
surface flux estimation.

2. SEBS land surface model

The Surface Energy Balance System (SEBS) was developed
for the estimation of surface heat fluxes using satellite earth
observation data in combination with routinely available
meteorological forcing. Detailed description of the model is
provided in Su (2002) and Su et al. (2005). The SEBS model
consists of (1) a set of algorithms to determine land surface
physical parameters such as albedo, emissivity, temperature,
vegetation coverage, etc. from spectral reflectance and radiance;
(2) an extendedmodel to determine the roughness length for heat
transfer (Su, 2002); and (3) a formulation to determine the
evaporative fraction on the basis of the energy balance at limiting
wet and dry cases. The following presents a brief overview to
SEBS, with further details available in Su (2002) and Su et al.
(2005).

SEBS requires as inputs three sets of information. The first
set consists of land surface albedo, emissivity, temperature,
fractional vegetation coverage and leaf area index, and the
height of the vegetation (or roughness height). When vegetation
information is not explicitly available, the Normalized Differ-
ence Vegetation Index (NDVI) is used as a surrogate. The
second set includes air pressure, temperature, humidity, and
wind speed at a reference height, derived from either in-situ
measurement or alternatively as variables estimated by large-
scale meteorological models. The third set of data include
downward solar radiation and downward longwave radiation,
which can either be measured directly, from atmospheric model
output or through simple parameterization schemes (e.g.
Brutsaert, 1991).

SEBS consists of several separate modules to estimate the
net radiation, soil heat flux, and the partitioning of available
energy into sensible and latent heat fluxes. The surface energy
balance equation is expressed as:

Rn ¼ G0 þ Hþ kE ð1Þ
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where Rn is the net radiation, G0 is the soil heat flux, H is the
sensible heat flux, and λE is the latent heat flux. In SEBS, the
net radiation is estimated from components of the radiative
energy balance, expressed as:

Rn ¼ ð1−aÞRswd þ eRlwd−erT4
s ð2Þ

where α is the broadband albedo in the visible and near infrared
band, ε is the broadband emissivity in the thermal infrared
band, Rswd is the incident solar radiation, Rlwd is the downward
longwave radiation, Ts is the satellite derived surface temper-
ature, and ó is the Stephan–Boltzman constant. In this study,
radiation components are primarily determined from in-situ
observations, as discussed further in Section 3.

For satellite-based applications, estimates of the soil heat
flux are not generally available, so empirical formulations based
on relationships with the net radiation and vegetation fraction
are often used to estimate the total soil heat flux for the area. If
G0 is defined as a simple fraction of the net radiation, then
following Choudhury et al. (1987), it can be parameterized as:

G0 ¼ Rnd ðCvfv þ Csð1−fvÞÞ ð4Þ
where Γv and Γs are the soil heat flux ratios for full vegetation
canopy (0.05) (Monteith & Unsworth, 1990) and bare soil
(0.315) (Kustas & Daughtry, 1990), and fv is the vegetation
fraction. Interpolation can be performed between these limiting
cases using distributed estimates of the fractional coverage.
Here, spatial variation in the ground heat flux is calculated using
an empirical relationship between the NDVI and fractional
cover (Baret et al., 1995):

fv ¼ 1−
NDVI−NDVIl
NDVIs−NDVIl

� �k
ð5Þ

where NDVIs represents the value for a bare soil (0.2013),
NDVI∞ the value for a full canopy (0.8986), and k is 0.6175, all
of which were experimentally determined. NDVI data was
derived from both Landsat and ASTER reflectance data and
aggregated up to their respective thermal band resolutions.

The sensible heat flux H can be solved using a combination
of the three equations below, derived in part from Monin–
Obukhov similarity theory (Monin & Obukhov, 1954):

u ¼ u⁎
k
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z0m
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L ¼ −
qCpu⁎3hm

kgH
ð6cÞ

where u is the wind speed, u⁎ is the friction velocity, ρ is the air
density, Cp is the specific heat of air at constant pressure, k is the
von Karman's constant, d0 is the zero plane displacement, z is
the height above the surface, z0m and z0h are the roughness
height for momentum and heat transfer, respectively, θ0 and θa
are the potential temperatures at surface and at height z,
respectively, Ψh and Ψm are the stability correction functions
for sensible heat and momentum transfer, respectively, L is the
Obukhov length, g is the acceleration due to gravity, and θν is
the virtual temperature near the surface. When near surface
wind speed and vegetation parameters (height and leaf area
index) are available (as used here), the within canopy turbulence
model proposed by Massman (1987) is employed to estimate
aerodynamic parameters, the displacement height (d0) and the
roughness height for momentum (z0m). If only the height of the
vegetation is available (e.g. through vegetation classification
information) the relationships proposed by Brutsaert (1991,
1999) are used.

In SEBS, model output can be constrained by considering
dry-limit and wet-limit conditions, which give the upper and
lower boundary of sensible heat flux estimation. A summary of
the approach follows, but the reader is directed to Su (2002) for
complete details. Under the dry-limit, latent heat is assumed
zero due to the limitation of soil moisture and the sensible heat
flux is at its maximum value, which is the available energy.
Under the wet-limit, where the evaporation takes place at
potential rate (λEwet) (i.e. the evaporation is only limited by the
available energy under the given surface and atmospheric
conditions), the sensible heat flux takes its minimum value
(Hwet) and can be estimated using a Penman–Monteith
parameterization (Monteith, 1981):

Hwet ¼ Rn−G0ð Þ− qCp

rew
d
es−e
g

� �
= 1þ D

g

� �
ð7Þ

where e and es are actual and saturation vapor pressure,
respectively, γ is the psychrometric constant, Δ is the rate of
change of saturation vapor pressure with temperature (i.e. ∂esat
(T)/∂T), and rew is the bulk surface external or aerodynamic
resistance estimated under the assumption that the bulk internal
resistance is zero. The dry- and wet-limit constraints allow an
expression for the actual evapotranspiration to be formulated
from knowledge of these limits, resulting in the following two
equations for the relative evaporation (8) and the evaporative
fraction (9).

