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Abstract— Remote sensing instruments, both aircraft and
on-orbit platforms, undergo extensive laboratory calibrations to
determine their geometric, spectral, and radiometric responses.
Additional in-flight radiometric calibrations can be performed
using well-characterized earth targets. The Fire Influence on
Regional to Global Environments and Air Quality (FIREX-AQ)
campaign provided such an opportunity when the ER-2 aircraft
overflew Railroad Valley on August 13 and 15, 2019. Surface
reflectances were available from the August 4, 2019 field team and
from the Radiometric Calibration Network (RadCalNet) portal,
and spectral aerosol optical depths from an on-site AERosol
RObotic NETwork (AERONET) sunphotometer. The Enhanced
MODIS Airborne Simulator (eMAS), the Airborne Multiangle SpectroPolarimetric Imager (AirMSPI), and the “Classic”
Airborne Visible/Infrared Imaging Spectrometer (AVIRIS-C)
sensors individually performed a vicarious calibration using
their respective methodologies and selection of input parameters.
A comparison of the at-sensor radiances predicted from these
independent analyses highlights some of the uncertainties in the
inputs, including choice of solar irradiance model. Although good
agreement, within 5%, is found at visible wavelengths, difference
can be as large as 15% in the shortwave infrared (SWIR). This
highlights the need for the remote sensing community to agree
upon a standard solar model, to remove sensor-to-sensor biases
derived from in-flight calibrations.
Index Terms— Airborne Multiangle SpectroPolarimetric
Imager (AirMSPI), Airborne Visible/Infrared Imaging
Spectrometer (AVIRIS), Enhanced MODIS Airborne Simulator
(eMAS), Fire Influence on Regional to Global Environments
and Air Quality (FIREX-AQ), radiometric calibration, Railroad
Valley (RRV), vicarious calibration (VicCal).
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I. I NTRODUCTION

