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Abstract

The MODIS/ASTER Airborne Simulator was developed for the Advanced Spaceborne Thermal Emission Reflection Radiometer (ASTER) and Moderate Resolution Imaging Spectroradiometer (MODIS) projects. ASTER and MODIS are both spaceborne imaging instruments that will fly on the Terra platform scheduled for launch in the fall of 1999.

Currently MASTER is flown on the Department of Energy (DOE) King Air Beachcraft B200 aircraft and plans are underway to operate the instrument from the NASA DC-8 and the NASA ER-2. In order to validate the in-flight performance of the instrument, the Jet Propulsion Laboratory and the University of Arizona conducted a joint experiment in December 1998. The experiment involved overflights of the MASTER instrument at two sites at three elevations (2000m, 4000m and 6000m). The two sites: Ivanpah Playa CA and Lake Mead, NV, were selected to validate the visible – shortwave infrared and thermal infrared channels respectively. A variety of field measurements were made at each site. At Ivanpah Playa, a spectrometer was used to determine the surface reflectance and a sun photometer used to obtain the aerosol climatology and total water vapor. At Lake Mead contact and radiometric surface lake temperatures were measured by buoy-mounted thermistors and self-calibrating radiometers respectively. The lake surface temperature measurements were located by differential GPS. Atmospheric profiles of temperature, pressure and relative humidity were obtained by launching an atmospheric sounding balloon.

The measured surface radiances were then propagated to the at-sensor radiance using radiative transfer models driven by the local atmospheric data. There was excellent agreement between the predicted radiance at sensor and the measured radiance at sensor at all 3 altitudes. The percent difference between the channels not strongly affected by the atmosphere in the visible – shortwave infrared was typically 1-5% and the percent difference between the thermal infrared channels not strongly affected by the atmosphere was typically less than 0.5%.

These results indicate the MASTER instrument should provide a well-calibrated instrument for Earth Science Studies. It should prove particularly valuable for those studies that leverage information across the electromagnetic spectrum from the visible to the thermal infrared.

Introduction

The MODIS/ASTER Airborne Simulator (MASTER) was developed for the Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER) and Moderate Resolution Imaging Spectroradiometer (MODIS) projects. ASTER and MODIS (Yamaguchi et al. 1998; Salomonson et al. 1989) are both spaceborne imaging instruments that will fly on the first Earth Observing System platform scheduled for launch in the fall of 1999. The characteristics of these instruments are summarized in Table 1 and the characteristics of the MASTER instrument are summarized in Table 2. 

The primary mission of MASTER is to:

Collect ASTER-like and MODIS-like data sets to support the validation of the ASTER and MODIS geophysical retrieval algorithms.  

Collect these data sets at a higher spatial resolution than the spaceborne datasets to permit scaling studies and comparisons with in-situ measurements.  

Underfly the Terra ASTER and MODIS sensors to provide an additional radiometric calibration to assist with satellite instrument performance characterization. This is particularly important for ASTER where on-board calibration is dependent on a single black-body in the thermal infrared (TIR) and only partial aperture illumination in the visible-near infrared (VNIR).  

A secondary mission of MASTER is to:

Provide a back-up instrument for the current MODIS Airborne Simulator (MAS), which is committed to a program of atmospheric and oceanic measurements. 

Provide a wider spectral and dynamic range alternative to the use of the Thematic Mapper (TM) airborne simulator and Thermal Infrared Multispectral Scanner (TIMS) for local-scale studies.  

In order to meet these objectives the MASTER instrument must be well calibrated. Further, the calibration needs to be verified in-flight since the operating environment is very different to the laboratory calibration environment. Therefore a validation experiment was conducted to characterize the performance of the instrument in-flight. 

The MASTER instrument and data reduction procedures are described below followed by the results from a recent in-flight validation experiment. Finally the results are summarized and conclusions drawn.

Instrument Description

The MASTER instrument was developed by the NASA Ames Research Center in conjunction with the Jet Propulsion Laboratory. The instrument consists of three key components: the scanning spectrometer, the digitizer and the storage system. The scanning unit was built by Sensys Technology (formerly Daedalus Enterprises,) and the digitizer was a collaborative effort between Berkeley Camera Engineering and the Ames Airborne Sensor Facility (ASF.)  The data storage system and overall system integration were also provided by the ASF.

The MASTER instrument is similar to the MODIS Airborne Simulator (MAS) developed by the MODIS project (King et al. 1996). However, its has 2 key differences. First MASTER supports a variety of scan speeds allowing it to acquire contiguous imagery from a variety of altitudes with differing pixel sizes (Table 2). Second the channel positions are configured to more closely match those of ASTER and MODIS (Tables 3 and 4).

