
Citation: Yarahmadi, M.; Thome, K.;

Wenny, B.N.; Czapla-Myers, J.;

Voskanian, N.; Tahersima, M.;

Eftekharzadeh, S. Intercomparison of

Landsat Operational Land Imager and

Terra Advanced Spaceborne Thermal

Emission and Reflection Radiometer

Radiometric Calibrations Using

Radiometric Calibration Network

Data. Remote Sens. 2024, 16, 400.

https://doi.org/10.3390/rs16020400

Academic Editors: Cody Anderson,

Kathryn Ruslander, Michael Choate,

Lawrence Ong and Esad Micijevic

Received: 30 October 2023

Revised: 27 December 2023

Accepted: 17 January 2024

Published: 19 January 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

remote sensing  

Article

Intercomparison of Landsat Operational Land Imager and Terra
Advanced Spaceborne Thermal Emission and Reflection
Radiometer Radiometric Calibrations Using Radiometric
Calibration Network Data
Mehran Yarahmadi 1,*, Kurtis Thome 2, Brian N. Wenny 1 , Jeff Czapla-Myers 3 , Norvik Voskanian 1,
Mohammad Tahersima 1 and Sarah Eftekharzadeh 1

1 Science Systems & Applications, Inc., 10210 Greenbelt Road, Lanham, MD 20706, USA;
brian.n.wenny@nasa.gov (B.N.W.); norvik.voskaniankordi@nasa.gov (N.V.);
mohammad.tahersima@nasa.gov (M.T.); sareh.eftekharzadeh@nasa.gov (S.E.)

2 NASA Goddard Space Flight Center, 8800 Greenbelt Road, Greenbelt, MD 20771, USA;
kurtis.thome@nasa.gov

3 Wyant College of Optical Sciences, University of Arizona, 1630 E University Blvd, Tucson, AZ 85721, USA;
jscm@optics.arizona.edu

* Correspondence: mehran.yarahmadi@nasa.gov

Abstract: This paper presents a comprehensive intercomparison study investigating the radiometric
performance of and concurrence among the Advanced Spaceborne Thermal Emission and Reflection
Radiometer (ASTER), Landsat 8 Operational Land Imager (L8 OLI), and Landsat 9 OLI (L9 OLI)
instruments. This study leverages data sourced from the Radiometric Calibration Network (Rad-
CalNet) and focuses on spectral bands relevant for vegetation analysis and land cover classification,
encompassing a thorough assessment of data quality, uncertainties, and underlying influencing
factors. This study’s outcomes underscore the efficacy of RadCalNet in evaluating the precision and
reliability of remote sensing data, offering valuable insights into the strengths and limitations of
ASTER, L8 OLI, and L9 OLI. These insights serve as a foundation for informed decision making in
environmental monitoring and resource management, highlighting the pivotal role of RadCalNet
in gauging the radiometric performance of remote sensing sensors. Results from RadCalNet sites,
namely Railroad Valley Playa and Gobabeb, show their possible suitability for sensors with spatial
resolutions down to 15 m. The results indicate that the measurements from both ASTER and OLI
closely align with the data from RadCalNet, and the observed agreement falls comfortably within the
total range of potential errors associated with the sensors and the test site information.

Keywords: Landsat 8; Landsat 9; ASTER; in situ radiometric calibration; RadCalNet; VNIR vicarious
calibration; SI-traceable; intercomparison; remote sensing

1. Introduction

Remote sensing is a technology that enables us to gather information about the Earth’s
surface and atmosphere without physical contact. It has revolutionized our ability to study
and monitor the Earth’s surface, providing scientists, researchers, and decision makers
with unprecedented amounts of data and insights into our planet [1].

In this context, three remote sensing platforms come into focus that include the recently
launched Landsat 9 satellite and its near-twin, Landsat 8, which capture multispectral
images of the Earth, and the Terra satellite, which carries various scientific instruments
including the high-resolution imaging instrument known as the Advanced Spaceborne
Thermal Emission and Reflection Radiometer (ASTER).