S

MOKE from wildfires in the western U.S. and agricultural
fires in the southern U.S. has become an increasingly
significant climate, public safety, and air quality issue. The
combination of a warmer and drier climate with fire-control
practices over the last century has produced a situation in
which we can expect, and have seen, more frequent fires and
fires of larger magnitude in the western U.S. and Canada.
In response to this, the Fire Influence on Regional to Global
Environments and Air Quality (FIREX-AQ) project was created. This is jointly led by NASA and the National Oceanic
and Atmospheric Administration (NOAA). FIREX-AQ makes
use of satellite, airborne, and ground instruments to investigate
smoke from ignition to dispersion.
Aircraft campaigns provide measurements of trace gas and
aerosol emissions from wildfires and prescribed fires, relate
them to fuel and fire conditions, follow plumes downwind to
understand chemical transformation and air quality impacts,
and assess the efficacy of satellite detections for estimating
the emissions from sampled fires.
As one element of FIREX-AQ, from July 22, 2019–
August 19, 2019, science flights using a NASA ER-2
high-altitude research aircraft were conducted out of NASA
Armstrong Flight Research Center, Palmdale, CA, USA. ER-2
is a civilian version of the United States Air Force (USAF) U-2
platform and flies at approximately 20 km (70 000 ft) altitude,
at a speed of 730 km·h−1 . At this altitude, measurements are
made above more than 90% of the earth’s atmosphere. Consequently, ER-2 sensors acquiring earth imagery or conducting
atmospheric sounding replicate spectral and atmospheric characteristics of data collected by earth observing satellite systems. During FIREX-AQ, data from this platform are collected
at the same time as other aircraft and ground sensors which are
sampling smoke plumes. FIREX-AQ aims to correlate these
measurements to inform future interpretations of the lower
spatial resolution data provided by satellites.
During this campaign, the decision was made to overfly
Railroad Valley (RRV), Nevada (NV), USA, for the purpose
of calibrating the on-board remote sensing instruments. This
article describes the methodologies and input parameters used
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to compute at-sensor radiances and thus perform a vicarious calibration (VicCal) of the Enhanced MODIS Airborne
Simulator (eMAS), the Airborne Multiangle SpectroPolarimetric Imager (AirMSPI), and the Airborne Visible/Infrared
Imaging Spectrometer (AVIRIS) instruments.
RRV overflights were made on August 13, 2019, and
August 15, 2019. On the first date, two passes were made at
22:13 and 22:32 UTC. Both AVIRIS and AirMSPI recorded
data; eMAS had a vacuum leak. On August 15, an additional
overpass occurred at 19:41 UTC, with all three sensors successfully collecting data. Data from this latter overflight are
presented here.
II. V ICARIOUS C ALIBRATION
Earth remote sensing instruments are accurately calibrated
prior to launch to relate their radiometric response to Système
International (SI) units. This is accomplished via an unbroken
chain of comparisons back to standards maintained by national
laboratories. For on-orbit sensors, it is important to continually
monitor this response, as they age and/or accumulate contaminants with time. One technique used for this purpose is
VicCal, where in situ surface observations are used to compute
at-sensor radiances. These reflectances, along with measurements of aerosols, water vapor, and surface pressure, are used
as input into a radiative transfer code, such as MODTRAN.
This generates the at-sensor radiance spectrum which is bandweighted and ratioed to the sensor output digital numbers
(DNs) to generate calibration coefficients for the sensor. This
technique is also important for aircraft instruments, in that it
confirms response during the flight environmental conditions,
and also validates the laboratory to flight methodologies, thus
establishing their precision and spectral uncertainties.
A. Railroad Valley
RRV, NV, USA, is the VicCal target of choice for many
remote sensing systems [1]. At 12 km in diameter, it is
suitable for sensors with a range of footprints sizes. The
surface is an unvegetated dry playa. It is homogeneous and flat,
and there are routinely low atmospheric aerosol conditions.
The playa is situated roughly 160 km East of Tonopah, NV,
and 120 km West of Ely, NV. Due to its remote location,
there has been little human disturbance of the surface. The
University of Arizona (UArizona) has been using the playa to
calibrate sensors since 1993 [2], [3]; NASA/Jet Propulsion
Laboratory (JPL), Pasadena, CA, USA, began supporting
Orbiting Carbon Observatory (OCO) and Greenhouse Gases
Observing Satellite (GOSAT) there in 2009 [4]. JPL has
operated surface reflectance sensors on the site since 2011.
Radiometric Calibration Network (RadCalNet) (RCN) started
publishing data from the ground-viewing radiometers (GVRs)
in 2013. Both NASA JPL and UArizona have land rights-ofway (ROW) with the Bureau of Land Management (BLM),
to place network sensors on the playa.
B. Aerosol Optical Depth
VicCal analysis requires propagation of surface-reflected
light to the sensor altitude. This is done using a radiative
transfer code, such as MODTRAN. The inputs include aerosol
optical depth (AOD), surface reflectance, and a solar spectral
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irradiance (SSI) model. At RRV, the AOD is retrieved from
a Cimel-318 sun photometer, located on site and managed as
part of the AERosol RObotic NETwork (AERONET) [5]. The
filters are at 340, 380, 440, 500, 675, 870, 1020, and 1640 nm.
The instrument is solar-powered and weather-proof, operating
under the temperature extremes of the RRV desert environment
(−20 ◦ C to +40 ◦ C). The instrument is calibrated annually at
NASA Goddard Space Flight Center (GSFC), Greenbelt, MD,
USA. In operation, raw data are uploaded to the AERONET
processing center on an hourly basis, with the resulting AOD
posted daily to the public portal where they are available for
download. The AOD reported on August 15, 2019, is shown in
Fig. 1. The sky conditions were clear, with an AOD at 550 nm
of 0.043, corresponding to a visibility of 120 km.
AERONET uses reanalysis data from the National Centers
for Environmental Prediction (NCEP) for surface pressure.
On August 15, 2019, 19:41 UTC they reported 859.15 mbar.
The UArizona meteorological station reported 859 mbar, and
the JPL station reported 858.4 mbar. Due to this agreement
between the assimilated and real-time measured data, surface
pressure is not a contributor to AOD uncertainty.
Often AERONET data are missing by mid-day due to data
upload limits (the data are transmitted to GSFC through a
GOES-W link). For these time samples, RCN is unable to
report surface reflectance. However, at a later time the site
can be visited, data can be manually downloaded from the
AERONET sun photometer, and the AOD and reflectance
reports can be updated. At the time of this study, AERONET
data were missing from 19:34 to 23:00 UTC on August 4,
2019, 17:08–20:33 UTC on August 13, 2019, and 18:18 to
21:48 on August 15, 2019. The last recorded observation prior
to the aircraft overpass time was used here. As aerosols were
very low, the radiative transfer error is negligible.
C. Surface Reflectance
1) In Situ Measurements: Surface reflectance measurements
are collected by a field team, most often in support of a
specific on-orbit or aircraft sensor overflight. One popular
spectrometer used for this purpose is that manufactured by
Analytical Spectral Devices (ASD, now a division of Malvern
Panalytical), Westborough, MA, USA. This instrument samples at 1-nm steps from 350 to 2500 nm. The spectral
resolution is 3 nm in the visible/near-infrared (VNIR) spectral
region and 10 nm in the shortwave infrared (SWIR). Data
are collected ±30 min of the overflight. Each data point is
collected as the field engineer holds the ASD fiber optic
probe over the surface while walking. With this procedure,
hundreds of individual measurements can be made, the average
representing the reflectance within the flight sensor’s footprint
on the ground. These surface reflectance measurements are
made traceable to SI units, through use of a calibrated diffuse
reflectance panel made of Spectralon, a product of Labsphere
Inc., North Sutton, NH, USA. The output from the ASD is
collected while viewing the Spectralon panel at the beginning
and end of a site characterization, and at roughly 15-min
intervals throughout the data collection period. The average
spectral surface reflectance is used as input into the VicCal
radiative transfer code.
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For RCN, the spectral data in the 10-nm intervals are
provided at the requested 30-min intervals from 09:00 to 15:00
(local standard time) for the spectral range of 400–2500 nm.
A special version of RCN data was generated specifically
for this comparison work for the time of ER-2 overflight
(19:41 UTC) and covering the spectral range 350–2500 nm
at 1-nm resolution.
D. RadCalNet Versus Field-Measured Spectra

Fig. 1. RRV AERONET data, August 15, 2019. The 550-nm AOD was
0.043 at 19:41 UTC, the ER-2 overflight time.

