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33.1 � Introduction

Evaporation from water or soil surfaces and transpiration from plants combine to 
return available water at the surface layer back to the bulk atmosphere in a process 
called evapotranspiration. Much of our understanding of the complex feedback 
mechanisms between the Earth’s surface and the surrounding atmosphere is focused 
on quantifying this process. At its most fundamental level, evapotranspiration is 
the loss of water from a surface to the atmosphere, achieved through vaporization. 
The complex nature of the evaporative process, however, includes mechanisms such 
as turbulent transport, feedback between the surface and atmosphere, and the bio-
physical nature of transpiration – all of which combine to make both measurement 
and estimation a difficult task.

Evapotranspiration is one of the most important components of the hydrological 
cycle, and together with precipitation, also represents the most spatially variable. 
Combined with rainfall and runoff, it controls the availability and distribution of 
water at the Earth’s surface, and therefore, is significant to a number of research 
fields. An increased understanding of surface energy interactions broadly contrib-
utes to agricultural, hydrological, and climatological investigations. For instance, 
accurate routine estimation of evapotranspiration provides the following advantages: 
(a) improve water management practice by estimating recharge in groundwater 
aquifers or evaporative loss from open water bodies; (b) improve irrigation and 
water use management for agricultural purposes, particularly in water-intensive 
farming practice; (c) provide needed constraints in plant growth, carbon and nutrient 
cycling and production modeling; (d) inform catchment modeling applications; 
and (e) improve understanding of larger-scale meteorological and climatological 
applications.
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While evaporation itself is a conceptually simple process, it has proved extremely 
difficult to accurately describe or characterize for natural surfaces and systems. 
Apart from difficulties representing aspects of the physical mechanisms mentioned 
above, heterogeneities at the land surface, and to a lesser extent in the atmosphere 
(Raupach and Finnigan 1995), the interacting influences and feedbacks in the soil, 
vegetation and meteorological continuum (Trenberth 1999) and imprecise knowl-
edge of component variables, all contribute to complicate a relatively fundamental 
theoretical basis. Much effort was directed, over the course of the last three decades, 
toward developing techniques to quantify evapotranspiration at the land surface 
using remotely sensed data, in recognition of the critical role they play in many 
environmental processes. The multitude of techniques subsequently developed to 
measure or model evapotranspiration vary considerably in the extent of their com-
plexity (see Kalma et al. 2008 for a review).

The variability of evapotranspiration in space and time is influenced by changes 
in atmospheric condition, land use, vegetation, soils, and topography. Additionally, 
even where high quality local-scale data may exist, land surface heterogeneity 
complicates the extrapolation of point source surface flux estimates to larger scales 
(McCabe and Wood 2006; Li et al. 2008; Brunsell et al. 2008). Currently, it is pos-
sible only to accurately measure the latent and sensible heat from the land surface 
at relatively small spatial scales.

Although evapotranspiration is quantifiable at the small scale using ground-
based techniques, larger-scale estimates require alternative measurements and 
estimation approaches. A lack of such measurements and knowledge hinders the 
closure of the land surface energy and water balances for regional and larger spatial 
scales, and impedes the development of suitable land surface parameterizations 
schemes. Implementing a routine methodology that circumvents the limitations 
imposed by spatial and temporal heterogeneity necessitates the use of a remote 
sensing approach to adequately account for such variability. Determining the level 
of spatial and temporal resolution appropriate for the modeling task is a difficult 
process, especially because of the lack of a consistent theory to move between 
scales (Beven and Fisher 1996).

Traditionally, evapotranspiration estimation is limited by the availability of spatially 
distributed datasets, with analyses subsequently focusing on the field or catchment 
scale of observation. Remote sensing of the land surface offers a number of unique 
advantages over conventional field-based data collection. Foremost among these is the 
spatial extent of data, facilitating observations from local to continental scales. Also, the 
potential to examine areas at multiple scales due to the array of sensors available, which 
offer a variety of spatial, spectral, and temporal characteristics exists. There also 
exist a number of limitations: in particular, the compromise between resolving an 
appropriate spatial scale and an adequate temporal frequency.

Applications are the primary drivers, which determine the appropriateness of the 
spatial and temporal scale. For instance, high spatial resolution (sub-100 m)/low 
temporal frequency (multiweekly) satellites such as Landsat and ASTER offer 
excellent opportunities to resolve field-scale evapotranspiration for use in agricul-
tural and irrigation applications (Gowda et  al. 2007; Glenn et  al. 2007), with a 
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number of approaches being used precisely for this purpose (Bastiaanssen et  al. 
1998; Allen et  al. 2007). In contrast, geostationary satellite platforms (GOES, 
MeteoSat, FY-2, MTSat) compromise lower spatial resolution (>1 km) with 
increased temporal frequency (sub-hourly) to provide unparalleled coverage. Recent 
advances in remote estimation of evapotranspiration with geostationary platforms 
show considerable promise to provide needed surface retrievals (Norman et al. 2003; 
Anderson et al. 2007), and partially address the issue of cloud cover influences on 
infrared surface temperature retrieval through increased temporal frequency.

For climate studies, global coverage using consistent methods and sensors 
remains a long-term goal of the NASA Energy and Water Cycle Study (NEWS). 
The Moderate resolution Imaging Spectroradiometer (MODIS) sensor on board the 
Aqua and Terra satellites, together with other satellites within NASA’s Earth 
Observing System (EOS), offers an excellent compromise between the competing 
spatial and temporal requirements described above. MODIS contributes moderate 
resolution (1 km) data at multiple times throughout the diurnal cycle, and therefore 
remains an extraordinarily valuable resource in the Earth observation.

The focus of the present contribution is a discussion on the application of 
MODIS and other NASA Earth Observing satellites toward providing consistent 
global evapotranspiration retrievals. Through a systematic retrieval approach that 
develops evapotranspiration estimates across local, regional, and continental scales, 
we illustrate the potential of such products to provide insight and characterization 
of the land surface for a variety of essential applications.

33.2 � Modeling Evapotranspiration

The need to effectively measure regional-, as opposed to point-scale estimates of 
evapotranspiration, has witnessed the development of a number of modeling 
approaches. However, the complications mentioned above render the characteriza-
tion and physical description of evapotranspiration difficult. Of particular interest 
is the effective representation of the near-surface interaction with the lower atmosphere, 
especially in the context of generalized circulation models (GCMs). This interest is 
rendered challenging by land surface schemes, which are commonly inadequate for 
modelers, who examine such issues as climate prediction or climate change sce-
narios. A balance between increased model complexity and parsimony of model 
structure is required, particularly in the light of parameter uncertainty and model 
validation limitations.

33.2.1 � Surface Energy Balance System: The Interpretive Model

It is widely accepted that remote sensing has the potential to spatially characterize 
the evapotranspiration, but it is ineffective on its own, in characterizing the range 
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of processes operating on the land surface. To effectively use satellite-derived remote 
sensing data to produce reliable estimates of evapotranspiration, the derived products 
require incorporation into an interpretive modeling framework.

The approach employed here is based on Su’s (2002) Surface Energy Balance 
System (SEBS) model. SEBS was developed to estimate surface heat fluxes using 
satellite earth observation data in combination with routinely available meteoro-
logical forcing. SEBS is one of a family of similarly constructed models that con-
sider the land surface via electrical analogue; that is, they regard the exchange of 
heat flux between the surface and atmosphere as driven by a difference in tempera-
ture (a potential) with the rate controlled by a number of resistances that depend on 
local atmospheric conditions, and land surface and vegetation characteristics.