Kr ¼ 1−
H−Hwet

Hdry−Hwet
ð8Þ

K ¼ Krd kEwet

Rn−G0
ð9Þ

All the observation data requirements for the SEBS model as
implemented herein are listed in Table 1. In addition to tower-
based flux measurements used to evaluate SEBS, other
observations including detailed vegetation parameters and
surface meteorological data were collected during the field
experiment. The vegetation parameters (vegetation height,
vegetation fraction, and LAI) and wind speed are used to



Table 1
Meteorological forcing data and sensor characteristics

Landsat ASTER MODIS

Meteorological variables
Incoming solar radiation (W .m−2) 859.0 914.0 914.0
Air temperature (°C) 29.35 30.1 30.1
Vapour pressure (kPa) 2.2 2.2 2.2
Wind speed (m .s−1) 5.32 5.4 5.4
Wind direction (°) 225 225 225
Atmospheric pressure (kPa) 98.2 98.2 98.2

Satellite and other data
Overpass time (local) 10:40 a.m. 11:12 a.m. 11:12 a.m.
SEBS modelling resolution 60 m 90 m 1020 m
LST resolution 60 m 90 m 1020 m
NDVI resolution 30 m 30 m 30 m Landsat data
Albedo Aggregated from ASTER (15 m)

surface reflectance
Fractional cover Based on approach of Kustas

and Daughtry (1990)
Emissivity Fractional cover mixing model Sobrino

et al. (2001)
LAI Based on approach of Xavier and

Vettorazzi (2004)
Land cover Aggregated Landsat data from Jackson

et al. (2004)
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estimate the roughness height for heat and momentum transfer,
used in (6) and elsewhere.

3. Data description and methodology

The Soil Moisture Atmospheric Coupling Experiment
(SMACEX) was conducted in Iowa from June 19 through July
9 in 2002. The primary purpose of the field campaign was to
understand how horizontal heterogeneities in vegetation cover,
soil moisture, and other land surface variables influence surface
flux exchanges with the atmosphere. In conjunction with the
Soil Moisture Experiment (SMEX) (see http://hydrolab.arsusda.
gov/), the SMACEX data set provides a detailed and compre-
hensive observation of hydrological interactions over Walnut
Creek, a small watershed in central Iowa. Approximately 95%
of the watershed (and much of the surrounding region) is used
for row crop agriculture, with corn and soybean representing
nearly 80% in relatively equal proportions. The experiment
compiled a variety of measurement sources and techniques,
including aircraft flux and tower-based eddy covariance
observations (at 30-min intervals) (Prueger et al., 2005), and
in-situ measurement of a number of land surface variables. In all,
14 towers were available for meteorological and flux measure-
ment (see Fig. 1), although only 12 of these provided continuous
flux measurements during the course of the campaign. Quality
control of the flux data occasionally limited the number of
towers. Further information and a detailed description of the
experiment can be found in Kustas et al. (2005).

3.1. Landsat and ASTER variables

Li et al. (2004) used Landsat-based radiances to calculate
land surface brightness temperatures (LST) with a mean
absolute difference of 0.98 K compared to in-situ measure-
ments. The data used in this study (from Li et al., 2004) was
collected at 10:40 a.m. July 1, 2002 (path-26, row-31). For more
general applications, where quality in-situ data is not available,
achieving such accurate retrieval of the surface temperature is
not likely, given the radiometric resolution of the data.
Likewise, the ASTER-based LST (11:12 a.m. July 1, 2002
overpass) (from French et al., 2005b), calculated LST using a
temperature emissivity separation approach following Gillespie
et al. (1998). Atmospheric corrections, required as part of the
analysis, were performed using MODTRAN4, with data ob-
tained from a radiosonde release at Kelley, Iowa (42.00°N,
93.61°W). The radiosonde was released at 16:07 UT- near
coincident with the satellite overpasses.

Albedo estimates for all satellite platforms were calculated
from the ASTER Level 2 surface reflectance product. The
ASTER product (from French et al., 2005b) was aggregated
from the original 15-m resolution to the sensor specific surface
temperature resolution. Emissivity was calculated using a frac-
tional cover mixing model (see Sobrino et al., 2001), which
describes the composite emissivity as a combination of fixed
component (vegetation and bare soil) emissivity values, deter-
mined here from literature data (Chen et al., 2004; Li et al.,
2004; Sobrino et al., 2001).

3.2. MODIS variables

In this study, use has been made of the MOD11A1 LST
operational product (Wan et al., 2002), resampled to a nominal
resolution of 1020 m using the MODIS Reprojection Tool
(http://edcdaac.usgs.gov/). It was necessary to reproject the LST
data to ensure consistency between the other data sources used to
estimate the surface fluxes with the MODIS LST product. The
same meteorological forcing data were used for MODIS and
ASTER, given that these sensors operate from the same platform
(EOS-TERRA). The emissivity, NDVI, and land surface cover
were aggregated from the high-resolution (30 m) Landsat data,
while the albedo was determined from the ASTER product, as
described above and summarized in Table 1. While some error
inevitably arises through this process, these aggregated data are
superior to equivalent operational products at MODIS resolu-
tions. For instance, MODIS-based land classification of the re-
gion indicates a single homogeneous land unit of type ‘cropland’.

3.3. Land cover classification

A key area of uncertainty lies in the specification of land
surface cover type. Such details are critical for correctly cha-
racterizing related vegetation and atmospheric properties (e.g.
vegetation height and roughness length)—particularly over a he-
terogeneous surface. Generally, the required level of information
is not adequately resolved within operational products (e.g.
MOD12 1-km Land Cover Product), with classifications limited
to generic descriptions. Broad land cover classifications increase
the uncertainty in flux retrievals, particularly in the case of the
Walnut Creek watershed, where the dominant vegetation types
(corn and soybean) exist as patchwork across the catchment.

http://hydrolab.arsusda.gov/
http://hydrolab.arsusda.gov/
http://edcdaac.usgs.gov/
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To counter the lack of detail at MODIS-type resolutions, it is
necessary to make effective use of available Landsat classifica-
tions. Supervised classifications of the Walnut Creek watershed,
determined from 30-m resolution Landsat overpasses, were
aggregated to the 1020-m MODIS resolution. In theory, aggre-
gation is a relatively straightforward concept, but in practice can
cause difficulties—particularly in strongly heterogeneous
environments where no single vegetation unit dominates at
large scales. The technique employed here calculates a simple
majority of vegetation elements within a pixel and assigns the
large-scale unit that value. Fig. 2 illustrates the result of this
analysis, comparing high-resolution data with the resulting
MODIS-equivalent product. Inevitably, some misclassification
occurs even when using the best available high-resolution data.
However, the effects of this are not as significant as specifying a
uniform land cover, as is the case with operational products.