For this study, a field team was at the test site on
August 4, 2019, which was the planned flight day. As the
actual flights were delayed for ten days, the field team was
not present on the 13th and 15th. As will be discussed, the
AirMSPI and AVIRIS teams elected to use the August 4, 2019,
field data. This is because the dry, unvegetated conditions
of the playa create a stable surface, in the absence of a
weather event, such as rain. The eMAS team elected to use
the RadCalNet data due to its availability at the time of the
overflight.
2) RadCalNet: The Committee on Earth Observing
Satellites (CEOS) Working Group on Calibration and
Validation (WGCV) Infrared Visible Optical Sensors (IVOS)
initiated the RCN, to provide surface and top-of-atmosphere
(TOA) reflectance data for participating ground sites to the
global user community [6]. RCN is an international collaborative effort that leverages the member-provided resources at
instrumented sites scattered around the globe. The automated
operations and remote locations of the RCN sites are key to
the success of this program. The alternative is field-campaign
work, which is sporadic and resource- and personnel-intensive.
The RCN-generated quality-controlled data sets of surface
reflectance and atmospheric information are delivered to a
central processing center, where TOA reflectances are generated and posted for general distribution. Thereafter, the user
community can download these data for their sensor validation
analysis.
The site at RRV is operated by the Remote Sensing
Group (RSG) at UArizona, and it is known as the Radiometric
Calibration Test Site (RadCaTS). RSG is one of the four
founding members of RCN. The site is instrumented with
four custom-built GVRs that continually monitor the surface,
recording an upwelling radiance measurement every 2 min.
The average of the four GVRs is representative of a defined
1 km × 1-km area of RRV [7]–[9].
An on-site meteorological station and an AERONET
Cimel provide atmospheric information. Ozone information is
acquired daily from the Ozone Monitoring Instrument (OMI)
and Ozone Mapping and Profiler Suite (OMPS) data repository. The operations and algorithms describing retrievals
of surface reflectance have been detailed previously [9].

The RCN surface reflectance measurements made at RRV
show slight time and wavelength-dependent deviations from
the in situ ASD measurements made by JPL. This difference
is investigated for August 4, 2019, 21:00 UTC, which is the
date that the ASD spectra were acquired and subsequently
used in the FIREX-AQ AirMSPI VicCal. Data, labeled here
RCN_10, are downloaded from the RCN portal. These are
provided at 10-nm steps, from 400 to 2500 nm. Conversely,
AirMSPI VicCal analysis requires surface measurements from
300 to 2500 nm, in 1-nm increments. This is accomplished
using the ASD data using a linear fit of the reflectance from
350 to 500 nm and extrapolating down to 300 nm. To use the
RCN data in VicCal analysis, the following interpolation is
made to support JPL studies. For FIREX-AQ, the August 4,
2019, ASD spectra are selected as the interpolator for the
RCN_10 21:00 UTC spectra. The goal is to create RCN_1,
a spectrum that maintains the values of the original at select
tie points, but otherwise uses the 1-nm higher resolution of the
ASD spectra. The atmospheric features present in the original
RCN_10 are removed through the scaling procedure using the
ASD reference spectrum. Studies have demonstrated that RRV
surface reflectance scales with soil moisture: uniformly across
the visible and with a downward slope with wavelength in
the NIR/SWIR region. Thus, tie points at 760, 1610, 2060,
and 2400 nm are selected to force agreement between the
scaled ASD and the original RCN_10. At 760 nm, the ratio
of RCN_10 to ASD is computed. This scalar is applied to
the ASD data in the 300–760-nm region. A piecewise fit is
computed between the other tie points, thus warping the ASD
data into the spectral shape presented by the original RCN_10.
The original and resulting spectra are shown in Fig. 2. The
top dark solid line is the ASD spectrum, the dashed gray
line the original RCN_10 spectrum, and the solid gray line
the interpolated RCN data reported at 1-nm samples and
with atmospheric absorption features removed. The bottom
plot shows the ratio of ASD/RCN_10, red dashed line, and
ASD/RCN_1, dashed gray line. The ASD/RCN_10 ratio is
shown to be much as 30% larger than the ASD data, due
to the presence of atmospheric absorption in the RCN_10
spectrum. The ASD/RCN_1 ratio is unity in the visible and
as large as 1.06 in the infrared. This 6% difference will create
a discrepancy of 6%, when compared with VicCals done with
the JPL field data.
Using the interpolation technique described above, a time
series of ASD to RCN data is made. The JPL OCO field team,
in partnership with the GOSAT team, has been collecting field
data at RRV since 2009. Data are primarily taken in summer,
but an occasional fall and spring measurement is made.
JPL characterizes four test sites, one of which is the RCN site.
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Fig. 2. (Top) Solid top line: “ASD” is the August 4, 2019, field data.
Dashed line: RCN_10 is the original RadCalNet data, reported at 10-nm
samples. Light gray: RCN_1 created from the ASD data at 1-nm samples,
but scaled to RCN_10 at specific tie points. The RCN_10 and ASD spectra
were both collected on August 4, 2019, at 21:00 UTC. (Bottom) Red
dashed line is the ratio of the ASD field data to the RCN_1 spectrum, with
the plus symbols reported at eMAS wavelengths. Gray dashed line is the
ASD/RCN_10 spectrum.

Fig. 3. Ratio of ASD to RCN_1 at four eMAS bands: blue (472 nm), green
(826 nm), red (1616 nm), and gray (2138 nm). Campaign dates are 2013
(6/21, 10/20), 2014 (6/25, 8/27), 2015 (3/25, 6/27.6/27, 6/27, 6/27, 7/1), 2016
(7/2.7/2), 2017 (6/27), 2018 (5/29, 6/28, 6/29, 7/2), 2019 (6/30, 6/30, 7/2, 7/5,
8/4), 2020 (7/4, 9/23).