The optical system is composed of a spectrometer mounted on a scanning fore-optic unit. Both the spectrometer and fore-optics portions are mated to an optical baseplate. The fore-optics consist of a full-face rotating scan mirror, canted 45( to the flight direction, directing light into an afocal Gregorian telescope with a 15.2 cm paraboloid main mirror. A folding mirror then directs the energy through a field stop aperture, and onto a 2.5-cm paraboloid Pfun assembly, which forms a colllimated beam with a 2.5 milliradian equivalent field of view. This is then directed by a deviating mirror into the spectrometer unit through a hole in the baseplate (Figure 1). The spectrometer is divided into four output sections or ports, each with its own detector array and associated optics. The input energy is wavelength-separated by a chain of dichroic beam splitters, and directed into each of the four output ports of the spectrometer (visible-near infrared (VNIR), shortwave infrared (SWIR), mid infrared (MIR) and thermal infrared (TIR)). A diffraction grating is mounted at each output port, which spectrally disperses the energy through a lens and onto a linear detector array. The bandpass of each individual channel is determined by the geometry of the detector array and its location with respect to the grating. Three of the four detector arrays (two InSb and one HgCdTe) are cryogenically cooled with liqued nitrogen; the silicon array for the VNIR channels is temperature-stabilized with a thermal-electric cooler. The HgCdTe array used with the TIR channels also has a cooled linear-variable filter mounted over it to reduce background noise (a similar installation will be made on the MIR array of MASTER shortly). This grating-based design maximizes optical efficiency, while remaining radiometrically flat to within one percent across the total field of view, and is not spectrally dependant on viewing angle.

The analog electrical signals from each detector are passed through a series of low-noise preamplifiers on the scan head, and are then passed to a digitizer via shielded twisted-pair cables. The first-stage preamplifiers on the Port 2 and 3 detector arrays (SWIR and MWIR) are cryogenically cooled within the dewar assemblies, to minimize noise. Specially designed adaptive, 16- bit analog-to-digital (A/D) converters are used in the digitizer, that actively track the DC level of the signal from the cooled detectors. This level, especially from HgCdTe arrays, typically drifts with time, and has been an historic source of calibration error in IR systems. The use of an actively adjusted, programmable preamplifier on the front end of the A/D converter allows this to be nullified, and the signal digitized very accurately, while preserving a full 16-bit dynamic range. Optical isolation was used, together with other noise reducing techniques, wherever possible in the system design. The digitized video signal is then merged with ancillary engineering and external navigation data, an is then stored on the hard disk. Further details of the optical system are given in King et al. (1996)

The MASTER channels are calibrated spectrally and radiometrically in the laboratory preflight and postflight. The mid-infrared and thermal infrared channels (26-50) are also radiometrically calibrated in-flight by viewing an internal hot and cold blackbody with each scanline. A 30” diameter integrating sphere is used as the primary radiometric source for calibrating the visible-shortwave infrared channels (1-25). The sphere is operated at four decreasing lamp levels, to establish linearity of the system response. The source itself is periodically calibrated against a NIST standard lamp, both by a team from the Goddard Space Flight Center and by the Ames Sensor Facility. Spectral characterizations are preformed with both a scanning monochrometer, and Fourier transform interferometer. This involves mounting the scanner over an 8” diameter collimator, interfaced to an optical bench for these measurements. The measured spectral response functions for some channels are atmospherically corrected with a radiative transfer model (MODTRAN), to remove the effects of water vapor and CO2 absorption. The MAS system also has viewed slit and knife-edge targets to establish spatial response; and has undergone polarization sensitivity characterization, which showed maximum response differences to be approximately 3%. Because this part of the MASTER system is identical to MAS it is currently assumed to have the same response, however, it will also be measured shortly. MASTER is also periodically characterized in a cold-chamber, to monitor radiometric and spectral stability at the operating temperature of the high altitude ER-2 aircraft. 

The radiometric calibration of the MASTER instrument is also validated in-flight. Currently plans call for the MASTER instrument to be flown on 3 aircraft. These are the Department of Energy (DOE) King Air Beachcraft B200, the NASA DC-8 and the NASA ER-2. Since each instrument has a unique operating environment it is necessary to conduct a validation experiment on each platform. The validation of MASTER on the B200 platform is described herein. MASTER can acquire data with pixel sizes in the range of 5-20 m from this platform depending on surface and flight altitude. It should be noted that a custom air-fence was installed on the B200 to minimize calibration errors due to wind-blast over the exposed reference blackbodies.  This phenonmenon, first observed with the TIMS instrument flying on the NASA C-130 aircraft, produces a differential cooling on the surface of the blackbody which makes it impossible to accurately measure its temperature.  A properly sized air-fence, installed forward of the scanner viewing aperature, minimizes turbulent airflow over these surfaces.  Empirical data show that this greatly increases the calibration accuracy of the IR channels.