These instruments have been key providers of data used to create a wide variety of
data products, including those used for vegetation analysis and land cover classification,
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which are important for monitoring changes in plant growth, biomass, and water content,
and a wide range of environmental and societal applications. The green and red bands
are particularly useful for distinguishing between different types of vegetation and for
estimating vegetation cover and productivity, while the near-infrared band is sensitive
to changes in vegetation water content and can be used to monitor drought conditions,
soil moisture, and plant stress. Additionally, the near-infrared band is commonly used in
vegetation indices such as the normalized difference vegetation index (NDVI), which can
provide a measure of vegetation health and productivity [2].

To advance our understanding of the Earth’s surface and its evolution over time, the
availability of data from multiple sensors with different spectral bands and resolutions is
indispensable. Comparing the performance of these bands across ASTER, L8 OLI, and L9
OLI provides an opportunity to gauge the agreement among the sensors, offering users a
comprehensive view of the Earth’s surface for various applications, including agriculture,
forestry, land-use planning, and natural resource management.

However, a challenge arises in ensuring that changes in the radiometric responses of
the sensors do not impact efforts to combine data from two sensors. The NIR bands are
a good example of this since NDVI is widely used by the vegetation community, and the
NDVI derived from ASTER [3] will differ from the OLI values simply because of their spectral
differences. Users can correct for such effects, but corrections become far more complicated
if there are radiometric calibration differences between various sensors. The fact that NDVI
relies on multiple bands, as do almost all applications, requires developing techniques that
can evaluate how all of the bands from all of the sensors can be evaluated on an absolute scale
as well as relative to each other to help determine possible biases in data products.

This paper addresses this challenge through an intercomparison study, concentrating
on the radiometric performance and agreement among ASTER, L8 OLI, and L9 OLI sensors.
Leveraging data from the Radiometric Calibration Network (RadCalNet), this work focuses on
the spectral bands pivotal for vegetation analysis and land cover classification. It meticulously
evaluates data quality, uncertainties, and the key factors influencing these aspects.

It is worth noting that the Terra platform underwent two key orbital changes in
2020 and 2022. The Terra mission maintained a very narrow two-minute range for its equator
crossing through the use of orbital inclination maneuvers. The last of the maneuvers took
place in the spring of 2020 to conserve fuel for end-of-life maneuvers; since then, the plat-
form’s crossing time has been drifting to times earlier in the day. Fuel is still available to
perform debris-avoidance maneuvers, but the crossing time changed for the platform from
the original 10:30 to 10:15 in September 2022 and to 10:00 in September 2023. The 10:15 a.m.
time reached in 2022 prompted the Terra project team to perform an orbit-lowering maneuver
in October 2022 from the 705 km altitude of the Earth Sciences Constellation. The lowering of
the altitude reduces possible crossings with other platforms, helping to maintain the safety of
other platforms while preserving fuel for Terra’s eventual de-orbit burns. Thus, one goal of
this paper is to assess whether ASTER has experienced a discernible impact on its radiometric
performance as a result of the orbital changes experienced by the Terra platform.

The approach used in the current work is a vicarious calibration relying on RadCalNet.
RadCalNet has been used extensively in recent years for vicarious calibration. SI-traceable
intercalibration methodology in the Landsat 8 and 9 OLI instruments using RadCalNet
sites has been provided [4]. A combination of RadCalNet sites as a common reference was
used for an intercomparison of Landsat OLI and JPSS VIIRS [5]. Vicarious calibration of
SuperView-1 satellite sensor using RadCalNet TOA reflectance product has been investi-
gated [6]. A reliable, high-precision radiometric calibration coefficient for the GF-7 satellite
sensor has been obtained using RadCalNet’s Baotou site [7]. Calibration techniques used
for the DESIS instrument with a special emphasis on vicarious calibration over RadCalNet’s
calibration sites have been described elsewhere [8].

The primary requirement of RadCalNet is that the TOA reflectances be SI-traceable
with well-documented uncertainties. The automated nature of the data collection means
that data will typically be available for any sensor viewing the sites, and the TOA reflectance
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from RadCalNet is a useful tool for evaluating the absolute radiometric calibration of on-
orbit sensors as well as high-flying airborne sensors [9]. An additional benefit of RadCalNet
data products with SI traceability is that they allow for different satellite sensors to be
compared to each other using RadCalNet sites even when the sensors do not have identical
spectral bands. Intercomparisons using RadCalNet sites also do not require coincident
(or even near-coincident) imaging. Their SI traceability, with a well-understood and peer-
reviewed error budget, allows RadCalNet sites to be used as common references [10].