SEBS falls into a general class of micro-meteorological evapotranspiration mod-
els that require a near surface and 2-m air temperature gradient, net radiation and 
other surface meteorology to drive model estimates. A variety of sophisticated 
approaches are available to estimate evapotranspiration in this manner. For excel-
lent reviews and additional information, refer Kustas and Norman (1996), 
Quattrochi and Luvall (1999), Kalma et  al. (2008) and Verstraeten et  al. (2008). 
Further details on the SEBS model are available in the works of Su (2002), Su et al. 
(2005) and McCabe and Wood (2006).

33.2.2 � Data Sources

Although remote sensing methods cannot measure the evaporative process directly, 
they do offer a means to extend point measurements to larger scales and also provide 
information on specific components and variables needed for energy and moisture 
balance estimation. Coupling remotely sensed information with ground-based data 
allows much greater insight into the dynamics of larger-scale processes than available 
from either source alone. The following section details data sources required by 
SEBS, obtainable from either remote sensing directly or through operational products. 
Many of the variables required by SEBS are discussed in greater detail elsewhere in 
this book, so only those data, which require significant modifications are presented.

33.2.2.1 � Remote Sensing Variables

	1.	 Land surface temperature and emissivity: Land surface temperature estimates 
are integral in the quantification of energy fluxes, and help estimate evapotrans-
piration. The MOD11 Surface Temperature product provides the key variable to 
determine surface fluxes from space. Remotely sensed land surface temperatures 
are used in a number of applications including monitoring of the surface radiation 
budget (Nunez and Kalma 1996), modeling of regional scale evapotranspi
ration (McCabe and Wood 2006), land surface flux estimation (Kustas and 
Norman 1996; Su et al. 2005), and also assist in moisture availability studies 
(McVicar and Jupp 2002). SEBS directly uses LST estimates to calculate net 
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radiation. To determine this value, a broadband emissivity is also needed, which 
is derived from the daily MODIS (bands 29, 31, and 32) narrow band emissivity 
estimates (Wan et al. 2002).

	2.	 Shortwave radiation: Measuring the individual components which constitute net 
radiation from space is a difficult task. Due to instrument configuration, many 
satellites used to derive shortwave radiative fluxes to accurately detect important 
influences on the radiation budget such as snow cover, cloud and/or aerosol opti-
cal properties. The MODIS instrument allows insight into global monitoring of 
atmospheric profiles, column water vapor amount, aerosol particles, and cloud 
properties with higher accuracy and consistency than previous Earth observation 
imagers (King et  al. 1992). These simultaneous observations are enormously 
useful to accurately derive surface radiative fluxes.

		    Recent experiments using MODIS swath-based shortwave radiation data to 
estimate flux (Su et al. 2008) indicate much promise. To enable the use of inde-
pendently derived optical parameters from multispectral satellites such as 
MODIS, the GEWEX-Surface Radiation Budget (SRB) model (Pinker and 
Laszlo 1992; Pinker et al. 2003), was modified to use with such observations, 
and tested with MODIS-based parameterizations. Parameters required to drive 
the SRB model include the following: viewing geometry, column water vapor, 
column ozone amount, cloud fraction, cloud optical thickness, aerosol optical 
depth, and spectral surface albedo – all of which are available from either Terra/
Aqua MODIS or the NASA A-Train satellite series. The feasibility to implement 
this approach with MODIS data at various spatial scales is described in Pinker 
et  al. (2003). Preliminary results on inferring radiative fluxes from MODIS 
information show that the modified version of GEWEX/SRB is able to use 
MODIS-derived optical and ancillary information (Su et al. 2008). In previous 
applications (e.g., Su et al. 2005), the Geostationary Operational Environmental 
Satellite (GOES) data were used to determine net shortwave. Merging the tem-
poral information available from GOES with the spatial resolution of MODIS 
data provides a very valuable radiation resource.

	3.	 Albedo: Chapter 24 presents a detailed description of the MOD43 Broadband 
Albedo product (Schaaf et al. 2002). Although a true surface albedo product is 
not currently available, an average of the black-sky and white-sky albedo avail-
able from MOD43 was previously used. Assuming an even distribution between 
direct (black-sky) and diffuse (white sky) radiation are not likely true under all 
surface and atmospheric conditions, studies suggest this will provide a reason-
able approximation (Wang et  al. 2004). To address this shortcoming, a more 
representative surface albedo requires consideration of atmospheric optical depth 
and water vapor. Current SEBS applications, which use MOD09 spectral reflec-
tance data, and follow Liang et al. (1999), are expected to provide a more accu-
rate characterization of this variable.

	4.	 Vegetation indices: Vegetation indices such as the Normalized Difference 
Vegetation Index (NDVI), available as part of the MODIS Vegetation Index 
Product (MOD13) (Chap. 26), and the MODIS Leaf Area Index (LAI) and 
Fraction of Photosynthetically Active Radiation (fPAR) Product (MOD15) 
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(Chap. 27), form integral components of the SEBS model. Specifically, LAI and 
vegetation fraction, which are derived from the NDVI, are used to estimate: 
(a) the roughness height for heat and momentum transfer; (b) the mixed emissiv-
ity when remote sensing data are employed (to derive the surface temperature); 
and (c) the ground heat flux over a region, if unavailable from measurements.

A number of authors have previously related measured vegetation indices to 
ground-based records of LAI (Su 2000). Correctly representing the variation of the 
vegetation is crucial to obtain accurate reproduction of the surface fluxes. Further 
details of these variables are available in the Chapters listed above.

33.2.2.2 � Meteorological Forcing

Coupling remotely sensed information with ground-based data allows much greater 
insight into the dynamics of larger-scale processes than is available from either 
source alone. Traditionally, there is a disconnect between the spatially dense nature 
of remote sensing observation and the sparse distribution of meteorological net-
works. The North American Land Data Assimilation System (NLDAS) (Mitchell 
et al. 2004) addresses the lack of spatially and temporally consistent data by gather-
ing best quality, modeled and observed, meteorological fields to produce both real 
time (1999) and retrospective forcing. NLDAS forcing data are primarily derived 
from the National Centers for Environmental Prediction (NCEP) Eta Model-based 
Data Assimilation (EDAS) (Rogers et al. 1996) output.

Meteorological forcing data, such as wind velocity, humidity, pressure, air tem-
perature, and downward longwave radiation, are extracted from the NLDAS to 
allow SEBS-based estimation of evapotranspiration. NLDAS has a spatial resolu-
tion of 0.125°, and provides information at an hourly time step. It is extensively 
validated and implemented as a dataset for land surface modeling (Luo et al. 2003). 
The reliance on spatial fields of forcing data clearly restricts broader scale applica-
tion of SEBS in areas where such data are not available. The recent development of 
both a Global Land Data Assimilation (GLDAS) (Rodell et al. 2004) and the Land 
Information System (LIS) (Kumar et  al. 2006) offers the possibility to routinely 
estimate SEBS-derived surface fluxes in data-sparse areas. Additionally, advances in 
retrieving solar radiation from MODIS (Pinker et al. 2003), and the ability to retrieve 
atmospheric variables, such as air temperature, from the MODIS Atmospheric 
profile product (MOD07) (e.g., Bisht et al. 2005) will improve the capacity to glob-
ally estimate evapotranspiration by removing the reliance on surface-based meteoro-
logical observations.