Overall, there is generally good agreement between the high-
resolution classification and the MODIS equivalently aggre-
gated product. Dominant features are retained, although the mix
of corn, soybean, and grass on the eastern portion of the catch-
ment complicates the specification of a single dominant unit.
Regardless, the derived product represents the best available
classification for land surface features at MODIS-type resolu-
tions, relative to operational products, which only indicates a
single broad classification type of cropland.

4. Multi-scale–multi-sensor flux estimation

4.1. Cross compatibility of flux retrievals

Surface flux maps were determined for the Walnut Creek
watershed for each of the Landsat, ASTER, and MODIS
satellite images using the SEBS model and available forcing
data (see Fig. 3). These maps represent the spatial character-
Fig. 1. Location of Walnut Creek watershed in Iowa and the position of flux towers
topographic relief, representing a range from 270 m (black) to 325 m (white). Strea
ization of the flux patterns at successively increasing scales,
offering insight into the ability of MODIS resolution sensors to
retrieve surface fluxes over heterogeneous terrain. Table 3
compares the estimated fluxes from the three sensors to in-situ
flux observations extracted from the SMACEX tower data at
11:00 a.m. (local time), as this approximated the mid-point of
the ASTER/MODIS and Landsat satellite overpass times.

A strong correlation between Landsat and ASTER flux
estimates and the underlying surface is immediately evident,
with patterns of evapotranspiration strongly linked to vegetation
type (see Fig. 2). As expected, the visual agreement between
these images (Fig. 3) is also strong, due to having similar spatial
data resolutions (60 m and 90 m). Contrast between soybean
(yellow) and corn fields (blue) is apparent across the catchment,
highlighting the heterogeneous nature of the study area. Inte-
restingly, Fig. 3 is not completely dominated by these colors,
with distinct hues between the soybean and corn. The gradation
of evaporative response possibly reflects different stages of
vegetation growth, or alternatively, could indicate gradients in
soil moisture conditions across the landscape (e.g. Fig. 1,
McCabe et al., 2005). Tower data (see Table 3) clearly show that
on this day corn transpires at a higher rate relative to soybean.
Previous analysis of flux tower data using SEBS (Su et al.,
2005) indicated that the flux difference between soybean and
corn varies between 100 and 150 W/m2 during the SMACEX
campaign, a difference consistent with the results in Table 2 and
in Kustas et al. (2004).

In comparison, the MODIS-based flux retrievals, while dis-
playing some limited spatial variability, do not exhibit the same
heterogeneity that characterize the higher-resolution imagery.
Given that land cover types were aggregated to 1 km (Fig. 2) for
the MODIS-based retrievals, it might be expected that some
pattern related to their classification would be reflected.
However, the MODIS-based estimates lay between soybean
distributed across the watershed. Gradients within the catchment represent the
mlines identifying the main Walnut Creek branch are also included.



Table 2
Statistics for catchment-scale evapotranspiration

Landsat ASTER MODIS

Samples, n
Corn 5533 2623 26
Soybean 4774 2369 25
Catchment 11,711 5738 51

Mean (W/m2)
Corn 442.05 457.60 388.53
Soybean 283.97 322.12 372.53
Catchment 367.48 392.3 380.97

Standard deviation (W/m2)
Corn 65.30 96.72 45.8
Soybean 37.90 59.81 25.0
Catchment 97.21 105.3 35.3

Values for both the catchment average and crop specific estimates are presented,
along with number of samples and the standard deviation. For ASTER and
Landsat, component samples do not sum to the total number of pixels. This is a
result of additional land cover types being present at high resolutions. Values are
consistent with observations of soybean and corn comprising nearly 90% of the
watershed.
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and corn retrievals, suggesting that heterogeneity effects from
surface temperature and vegetation decrease as scale increases.

The lack of spatial variability in the MODIS-based
evapotranspiration retrievals is evident in Fig. 3, and when
Fig. 2. Land cover classifications determined by supervised classification of
Landsat data at 30-m resolution (bottom) (Jackson & Cosh, 2003) and the
aggregated product at MODIS 1-km resolution (top). Although the higher detail
imagery included grassland and tree classifications (green), only soybean (red)
and corn (yellow) crop types were retained at the 1-km scale.

Fig. 3. Estimates of evapotranspiration for MODIS, ASTER, and Landsat-ETM
sensors over the Walnut Creek watershed for July 1, 2002. Satellite overpasses
are near coincident, with Landsat measurements at 10:40 a.m. and the MODIS/
ASTER overpass near 11:10 a.m. (local time). Generally, corn fields have higher
evapotranspiration (blue), while soybean fields have lower values (yellow-
green).
the frequency and cumulative distribution plots are displayed,
as shown in Fig. 4. The ASTER and Landsat estimates show
marked similarity, displaying a near-bimodal separation of flux
patterns from the corn and soybean fields and a wide range in
the distribution, while the MODIS-based evaporative fluxes
display a comparatively narrow distribution about the mean of
the two crop types. The three distinct peaks within the Landsat
predictions for corn (higher ET) may be indicative of some
relationship to crop condition, stages of growth, or water avai-
lability within the watershed, but there is insufficient data to
explore this extensively. From Fig. 4, both Landsat and ASTER
distributions indicate a clear distinction between soybean and
corn, although the ASTER results present a smoother transition
between the two crop types with a single peak about 530 W/m2.
The absence of peaks in the ASTER data (vis-à-vis Landsat) is
likely related to either its marginally lower resolution (90 m) or



Fig. 4. Frequency (bar) and cumulative (line) distributions plots for
evapotranspiration across the Walnut Creek watershed for Landsat, ASTER,
and MODIS sensors. A bin size of 5 W/m2 was specified. Statistics illustrate the
number of samples within the catchment (n), the spatial mean (Ê), and standard
deviation (σ). Further details can be found in Table 2.
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differences resulting from the independently derived NDVI
distributions (see Table 1).