MASTER data are typically supplied as a standard product through the NASA DAAC (Distributed Active Archive Center) system, as a Level-1B product.  This includes image data calibrated to radiance-at-sensor, together with ancillary files containing geo-location, navigation, and calibration data.  The files are encapsulated in Hierarchical Data Format (HDF,) for which several public domain viewers are available.

A quicklook is generated for each flightline and posted on the MASTER web site (http://masterweb.jpl.nasa.gov). Users can browse the on-line archive and order data at a nominal cost.

Ivanpah Playa, CA

Ivanpah Playa is a dry lake bed on the border between California and Nevada.  Interstate 15 traverses through the playa that is located about 50 km southwest of Las Vegas and is at an elevation of approximately 800 m. A 60-m by 60-m area of the playa was selected as the test site (Figure 2-A).  The size of the site gives approximately a 20 by 20 pixel area for the lowest altitude of the MASTER overflight and nearly a 5 by 5 pixel area for the high altitude pass of the B-200.  This gives a reasonable number of pixels in the imagery while allowing rapid measurement of the surface reflectance with adequate sampling to understand the spatial heterogeneity of the test site. Tarpaulins were placed at one corner of the site to indicate its location in the MASTER imagery. The local atmosphere was characterized using a Reagan Sun Photometer and the surface reflectance was measured using an Analytic Spectral Devices FieldSpec FR.

The atmospheric characterization is based on solar extinction measurements and these data are converted to spectral optical depths that are used to describe aerosol parameters and columnar amounts of gaseous absorbers.  Figure 3 shows the spectral optical thickness as a function of time for the day of the MASTER overflight for spectral bands centered at 441 and 781 nm.  Molecular scattering optical thicknesses based on the atmospheric pressure have been removed from these results.  Thus, the optical thicknesses shown in the figure are those due to aerosol scattering and absorption and a small amount of ozone absorption.  As can be seen in the figure, the optical thickness shows a significant decrease early in the morning with an apparent leveling around 11 am local standard time.  Unfortunately, optical thickness data are not available for the actual overflight times.  However, the low level of aerosol loading indicated in the figure and the apparent stability of the atmosphere after 11 am imply that this lack of data at the time of overflight should not contribute significantly to uncertainties in this work.  The optical thicknesses used to retrieve the aerosol size distribution were based on a 20-minute average of data at the end of the collection.

The reflectance of the surface was measured using an Analytic Spectral Devices FieldSpec FR. This instrument covers the wavelength range of 350-2500 nm with output reported at 1-nm intervals.  It uses three separate gratings to cover this spectral range.  The first grating covers approximately the range from 350-1000 nm at better than 1-nm spectral resolution.  The second and third gratings cover the 1000 to 2000 nm and 2000 to 2500 nm spectral ranges respectively at 10-nm resolution.    Measurements of the surface were made by transporting the FieldSpec across the test site and measuring upwelling radiance.  The upwelling radiance is converted to reflectance by comparing the radiance to that from a panel of known reflectance.  The reference for this work was an 18-inch square, monolithic piece of Spectralon®. The 60-m by 60-m test site was divided into eight east-west sections.  Forty sample spectra were collected within each section with each sample consisting of an average of 30 individual spectra.   Measurements of the reference reflectance standard were made every 160 samples.  These reference measurements are corrected for the bi-directional reflectance effects of the reference panel and for changing sun angle during the 30-minute measurement period.  Because atmospheric conditions were relatively stable during the 30-minute data collection, no correction is made for changing diffuse sky illumination.

A total of three sets of reflectance data were collected between 11:00 and 12:30 local standard time.  Figure 4 shows the retrieved reflectance based on the average of the 320 samples from the test site for the data collected between 12:00 and 12:30.  The standard deviation of the average of the data shown is less than 0.005 throughout the spectrum corresponding to a percent standard deviation of about 1% for much of the spectrum.  Similar results, both magnitude and variability, were obtained for the earlier two data collections with all three sets agreeing to better than 1.5% of the reflectance.