33.3 � Algorithm Validation

SEBS requires evaluation against diverse data to assess its potential to routinely 
estimate global-scale evapotranspiration. Specifically, the SEBS model requires 
evaluation across a variety of climate zones and land covers, thereby assessing the 
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adaptability of the model to climate and land cover variability. To fulfill this goal, 
a validation dataset satisfying these criteria is required. Here we present two pub-
lished case studies at different spatial extents that illustrate the progressive nature 
of validation efforts with SEBS. Good quality surface tower-derived flux data, 
together with meteorological forcing from both in-situ measurement and opera-
tional meteorological datasets are used to assess the model’s ability to reproduce 
flux retrievals.

Further details on the results presented here are available in Su et al. (2005).

33.3.1 � Local- and Regional-Scale Flux Validation

An assessment of SEBS’ ability to reproduce observed fluxes was performed using 
independent high-quality data collected during the Soil Moisture Atmospheric 
Coupling Experiment (SMACEX 02) (Kustas et al. 2005), a crop land-based field 
campaign in the Walnut Creek catchment in southern Iowa (see Figure 1 of McCabe 
and Wood 2006). The objectives of this investigation include the following: 
(1) evaluate SEBS estimates using local-scale (tower) data to determine the accu-
racy limit at the field scale; and (2) identify the potential to use operational meteo-
rology from the NLDAS coupled with high-resolution Landsat data to predict 
spatially distributed surface fluxes. Flux measurements from ten eddy covariance 
systems positioned on towers throughout the catchment were used to evaluate 
SEBS across both corn and soybean fields.

Independent measurements of the latent and sensible heat fluxes were derived 
using a 3-D sonic anemometer and a LiCor 7500 water vapor/CO

2
 sensor (Kustas 

et  al. 2004). These independent measurements permit a user to make an energy 
balance closure assessment since the net radiation and soil heat flux are also 
observed. To address the non-closure problem, a characteristic of much eddy-
covariance flux data, a Bowen ratio closure method was employed to correct the 
sensible and latent heat flux measurements (Twine et al. 2000). Further information 
on the correction of the eddy covariance data with such closure techniques is pro-
vided in the study of Prueger et al. (2005a, b).

33.3.1.1 � Results from Local-Scale (Tower Based) Forcing Data

The in-situ measurements required by SEBS are listed in Table 33.1. In addition 
to tower-based flux measurements, detailed vegetation parameters and hydro-
meteorological data were collected during the SMACEX 02 campaign (Kustas 
et al. 2005). In this analysis, in-situ observations of incoming solar radiation (inso-
lation), downward longwave radiation and soil heat flux were used directly in SEBS 
to compute the available energy. Meteorological and heat flux data were resampled 
to 30-min intervals. Standard meteorological forcing data including wind velocity, 
vapor pressure, air temperature, and atmospheric pressure were used to run the 
SEBS model.
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Land surface temperature, a key variable in the SEBS model application, was 
measured by Apogee infrared thermometers (model IRTS-P) (Jackson and Cosh 
2003a). LAI and vegetation fraction were used to estimate the following: (a) the 
roughness height for heat and momentum transfer; (b) the mixed emissivity when 
remote sensing data are employed (to derive the surface temperature); and (c) the 
ground heat flux over a region, if unavailable from measurements. LAI, vegetation 
fraction and vegetation height were measured on four separate occasions (June 
18th, 28th, and July 2nd, 5th). A simple linear interpolation was used to generate 
daily LAI and vegetation height throughout the study period from the observations. 
Studies have observed that the relationship between the vegetation fraction and LAI 
is often nonlinear (Chen and Cihlar 1995), which potentially cause inconsistency 
between vegetation parameters if a linear interpolation is used. Thus, a nonlinear 
relationship between LAI and vegetation fraction was formulated to make full use 
of the vegetation measurements, and maintain consistency between observations 
(see Su et al. 2005 for further details).

SEBS was run at a temporal resolution of 30 min from 10:00 to 16:00 local solar 
time, at each of ten flux tower sites for the 20-day duration of SMACEX 02. The 
SEBS model-estimated evapotranspiration was compared with eddy covariance-
based flux observations, which allowed an assessment of the model’s accuracy. 
Figure 33.1 shows the SEBS-derived evapotranspiration scatter plots against the 
SMACEX-observed latent heat flux. For five corn sites (Fig. 33.1a), an even distri-
bution about the 1:1 line and an r2 of 0.89 illustrates the consistent agreement 
between estimates and measured fluxes. A root mean squared error (RMSE) of 
46.68 W m-2 and a mean absolute error (MAE) of 36.14 W m-2 indicate a perfor-
mance comparable to an in-situ flux observation technique’s error.

Table 33.1  SEBS model data requirements

Data type Variables Unit

Surface meteorological data Air temperature °C
Pressure kPa
Wind m/s
Vapor pressure kPa

Radiative energy flux Incident shortwave radiation W/m2

Outgoing shortwave radiation W/m2

Incident longwave radiation W/m2

Outgoing longwave radiation W/m2

Net radiation W/m2

Surface heat flux Ground heat flux W/m2

Sensible heat flux W/m2

Latent heat flux W/m2

Evaporative fraction –

Surface temperature Composite radiometric temperature  
(soil + vegetation)

°C

Vegetation parameters Vegetation height M
Vegetation fraction –
Leaf area index –
Vegetation type (corn or soybean) –
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During the first 10 days of SMACEX, results indicated that SEBS overestimated 
the latent heat flux for two of the five soybean sites. Although a number of possible 
explanations for the inconsistent performance at these locations exist (homogeneity 
in downward longwave forcing data; variations in energy balance closure; varia-
tions in vegetation information or surface temperature), closer examination of the 
two biased sites indicated that the vegetation fractions were the lowest for all obser-
vation locations. A decreased vegetation fraction results in an overestimation of the 
emissivity. To address this, a new effective emissivity was calculated at these loca-
tions by assigning a vegetation emissivity of 0.98 and a soil emissivity of 0.94 
(following Chen et al. 2004). Model outputs for the emissivity-corrected sites pres-
ent improved agreement with an RMSE of 43.52 W m-2, an MAE of 33.69 W m-2 
and an r2 of 0.83 (see Fig. 33.2b).

Results of this point scale analysis indicate SEBS can accurately reproduce sur-
face fluxes over varied vegetation and hydrometeorological conditions.

33.3.1.2 � Results from the Regional-Scale (NLDAS) Forcing Data

In-situ measurements are not generally available for model forcing to routinely 
estimate surface fluxes. As a result, data from satellite and operational meteorology 
offer the best surrogate for local measurements. Table 33.2 shows the outline of the 
data requirements and sources of the meteorological and satellite products 
employed in the regional-scale analysis. The data represent a variety of resolutions 
and interpolation is used where necessary to standardize the measurements. To 
complement the availability of Landsat-ETM surface temperature data (Li et  al. 
2004), NLDAS forcing data at 11 am were used in place of the tower-based meteo-
rology, offering an opportunity at examine a more operationally based estimate of 
surface fluxes. In addition, high-resolution (30 m) land cover classification and 

Fig. 33.1  SEBS tower-based predictions of latent heat flux versus eddy covariance observations for 
(a) corn and (b) soybean field sites. Associated statistics from analysis are included in the plots
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NDVI data from the Landsat overpass (10:40 am July 1, 2002 Path 26 Row 31) 
(Jackson and Cosh 2003b) were used. To maintain consistency, the 60-m surface 
temperature data were interpolated to 30 m using a nearest neighbor technique. 
Although interpolating the surface temperature is not strictly correct (due to non-
linearity in the Planck function), it is not expected to introduce significant error at 
this scale (McCabe et  al. 2008a). LAI and vegetation fraction were determined 
from the Landsat NDVI estimates using the experimentally derived nonlinear rela-
tionship of Xavier and Vettorazzi (2004).