A recent investigation by Kustas et al. (2004) of flux
estimation in Walnut Creek employed histograms derived from
high-resolution Landsat imagery to examine the influence of
scale on ET (see Fig. 3 in Kustas et al., 2004). Although a
different retrieval model was employed to estimate their ET
(Norman et al., 1995), a general bimodal distribution is evident
in both studies. The smaller bin-size in Fig. 4 (5 W/m2 as
opposed to 20 W/m2 used in Kustas et al., 2004) more clearly
discriminates differences in crop type and scale effects. Fig. 4
also displays a greater difference between the 60-m Landsat
scale and the 90-m ASTER scale than is evident between the 60-
m and 120-m Landsat intervals used by Kustas et al. (2004),
probably because they aggregated data from Landsat rather than
compare different sensors. Both analyses do agree on the
decreased ability to determine flux variation as scale increases,
with the distributions at MODIS scales unable to differentiate
fluxes between land cover type.

It is expected that flux predictions based on Landsat should
be slightly lower than estimates from ASTER and MODIS,
given its 32-min earlier overpass time. This is found, with the
Landsat-based spatial average (367.5 W/m2) approximately
25.0 W/m2 less than the later overpasses. This is also consistent
with both the observation data and expected trends in the
diurnal cycle. Interestingly, the averages for the individual ve-
getation units fall either side of this value, with the differences
between corn and soybean in the ASTER image approximately
15 W/m2 and 38 W/m2 greater than in Landsat.

ASTER-based results indicate a slightly larger, but probably
insignificant, difference in the catchment-averaged evapotrans-
piration relative to the coincident MODIS-based estimates
(392.3 W/m2 compared to 380.9 W/m2). This suggests that the
heterogeneity effects from vegetation, which are significant at
small scales (high resolutions, see Table 2 and Fig 3), become
less so with increased spatial scale, and calls for more studies on
the spatial scaling of evapotranspiration over heterogeneous
landscapes.

4.2. Spatial scaling of surface fluxes

4.2.1. Catchment-scale flux aggregation
To understand consistency in retrievals between scales, the

Landsat- and ASTER-based latent heat flux predictions were
aggregated to MODIS type resolutions. The aggregation ap-
proach is restricted to integer multiples of the original resolu-
tion; hence, the aggregated ASTER data is 990 m (90×11 m)
and the Landsat overpass 1020 m (60×17 m). Moran et al.
(1997) suggest caution on the ad-hoc aggregation of flux data,
particularly over patchy vegetation. However, given that
MODIS results are inherently aggregating the surface condition,
it is instructive to assess the degree of accord between aggre-
gated high-resolution flux data.

Fig. 5 illustrates the resulting Landsat and ASTER eva-
potranspiration patterns after aggregating the retrieval model
output to an equivalent MODIS resolution. Initial comparison
indicates a relatively consistent agreement among sensors.



Fig. 6. Satellite-based flux measurements for (a) Landsat plotted against ASTER
at tower locations (see Fig. 1) for both aggregated (closed) and tower-scale (open)
values. Data are linearly averaged over the equivalentMODIS resolution, centred
around the location of the flux tower. Flux measurements are also compared with
(b) the spatially equivalent MODIS evapotranspiration for ASTER (open) and
Landsat (closed). Not all towers were available for measurements.

Fig. 5. Aggregated estimates of evapotranspiration for ASTER and Landsat-
ETM compared to MODIS values. Spatial aggregates are calculated as integer
multiples of the sensor resolution, hence the disparity between ASTER
(90×11 m) and the Landsat (60×17 m) images.
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There are subtle land cover influences in the aggregated high-
resolution flux retrievals, most noticeably in the central western
region where large fields of corn are separated by a horizontal
band of soybean. The effect is not evident in the MODIS re-
trieval, even though the pre-defined vegetation units (see Fig. 2)
might be expected to impose some structure on flux response.

As expected, the areal average of the evaporative flux main-
tains consistency across scales (since it is linear aggregation).
However, a statistical analysis between the aggregated Landsat
and spatially equivalent MODIS image reflects a low level
of agreement, with a correlation coefficient (r) of 0.073. The
root mean squared error (RMSE) between collocated pixels is
64 W/m2, higher than the ‘useful’ accuracy limit of 50 W/m2 as
suggested by Kustas and Norman (2000). Error between
measurements cannot be attributed entirely to differences in
overpass times, since applying the estimated 25 W/m2 offset
between Landsat and MODIS (see Section 4.1) makes only a
minor difference to the RMS error. Since the ASTER data is not
an integer multiple of the MODIS data, a similar analysis is not
trivial. The pixel shift between the western and eastern sides of
the catchment (∼15 km) approaches 500 m. Considering this
disparity, the correlation estimate of 0.27 and associated RMS
error of 56.45 W/m2 when compared with the MODIS data
should be viewed with some balance.

4.3. Tower-scale flux aggregation

While general application of aggregation approaches serve to
identify broad-scale results and catchment response, aggregat-
ing data at specific locations allows a more equivalent
comparison, particularly with available ground-based flux
data. Landsat and ASTER retrievals were aggregated around
each of the 14 flux tower locations (see Fig. 1) to the equivalent
MODIS resolution. Comparison of these retrievals across the 14
sites indicates good agreement between Landsat and ASTER
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retrievals (see Fig. 6a), with correlation coefficients for both
aggregated and single pixel comparisons greater that 0.96. In
contrast, the relative homogeneity of the MODIS retrieved flux
distribution is evident in Fig. 6b, with the scaled Landsat and
ASTER retrievals plotted against MODIS retrievals from the
same tower locations. In four cases, two towers are located
within the same MODIS pixel, but all available towers are
included in the analysis. While the MODIS retrievals have
a relatively narrow distribution at the tower sites (325–412
W/m2), there is generally reasonable agreement with the aggre-
gated high-resolution retrievals. In most instances, values agree
to within 25% of the MODIS estimates, which are within the
accuracy expected over heterogeneous landscapes.