Lake Mead, NV

Lake Mead is located northeast of Las Vegas, NV. Measurements were made at two localities at Lake Mead. The first locality was the end of a peninsula slightly east of the Las Vegas Bay Marina (Figure 5 – Locality A). This site was used to launch the atmospheric sounding balloon. The second locality was Gypsum Bay (Figure 5 – Locality B) where the radiative surface temperature and bulk water temperature was measured by radiometers and buoy-mounted temperature loggers respectively.

Figure 6 illustrates the atmospheric profiles of pressure, temperature and relative humidity obtained from the launch of an atmospheric sounding balloon at 12 noon. The sounder ascended to approximately 20 km at which point the balloon burst and the sensor package continued to transmit on the descent until contact was lost with the receiver at approximately 5 km. It is clear that the bulk of the variation in water vapor occurs below 5 km (Figure 6 - A). At 5.8 km there is a spike in the relative humidity, this spike is an artifact caused by freezing of the relative humidity device (Figure 6 - A). The sounder data were used to create an input profile for use with the MODTRAN radiative transfer code (RTC) to predict the radiance at sensor from the surface radiance measurements. The values in the profile above 20 km were taken from the default mid-latitude winter model  (Figure 6- B).

Figure 7 illustrates the surface radiative temperature recovered from one of the two JPL self- calibrating radiometers mounted on either side of a pontoon boat. The lower curve is the surface brightness temperature and the upper curve is the surface kinetic temperature. The surface kinetic temperature is derived by correcting for surface emissivity and subtracting the sky radiance reflected by the surface into the path of the radiometer:
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The kinetic temperature is obtained from the surface radiance by inverting the Planck equation. The radiance terms are calculated by integrating over the system response curve for the JPL self-calibrating radiometer.
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Equation 2

Equation 1 is solved iteratively. The sky radiance term is obtained from the RTC driven by the profile illustrated in Figure 6. The emissivity of the water was obtained from the ASTER spectral library. The JPL self-calibrating radiometer has internal hot and cold blackbodies and is NIST traceable. NIST traceability is provided by laboratory calibration of the radiometer against the JPL cone blackbody that was traced to NIST using their transfer radiometer (Kanneburg, 1998). The radiometer-derived surface temperatures are cyclic over time. This results from the boat traversing back and forth between the mouth and landward end of Gypsum Bay (Figures 5 and 7). The radiometer measurements were made every second and the location of the boat at the time of the measurement was recorded by differential GPS allowing the exact location of the boat at the time of the overpass to be determined.

Figure 8 illustrates the kinetic water temperature measured from a buoy-mounted temperature logger and self calibrating radiometer. The loggers were calibrated in a NIST traceable water bath at the University of Davis. The buoy data appear to step compared to the radiometer data due to the digitization interval of the temperature loggers.

Comparison of MASTER Sensor Radiance to Field Derived Radiance

Visible – Shortwave Infrared

The radiance-validation work at Ivanpah Playa relies on the reflectance-based method which has a proven history of use through the radiometric calibrations of Landsat-4 and -5 Thematic Mapper and SPOT-1, -2, and -3, the AVIRIS, HYDICE, and a Daedalus scanner.  This approach uses ground-based measurements of the surface and atmosphere at a selected site to predict radiance at the top of the atmosphere.  

The above results were used in a modified version of a Gauss-Seidel iteration radiative transfer code to predict the at-sensor radiances for each of the five runs at 1-nm intervals from 350-2500 nm.  A homogeneous, lambertian surface was assumed in these predictions.  The atmospheric conditions used in the code are based on the results of the atmospheric measurements described above.  The proper solar zenith angle is used for each altitude run, and we include effects due to sensor altitude.  The view angle used for the radiative transfer calculations is based on the location of the test site relative to the nadir point in the image and the swath width of the sensor.  The output of the radiative transfer code is relative radiance that is converted to absolute radiance using MODTRAN3 derived solar irradiance interpolated to 1-nm increments and corrected for the appropriate earth-sun distance.  These 1-nm absolute radiances are band-averaged using the MASTER spectral response curves for each band in the solar reflective.

The band-averaged radiances from the radiative transfer calculations are compared to radiances derived from the MASTER data.  This was done by first locating the test site in the image based on the tarpaulins placed at two corners of the site.  All pixels in the area within the tarpaulin are used to determine the average radiance and this is done for all three altitude runs.  As an indication of the site’s homogeneity, the standard deviation of the average is <1% for bands with little atmospheric absorption.  To estimate the uncertainty due to a misregistration between the reflectance data and the MASTER data, the test site in the MASTER image was shifted by up to 2 pixels and recomputed.  The results of these tests indicate that registration uncertainties are less than 0.2% in all solar-reflective bands with little atmospheric absorption.

