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Technique for estimating uncertainties in top-of-atmosphere radiances
derived by vicarious calibration

Stephen J. Schiller*
Raytheon, Space and Airborne Systems Division, El Segundo, CA, USA 90245

ABSTRACT

Reflectance-based vicarious calibration of satellite sensors is a method by which in-situ radiometric measurements of a
surface target and the atmosphere are used to constrain a radiative transfer model for estimating a top-of-atmosphere
(TOA) radiance. The procedure provides an at-sensor radiance, independent of the on-board calibrator, that can be used
to maintain knowledge of the in-flight calibration performance of the remote sensing system. However, an estimate of
the TOA radiance is incomplete unless accompanied with an uncertainty that quantifies the random and systematic errors
associated with that estimate. Presented in this paper is a methodology for predicting a TOA radiance with an absolute
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accuracy estimate derived using an error propagation analysis based principally on validation data recorded by calibrated & ‘:: =

ground-based radiometer measurements. A vicarious calibration data collect for the airborne sensor ATLAS and the £3 ™ <

IKONOS satellite on June 30, 2000 at Brookings, South Dakota provides a test case for this technique in the solar %5 e =

reflective spectrum. The results show that using a natural grass covered target under moderate aerosol loading, absolute 'E‘-’f 8 =

accuracies between 3% and 5% are achieved for band integrated TOA radiances between 0.4 and 1.6 microns. ? 0 2
T
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1. INTRODUCTION %)

For an orbiting remote sensing system designed to obtain quantitative measurements of the radiation scattered or emitted =

by a target source, developing techniques to maintain calibration through launch and to end-of-life is always a central 3

issue. No matter how well designed an on-board calibration system may be, it is difficult to maintain the sensor
calibration to the same level of accuracy in-flight as established prior to launch when characterized relative to standard
sources in the laboratory environment. The harsh effects of launch and the extended exposure to vacuum related
contamination processes can change the output of the calibration sources and the throughput of the sensor optical system
in ways that may not be predictable in degradation models or detectable in the data sent to the ground.

koGl

To minimize the encroachment of unknown systematic errors methods have been developed to produce a known
radiance at the entrance pupil of the orbiting sensor independent of the on-board calibrators. Such an approach is known
as vicarious calibration, and one of the most widely used procedures is referred to as the reflectance-based technique'?*.
By constraining a radiative transfer code with in-situ measurements of a target site at the time of the sensor overpass, the
reflectance-based approach predicts the top-of-atmosphere (TOA) at-sensor radiance, thereby providing the data to

obtain an independent measure of the sensor gain. The result can be compared to the gain derived from the on-board
calibrator which allows as estimation of the accuracy of the in-flight image calibration process.

Inherent in the success of this effort is the need to have knowledge of the uncertainty in the vicariously predicted at-
sensor radiance. The typical approach in deriving an uncertainty is to carry out a sensitivity analysis of the radiative
transfer model and calculate a root-sum-square (RSS) error value. This would include estimates of all potentially
significant error sources from the model and the calibration process influencing the determination of the band integrated
TOA radiance. However, it may still be true that not all error sources are captured in such an analysis. There are bias

errors from unmeasured and assumed model inputs, correlation errors between model parameters, and absolute errors in
converting to physical units that may be unknown and unexplored. In addition, even “worst case” error estimates are
generally chosen with high altitude desert playa targets in mind where critical characteristics for an ideal test site are

* Formerly at the address Physics Department, South Dakota State University, Brookings, South Dakota, 57007
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consistently available. Characteristics such as high surface reflectance, spectral uniformity and low aerosol loading, that
are typical of these sites, minimize atmospheric effects in the TOA signal®.

What about the application of vicarious calibration at less ideal locations? As one starts dealing with environmental
conditions that push the envelope in tuning a radiative transfer model to match the observed radiometric properties of the
site, the need to estimate the TOA radiance uncertainty in a way that also assesses the model accuracy relative to site
conditions becomes more critical. The approach presented in this paper attempts to do this. It is accomplished by first
constraining the radiative transfer model with measurements of surface reflectance, atmospheric transmittance, and the
diffuse-to-global ratio recorded at the time of the sensor overpass. Next, in-situ spectroradiometer observations of
upwelling radiance off the target and sky path radiance are used to independently verify the model performance. Finally,
once shown that the model output agrees with the radiance observations within measurement errors, indicating they are
statistically equivalent, the uncertainties in the radiometer observations are integrated into a error propagation analysis of
the TOA radiance. The result is an at-sensor radiance magnitude and absolute uncertainty estimate that intrinsically
reflects the temporal radiometric quality of the target site. The approach provides a fairly rigorous estimate of the TOA
radiance uncertainty in a way that explores all significant relative and bias error sources. Consequently, it should provide
an uncertainty that the users of the vicarious calibration results will find reliable.