The emissivity separation approach described above, along with vegetation frac-
tion (f

v
) knowledge, was used to calculate an effective emissivity (Chen et al. 2004). 

It is worth noting that the Landsat-based emissivity’s higher spectral resolution is 
probably different from the tower surface temperature data, as the bandwidth (10.4–
12.5 mm) is generally narrower than that of the infrared thermometer (8–14 mm). 

Fig. 33.2  Regional-scale evapotranspiration estimates from SEBS using a combination of Landsat 
surface temperature, MODIS emissivity, GOES radiation and NLDAS meteorological data

Table 33.2  SEBS data requirements for regional scale estimation of surface 
fluxes over the Walnut Creek catchment in Iowa, USA

Data source Variables Unit Resolution

NLDAS Air temperature °C 0.125°
Pressure Pa
Wind m/s
Specific humidity –
Downward longwave radiation W/m2

Landsat7 ETM+ Brightness temperature K 60 m
NDVI – 30 m
Land cover – 30 m

MODIS Albedo – 1 km

GOES Surface insolation W/m2 20 km

All inputs are based on operational meteorological and satellite data
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Surface shortwave radiation data were determined from GOES-based estimates. 
The University of Wisconsin (pers. comm. Dr. M. C. Anderson 2004) provided the 
data for the study period at hourly time steps and a 20-km spatial resolution.

SEBS-Landsat-based estimates of the surface heat fluxes for July 1 (10:40 am 
local time) were calculated for the SMACEX region using operational meteorologi-
cal and ancillary remote sensing data. Figure 33.2 shows the latent heat flux esti-
mates and the location of the flux tower sites over the catchment. A clear delineation 
between soybean and corn sites is immediately apparent.

To compare estimates with tower-based flux measurements, a 3 × 3 pixel box 
(90 m × 90 m) centered over each tower was extracted, and the mean latent flux 
estimate calculated. The results for SEBS-Landsat-based surface fluxes over both 
corn and soybean sites are presented in Table 33.3, identifying the mean, bias, and 
RMSE. Evapotranspiration estimates were assessed against eight flux tower sites, 
which were available for comparison on July 1. Table 33.3 indicates that the mean 
latent heat flux at corn sites is larger than at soybean sites, consistent with in-situ 
results. The latent heat flux difference between corn and soybean sites is approxi-
mately 120 W m-2 from in-situ observations and 92.0 W m-2 from SEBS-Landsat 
estimates. Individual RMS errors for corn and soybean were calculated as 28.7 and 
84.9 W m-2 respectively, while the combined error for all sites was 60.6 W m-2. 
Clearly, the results for soybean are not consistent with those for corn, with a large 
disparity in the retrieval accuracies. Analysis of the three soybean sites available for 
comparison reveals the influence of site WC161. WC161 is located adjacent to a 
cornfield. As a result, the 3 × 3 spatial averaging performed at this site will inevi-
tably sample from within the higher evaporating corn site.

Comparing mean values of the latent heat fluxes determined from Landsat and 
those from the tower observations indicate improved agreement. For corn, the dif-
ference between the means of the SEBS-Landsat-based 3 × 3 estimates and the five 
corresponding tower values is less than 2%, whereas for the three soybean sites, it 
is approximately 5%. Although the results here indicate considerable agreement, 
the low number of validation points renders it difficult to draw broad conclusions 
on their accuracy at the local scale.

Table 33.3  Statistics of the surface energy flux comparison between SEBS-Landsat 
based estimation and in-situ tower based measurements for July 1, 2002

Corn Soybean Corn and soybean

LE Number of sites 5 3 8
Observed mean (W/m2) 459.3 339.9 414.6
SEBS mean (W/m2) 450.5 358.5 416.0
Bias (W/m2) –8.8 18.6 1.4
RMSE (W/m2) 28.7 84.9 60.6

H Number of sites 5 3 8
Observed mean (W/m2) 95.5 172.3 124.3
SEBS mean (W/m2) 81.2 111.2 92.5
Bias (W/m2) –14.2 –61.0 –31.8
RMSE (W/m2) 23.8 86.3 60.0
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The advantage of using remote sensing data is that spatial variability is analyzable 
explicitly and compared to point scale measurements. Figure 33.3 shows the results 
of the mean latent and sensible heat fluxes calculated for corn and soybean sites 
across the SMACEX domain, as well as the 3 × 3 pixel averages (see Table 33.3) 
compared with tower-based observations. To estimate the degree of spatial variabil-
ity throughout the region, the range in flux tower measurements and the standard 
deviation of the SEBS-Landsat estimated fluxes across the region are also included. 
Generally, Fig. 33.3 shows that corn retrievals seem to agree more closely with 
observations than those for soybean, both for latent and sensible heat fluxes. 
Interestingly, soybean has an approximately 60% smaller standard deviation relative 
to corn in both surface fluxes, indicating greater flux consistency within soybean 
fields. The range of latent heat flux observations is approximately 65 W m-2 for corn 
and 100 W m-2 for soybean, although the latter result is again influenced by site 
WC161. Overall, the observations from the tower sites are seemingly representative 
of the regional average determined from the SEBS-Landsat results, but particularly 
so for corn. The variability of soybean results evident in Fig. 33.3 highlights the 
difficulty in characterizing flux measurements for large areas, even when good vali-
dation data are available for this purpose.

Fig. 33.3  Image is derived from Figure 4 in Su et al. (2005). Comparison of the energy fluxes 
from SEBS-Landsat-based estimates and in-situ observations at tower sites. Circles represent corn 
sites, while triangles signify soybean fields. Solid symbols identify the sensible heat flux and open 
symbols, the latent heat flux. The range of results present in tower observations are shown in the 
x-error bars and the standard deviation of satellite based estimates across the region in y-error bars. 
The regional average heat flux (across the domain) is shown at the intersection of these lines
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33.3.1.3 � Summary of Local- and Regional-Scale Validation

SEBS was evaluated at local and regional scales using both in-situ data and 
operational meteorology. Results from this analysis indicate that estimation accu-
racy was strongly related to crop type, with corn estimates showing improved 
estimates compared to soybean. Although RMSEs were affected by the limited 
number of samples and one poorly performing soybean site, differences between 
the mean observation values and SEBS-Landsat-based estimates at the tower sites 
were approximately 5%. Time-series comparison of the model output and observa-
tions also show that SEBS correctly interprets hydrological variability, and is 
capable of accurately representing the temporal development of evapotranspiration 
at the local scale. Using operational meteorological forcing data from the NLDAS 
offers an ideal pathway toward achieving robust estimates of regional-scale surface 
fluxes when coupled with remote sensing data. While the analysis here offers a 
retrospective determination of fluxes, the potential exists to employ such data at 
near real-time, allowing improved characterization of fluxes at time scales suitable 
for use in weather prediction, water resource management or agricultural applica-
tions. MODIS land product-derived surface parameters, GOES radiation informa-
tion and NLDAS meteorological data form a sufficient database to run the SEBS 
model at a variety of scales. Combined with meteorological forcing from coarse 
scale operational data, flux estimates with considerable agreement with in-situ 
observations were producible.

Overall, these results indicate considerable potential toward routine surface heat 
flux estimation using remote sensing data and operational meteorology.