Thermal Infrared

After calibration the MASTER at-sensor thermal infrared radiance (Ls) for a given wavelength (λ) can be written as:
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where:
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 = Sky Radiance (spectral downwelling radiance incident upon the surface from the atmosphere.)   


[image: image6.wmf]t

l

 = Transmittance (spectral atmospheric transmission.)


[image: image7.wmf]L

 

atm

l

 = Path Radiance (spectral upwelling radiance from atmospheric emission and scattering that reaches the sensor.) 

Equation 3 was used to predict the radiance at-sensor, which was convolved with the MASTER system response function using Equation 4.


[image: image8.wmf]l

l

y

l

l

e

l

y

l

l

l

l

l

l

)d

(

T)d

,

(

L

)

(

=

L

2

1

2

1

BB

ò

ò


Equation 4

where 
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 is the sensor response function and 
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 are the lower and upper boundaries of each channel. 

The atmospheric terms in equation 3 were obtained from a radiative transfer model (MODTRAN 3.5 – Berk et al. 1989) driven by the local atmospheric data. 

Discussion

Table 5 shows the MASTER radiance, the predicted radiance and the percent difference between the two radiances for the 3 overpasses. . The percent difference between the channels not strongly affected by the atmosphere in the visible – shortwave infrared is typically 1-5% and the percent difference between the thermal infrared channels not strongly affected by the atmosphere is typically less than 0.5% (<0.3K). In the thermal infrared there does not appear to be a systematic discrepancy between the data from the 3 flight altitudes suggesting the thermal infrared channels are not strongly affected by wind-blast as was observed in earlier similar experiments prior to the installation of the air-fence. The percent difference in channels strongly affected by atmospheric absorption is very large, such as those around the 0.94 and 1.8 um water absorption bands, due to the low signal at these wavelengths. The large percent difference in channel 22 is probably due to surface variability. Channel 22 is centered on 2.2 um where the playa has a strong absorption caused by the presence of hydroxyl-bearing (clay) minerals. In the thermal infrared channels the percent difference is slightly larger at the shortest and longest wavelengths due to water and CO2 absorption respectively. Due to the low signal to noise of the MASTER mid-infrared channels the instrument was not radiometrically validated in this wavelength region. Plans are underway to add a linear variable filter to the mid-infrared channels to improve the signal to noise at which time these channels will be radiometrically validated in-flight.

Summary and Conclusions

A new multispectral scanner, termed MASTER, has been developed to simulate and validate data from the ASTER and MODIS satellite instruments. The scanner acquires data over the spectral range 0.4 to 13 um in 50 spectral channels at a variety of spatial resolutions. Results from an in-flight validation experiment indicate the instrument is well calibrated.  Several data sets have been acquired with MASTER (including the data from this study) and are available for browse and ordering from:

http://masterweb.jpl.nasa.gov
It is anticipated the instrument will prove especially valuable for studies that leverage data over the full spectral range at high spatial resolution since such information is not currently available from other airborne instruments.
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Figure 5. MASTER image of the Lake Mead site using data from channel 42 (8.185 um). Images labels: A - Las Vegas Bay Marina; B – Gypsum Bay.

Figure 6a and 6b. Atmospheric profiles of pressure, temperature and relative humidity obtained from the launch of an atmospheric sounding balloon at 12 noon. 6a Profiles from 0-24km; 6b Profiles from 0 –100km.

Figure 7. Surface brightness temperature and surface kinetic temperature for Gypsum Bay from one of the JPL self-calibrating radiometers mounted either side of a pontoon boat.

Figure 8. Surface kinetic temperature of Gypsum Bay measured radiometer and bulk temperature measured by buoy mounted temperature logger.
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Table 2. Summary characteristics of the MASTER instrument.

Table 3. Spectral characteristics of the visible – shortwave infrared MASTER channels. It should be noted the channel positions shift slightly between calibrations and therefore the calibration nearest the acquisition date should be used.

Table 4. Spectral characteristics of the mid – thermal infrared MASTER channels. It should be noted the channel positions shift slightly between calibrations and therefore the calibration nearest the acquisition date should be used.

Table 5. Comparision of the predicted radiance at sensor with the measured radiance at sensor for the Ivanpah and Lake Mead sites. The thermal infrared image values were obtained from averages of 9x9; 6x6; and 3x3 pixel blocks for the low, medium and high lines respectively. No data are provided for the mid-infrared channels due to the low signal to noise of MASTER in this region. 
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