There is a notable difference in the correlation when com-
paring Landsat and MODIS imagery at all points across the
catchment (r=0.071) and to values at the selected tower loca-
tions (r=0.65). One explanation might relate to the positioning
of the flux towers. Due to the high degree of surface hete-
rogeneity in the catchment, if towers were randomly placed in
the catchment and the aggregated Landsat andMODIS retrievals
compared, then the correlations for these sites should be close to
the catchment average presented above. However, the flux
towers are not sited randomly. Rather, they are located in the
least heterogeneous areas to maximize the spatial representa-
tiveness of measurements. Further analysis on the representa-
tiveness of the tower locations is examined in the following
section with respect to statistical variation from aggregation.

4.4. Spatial variability of surface fluxes

As noted above, the spatial mean of the MODIS retrievals
(380.9 W/m2) agrees well with the spatial mean of both the
Table 3
Latent heat fluxes (W/m2) derived from MODIS, ASTER, and Landsat data at both

Tower ID Land type Tower obs. (W/m2) Adjusted tower obs. (W/m2) a Pixel-s

MODI

FT03 S(C) b 272 354 391
FT06 C 448 506 408
FT10 S – – 413
FT11 C – – 413
FT13 S 184 – 367
FT14 S 256 – 325
FT151 C 410 488 394
FT152 C 381 475 394
FT161 S 242 299 401
FT162 S – – 401
FT23 S 315 427 359
FT24 C 415 533 359
FT25 C 294 – 369
FT33 C 360 472 390
Δ̄⁎ −57

Data are compared with eddy covariance-based latent heat flux at each of the availa
fluxes derived in French et al. (2005a). Standard deviations (σ) for the aggregated
locations. Average deviation (Δ̄) from the tower data is also shown.
a Values taken from French et al. (2005a) for ‘footprint weighted’ tower measurem

at the ASTER/MODIS overpass time.
b Land cover classified as soybean in the field notes, but located in a corn field
Landsat and ASTER retrievals (367.5 W/m2 and 392.3 W/m2,
respectively). Kustas et al. (2004) aggregated Landsat retrievals
across four distinct spatial resolutions, all having the Walnut
Creek average latent heat flux of approximately 391 W/m2 (see
Kustas et al., 2004, Table 3). However, examining the average
retrieval of the 50-km2 watershed provides less insight into
aggregation effects than examining distinct locations within the
catchment and the spatial variability among these locations.
Identifying suitable sub-areas for the analysis within the catch-
ment is challenging, given the need to representatively sample
the dominant vegetation types against the background of surface
heterogeneity. The task of selecting focus areas is constrained by
the predetermined distribution of tower sites (see Fig. 1), which
provide the data to evaluate the satellite retrievals.

Table 3 presents the individual satellite retrieved evaporative
fluxes at each of 11 available tower locations. For comparison,
flux tower observations using a footprint weighted approached
(Schuepp et al., 1990) are also available in Table 1 of French et
al. (2005a). French et al. (2005b) presented a comparison of two
energy balance models: TSEB (Norman et al., 1995) and
SEBAL (Bastiaanssen et al., 1998) against the footprint correc-
ted flux observation data at selected tower locations. The results
in Table 3 for SEBS agree well with the tower flux measure-
ments, with an average deviation of−6 W/m2 for Landsat and
18 W/m2 for ASTER at the pixel scale (approaching the 25
W/m2 bias estimated in Section 4.1).

Fig. 7a compares the pixel-scale ASTER and Landsat data
from Table 3 with observed fluxes (not footprint corrected) at
11:00 a.m. (local time) for the 11 towers reporting valid mea-
surements at this time. Since tower data are only reported at 30-
min increments, the two satellite overpasses straddle the 11:00
a.m. reporting time by approximately ±15 min. While there
pixel scale and an aggregated MODIS scale (∼1000 m)

cale flux estimates (W/m2) Aggregated (MODIS-scale) flux
estimates (W/m2)

S-based ASTER-based Landsat-based ASTER σASTER Landsat σLandsat

503 490 492 58 456 58
527 490 449 107 429 90
349 367 379 113 361 100
524 497 427 94 403 94
263 261 288 53 265 46
284 258 331 64 300 57
542 487 468 99 427 96
538 501 460 105 422 97
384 341 422 98 380 101
394 406 404 120 374 105
279 284 333 87 331 73
522 461 381 87 359 81
205 272 219 107 259 75
403 449 405 108 383 90
18 −6 −18 −45

ble tower locations throughout the SMACEX study and also footprint average
predictions are calculated from the pixel averaged data centred on the tower

ents, which were adjusted for wind speed and fetch. Estimates were determined

from provided coordinates.



Fig. 7. Satellite-based flux measurements comparing MODIS (1 km), ASTER
(90 m), and Landsat (60 m) for (a) the pixel scale and (b) the MODIS equivalent
aggregated response, relative to tower-based flux measurements at 11:00 a.m.
(local time). Eleven flux towers were available for comparison at this time,
comprising six soybean and five corn sites.
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seems a tendency for over-prediction in the satellite-based
estimates, the correlation between the data sets is relatively
strong (0.71 and 0.74 for ASTER and Landsat, respectively).