For nearly ideal playa targets, it is reported that uncertainties of 2 to 3% are achievable in predicting the TOA
radiance>®"®, The results of this investigation, for a less ideal location, show that when using a grass covered surface as
the calibration target under stable sky conditions characterized by an extensive set of in-situ measurements, absolute
uncertainties of 3% to 5% are obtainable for the solar reflective spectrum in the 0.4 to 1.6 micron range. This is
demonstrated using the radiative transfer code MODTRAN 4° and in-situ data collected on June 30, 2000 at Brookings,
SD in conjunction with the overflight of the ATLAS airborne sensor and the IKONOS satellite.

2. FIELD CAMPAIGN

The data for this investigation was collected as part of a field campaign carried out by South Dakota State University in
collaboration with the NASA Stennis Space Center Earth Science Application Directorate. On June 30, 2000, a test site
was characterized to provide the data for a vicarious calibration. Extensive ground truth data was recorded
simultaneously with the overpass of a NASA Lear Jet flying ATLAS and the commercial satellite IKONOS, owned and
operated by Space Imaging. This included measurements of surface reflectance and upwelling radiance, atmospheric
transmittance, diffuse-to-global ratio of the hemispherical sky irradiance, and sky path radiance. A radiosonde vertical
profile was also acquired close to the overpass times. The target area is shown in Figure 1 and consists of a grass covered
field characterized over an area of 180 m by 180 m.

Figure 1. Pictures showing the vicarious calibration target recorded from the NASA Lear Jet flying ATLAS and from an IKONOS pan
image. Blue tarps identify the North corners.
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3. DATA FOR REFLECTANCE-BASED PREDICTION OF THE TOP-OF-ATMOSPHERE
RADIANCE

The reflectance-based approach relies on measurements of the surface target reflectance and atmospheric optical
properties coinciding with the sensor overpass. Both are used as input to the MODTRAN radiative transfer code,
matching the model to environmental conditions. By setting the model path geometry to that of the downlooking sensor,
the radiance reaching the sensor from the target is predicted. The following sections describe the field data collected to
delimit the MODTRAN model.

3.1. Surface Reflectance

The reflectance of the target area was measured using an Analytical Spectral Devices FieldSpec® Full Range
spectroradiometer (ASD). The ASD was walked across the field taking measurements along 6 north-south paths
(separated by 30 meters) with individual spectra recorded every 10 m along the path. The field target was walked twice
providing two separate data sets for the same target area, once between 11:00 and 11:25 Central Daylight Time (CDT)
and a second time between 11:49 and 12:10 CDT.
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Figure 2. Bidirectional reflectance factor calibration for the Figure 3. Average reflectance spectrum of the natural grass
SDSU Spectralon panel. The panel was calibrated at the surface showing some bidirectional reflectance effects that
University of Arizona Remote Sensing Group’s Calibration appear in the shortwave infrared from the change solar zenith
Lab. The solid line is Labsphere’s factory calibration angle.

(hemispherical reflectance) provided with the panel.

Over the site, 108 spectral files were recorded that sampled the 180 m by 180 m area uniformly in both collection events.
Each spectrum was based on an average of 50 spectral scans. All the spectra for the two reflectance sets were averaged
together to give the net reflectance spectrum of the entire target area. Reflectance panel spectra were recorded at the
beginning, after each second row was walked, and at the end of the data collection period. The absolute reflectance of the
panel as a function of solar zenith angle was obtained relative to a NIST reflectance standard providing an absolute
reflectance reported to be accurate to better then 2%. Figures 2 and 3 show the reflectance calibration of the panel and
the resulting average reflectance of the entire target area for the two collects. Using this calibration each raw radiance
spectrum, recorded with the ASD of the grass surface target, was converted to reflectance that included a bidirectional
reflectance factor correction for the solar zenith angle (Fig. 2) applied to each individual spectrum recorded.

3.2. Shadowband radiometer data

Sky conditions on June 30 were excellent. There was no cirrus visible with only a few small clouds forming in the
afternoon. Shadowband radiometer observations for the entire day are presented in Figure 4, demonstrating the stable sky
conditions that were present at the target site. These were obtained using a Yankee Environmental Systems Multi-Filter
Rotating Shadowband Radiometer (MFRSR). An important observational data parameter obtained from the MFRSR is
the diffuse-to-global ratio. This ratio is sensitive to solar geometry, surface reflectance of the surround (important to the
adjacency effect), aerosol extinction and the scattering phase function. The ratio provides a characterization of the
atmosphere in terms of a dimensionless quantity for input into MODTRAN. Constraining the model to match the
observed diffuse-to-global ratio is accomplished by adjusting the asymmetry factor in the scattering phase function.
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