RadCalNet data offer a unique opportunity to compare the radiometric performance
of Landsat OLI to Terra’s ASTER. This work also provides an evaluation of the Railroad
Valley and Gobabeb sites of RadCalNet for sensors at a 15 m spatial resolution to help fill
the gap between results from past studies with 10 m and 30 m spatial resolutions [4,11–15].

The access to L8 OLI data allows for an additional analysis of the ASTER-to-L9 OLI
comparison to determine the impacts of any site-dependent factors. Past comparisons
between ASTER and L8 OLI indicate that the two sensors agree to within the absolute
uncertainties of RadCalNet and the sensors themselves [16,17]. It is known that L8 OLI
and L9 OLI data should agree to better than a few percent based on data collected during
an underfly of Landsat 8 by Landsat 9 [18,19]. Thus, the ASTER-to-L9 OLI comparison
discussions below benefit from understanding the RadCalNet data through OLI. The key
to this multi-sensor approach is that the RadCalNet data do not need to coincide with all
three sensors in order for this approach to be successful.

The differences and similarities in the behavior of the calibration of the two sensors are
assessed to show whether the Railroad Valley and Gobabeb RadCalNet sites are suitable
for sensors with spatial resolutions as small as 15 m while demonstrating that the recent
update to the ASTER radiometric calibration provides results that agree with L8 OLI and
L9 OLI to well within the absolute radiometric uncertainties of both sensors. It is important
to note that we omitted the results obtained from short-wave infrared (SWIR) bands in
our study. This decision stemmed from our study’s primary emphasis on the visible and
near-infrared (VNIR) bands. In recent years, ASTER sensor data were limited to Bands 1,
2, and 3N, and access to SWIR data for the entire 10-year period we considered was not
readily available. Consequently, our analysis was centered on the VNIR bands in which we
had sufficient data to conduct a comprehensive assessment.

2. Materials and Methods

In this section, we present a comprehensive overview of the materials and methods
utilized in this study. We delve into the technical details of the sensors employed, describe
the RadCalNet calibration network, explain the intercomparison methodology and the
criteria for selecting clear-sky scenes, and outline the process of converting digital numbers
to top-of-atmosphere (TOA) reflectance.

2.1. Sensors

ASTER is a joint project between NASA and the Japanese Ministry of Economy, Trade, and
Industry (METI) as part of the Terra platform. ASTER is not continuously imaging and must
be tasked to collect data. ASTER has three bands as part of its visible and near-infrared (VNIR)
camera: green, red, and near-infrared bands. ASTER VNIR data are available in two versions:
Version 3 (v003) and Version 3.1 (v031), which was released in 2016 to make adjustments to
radiometric calibration coefficients. Version 3.1 also includes improvements to the atmospheric
correction algorithms and updates to the digital elevation model (DEM) product [20].

The Landsat 8 satellite is part of the long-running Landsat program operated by NASA
and the United States Geological Survey (USGS) [21]. Landsat 8 collects up to 700 scenes
per day, with an orbit that is essentially the same as the Terra platform except that it is
eight days out of phase. Landsat 8 carries the Operational Land Imager (L8 OLI) and the
Thermal Infrared Sensor (L8 TIRS), which provide multispectral data. The L8 OLI sensor
has five VNIR bands: the coastal aerosol, blue, green, red, and VNIR bands.
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Landsat 9 upholds the tradition of the Landsat program in collaboration with NASA
and the USGS, contributing vital Earth observation data. Similar to its predecessor, Landsat
8, is in an orbit with an eight-day offset for consistent lighting conditions and was in
the same orbit as Terra until October 2022, when Terra was lowered. The satellite carries
the advanced Operational Land Imager (L9 OLI) and Thermal Infrared Sensor (L9 TIRS),
refining the capabilities of Landsat 8’s instruments. L9 OLI’s spectral bands include coastal
aerosol, blue, green, red, near infrared, and short-wave infrared. Landsat 9’s mission
aligns with its predecessors, providing indispensable multispectral and thermal data for
various applications spanning from environmental monitoring to disaster management.
The characteristics of the ASTER and OLI sensors are summarized in Table 1. The band
names and center wavelength values of OLI and ASTER in the 400 nm to 1000 nm range
that are used in this study are listed in Table 2.