The eddy covariance approach estimates an areal average
evapotranspiration, with its source area determined by the
height of the tower and the associated fetch (Stannard, 1997).
Thus, a comparison of larger-scale flux measurements with the
tower-based measurements might be better than comparisons
based on a single pixel. Fig. 7b presents ASTER and Landsat
retrievals aggregated to 1 km (from Section 4.2), plotted against
the tower-based eddy covariance measurements. While it is
unlikely that the fetch actually extends to the 1-km range,
results do illustrate a general improvement in agreement, even
though the correlation coefficients for both series are reduced
with respect to the pixel comparisons. Excluding tower (FT03),
classified as soybean in the SMACEX field notes but classified
as a corn field in the Landsat data, improves considerably the
overall statistics for both pixel and aggregated comparisons.
Upon its removal, the correlation coefficients (r) for ASTER
and Landsat improved to 0.81 and 0.87 respectively at the pixel
scale, and by over 30% to 0.63 and 0.75 for the 1-km scale. This
reconfirms that land cover misclassification is an important
issue with remote sensing data. In this specific analysis, vali-
dation of the satellite-based retrieval is corroborated by surface
temperature measurements, which indicate a considerably lower
value for FT03 than an adjacent soybean field. This lower
temperature is consistent with temperatures from the cornfields,
thereby justifying the removal of this spurious data point (or
reprocessing the data using vegetation parameters consistent
with corn).

The root mean squared error (RMSE) for both the pixel and
aggregated retrievals, when compared to the tower-based fluxes
(see Fig. 7), illustrate some interesting trends. For the 10 tower
sites (FT03 excluded), a reasonable level of agreement was
observed, with the Landsat having lower RMSE for the pixel-
scale comparisons than ASTER. Consistent with trends in Fig.
7, RMSE decreased for both retrievals when aggregated to the
coarser 1-km MODIS equivalent resolution, with Landsat
displaying a smaller RMSE (61.94 W/m2) than ASTER
(82.04 W/m2) when compared to the tower measurements.

4.5. Scaling characteristics in heterogeneous environments

In determining whether MODIS is able to represent flux
characteristics over heterogeneous surfaces, a common ap-
proach is to analyze the scaling behavior derived from higher-
resolution data (e.g. Kustas et al., 2004). Due to heterogeneity,
one intuitively expects that the limit of flux discrimination
should approach the dimensions of the average field. To exa-
mine this proposition, Landsat data were successively aggre-
gated to increasing scales, centered at each of the 14 flux
towers. Fig. 8 presents these results, providing the areally ave-
raged patterns of evapotranspiration and the resulting standard
deviation for soybean and corn vegetation units, averaged
across the flux towers. Minimum and maximum values are
given, along with ±0.5 standard deviations. The mean value is
represented as the mid-point of the distribution.

Some caution in interpreting these results is necessary since
the statistics are based on a single instance in time. Still, the
result does allow some interpretation of the spatial character-
istics of the retrievals, which is not possible using tower flux
measurements alone. As the pixel scale is increased, two trends
emerge upon comparison of the individual vegetation units.
While the average evapotranspiration decreases for corn, there
is a similar, although not equivalent, rise in the soybean. Bet-
ween the 120-m and 1020-m scales, the average evapotranspi-
ration for the corn crop decreases by 66 W/m2 while the
soybean increases by 26 W/m2. Further, while the change in the
standard deviation amongst the tower-averaged evapotranspi-
ration is smaller for corn sites (50–30 W/m2) than for soybean
(60–50 W/m2), there is a decrease in its absolute value with
increasing pixel size (i.e. variation in evapotranspiration bet-
ween towers is smaller at low resolutions).

The averagedMODIS-based retrievals (1 km) at the available
tower locations were approximately 390 W/m2 and 380 W/m2

for corn and soybean respectively (see Table 3). These contrast
with the equivalently scaled Landsat aggregations from Fig. 8 of



Fig. 8. Variation of the evapotranspiration (W/m2) and standard deviations at the
14 flux tower sites. Values are determined from Landsat data with increasing
aggregation over (top) corn and (bottom) soybean field sites. Lines on each plot
represent the average of the flux tower values for the maximum and minimum
estimates and the boxes bound the ±0.5 standard deviations (σ/2), with the
centre being the mean prediction across tower sites.
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410 W/m2 and 330 W/m2, which more clearly distinguish
between the dominant vegetation units. While the vegetation
specific scaling trends from the Landsat image (Fig. 8) tend
Fig. 9. Changes in SEBS predicted latent heat flux due to variation in land cover type.
the direction of change (±) induced by changing the land cover classification.
towards convergence, the scale at which this might occur does
not coincide with the MODIS type resolution. In this instance, it
appears that simple aggregation studies of high-resolution
surface fluxes do not explain sufficiently the spatial character-
istics observed here of the retrievals using lower-resolution
measurements.

Given the results in Fig. 8, the in-situ flux measurements
should be useful in evaluating larger-scale flux estimates. Re-
sults from Fig. 8 show that flux averages at the Landsat-5 scale
(120×120 m) andMODIS scale (1020×1020 m) are within 10–
15%; however, there is an equivalent rise in the tower-averaged
standard deviation occurring within the sampling footprint,
suggesting an increase of within field uncertainty with increa-
sing sampling area, which converges towards a maximum value
approaching 80 W/m2. So, while the mean values of the tower-
based evapotranspiration converge with increasing scale, the
degree of variability within individual fields containing these
increases, making accurate estimation at large scales difficult.
The multi-sensor estimation (Table 3) also indicates that the
Landsat–ASTER predictions are not regularly within 10% of the
MODIS values. Again, there seems to be an incompatibility
between averaging a single image of high-resolution retrievals
and subsequent analyses based on multiple resolutions. Addi-
tional observations of field-scale data and scaled evaporative
fluxes are needed to better understand the efficacy of tower flux
measurements for MODIS-scale retrieval evaluation.

4.6. Influence of land surface classification on flux retrieval

The influence of land cover misclassification and its impact
on flux retrievals is not well-understood or appreciated at all
sensor scales. Even at Landsat resolutions, there can be
misclassification, even though at its high resolution the dis-
tinction between soybean and cornfields is clear. However,
assessing the effect of misclassification has not been well
documented—an issue of some importance given the increased
likelihood of occurrence in the mixed agricultural fields typical
of the Walnut Creek catchment. To quantify this effect, SEBS-
The position of the arrows identifies the original land cover unit and also denote
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based Landsat predictions of latent heat flux were re-run, spe-
cifying either homogeneous corn or soybean land cover. In both
cases, satellite surface temperature measurements remained
consistent with the heterogeneous case, with the change in
classification affecting only the vegetation height and subse-
quent changes in the aerodynamic properties and parameters
used in the retrieval model.

