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ABSTRACT

This paper provides a comprehensive list of prime candidate terrestrial targets for consideration as benchmark sites for
the post-launch radiometric calibration of space-based instruments. The key characteristics of suitable sites are outlined
primarily with respect to selection criteria, spatial uniformity, and temporal stability. The establishment and utilization
of such benchmark sites is considered an important element of the radiometric traceability of satellite image data
products for use in the accurate monitoring of environmental change.
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1. INTRODUCTION

Earth surfaces with suitable characteristics have long served as benchmark or test sites to verify the post-launch
radiometric calibration performance of satellite instruments. The associated methodologies are often referred to as
vicarious or ground-look calibration. Table 1 lists some of the published work on the use of such methodologies [1-39].
Many of these approaches use surface and atmospheric measurements to estimate top-of-atmosphere radiance at the
entrance aperture of a given satellite instrument. This provides a verification of, or an update of, the nominal instrument
calibration and helps to monitor instrument performance over time. Historically, field measurement campaigns at
calibration test sites typically targeted only one instrument per field sortie, but many of the more recent campaigns have
concerned multiple instruments that passed over a given test site within a short time or on the same day. Nevertheless,
efforts such as these remain resource intensive. Therefore, it has also been of considerable interest to develop less
expensive complementary approaches that can provide more frequent calibration updates, even if they are less accurate.
In particular, the use of terrestrial targets to provide updates of the radiometric calibration of a given satellite instrument
without coincident surface measurements or to transfer radiometric calibration between satellite instruments (so-called
cross-calibration) without coincident surface measurements has increased. The possibility of taking advantage of
autonomous in-situ instruments in this context has been proposed [36].

2. SITE SELECTION CRITERIA

The following site selection criteria are recommended [10].

1. The site should have high spatial uniformity, relative to the pixel size, to minimize the effects of scaling radiometric
data to the size of the entire test site. This is especially important for cross-calibration between instruments because it
minimizes the effects of misregistration. The site should also be centred in an area large enough to accommodate the
sampling of a large number of pixels and to minimize atmospheric adjacency effects due to light scattered from outside
the target region.
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Table 1. Earth target types that are often used for the post-launch vicarious or ground-look calibration of satellite instruments. Some
of the published works on the use of these terrestrial target types are cited. (BRDF = bidirectional reflectance distribution function;
VNIR = visible and near infrared.)

Comments References
Dry lake beds or playas | Best calibration targets, but may be subject to soil moisture effects and snow cover [1-13]
Deserts Potentially good calibration targets, but subject to BRDF effects if there are dunes [14-19]
Ice or snow fields May work well in the VNIR, but solar zenith angles tend to be large [20-23]
Semi-arid rangeland May work well if limited phenological activity and terrain flat [24-25]
Grassland targets Requires surface measurements to work well; subject to phenological and BRDF effects [26-27]
Atmospheric scattering | Works well for specialists, but less practical to use operationally [28-31]
Uniform cloud cover Works well for specialists, but less practical to use operationally [28-29, 32]
Ocean glint Works well for specialists, but less practical to use operationally [28,32]
Multiple target types Provide a range of intensities that help improve accuracies [33-39]

2. The site should have a surface reflectance greater than 0.3 in order to provide higher signal-to-noise ratio (SNR) and
reduce uncertainties due to the atmospheric path radiance.

3. The surface of the site should have flat spectral reflectance. This becomes important if the multiple instruments
involved in cross-calibration have spectral bands with different response profiles.

4. The surface properties of the site (reflectance, BRDF, spectral) should be temporally invariant. Otherwise, adequate
accuracy would be obtained only if these properties were measured for every calibration. This implies that the site
should have little or no vegetation.

5. The surface of the site should be horizontal and have nearly Lambertian reflectance to minimize uncertainties due to
differences in solar illumination and observation geometries. It should also be flat to minimize slope-aspect effects.

6. The site should be located at high altitude (to minimize aerosol loading and the uncertainties due to unknown vertical
distribution of aerosols), far from the ocean (to minimize the influence of atmospheric water vapour), and far from urban
and industrial areas (to minimize anthropogenic aerosols).