33.3.2 � Globally Distributed Evapotranspiration Validation

The Coordinated Enhanced Observing Period (CEOP) forms an element of the 
World Climate Research Program (WCRP). Initiated as part of the Global Energy 
and Water Cycle Experiment (GEWEX), the CEOP dataset is ideal for SEBS vali-
dation requirements by providing continuous, high-quality in-situ measurements at 
global locations. The purpose of this case study is to assess the adaptability of 
SEBS to variations in climate and land cover based on the CEOP EOP-1 dataset at 
both tower and satellite pixel scales. Eight CEOP stations are selected to assess the 
SEBS model, specifically encompassing a variety of hydro-climatic conditions. An 
inter-comparison of energy fluxes from SEBS estimates and in-situ eddy correla-
tion-based observations are examined at daily scales for each station.

Spatially representative in-situ data are often only available at a limited number 
of sites. To broaden the scope of the analysis and encompass a more operational 
approach to flux estimation, globally distributed forcing data are required. MODIS-
based estimates of the land surface temperature and broadband emissivity, leaf area 
index and vegetation fraction are coupled with meteorology from both the CEOP 
towers and the Global Land Data Assimilation System (GLDAS) to formulate 
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additional forcing datasets for SEBS. GLDAS is an integration of observational 
fields and outputs from the atmospheric data assimilation system (ADAS) compo-
nent of a weather forecast and analysis system (Rodell et al. 2004), which provides 
data at 0.25° (spatial) and 3-h (temporal) resolutions. These distinct data sources 
allow a thorough examination of the impact to evapotranspiration estimates across two 
scales of meteorological forcing data. Further details of this work are provided in 
Su et al. (2007).

33.3.2.1 � CEOP In-Situ Data and Site Characteristics

The Enhanced Observing Period (EOP-1) of CEOP provides hourly observation of 
surface meteorological variables and energy fluxes from July 1 through September 
30, 2001. CEOP data provide the majority of the forcing variables required by SEBS. 
Excluding the Southern Great Plains site, eight stations (six sites) from EOP-1 meet 
the data requirements of the SEBS model, with site names and characteristics 
(i.e., country, location, land classification and climate type) listed in Table 33.4. The six 
sites are distributed across five countries and three continents, and fall into three 
broad climate types and four different vegetation covers. The data include three 
forested locations within the Boreal Ecosystem Research and Monitoring Sites 
(BERMS). For CEOP tower-based forcings, surface temperature observations were 
only available at Bondville and Rondonia. For locations where the surface tempera-
ture is not observed directly, it is estimated indirectly from the upward and down-
ward longwave radiation using a correction for the broadband emissivity.

33.3.2.2 � Results from the Globally Distributed Tower-Based Flux Data

Daily averages (05:00 through 18:00 local time) and statistics for the energy fluxes 
at eight globally distributed CEOP stations are presented in Table 33.5. To filter out 
periods of cloud-affected or rainy days, the daily average is computed only for 

Table 33.4  Characteristics of the CEOP-EOP1 reference sites

Site name Country Lat./lon. (°)
Köppen 
climate

Dominant land 
cover (DLC)

Cabauw Netherlands 51.97, 4.93 C Grassland
Lindenberg Germany 52.17, 14.12 C Grassland
Bondville USA 40.01, –88.29 D Cropland (corn)
Rondonia Brazil –10.01, –61.93 A Rain forest
Manaus Brazil –2.61, –60.21 A Rain forest

BERMS sites
Old Aspen Canada 53.63, –106.20 D Forest
Old Jack Pine Canada 53.92, –104.69 D Forest
Old Black Spruce Canada 53.99, –105.12 D Forest

A: tropical; B: dry; C: warm temperate rainy climates and mild winters; D: cold forest climates 
and severe winters; E: polar; H: highland
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periods when both the observations, and the model estimates are available for more 
than 4 h/day. Three representative sites are shown for comparison in Fig. 33.4. 
RMSE estimates of the daily flux indicate a varied level of agreement across the 
CEOP sites. Considering the range of RMSE and mean flux values, flux results 
require some normalization to allow intercomparison. The relative RMSE (r-RMSE) 
was calculated by dividing the RMSE by the mean observed flux as a way to assess 
the accuracy of SEBS estimates. Based on the relative RMSE, the tropical rain for-
est sites at Manaus and Rondonia (Brazil) represent the highest accuracy (<20% 
r-RMSE), followed closely by the two grassland sites at Lindenberg and Cabauw 
(~20% r-RMSE). The cropland site (corn) at Bondville presents good agreement 
given the uncertainty in land classification here (~25% r-RMSE), whereas the 
remaining forested sites illustrate the largest uncertainty and varied levels of agree-
ment (>25% r-RMSE).

The comparison of the mean evaporative fraction (evaporation divided by avail-
able energy) shows that estimates from SEBS agree very well with those from 
observations and exhibit no significant bias. Both model-predicted and observed 
mean evaporative fractions at the two tropical sites are above 0.65 during the sum-
mer of 2001, which is reasonable considering the climatic conditions in the 
Amazon, where water supply is sufficient for sustained forest growth. Cabauw and 
Lindenberg also have a high-observed mean evaporative fraction in summer. For 
the Cabauw grass site, the soil is reported to exist at field capacity for much of the 
year, thus evaporation is seldom limited by the water supply (Chen et al. 1997). The 
largest difference in mean EF is 0.111 at Lindenberg. Generally, the SEBS evapora-
tive fraction estimate illustrates a close agreement with that from observations.

These results illustrate that both climate and vegetation type have an important 
control over the daytime surface heat flux patterns. The SEBS model is observed to 
reproduce the patterns of the daily surface heat flux under diverse climate conditions 
and vegetation types. While the SEBS sensible and latent heat flux estimates for the 
Boreal forests are not as accurately reproduced, such vegetated stands represent 
some of the most difficult surface types to model evapotranspiration, due to their 
strong coupling with the atmosphere (Margolis and Ryan 1997) and uncertainties in 

Fig. 33.4  Comparison of daily average SEBS flux estimates using CEOP forcing data and 
MODIS retrievals compared with measured fluxes at the CEOP observation sites. Both axes 
represent surface heat flux with units of W m−2
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retrieving required variables. In the majority of studies cases, estimates of the 
daytime evapotranspiration agree within an r-RMSE of approximately 30%.

33.3.2.3 � Results from MODIS-CEOP and MODIS-GLDAS Derived Fluxes

Evapotranspiration estimates were produced at 1-km resolution using both CEOP 
and GLDAS forcing data coupled with MODIS land surface temperature 
(MOD11A1) (Table 33.6). The surface meteorological and radiative data in both 
CEOP and GLDAS forcing were interpolated to correspond with the overpass time 
of the MODIS surface temperature data. When remotely sensed data are incorpo-
rated, model-predicted evapotranspiration is limited not only by meteorological 
forcing data, but also by the MODIS surface temperature availability, which is 
strongly influenced by cloud cover and atmospheric influences. Three sites, which 
most consistently derive evapotranspiration, are presented for comparison between 
SEBS-based estimates and tower scale CEOP observations.