Fig. 9 details the differences in the SEBS predicted latent
heat flux for the changes in the land cover classification. The
arrows are positioned above the original land cover type and
denote the direction of change, being positive or negative. For
corn, all of the nine tower sites within the Landsat scene indicate
a decrease in retrieved evaporative flux, with the average
decrease resulting from misclassifying corn to soybean being
76 W/m2. For soybean, four of five tower sites record an in-
crease in retrieved flux, with the average for all towers of 27
W/m2. For one location (FT13), the change from original
soybean to misclassified corn resulted in an estimated flux that
was lower by 32 W/m2.

Even considering the cursory nature of this analysis, it is
clear that correctly specifying vegetation type is critical in
obtaining accurate flux predictions. While it would seem that
high-resolution remote sensing information (i.e. NDVI, Ts,
albedo) is sufficient to estimate fluxes in heterogeneous envi-
ronments (even with application of broad-scale homogeneous
land unit classifications such as the MOD12 1-km land cover
product), the retrieval accuracy of these predictions will depend
strongly on correctly specifying the surface type.

5. Summary and discussion

There is an increasing ability to monitor hydrological va-
riables from space with a combination of sensors offering multi-
spatial and multi-temporal estimation. Unfortunately, increased
spatial resolution comes at the expense of lower temporal
coverage. The possibility of resolving these competing consi-
derations is complicated by the lack of an adequately developed
scaling theory for hydrology (see Blöschl & Sivapalan, 1995),
which limits an effective synthesis of multi-scale remotely
sensed observations. As a result, routine prediction of evapo-
transpiration is constrained to a great extent by issues of mea-
surement scale, i.e. the scale of the underlying land surface unit.

Following is a brief summary and discussion of this study,
presented here to understand and characterize the competing
roles of land surface heterogeneity and remote sensing reso-
lution in the retrieval of evaporative flux. Attention is directed
towards assessing the potential of multi-sensor evapotranspira-
tion retrievals from space, with particular focus on the con-
sistency between higher-resolution satellite sensor retrievals
and those by MODIS, which includes comparisons of spatial
mean retrievals over large aggregating areas and the ability of
MODIS to capture the spatial variability of surface fluxes.

5.1. Multi-sensor flux estimation

There are a number of difficulties associated with using
remote sensing to retrieve the spatial and temporal variation in
surface fluxes. The primary difficulty rests with the situation
that sensors with sufficiently high spatial resolution to be useful
for high-resolution (less than 100 m) retrievals are inevitably
coupled to relatively low orbiting platforms with narrow swath-
widths, precluding a high temporal repeat rate. Also, these
systems are polar orbiting, and thus are sun-synchronous,
resulting in overpasses occurring at the same time of the day and
limiting the capacity to examine important diurnal effects.
Despite these limitations, satellites remain the only viable
alternative to measuring relatively small-scale variations, over
regional domains, on a regular basis. While better high-reso-
lution characterization of surface fluxes, in the temporal
domain, is limited by a simple lack of platforms, there is an
increasing ability to examine multiple spatial resolutions from a
variety of Earth observing sensors.

The multi-sensor/multi-resolution comparison of evapora-
tion retrievals in this paper indicated good consistency between
the high-resolution Landsat and ASTER retrievals. Both the
spatial characterization and frequency distribution of the results
demonstrate the ability of these sensors to retrieve detail on the
land surface flux. Potentially, knowledge of crop health, growth
stage, and soil moisture patterns can be inferred from these
evaporative patterns, with such information useful in regional
irrigated agricultural studies. As shown in Sections 4.1 and 4.2,
the agreement between aggregated ASTER and Landsat
retrievals was high (r=0.96), demonstrating consistency within
these two independent data sets. A relatively consistent bias of
approximately 25 W/m2 was attributed to the 32-min difference
in overpass times between the two sensors.

Additionally, the surface fluxes estimated from all sensors
showed good agreement when aggregated to larger scales,
particularly in the mean spatial flux. Maintaining this
consistency in the areal average is important at MODIS level
resolutions, since the ability to identify crop specific distribu-
tions is limited when the length scale of surface heterogeneity is
less than the sensing resolution.

5.2. Spatial flux variation

In their study of flux aggregation over Walnut Creek using
Landsat data, Kustas et al. (2004) suggested that MODIS type
data would be unable to resolve flux variations between
soybean and corn. While their conclusion is supported by the
work presented here, there is comparatively little knowledge on
the ability of the MODIS sensor to accurately characterize
fluxes at larger scales. Although our results indicate that
MODIS has limited capacity in capturing the spatial variability
in fluxes where significant sub-pixel heterogeneity is present,
the results also suggest that at large scales it successfully
estimates the spatial average flux. The MODIS-based retrievals
fell between the bimodal responses of the higher-resolution
ASTER and Landsat retrievals, which were shown to diffe-
rentiate variations in flux due to vegetation differences.

Linearly aggregating Landsat and ASTER data to MODIS
equivalent scales disregards the non-linear scaling behavior of
surface variables and parameters, and resulted in a mixed level
of agreement between the high- and low-resolution sensors.
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While ASTER and Landsat retrievals show spatial and
statistical consistency, the concurrent MODIS retrievals dis-
played limited agreement. This lack of consistency within the
scaled results raises issues regarding assessments of sensor
resolution using aggregated high-resolution data, due to an
incomplete understanding of how constituent variables (e.g.
surface temperature, albedo, emissivity, NDVI, etc.) scale (e.g.
Anderson et al., 2004; Garratt & Prata, 1996; Moran et al.,
1997; Njoku et al., 1996). While it is known that surface
temperature scales non-linearly, the effects of disregarding this
when calculating an areally averaged surface temperature, and
the subsequent influence on flux prediction is not well quan-
tified. Techniques to disaggregate lower-resolution surface tem-
perature (i.e. MODIS) to higher resolutions (ASTER/Landsat)
are likely to introduce considerable uncertainty into flux
prediction, particularly over heterogeneous surfaces, since sca-
ling relationships are not well understood. Further analysis of
the scaling characteristics of variables influencing the surface
temperature is required to understand the impact of scaling on
surface fluxes, and the relationship among retrievals from dif-
ferent resolution sensors.