7. The site should be in an arid region to minimize the probability of cloudy weather and precipitation that could change
the soil moisture and hence the surface reflectance. The low probability of cloud coverage also increases the probability
of the satellite instruments imaging the test site at the time of overpass.

3. SPATIAL UNIFORMITY AND TEMPORAL STABILITY OF TEST SITES

Benchmark sites used for instrument calibration should be well understood in terms of their spatial uniformity and
temporal stability [40, 41]. From the radiometric perspective, the spatial uniformities of the types of calibration test sites
being considered are generally good, such that appropriate radiometric averaging over imagery of these sites will yield
small errors due to spatial variations in surface reflectance. For example, Railroad Valley Playa’s spatial variability is
within 0.5 percent in the specific calibration test site area used by the University of Arizona and collaborators [11]. The
La Crau test site in France is not as smooth at detailed scales as some of the other test sites, but it has spatial uniformities
within 2 percent in the visible bands and within 4 percent in the near-infrared band [5]. The large sites of 100 km by 100
km in the Saharan and Arabian Deserts were selected on the basis of having less than 3 percent spatial variability [16].
However, these are large areas and it is likely that smaller regions with considerably smaller variability can be found.
The spatial uniformity of test sites from the spectral perspective is also important for effective radiometric cross-
calibration between multiple satellite instruments, which requires that the spectral dependencies of the instrument
responses and the scene (illumination, atmosphere, and surface) be taken into account [42].

From the radiometric perspective, the temporal stabilities of the type of calibration test sites being considered are a bit
more of a concern and there is less information in the literature in this regard. Attempts to calibrate multiple satellite
instruments imaging a given ground target one or more days apart can yield mixed results [38]. Some playa surfaces are
more susceptible than others to soil moisture and related surface roughness effects such that their surface reflectances
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will vary slightly over time. However, given the generally dry conditions at these calibration test sites, this variability
should be more episodic in nature and strongly correlated to significant precipitation events. Experience in working with
any given test site will help to mitigate this effect. Many of the large desert sand areas have dunes such that their
reflectances are affected by variations in solar illumination angle (8-15 percent), but, once this systematic effect is
removed, the remaining temporal variability is 1-2 percent [16]. For the La Crau test site, the temporal variability is
within 0.4 percent and the significant BRDF sun angle effect (40 percent) is within 1 percent once corrected [5]. Hence,
it is assumed that the temporal stability outside of unusual changes in soil moisture for playas and with adjustments for
sun angle effects for desert sand sites is on the order of 2 percent. It is suggested that Shuttle Radar Topography Mission
(SRTM) data be examined for each candidate test site in order to determine if topographic variations are problematic.

A key consideration is the assumed invariance of atmospheric conditions at calibration test sites. The points that follow

are based on past sensitivity analyses results at green and near-infrared wavelengths [43].

For very clear atmospheric conditions, characterized by an aerosol optical depth of 0.06 at 0.55 micrometers:

e Atmospheric effects on surface-leaving radiances reaching a satellite instrument can be expected to be within 5
percent across all reflectances, except for dark targets with reflectances below 0.05, in which case the errors will be
significantly higher percentage-wise.

e For surface reflectances typical of playas and desert sand imaged for calibration purposes, the atmospheric effect
can be expected to be within 1 percent. This is because the various contributors to atmospheric effects tend to
cancel out for surface reflectances near 0.2, sometimes called the critical reflectance.

For average cloud-free atmospheric conditions, characterized by an aerosol optical depth of 0.33 at 0.55 micrometers:

e Atmospheric effects on surface-leaving radiances reaching a satellite instrument can be expected to be within 5
percent for surface reflectances typical of playas and desert sand.

e  For brighter targets such as snow, atmospheric effects will be greater, primarily because high surface reflectances
are more sensitive to variations in atmospheric particle size distribution.

e At near-infrared wavelengths outside atmospheric gas absorption features, the errors will be slightly less than for
those at green wavelengths. Conversely, errors at blue wavelengths will be slightly greater.