Scatter plots comparing MODIS-based retrievals with in-situ flux measurements 
are shown in Fig. 33.5. As mentioned in the previous section, both meteorological 
data and surface heat flux measurements were linearly interpolated to correspond 

Table 33.6  Forcing data for globally distributed evapotranspiration estimates

Data source Variables Spatial resolution Temporal resolution

CEOP Surface meteorology Tower scale Instantaneous, interpolated
GLDAS Surface meteorology 0.25° Instantaneous, interpolated
MODIS LST/emissivity 1 km Instantaneous

LAI 8-day
Land cover Yearly
Albedo 16-day

Fig. 33.5  Comparison of instantaneous SEBS evapotranspiration using CEOP meteorological 
data (top) and GLDAS forcing data (bottom) together with MODIS retrievals. Values on the x-axis 
are determined from CEOP tower based observations of surface fluxes (W m−2)
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with the MODIS overpass time at each site. The number of available model 
estimates and the RMSE are included in each panel. The three sites represent quite 
different land classifications, including grassland, cropland and cold forest, respec-
tively. A greater number of estimates were obtained from the CEOP+MODIS 
dataset than from GLDAS+MODIS dataset, although they share the same remotely 
sensed land surface parameters. Likewise, for all three sites, the evapotranspiration 
accuracy estimates from CEOP+MODIS dataset are better than those from the 
GLDAS+MODIS dataset. Specifically, the results from CEOP+MODIS dataset 
have less bias, less MAE, and less RMSE. This result is not unexpected considering 
GLDAS meteorological forcing represents a coarser spatial and temporal resolution 
(0.25° and 3 hourly); however, it is instructive given the option of using global 
operational forcing.

The RMSE of surface flux estimates at Cabauw and BERMS (old Jack Pine) 
based on CEOP+MODIS dataset is around 61 W m-2, while results for Bondville 
indicate an RMSE of 96.17 W m-2. The RMSE of latent heat flux estimates are 
higher by approximately 33% at Cabauw and BERMS when CEOP forcing is 
replaced with the GLDAS forcing dataset. For Bondville, the increase in error 
approaches 45%. These results raise some potential limitations to the broad scale 
estimation of surface fluxes using globally distributed operational forcing datasets.

33.3.2.4 � Summary of Globally Distributed Evapotranspiration Validation

Several factors can potentially affect the accuracy of model-predicted energy 
fluxes. When combined with remote sensing data, the lack of temporal detail avail-
able from measures such as the surface temperature (daily) and LAI (8-day), influ-
ence the capacity to capture the dynamics of the evaporating surface, particularly 
over complex landscapes and growing conditions. From previous analysis, the 
evaporative fraction was observed to increase from 0.50 to 0.90 within 3 weeks 
during a period of rapid growth. Figure 1 in Su et al. (2007) demonstrate the vari-
ability of LAI during EOP-1 and the subsequent difficulty in effectively capturing 
these dynamics. Scale issues are another important factor requiring consideration. 
MODIS land cover classification data at 1-km lacks the degree of variability neces-
sary to correctly parameterize detailed land surface models, or even process models 
such as SEBS. McCabe and Wood (2006) demonstrated the degree of error result-
ing from misclassification of known surface types.

The poor performance of the Bondville site is explained to a large degree by land 
surface heterogeneity effects. Although characterized as a corn crop, Bondville is 
actually a mixture of corn and soybean within the 1-km MODIS pixel since the two 
stations at Bondville (which are 400 m apart) were planted with opposite crops 
(corn and soybean) in 2001 (information from http://www.fluxnet.ornl.gov/fluxnet/
index.cfm). Su et al. (2005) found that corn routinely exhibits an evapotranspiration 
up to 100 W m-2 greater than for soybean. Thus the heterogeneity within a MODIS 
pixel would certainly account for the relatively large deviation of evapotranspira-
tion estimates at Bondville evident in all three forcing datasets.

http://www.fluxnet.ornl.gov/fluxnet/index.cfm
http://www.fluxnet.ornl.gov/fluxnet/index.cfm
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While land surface misclassification may explain aspects of the error, variations 
in forcing data can potentially contribute much larger sources of inaccuracy. 
Examination of net radiation from the GLDAS and comparison with CEOP data 
indicated considerable divergence at all sites presented here. Amongst these, 
Bondville has the largest negative bias for incoming shortwave (160.1 W m-2), more 
than twice the bias at the other sites. The poorer surface flux estimates at Bondville 
and Cabauw are certainly attributable to the large error in the GLDAS downward 
radiative forcing, given the strong reliance of evapotranspiration on accuracy in 
available energy (Rn-G).

Forcing data sources such as GLDAS offer immediate advantages, but their use 
requires prudence especially in areas with limited validation data.

33.4 � Application with EOS-Terra and Aqua Data

Techniques which couple land and atmospheric properties’ information with 
remotely sensed variables offer considerable promise to routinely retrieve a num-
ber of hydrological variables. Over the last few decades, much effort was directed 
toward determining evapotranspiration and its spatial variability. Understanding 
the limitations of remote sensing approaches is as important as identifying their 
possibilities. Using space-borne remote sensing to estimate surface evapotranspi-
ration at regional to continental scales with algorithms based on micrometeoro-
logical approaches present a number of unique challenges. The main challenges 
include the following: (1) obtaining continuous surface temperature fields unin-
hibited by clouds; (2) errors in transferring the required surface meteorology 
from in-situ stations to pixels with retrieved surface temperatures; (3) scale mis-
matches between the resolution of the remotely sensed observations (insolation, 
vegetation, surface temperature); (4) natural landscape variability; and (5) aggre-
gating instantaneous surface flux estimates spatially and temporally across large 
domains.

Despite restrictions associated with atmospheric influences, land surface hetero-
geneity, the overpass frequency and the development of robust process algorithms, 
satellite-derived data remain the only viable means to measure evapotranspiration 
at regional and larger scales on a routine basis. A key concept underpinning the 
development of a MODIS-based evapotranspiration estimate is to develop a glob-
ally distributed product based on local scale evaluation. To achieve this task, a 
deliberate modeling and evaluation phase is developed, which incorporates multiple 
sensors, scales and land surface types to assess the feasibility to routinely estimate 
evapotranspiration. Much of the work and progress toward such a product are avail-
able in recent publications, which include Su et  al. (2005, 2007), McCabe and 
Wood (2006), and McCabe et al. (2008b).

The following section describes a recent case study that illustrates an approach 
using a combination of in-situ and remote sensing datasets to estimate distributed 
patterns of evapotranspiration across the Oklahoma Mesonet.
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33.4.1 � Regional- to Continental-Scale Investigations  
Using the Oklahoma Mesonet

The work presented here uses Terra and Aqua MODIS products, together with a 
medium spatial resolution (5 km) surface solar insolation product derived from the 
MODIS sensor (Pinker et al. 2003; Su et al. 2008). The strategies explored in this 
study form a baseline to assess MODIS-based evapotranspiration at regional to 
continental scales.

In this study, SEBS is employed to estimate the terrestrial evapotranspiration 
across Oklahoma state using a combination of remote sensing and in-situ data. The 
Oklahoma Mesonet (see http://www.mesonet.org/) provides an unprecedented level 
of meteorological detail over portions of the Red-Arkansas basin, a 645,000 km2 
sub-catchment of the continental-scale Mississippi Basin. The Mesonet consists of 
over 120 towers that deliver needed surface and atmospheric variables such as air 
temperature, relative humidity, pressure, wind speed, and downward shortwave 
radiation (insolation) at 5-min intervals.

A number of strategies are explored to obtain continuous spatial fields of evapo-
transpiration. An inverse distance weighting interpolation scheme is used to pro-
duce spatially continuous fields of surface meteorology based on available tower 
data. This enables a streamlined integration with grid-based remote sensing data, 
and provides the necessary spatial forcing data required by SEBS. Comparisons of 
interpolated in-situ measurements of incoming shortwave (solar) radiation with a 
MODIS-derived incoming shortwave radiation product are examined, and these 
data are used for subsequent model simulation. Figure 33.6 presents a spatial com-
parison of the incoming solar radiation field from interpolated tower data and Aqua 
MODIS data.