Fig. 3 shows a comparison of these collects, taken at the RCN
site between 2013 and 2020. The Campaign ID axis is simply
a sequence number for the campaign dates. The comparison
is made at select eMAS wavelengths and plotted in the blue,
green, red, and gray symbols. As the ASD data were collected
to support OCO, the time of day is typically 21:00 UTC. Some
of the campaign IDs were collected at the same time, but
by different teams. For example, IDs 5–8 were acquired on
June 27, 2015. The scatter in the visible reflects different field
team practices. Additional differences in the SWIR may be
due to extrapolating the RCN to wavelengths beyond what is
measured.
E. MODTRAN Radiative Transfer Code
The MODTRAN computer code [10] is designed to model
the atmospheric propagation of light, essential in VicCal for
transforming the measured surface and atmospheric measurements into at-sensor radiances. It is widely used by the remote
sensing community due to its computational speed and ability
to model molecular and aerosol scattering radiance contributions as well as atmospheric attenuation. MODTRAN has

13 built-in solar irradiance files and has the flexibility
for adding any solar irradiance spectrum. The accuracy of
MODTRAN has been confirmed through extensive validation against both measurements and the line-by-line models.
One comparison is with the Markov chain radiative transfer
model [11], [12] which is a vector code, and thus accounts
for polarization effects. Comparison of the Markov chain code
with MODTRAN, during a previous 2017 AirMSPI campaign,
yields an error of up to 4% on the MODTRAN results, due
to the neglect of polarization effects. The error decreases
with wavelength, as shown in Table I, with the exception
of the 951-nm band. The ratio of 1.025 is dominated by the
differences in the treatment of water vapor. For example, the
Markov chain water vapor profile is from the European Centre
for Medium-Range Weather Forecasts (ECMWF) reanalysis,
while MODTRAN is from the standard model of mid-latitude
summer. The impact of polarization is mainly caused by
multiple scattering in the atmosphere. When surface albedo
increases and Rayleigh optical depth decreases as a function of wavelength, multiple scattering becomes less while
direct sunlight reflection from surface contributes more to
the total radiance at the location of airborne sensor. In this
case, scalar radiative transfer is more accurate and a smaller
fractional difference between Markov chain and MODTRAN
is observed. Our results are consistent with the simulations by
Mishchenko et al. [13] to assess the impact of neglect of
polarization in radiance calculation.
Many other studies have been done to report on the
uncertainty in at-sensor radiances, using MODTRAN, as a
function of the input parameters [14]. Uncertainty in AOD is
a negligible contributor at low values, as was measured during
this aircraft overflight. As is discussed next, surface reflectance
and SSI models are the dominant error terms.
F. VicCal Uncertainty
The VicCal methodology has been shown to be consistent
to within 3% under nadir sensor view angles and low AOD.
As mentioned above, errors due to radiative transfer calculations may be more significant in the ultraviolet (UV).
Other systematic bias terms include solar irradiance and errors
in the reflectance or radiance standards used to make the
measurements SI traceable. The uncertainty in solar irradiance
is discussed below and is less than a percent in the visible,
but may differ among models by 7% or more in the SWIR.
The uncertainty in the reflectance of a Spectralon reflectance
standard is on the order of 1%. Other error terms include test
site homogeneity and camera-related terms such as signal-tonoise, spectral knowledge, linearity, stray light, and offset.
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These are thought to contribute less than 0.5%, combined.
For sensors that view 10◦ or more off-nadir, the dominant
error can be the off-nadir correction [15], leading to a few
percent increase in uncertainty and precision for view angles
less than 30◦ .
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TABLE II
MODTRAN I NPUTS IN S UPPORT OF E MAS V IC C AL

III. E MAS
A. Instrument
The eMAS, a follow on to the MAS instrument [16],
is a cross-track scanning spectrometer with 38 narrowband
channels. Channels 1–25 measure reflected solar radiation
in the range from 0.47 to 2.38 μm, and channels 26–38
thermal radiation from 3.7 to 13.9 μm. The eMAS scans
approximately 43◦ either side of nadir, and thus from a
nominal 20-km ER-2 altitude yields a ground swath width
of 37.2 km. Each scan collects 716 earth-viewing pixels, and
each pixel has an instantaneous field of view of 2.5 mrad,
producing a spatial resolution of 50 m at the ground. Major
research objectives of eMAS include high spatial resolution
cloud and aerosol properties using algorithms similar to those
used for MODIS Terra and Aqua, and National Polar-orbiting
Partnership (NPP) Visible Infrared Imaging Radiometer Suite
(VIIRS) [17]–[20].
B. Laboratory Calibration
The eMAS spectral and radiometric response is characterized in the laboratory before and after deployment. Spectral response (for all 38 channels) is measured using a
monochromator and silicon or pyroelectric detector (depending on wavelength region). Radiometric response in the
solar (visible through SWIR) channels is measured using
a National Institutes of Standards and Technology (NIST)
traceable 12 lamp 36” integrating sphere with a 10” aperture
(Labsphere USS3600) at multiple lamp levels. Calibration of
the integrating sphere is conducted using an Optronics transfer
radiometer (OL 750).
For FIREX-AQ, the calibration coefficients of the solar
channels derived from the integrating sphere measurements
before and after deployment showed virtually no change. This
coupled with little change noted flight to flight in preflight
observations of a relative calibration source indicates excellent
radiometric calibration stability throughout the FIREX-AQ
deployment. This provides good evidence of the success of
recent procedures to clean the optics between flights with a
CO2 spray to help maintain calibration stability. (eMAS, unlike
AIRMSPI and AVIRIS, has thermal channels, and thus the
optics are necessarily exposed to the airstream on each flight.)
C. Vicarious Calibration
RCN data were selected for use in the eMAS VicCal analysis because these data were temporally coincident with the
overflight. The GVRs at RRV are used to scale in situ spectra,
which are initially created in 1-nm step sizes from 350 to
2500 nm. Measurements are made every 2 min. For the RCN
portal, these are down-sampled to 10-nm steps, with a spectral
coverage that begins at 400 nm, and are reported at half
hour time samples from 09:00 to 15:00 local standard time.