4. PRIME CANDIDATE EARTH TARGETS

Table 2 lists 36 terrestrial sites used on a regular or occasional basis for the radiometric calibration of space-based
optical imaging instruments used for Earth observation. The list was put together based on various sources that have
been published or have been “floating around” in the calibration community. The incompleteness of available
information on even these prime test sites is an indication that much more coordination and documentation are still
needed to facilitate the wider use of calibration test sites in remote sensing [35, 36, 44]. Table 2 lists candidates for
consideration as the best (“prime”) benchmark sites available and hence includes only playa (dry lakebed) and desert
sand sites.

e  Snow fields are excluded primarily because high surface reflectances are more sensitive to variations in atmospheric
particle size distribution, as already noted, but also because they are usually located at latitudes characterized by
high solar zenith angles.

e Vegetation targets are excluded because they are subject to phenological changes as well as reflectance anisotropy
effects.

e  Water targets are excluded because low surface reflectances are more sensitive to atmospheric path radiance as well
as effects such as sun glint.

e  Other target types are excluded because the associated calibration approaches require more specialized treatment,
which is not in keeping with the spirit of wider, more systematic use of benchmark test sites.

Although the type of ground target is restricted to playas and desert sand areas, it should nevertheless be noted that it is

advantageous to have multiple targets with a range of intensities to obtain calibration points that cover a significant

portion of the dynamic range of the instrument.

The 36 sites in Table 2 are categorized as being among the best sites with (5 sites) or without (19 sites) routine surface
measurements and other potentially good sites (12 sites). Most of the sites have spatial extents (at least 10 km x 10 km)
good for instruments with large and small footprints, whereas nine of the sites are suitable only for small footprint
instruments. Essentially all of the sites, once characterized, could be used without routine surface measurements.
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A number of agencies maintain a list of reference sites that they utilize for calibration purposes. The international
Committee on Earth Observation Satellites (CEOS) Working Group on Calibration and Validation (WGCYV) sub-group
on Infrared-Visible Optical Systems (IVOS) has carried out some preliminary studies to collate this information, but it
acknowledges that the exercise needs to be refined with the prospect of establishing some form of internationally
accepted “CEOS Certification” for an appropriate sub-set of sites. It is expected that certification and the promotion of
the use of certified sites as part of ‘best practice’ methodologies will lead to improved consistency between satellite
instruments, reduced costs overall, and an ability to ensure the usefulness of the benchmark sites into the future [35, 36,
38, 43]. Clearly, the tabulation of prime candidate test sites presented in this paper is only an early step, but one that can
provide a foundation for the establishment and utilization of benchmark sites to help underpin the accurate monitoring of
environmental change.

CEOS/WGCV/IVOS notes that the key characteristics necessary to classify a site need to be specified in detail and

proposes the following list as a starting point.

e Core Test Site (name, location, coordinates, size, shape, and orientation)

e  Description of the Site

e Images (ground photos, digital topography, satellite screenshots, Google imagery)

e  Current Status of the Site (instrumented, maintained, funding, visited, access)

e Surface Measurements (historical, meteorological, clear-sky data, seasonal variations)

e Surface Characteristics (sampling strategy, reflectance, BRDF, traceability, uniformity, topography, radar
backscatter and thermal infrared signatures, surface and atmospheric stability, surveyed points)

e Site Usage (record of data and comparisons (ground, aircraft and satellite))

e Auxiliary Data (e.g., Landsat WRS2 Path/Row)

As a concrete step in this direction, the US Geologic Survey is working with partners around the world to establish a

pilot web site that provides the start of a “Catalogue of World-wide Test Sites for Sensor Characterization”. The on-line

catalogue will provide easy public web site access to this vital information for the global community.

Other bold steps that involve test sites as a key element have been proposed. In particular, satellite missions dedicated to
calibration and the concomitant data centres would establish the coordination needed to help make the Global Earth
Observation System of Systems (GEOSS) a success and to provide the accuracies needed to monitor environmental
change properly [45-46].

5. CONCLUDING REMARKS

The growing use of terrestrial targets for understanding satellite instrument performance has made them a key
component of current and future post-launch calibration strategies. This paper summarizes the key considerations for
site selection and provides a comprehensive list of prime targets for consideration as benchmark sites for the radiometric
calibration of space-based instruments. The next step is to work with international agencies and organizations to refine
the list further and to provide additional key information needed to characterize each site.
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