Results from the aggregation of higher-resolution imagery
also indicated substantial spread relative to the essentially point-
scale tower data. Generally, the remote sensing retrievals were
higher than the corresponding in-situ flux estimates. Although
there are considerations with estimating the areal flux as an
average of the pixels surrounding the tower, as opposed to
calculating the shape of the effective source area (Cooper et al.,
2003) and weighting the pixel responses accordingly (see Table
3), the results also demonstrate significant variation within
individual agricultural fields, and subsequently within the
MODIS pixel. Given this, it is difficult to evaluate thoroughly
the larger-scale remote sensing results, particularly over hetero-
geneous terrain, unless there is sufficient tower data whose
locations have been carefully selected.

Techniques to disaggregate surface fluxes from MODIS
level resolutions offer possibilities (Kustas et al., 2003; Norman
et al., 2003), but additional investigations over longer time
periods for a variety of heterogeneous landscapes are required to
better assess various approaches. As evaporative flux responds
as a complex function of surface temperature, soil moisture, and
vegetation condition, it is likely that scaling relationships will
vary considerably in response to changes in these variables.

5.3. Other problems and issues

5.3.1. Land cover influences
Accurate flux retrieval requires accurate surface and

atmospheric forcing. Correctly specifying the underlying land
cover is particularly critical, since many of the aerodynamic and
plant-physiological properties (vegetation height, roughness
length, displacement height) are related to the surface type. In
this paper, scale equivalent surface cover information was
determined by aggregating high-resolution (30 m) Landsat
classifications. In principal, this appears to be the most accurate
approach, but in practice, such detail is not generally available.
The highest resolution routinely available for surface informa-
tion is 1 km, which is unsuitable for identifying unique land
units or distinguishing between vegetation classes (i.e.
classified as cropland as opposed to corn and soybean). The
error induced by assuming a homogeneous cover was computed
to range from a decrease of 75 W/m2 for corn classified as
soybean to an increase of 27 W/m2 for soybean fields classified
as corn.

5.3.2. Validation–evaluation data
Comparison of satellite-based retrievals with field-based

evaluation data, regardless of their quality, offers an imperfect
assessment of satellite retrievals due to a variety of factors,
including: site representativeness to sensor pixel scale, sensor
accuracy, and the physical equivalence of measured versus
observed variables (time averaged atmospheric boundary-layer
measurements compared with instantaneous, largely empirical-
ly based predictions). Differences between raw flux tower
measurements and those adjusted by closure techniques (Twine
et al., 2000) or footprint weighting (Schuepp et al., 1990)
further influence comparisons to satellite retrievals. In spite of
these considerations, the available eddy-correlation data
represent the best available means of evaluating the remotely
sensed predictions over the Walnut Creek watershed.

To ameliorate the impacts of heterogeneity, flux tower
placement becomes a critical consideration, particularly where
source areas extend beyond the scale of the field being mea-
sured. While the positioning of towers is not arbitrary, there are
inevitably non-scientific constraints placed on their location;
access to fields by landowners and access to the equipment for
servicing two primary examples.

Analysis of the spatial consistency between flux tower data
for July 1, 2002, identified a high correlation for corn sites
(r=0.8), while the soybean fields exhibited a more varied level
of agreement. Coupled with results from Fig. 8, both greater
inter- and intra-field variability is evident for soybean relative to
corn. Across all scales, corn exhibits a reduced range and stan-
dard deviation. The most obvious explanation for these trends is
that soybean is more closely linked to the surface condition.
With a smaller rooting depth and incomplete cover at that time,
soybean should naturally be more coupled to the soil wetness
condition, whereas corn is likely to be less influenced. While
this might seem a rather arbitrary observation, it does prompt
some thought on the placement of limited numbers of towers for
evaluation purposes and also the concurrent measurement of
soil moisture (as was carried out in the SMACEX-SMEX
campaign).

6. Conclusion

The investigated SMACEX landscape represents a challeng-
ing satellite-based flux retrieval exercise, primarily because of
the sharply defined boundaries and patchwork distribution of
vegetation and its varied state. While understanding the scale
effects is important in the Walnut Creek watershed given the
level of heterogeneity, the presented results are applicable to
regions where the field scale is greater than the spatial resolution
of the satellite sensor. Indeed, it is expected that more
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homogeneous landscapes (at least at the pixel scale) should
display an increased level of agreement.

The usefulness of satellite-based flux retrievals is tempered
by the frequency of their return rate. For practical purposes (i.e.
irrigation scheduling/water allocation) the (at best) bimonthly
temporal observations offered by high-resolution platforms is
inadequate. On the other hand, an estimate of a daily catchment-
average evapotranspiration from MODIS would provide an
extremely valuable data source for assessing current land and
vegetation states—useful in weather prediction, flood forecast-
ing, and other water resource management areas.

While it is expected that different energy balance models will
vary in their ability to characterize the surface flux at defined
model scales, the results presented here should be representative
of flux prediction across scales, irrespective of the model
employed. From comparisons of high-resolution satellite data
available as part of NASA's Earth Observing System (EOS), a
consistent level of agreement in evaporative flux across a small
watershed was obtained. Estimates of the latent heat flux at high
resolutions agreed well with spatially distributed flux towers,
indicating that the SEBS model can correctly partition available
energy into surface heat flux components. MODIS-based
retrievals also compared well with estimated catchment average
mean evaporative flux, indicating considerable potential in
extending such retrievals to other landscapes. Further investi-
gation on the scaling behavior of surface temperature and the
impact of disaggregating MODIS type resolutions to interme-
diate scales, particularly in heterogeneous environments, is
required to bridge the temporal and spatial divide between
operational high-resolution platforms, and provide more useful
predictive measures of surface fluxes.
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