Fig. 4. eMAS sensor reported radiances as a function of area averaged. Data
are normalized by the radiance averaged over a 1-km box.

The eMAS VicCal was performed using the 1-nm spectral
resolution data, not offered in the standard product, but made
available courtesy of the network site owner (UArizona, Jeff
Czapla-Myers). Information on AOD and ozone are obtained
per the operational procedures. Using these data as input, along
with an SSI spectrum in use by the MODIS Characterization
Support Team (MCST), the MODTRAN radiative transfer
program was run. The inputs are listed in Table II. The solar
and view angles determine the downwelling optical path and
upwelling optical paths respectively.
The resulting VicCal radiances will be presented in
Section VII.
eMAS radiances were taken from the final Level 1B geolocated data product, V03. Data from a 50-m, 150-m, 250-m,
500-m, and 1-km box centered around the RCN coordinate
were extracted. The difference due to spatial scaling is shown
in Fig. 4. Data from the 1-km box are used in the final delivery
and summary chart.
IV. A IR MSPI
A. Instrument
AirMSPI [21] is a precursor to the future Multi-Angle
Imager for Aerosols (MAIA) satellite instrument. The sensor
is designed to characterize atmospheric aerosols and clouds.
To help discriminate between different aerosol particle types,
which are crucial to improve our understanding of their

This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.
6

impact on climate and air quality, AirMSPI acquires imagery
over multiple view angles in the UV and VNIR spectral
regions. The pushbroom camera is mounted on a single-axis
gimbal to acquire multiangle imagery over a ±67◦ alongtrack range. It acquires earth imagery with ∼10-m spatial
resolution across an 11-km-wide swath. Radiance data are
obtained in eight spectral bands (355, 380, 445, 470, 555,
660, 865, and 935 nm). Dual photoelastic modulators (PEMs),
achromatic quarter-wave plates, and wire-grid polarizers also
enable imagery of the linear polarization Stokes components
Q and U at 470, 660, and 865.
B. Laboratory Calibration
Laboratory radiometric testing on AirMSPI was conducted
by observing the output port of a 1.65-m integrating sphere.
This is the same sphere as was used for Multi-angle Imaging
SpectroRadiometer (MISR) characterization in 1998. More
recently, it has been retro-fit with three Luxim UV lamps.
The sphere exit port is a 23 cm × 76-cm rectangle. It is
sized to overfill the field of view of the instrument. The sphere
consists of eighteen 200-W bulbs, eight 30-W bulbs, and three
UV lamps, and an external auxiliary sphere with a motorized
aperture. Using these various sources, data are collected at
a range of light levels that span the dynamic range of each
band. These data are used to derive a linearization algorithm,
the pixel relative gain, and a laboratory determination of the
absolute response. The sphere output radiances are measured
with an ASD FieldSpec Pro spectroradiometer, which is calibrated against a NIST-traceable source prior to each laboratory
calibration. The sphere radiances are band-weighted by the
spectral response function (SRF), per the following equation:

srf · L λ · Rasd · ∂λ

.
(1)
Lband =
srf · ∂λ
The precampaign laboratory calibration is consistent with
the 2017 prior calibration and the January 17, 2020, postcampaign calibration to within 2%, for all but the 354-nm band,
which is 6% higher in radiance than the 2017 calibration.
C. VicCal
The JPL field team was at RRV on August 4, 2019
(DOY 216), in support of an OCO-2 overpass at 21:00 UTC.
Surface reflectance data were collected at test site MDN
(38.4991◦ N, 115.6917◦ W) centered on the overpass time.
As there was no precipitation between August 4, 2019, and
the FIREX-AQ overpasses on August 13 and 15, 2019, it is
reasonable to assume that the surface did not change between
the surface reflectance measurement and the ER-2 overpass.
A correction was made due to the bidirectional reflectance factor (BRF) solar angle change between 21:00 and 19:41 UTC,
the latter being the ER-2 overpass time on August 15, 2019.
The change in BRF was evaluated using three methods:
1) comparing RCN data at 21:00 with that at 19:41 UTC;
2) using the JPL network surface reflectance sensors
(LED SPECtrometer, the LSpec network); and 3) and using
MISR BRF measurements of the playa. In the end, the LSpecderived value of 1.025 was used, with a 1% uncertainty due
to its agreement with the other measurements.
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In situ reflectance characterization is a mature science,
refined after decades of campaigns. The measurement is made
traceable to SI units by use of a reflectance standard, a diffuse
Spectralon panel. The best practices include the following
conventions.
1) The data collection computer is set to UTC, within a
few seconds accuracy using a GPS signal. This time is
used with an ephemeris to compute solar angle, which is
in turn used to apply a BRF correction to the Spectralon
reflectance standard.
2) Data collection begins and ends with Spectralon
diffuse panel reading. These standard readings are
also repeated about every 15 min. An interpolated value is created for every surface measurement
timestamp.
3) The diffuse panel is set on a tripod and leveled to within
∼1◦ from horizontal. Deviations will induce an error due
to cos θ reduction in solar illumination.
4) Data collection never spans more than an hour, with the
start and end times centered on the overpass time. This
eliminates the need to correct for changing surface BRF
with sun angle.
5) The field operator uses a pole attached to the ASD
foreoptic to acquire the Spectralon measurements.
This 60-cm offset is required so as to not collect
operator-reflected light into the measurement. This has
been shown with an experiment where an observer
is wearing a colored shirt. For measurements where
the operator is less than the suggested stand-off distance, the surface or Spectralon-measured spectrum has
enhanced light of the color of the shirt. It is apparent
that light has been scattered off of the observer and into
the measurement site.
It is confirmed that these procedures were used for the
campaign. Panel #2141 was used as the field standard.
In processing the Spectralon data, the raw data are first
normalized by the cosine of the solar zenith angle and the
panel BRF [22] for that collect time. These data are then fit
to a second-order polynomial. An estimate of the Spectralon
readings for all target sample times is then computed from this
polynomial fit, with the cosine and BRF corrections reapplied.
The following equation gives the formulism for computing
reflectance from the ASD voltages:
∗
BRF∗ Rλ /Vspectralon .
ρ = Vtarget

(2)

Here, Rλ is the manufacture’s directional-hemispherical
reflectance specific to a given panel. With this ASD surface reflectance measurement, the radiative transfer code
MODTRAN is next executed. Significant changes in input,
compared with the eMAS analysis, include this reflectance
and the SSI model.
The AirMSPI L1B2 data product is radiometrically scaled
and geolocated. It converts instrument DNs into spectral
radiance using the algorithm
L1B2 = [(DN − DNshield) − Dark ]/[Gain∗ VC]
= DN_adj/[Gain∗ VC]

(3)
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Comparison of SSI models and their values relative to the MCST model.

where
1) DNshield is the per-row dark shielded pixels.
2) Dark is the per-pixel DN acquired in the dark and
following DNshield subtraction.
3) Gain is derived from the laboratory calibration.
4) VC is the VicCal per-band scalar.
5) L1B2 is in units of W·m−2 ·sr−1 ·μm−1 .
For the VicCal analysis, the per-band scalar VC has not yet
been determined, and thus the AirMSPI L1B2 data product is
created setting VC to 1. Using the test site latitude/longitude
coordinate, the radiances are extracted from the L1B2 data
product. These when divided by the per-band scalar are set
equal to the MODTRAN computed radiances, Lviccal. The
VC multiplier can now be computed
VC = L1B2/Lviccal.

(4)

The values of L1B2, Lviccal, and VC are reported
in Table III.
Validation of the AirMSPI VicCal is always performed
using the same in situ data to create at-sensor radiances for
MODIS-AQUA and comparing with this sensor’s radiance data
product. For August 4, 2019, MODIS viewed the playa at a
view angle of 16◦ and a relative azimuth of 40◦ . Under these
conditions, a view-angle correction of 1.08 was applied to
the nadir-viewing ASD measurement. On August 13, 2019,
MODIS viewed the playa with a 4◦ zenith angle, resulting in
a smaller BRF correction of 1.02. On both these dates, the
MODIS/VicCal ratio ranged from 1.05 at 466 nm, to 0.95 at
2121 nm, with the ratio varying linearly between these wavelengths. For both these dates, the August 4, 2019, spectrum
was used. Using the RCN data, the MODIS/VicCal ratio was
the same in the VNIR, but was slightly higher in the SWIR
(1.03 at 2121 nm).