Different combinations of these data fields were inter-compared to assess the 
evapotranspiration retrieval’s fidelity in an operational context. SEBS was also used 
to predict the evaporative fraction over individual operational meteorological sta-
tions, with values then interpolated across the domain to provide a spatial evapora-
tive fraction field. In all, three unique experiments combining the different levels of 
forcing data (both in-situ and remote) were developed. Table 33.7 shows the experi-
mental design and the forcing combinations.

Scatter plots of Experiments II and III compared with the tower-based retrievals 
of Experiment I for both Terra and Aqua overpasses are presented in Fig. 33.7. 
A comparison of these experiment results reveals the following: when the interpolated 
downward shortwave radiation at the tower sites (Experiment II) is substituted with 
the corresponding MODIS-based shortwave radiation (Experiment III), the standard 
deviation of evapotranspiration is 7–0 W m−2 lower than when compared against the 
tower-based results in Experiment I. The result is consistent across both Terra and 
Aqua overpasses, which suggests that incorporating MODIS-based downward 
shortwave radiation results is beneficial to improve evapotranspiration estimation, 
particularly when no regional in-situ measurements of this variable are available.

http://www.mesonet.org/
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Fig. 33.6  Incoming shortwave radiation in W m−2 from gridded Oklahoma Mesonet surface 
meteorology (upper) and derived from MODIS-Aqua (lower) for August 8, 2003

Table 33.7  Description of the three individual experiments developed for the Oklahoma Mesonet 
analysis to assess the retrieval of spatially distributed evapotranspiration

Experiment Data source and methodology

I Mesonet in-situ tower data (air temperature, relative humidity, pressure, 
wind speed and downward shortwave radiation) and MODIS derived land 
surface temperature, leaf area index and albedo

II Interpolated Mesonet in-situ tower data (see Experiment I) and MODIS 
derived land surface temperature, leaf area index and albedo

III Interpolated Mesonet in-situ tower data (see Experiment I) but using MODIS 
derived downward shortwave radiation together with MODIS land surface 
temperature, leaf area index and albedo
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In both Experiments II and III, Terra results improve when compared against 
Aqua (and relative to the in-situ tower-based retrievals). Such improvement is likely 
a function of interpolating meteorological fields at different points in the diurnal 
cycle. This is explainable thus: the afternoon Aqua overpass will generally exhibit 
more spatial variability than the earlier morning Terra overpass, purely as a result 
of solar and atmospheric forcing at those times.

Spatial maps of the evapotranspiration and the evaporative fraction (evapotrans-
piration divided by the available energy) were determined for a 10-day period over 
Oklahoma. It was necessary to average daily measurements to the 10-day period 
due to the relatively poor retrieval rate of surface temperature during the study 
period. Indeed, this is one of the critical limitations in developing a temperature-
based evapotranspiration product: the limitation due to cloud cover variability to 
produce a continuous spatial field. Composites of spatial evapotranspiration for the 
first 10 days of August 2003 are shown in Fig. 33.8 for both Terra and Aqua using 
the results from Experiments II and III.

Fig. 33.7  Scatter plots comparing Experiments II and III (refer to Table 33.7) with SEBS latent 
heat flux derived from Mesonet tower observations (Experiment I) for Terra (left column) and 
Aqua (right column)



76933  Multisensor Global Retrievals of Evapotranspiration for Climate Studies

Fig. 33.8  Composite model output for 10-day modeled evapotranspiration between August 1–10, 
2003 from the MODIS-Terra and MODIS-Aqua for both Experiment II (top) and Experiment III 
(bottom) (refer to Table 33.7 for explanation of forcing data). Flux estimates are in W m−2
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Evidently, there is a high level of agreement among the spatial maps derived 
from individual sensor retrievals, indicating a potential to develop a combined 
Terra+Aqua product to circumvent the cloud contamination issues of the 5-km 
product. However, the significant surface temperature changes that occur between 
Terra and Aqua overpasses could potentially affect such a product’s accuracy. The 
0.05° land surface temperature climate modeling grid (CMG) product shows some 
improvement in cloud screening, and may provide an alternative approach to tem-
perature retrieval. Further work on this is required.

33.4.2 � Developing a Multisensor Approach Toward  
Global Estimation

In the preliminary stages of developing a MODIS-based evapotranspiration product, 
the SEBS approach was deemed usable in concert with available surface meteoro-
logical fields, supplemented with remote sensing data. As part of this task, the 
efficacy of using model forcing and ground-based data, as well as the accuracy of 
retrievals, was undertaken. During the first 2 years of the project, SEBS was evalu-
ated using flux tower data from SMACEX 02 (Iowa) and GEWEX/CEOP EOP-1 
tower data. Where good quality data exist, the results were excellent and were 
reported by Su et al. (2005, 2007). Assessment of the algorithm continues using 
FLUXNET data (http://daac.ornl.gov/FLUXNET/). The project also began testing 
the SEBS algorithm over two large regional scales: the Red-Arkansas river basin, 
and over Arizona during the North American Monsoon Experiment (NAME) field 
campaign period (see McCabe et al. 2008b; Pan et al. 2008).

Through analyses of both the evapotranspiration and SEBS-required forcing 
data to retrieve evapotranspiration, it was clear that there were deficiencies in predi-
cating the surface flux product solely on MODIS data. Apart from known issues in 
the surface temperature and vegetation products (retrieval frequency, accuracy, and 
dynamic response), another primary concern was the lack of a MODIS-based solar 
radiation product. To address this lack, collaborative work with the University of 
Maryland (Pinker et al. 2003) helped develop a MODIS-based radiation product, 
which produced excellent results to assess over Oklahoma (Su et al. 2008).

More recent efforts were directed toward using complementary sensors on-board 
the Terra and Aqua satellites: in particular, the Cloud and the Earth Radiant Energy 
System (CERES) for radiation components and surface temperature, and the 
Atmospheric Infrared Sounder (AIRS) for surface air temperature and humidity. 
These sensors provide a means to develop a truly global scale product, since the 
in-situ meteorological variables required by SEBS are not routinely available glob-
ally. Figure 33.9 shows some of the swath-based retrievals of the variables used by 
SEBS to estimate evapotranspiration.

http://daac.ornl.gov/FLUXNET/
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Fig. 33.9  Examples of swath data derived from AIRS and CERES including (from top) AIRS sur-
face air temperature, AIRS surface water vapor and CERES shortwave radiation for August 1, 2003
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These efforts to augment the MODIS data with both AIRS and CERES products 
have produced some positive results, some of which are presented in Fig. 33.10 for 
Oklahoma using combinations of AIRS meteorology, MODIS-based radiation and 
surface temperature, and finally, CERES-based radiation and surface temperature. 
As is evident, there are significant spatial resolution differences in using only 
MODIS data (1–5 km) in comparison with CERES and AIRS data (20 and 25 km, 
respectively), but the spatial patterns are well correlated. Table 33.8 shows the list 
of some of the data sources that drive the current progress to develop a globally 
distributed evapotranspiration product.