D. Uncertainty
The uncertainty in this August 15, 2019, VicCal is estimated
including an additional 1% uncertainty in the 354-nm band,
as its bandwidth is 37 nm, extending below the in situ
measurements which begin at 350 nm. Prior to the radiative transfer analysis, this surface reflectance is extrapolated
to 300 nm, using linear fit of the reflectance measured between
350 and 500 nm.
V. AVIRIS
NASA’s “Classic” Airborne Visible Infrared Imaging Spectrometer (AVIRIS-C) is a visible-shortwave imaging spectrometer that measures the upwelling solar-reflected spectrum
from 380 to 2500 nm at 10-nm spectral sampling [23], [24].
It has flown on the ER-2 platform every year since 1987, with
periodic upgrades to detectors, flight system, calibration, and
operations procedure. AVIRIS-C uses a whiskbroom scanner
design in which an oscillating scanning mirror mechanism
sweeps laterally at 12 Hz across the 30◦ cross-track field
of view, accumulating a full cube of data as the aircraft
flies forward. A consequence of this design is that every
spatial element uses the same path through the optical system,
providing excellent spatial uniformity. A system of optical
fibers distributes the focused illumination from the foreoptic
into a series of four spectrometers covering the spectral ranges
of: 1) 380–700 nm; 2) 700–1300 nm; 3) 1300–1900 nm; and
4) 1900–2500 nm. Each spectrometer has a different detector
optimized for its specific wavelength range. Its signal-to-noise
ratio approaches 1000 over bright targets. After acquisition,
data from an onboard GPS are matched to the timestamp of the
instrument frame. This provides the position and orientation
of the instrument frame. A camera model is then used to trace
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the viewing direction of each pixel to a digital elevation model
(DEM), localizing its field of view on the surface.
A. Laboratory Calibration
The AVIRIS-C calibration procedure characterizes the
radiometric, spatial, and spectral response of each focal plane
array element. The spectral calibration uses a monochromator
scanned across the AVIRIS-C spectral range at 0.5-nm spectral
steps to resolve the center channel and full-width at half
maximum. SRFs are close to 10 nm across the 380–2500-nm
range. The spatial calibration is achieved by scanning a collimated slit across the AVIRIS-C aperture. This allows a precise
measurement of the spatial response in cross- and alongtrack directions. The radiometric calibration is performed
after AVIRIS is installed onto the aircraft, to account for
the transmissivity of the external aircraft port. It uses a
NIST-traced quartz halogen lamp providing a known irradiance
on a reflectance standard in the instantaneous field of view.
External baffling encloses the target to minimize any external
light that could illuminate the panel.
B. VicCal
The AVIRIS-C VicCal aims to refine the calibration to
account for the actual behavior of the instrument in flight and
any drift in response characteristics between laboratory (or
hanger) calibrations. The spectral and spatial responses are
considered stable over long timescales, so our VicCal aims to
adjust the radiometric response so that it is consistent with
the in situ data at RRV. We begin by analyzing the radiance
data produced with the hanger-derived calibration, inverting a
radiative transfer model to retrieve atmospheric column water
vapor and surface reflectance [25]. Our approach, based on
Bayesian maximum a posteriori estimation, calculates the
most probable water vapor content and surface reflectance
spectrum given the measured radiance. We calculate relevant
atmospheric optical parameters including the two-pass transmissivity, path radiance, and sky albedo using the MODTRAN
6.0 radiative transfer code with a correlated-k band model
at 0.1-cm−1 spectral resolution. Other atmospheric parameters
were set to be consistent with the observation geometry and
atmosphere of the overflight. The iterative inversion process
optimizes the reflectance and water vapor state variables to
fit the observation, taking into account the instrument noise
properties which are independent in each channel. Based
on this solution, we calculate the coefficients which map
the retrieved reflectance to the actual in situ measurement,
and then translate the result to the sensor altitude based
on the estimated atmospheric state. This provides a set of
multiplicative coefficients close to unity which would align
the remote measurement with the in situ data. The resulting
VicCal radiances are presented in Section VII.
VI. SSI M ODELS
An accurate understanding of the SSI is required when
converting surface reflectance measurements into TOA radiances, as needed for the VicCal of spaceborne instruments.
SSI variability between solar maximum and minimum is
wavelength-dependent, but less than 1% at wavelengths above

350 nm [26]. The uncertainty in the SSI at solar minimum,
which is thought to be on the order of 2%–3%, is larger than
its variability throughout the solar cycle. In addition, many
models differ by 10% or more, particularly in the SWIR where
the irradiances become small. As improvements in preflight
calibration, on-orbit calibration maintenance, and physical
models improve, this uncertainty is expected to decrease with
time.
We discuss here divergence in five SSI spectra commonly
used for VicCal applications. We suggest that the uncertainty
in SSI is related to the divergence in these five data sets, and
thus constitutes our uncertainty estimate for the SSI term in
our analysis.
Early solar spectra observations were made by Labs and
Neckel in 1962. Data were obtained from the Jungfraujoch
(3570-m altitude) at the center of the solar disk and corrected
for center-to-limb variations and atmospheric transmission.
Analysis has been revised by these authors who generated
the 1984 SSI spectra [27].
One of the first exo-atmospheric SSI observations were
made by the SOLar SPECtrum (SOLSPEC) instrument. This
instrument covers the 200–3000-nm range and has been flown
on various space platforms since 1983. Thuillier et al. [28]
have had numerous publications resulting from these data;
the ATLAS 3 model is often quoted. It is the spectrum
recommended by the CEOS-WGCV-IVOS group in 2006 and
is the model used to produce RadCalNet TOA radiances.
Two recent studies have identified biases in the ATLAS 3
SOLSPEC fluxes. These are the reanalysis of the International
Space Station (ISS) SOLar SOLSPEC observations [29] and
data from the ISS Total and Spectral Solar Irradiance Sensor (TSIS) SSI instrument [30]. Both show largest differences
in the NIR regions, traceable to the ATLAS calibration of
an on-board reference blackbody source. This study suggests
that Thuillier 2003 model [28] might not be the most accurate
in the IR. Conversely, TSIS reports an uncertainty of 0.1%,
in this spectral region, and is the spectrum used by the
OCO community, a sensor which requires a highly accurate
spectrum in the IR, where it observes in the 1.6- and 2.06-μm
CO2 absorption bands. Thus, there is evidence that TSIS-based
spectrum, such as the TSIS-1 Hybrid Solar Reference Spectrum [31], might be worth considering as a standard reference
spectrum, in place of Thuillier 2003.
Stepping back in time, the World Meteorological Organization (WMO) of the World Radiation Center (WRC) proposed
the Wehrli spectrum [32] in 1985. It was developed as a
composite of four existing data sets, concatenated to cover
most of the spectrum (200 nm–10 μm), and smoothed, scaled,
and forced in such a way that the resulting total irradiance
equals the WMO-recommended value for the solar constant,
1367 W·m−2 . Neckel and Labs (1984) data were used in the
visible. The Wehrli spectrum is used by MISR and AirMSPI,
based on the 1985 recommendation of the prelaunch Earth
Observing System (EOS) Terra calibration working group.
The Fontenla model [33] is one of the 13 solar models
built into MODTRAN. It is mentioned here as it is used by
AVIRIS. Spectra are obtained by the Solar Irradiance Physical
Modeling (SRPM) system. Daily solar irradiance spectra were
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Cross comparison of AVIRIS, eMAS, and AirMSPI VicCal spectral radiances as measured on August 15, 2019, 19:41 UTC.
TABLE III
A IR MSPI V IC C AL R ESULTS FOR AUGUST 15, 2019, 19:41 UTC OVERPASS S PECTRAL R ADIANCE U NITS : W·m−2 ·sr−1 ·m−1

constructed for most of Solar Cycle 23 based on a set of
physical models of the solar features.
The spectrum used by MCST is a compilation of
Thuillier et al. [34] from 0.4 to 0.8 μm, Neckel and Labs [27]
from 0.8 to 1.1 μm, and Smith and Gottlieb [35] above
1.1 μm. Fig. 5 and Table IV lists the MCST solar spectral
irradiance model, as well as the ratio of other models to MCST
for the eMAS spectral bands. Te ratio is typically witin 1% in
the visible, but as large as 10% in the SWIR.
VII. C ROSS -C OMPARISON R ESULTS
To compare radiances from the eMAS, AirMSPI, and
AVIRIS sensors, an approach must account for their respective
SRFs. During VicCal analysis, the eMAS team generates an
at-sensor spectral radiance spectrum using the RCN surface
reflectance and MCST SSI model. Conversely, the AirMPSI
team generated an at-sensor radiance spectrum using the ASD
in situ measurements and the Wehrli the solar irradiance
model. For the sensor intercomparison, an average of the two
at-sensor spectra was determined. The sensor SRFs were then
used to compute a band-weighted radiance from this average
spectrum. By ratioing the actual VicCal radiance for each
sensor to that of the average spectrum, a comparison is made
against a common reference, and the cross comparison is
accomplished. Fig. 6 summarizes this analysis.
By looking at the AirMSPI ratio to the reference (average)
spectrum, the UV band at 377 nm is shown to be at 0.96.
If the VicCal analysis for AirMSPI had used the MCST solar
model, the radiance would have been in perfect agreement.
This is because the RCN and ASD reflectances are the same
in the visible (400–1500 nm). Conversely, had the eMAS
VicCal analysis used the ASD reflectances, their SWIR band

ratio to the reference would have been unity. This is because
the MCST and Wehrli models are the same above 1500 nm.
We conclude that the uncertainty in VicCal radiances is on the
order of the difference in the eMAS and AirMSPI sensors to
the reference spectrum. This is within 4% for the VIS regions
and 10% for the SWIR.
Due to the uncertainty in the solar model, some sensors, such as MODIS, have their radiometric requirement
on the TOA reflectance product, which is independent of
the solar irradiance. Nonetheless, the Committee on Earth
Observing System (CEOS) has recognized the importance of
recommending a standard spectrum, to reduce biases between
sensors when comparing the radiance products. Yet, if a
project believes this standard does not meet their accuracy
requirements, they will not adhere to the recommendation.
Such is the case with the OCO, which has baselined and
recommends the TSIS spectrum. It should be noted that the
choice of solar spectrum may not, in all cases, affect the
retrieved data products. The science algorithms typically do an
inversion of the radiances back to some geophysical parameter.
In doing so, they divide out the SSI. If the calibration teams
and the science algorithm teams use the same SSI, then any
error in the model cancels.
The JPL field team continues to seek ways to validate their
in situ reflectances. However, without strong evidence of any
errors, and as they are careful to follow best practices, in situ
data will continue to be used, rather than network data, such as
that from LSpec and RadCalNet, when both are available. For
the August 15, 2019, VicCal, LSpec data show the surface was
stable between the date of the site visit and aircraft overflight.
The challenge for AirMSPI is to obtain an understanding of
the laboratory to VicCal ratio. As reported in Table III, this is
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TABLE IV
MCST SSI VALUES AND M ODEL R ATIOS C ORRESPONDING TO F IG . 5. S PECTRAL I RRADIANCE , W·m−2 ·m−1

0.94 and 0.86, respectively, for the two UV bands. This cannot
be explained by choice of SSI, at least not with the models
presented here. Had the MCST SSI model been used for
VicCal, the AirMSPI radiances would have been larger, driving
the ratio from a low value, to a 5% lower value. This would
drive the laboratory and VicCal calibrations even further apart.
Those who are tasked with the radiometric calibration
analysis of aircraft and on-orbit sensors are well aware that
VicCal does not have the same level of precision as other
techniques, such as trending the moon or Saharan desert.
It does, however, provide an absolute radiometric calibration in
the flight environment and is thus an important methodology.
No other current in-flight technique can provide an absolute
calibration. The RadCalNet sensors and data distribution system provide access to data products that put VicCals within
the reach of any calibration team. For those that lack the field
team and expertise in processing these field data, this is a
cost-effective means of achieving their calibration.
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