Fig. 33.10  Retrieved evapotranspiration over Oklahoma using (left panel) MODIS land products, 
MODIS radiation and AIRS meteorology and (right panel) CERES radiation and LST, AIRS 
meteorology and MODIS land products

Table 33.8  Data types and sources for the development of a multisensor evapotranspiration 
product

Data type Variable Unit Source Platform Resolution (km)

Surface 
meteorological  
data

Air temperature °C AIRS AQUA 25a

Pressure kPa AIRS AQUA 25a

U-Wind m/s (GMAO/CERES) AQUA 20
V-Wind m/s (GMAO/CERES) AQUA 20
Vapor pressure kPa AIRS AQUA 25a

Radiative  
energy flux

Incident SW W/m2 CERES AQUA 20

Incident LW W/m2 CERES AQUA 20
Surface  

temperature
°C CERES/AIRS AQUA 20/25

Vegetation  
Parameters

Emissivity – MODIS AQUA 1–5
Albedo – MODIS AQUA 5
LAI – MODIS AQUA 5
Veg. type – MODIS AQUA 1–5
(MODIS UMD  

Classification)
– MODIS TERRA 20

aProcessed to 25 km at Princeton
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33.5 � Current Status and Future Direction

33.5.1 � Problems and Issues in Remote Retrievals

General sentiment agrees that remote sensing offers the most amenable means to 
obtain spatial evapotranspiration patterns. But, there exists little agreement on how 
best to realize this. While numerous schemes and methodologies were proposed to 
provide land surface flux estimates with remotely sensed surface temperatures 
(Diak and Whipple 1995; Anderson et al. 1997; Norman et al. 2000), evapotranspi-
ration estimates derived in such a fashion have achieved varied success levels. 
Undoubtedly, accurate measurement of surface fluxes with remote sensing tech-
niques would provide a valuable information source, and much progress was made 
toward achieving this goal (Kustas and Norman 1997; Norman et al. 2003; Kalma 
et al. 2008).

The SEBS model has demonstrated its ability to produce accurate surface heat 
flux estimates over agricultural fields using both in-situ and NLDAS-based observa-
tional meteorological forcing (Su et al. 2005); globally distributed sites representing 
disparate land surface types and conditions (Su et al. 2007); and more recently, with 
MODIS-based radiation and NLDAS forcing over a large basin in the USA. An 
analysis of scale influence using multisensor remote sensing data was also performed 
and showed the utility of MODIS retrievals to develop good estimates of the catch-
ment average evapotranspiration (McCabe and Wood 2006). The clearest message 
from these evaluations is the self-evident conclusion that quality evapotranspiration 
estimates are only obtained with quality forcing data and remote sensing data.

Excluding the availability of needed forcing data, which is increasingly met by 
operational meteorological forcing, a critical limitation to routine evapotranspira-
tion estimation is the provision of surface temperature measurements. Accurate 
retrieval of land surface temperature is difficult due to a number of underlying fac-
tors, which combine to provide some interesting challenges. Sea surface tempera-
ture retrievals are potentially accurate in the order of 1 K (Prata et al. 1995), but 
surface temperature estimates are complicated by spatial and temporal resolution, 
land surface heterogeneity and atmospheric and land surface effects. Coupled with 
the inability of infrared techniques to penetrate cloud-covered pixels, obtaining 
spatially continuous surface temperature fields is rare. Cloud presence also 
increases the radiative flux variations reaching the surface, which renders attempts 
to extrapolate instantaneous evapotranspiration estimates either spatially (through 
interpolation) or temporally (through consistency relationships with the evaporative 
fraction e.g., Crago 1996) difficult.

Another problem in accurate surface flux estimation is the accuracy of land 
cover classification, fractional vegetation cover and leaf area index – all products 
derived from MODIS data. Surface flux retrievals are significantly influenced by 
correct specification of vegetation properties, and issues related to capturing the 
dynamic response in vegetation systems (particularly LAI) are observed in field and 
regional-scale analysis. This issue is of particular concern over regions of the globe, 
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which are not thoroughly validated, or lack the means to perform effective product 
evaluation. As with surface temperature, the scale issue becomes significant, espe-
cially in heterogeneous environments and where mixed land-use occurs.

Characterizing the development of evapotranspiration through time is a difficult 
task, particularly when using remote sensing data, since retrieved information is 
often spatially dense, but temporally sparse. Techniques to expand these instanta-
neous measures are not only limited, they are restricted by the general lack of knowl-
edge to effectively describe the spatial distribution and temporal evolution of 
evaporative patterns. Although advances in providing accurate evapotranspiration 
estimates from remote sensing variables are noted and evidenced herein, one of the 
major shortcomings of such techniques is their basis rooted on essentially instanta-
neous retrievals. Approaches, which use snapshots of the surface condition to expand 
surface flux knowledge through time, show much promise. Recent techniques that 
address this issue include the use of uncertainty modeling (McCabe et  al. 2005), 
multi-objective calibration (Crow et  al. 2004) and data assimilation schemes that 
account for multiple hydrological observations (Pan et al. 2008).

Problems of correct process representation, accounting for uncertainties due to 
scale and heterogeneity, or characterizing errors in forcing data and their influence 
on model estimates are not the only issues, which require resolution. Perhaps the 
key obstacle toward achieving robust and accurate evapotranspiration estimates at 
globally distributed locations is the lack of quality validation data. Indeed, this 
leads to a serious shortcoming in remote sensing observations per se; there is a 
distinct lack of validation data characterizing a wide variety of surface and atmo-
spheric states against which techniques are robustly assessed. Recent efforts 
addressing the ideas of hydrological consistency (McCabe et  al. 2008b) or 
research to find statistical consistency with land surface model data (Gao et al. 
2007) offer some promise toward challenging the current validation–evaluation 
paradigm.

33.5.2 � Future Directions

The development of a global evapotranspiration product demands the successful 
integration of multiple satellites and sensors. The current availability of EOS rep-
resents a rare opportunity to examine the efficacy to incorporate these multiple data 
into an interpretive process model (SEBS) to allow characterization of needed 
hydrological and climatological variables. The planned shift in research strategy 
moves away from a reliance on ground-based meteorology toward a combination 
of observations from MODIS, CERES and AIRS sensors that will enable global 
retrievals at mid-level resolution. Preliminary analysis of these data suggests a 
significant advantage over reliance on single sensor estimation. An initial global-
scale evapotranspiration retrieval using these multiple data sources is presented 
in Fig.  33.11. The result represents the successful evolution of much of the 
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work presented in this chapter and offers a means to produce routine global 
evapotranspiration estimates.

One of the key issues that require attention is the manner in which evapotrans-
piration evaluation should proceed. While studies have shown the stability and 
accuracy of the interpretive model (SEBS) to estimate surface fluxes with good 
quality data, the different retrieval scales inherent in a global product will demand 
some innovation in product assessment. Studies examining the hydrological consis-
tency of remotely sensed hydrological variables were undertaken (McCabe et al. 
2008b), and work continues over continental scales and longer time periods to 
examine this approach. Additionally, comparison with land surface model outputs 
and data assimilation studies to address the added skill from remote observations 
may also provide a needed means of assessment. Research also continues to examine 
atmospheric water budgets based on re-analysis divergence fields, and observed 
precipitation to provide a more accurate characterization of water budget closure. 
Together with comparison with spatially distributed tower data available at selected 
locations globally, this represents a comprehensive assessment strategy that should 
offer some confidence in remote sensing-derived evapotranspiration retrieval.
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Fig. 33.11  Preliminary results for a new global estimate of evapotranspiration using SEBS and 
combinations of MODIS, AIRS and CERES data for July 2003 (W m−2)
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