Table 1. Characteristics of Terra ASTER, Landsat 8 OLI, and Landsat 9 OLI.

Sensor Launch Year Orbit Type Swath Width Spatial Resolution Equator Crossing Time

Terra ASTER [22] 1999 Sun-synchronous 60 km 15 m 10:30 a.m.
Landsat 8 OLI [23] 2013 Sun-synchronous 185 km 30 m 10:00 a.m.
Landsat 9 OLI [24] 2021 Sun-synchronous 185 km 30 m 10:00 a.m.

Table 2. Band names and center wavelength values (nm), for the ASTER, L8 OLI, and L9 OLI sensors
used in this intercomparison.

Band Centers (nm)

ASTER Band Names Terra
ASTER

Landsat 8
OLI

Landsat 9
OLI OLI Band Names

B1 (Green) 554 561 561 B3 (Green)

B2 (Red) 661 655 655 B4 (Red)

B3N (NIR) 807 865 865 B5 (NIR)

Figure 1 shows the relative spectral responses (RSRs) of the L8 OLI, L9 OLI, and
ASTER sensors in the 400 nm to 1000 nm range. The three sensors have similar spectral
responses in the shared spectral regions, although there are some differences in the center
wavelength and band width. For example, the green band of ASTER is slightly wider than
those of L8 OLI and L9 OLI, with a slightly shorter center wavelength. Another example is
the near-infrared band of ASTER, which is broader than those of L8 OLI and L9 OLI but at
a shorter center wavelength. Such a band shape can be beneficial for monitoring vegetation
water content, but the OLI band was able to take advantage of improved sensor technology
to allow for a narrower band that was placed to reduce effects caused by an absorption
feature from atmospheric water vapor.Remote Sens. 2024, 16, x FOR PEER REVIEW 5 of 22 
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2.2. RadCalNet

Absolute radiometric calibration is the key step to ensuring the accuracy of remote
sensing data as it corrects for variations in sensor response due to changes in the sensor’s
environment or the aging of the sensor’s components. RadCalNet is a network of sites estab-
lished by the Infrared Visible Optical Sensors (IVOS) Subgroup of the Committee on Earth
Observation Satellites (CEOS) Working Group on Calibration and Validation (WGCV) [10].
Its purpose is to provide SI-traceable data suitable for assessing calibration while also
providing an opportunity to evaluate the calibration across multiple Earth observation
sensors. The network includes multiple sites for the purpose of optical imager radiometric
calibration in the visible-to-short-wave infrared (SWIR) spectral range [10]. To ensure
minimal uncertainties in the calibration process caused by path radiance, misregistration,
spectral differences, temporal variability, view angle differences, aerosols, adjacency effects,
and weather conditions, a suitable cross-calibration site must possess specific characteris-
tics, such as high surface reflectance, spatial uniformity, flat spectral reflectance, temporal
invariance in surface properties, a near-Lambertian surface, high altitude, large size, arid
region, and accessibility [25]. The two sites used here, Railroad Valley Playa and Gobabeb,
best match these criteria, and both have a significant amount of available data for ASTER,
L8 OLI, and L9 OLI while covering the longest periods. Coordinates and areas for the two
sites are presented in Table 3.

Table 3. RadCalNet sites with their coordinates and surface footprints.

Site Four-Letter Name Lat/Lon Area (m2)

Railroad Valley Playa RVUS (38.497, −115.690) 1000 × 1000
Gobabeb GONA (−23.600, 15.120) π × 30 × 30

The Railroad Valley Playa site in Nevada, USA, with the four-letter name RVUS, has
been utilized for reflectance-based vicarious calibration since the mid-1990s [26]. Auto-
mated solar transmittance data collection began in 2001, with initial versions of downward-
looking radiometers deployed in 2002. The current Radiometric Calibration Test Site
(RadCaTS), featuring four ground-viewing radiometers (GVRs), was established in 2011.
The RadCaTS’s region of interest (ROI) is approximately 1 km2 (1000 m × 1000 m) and is
centered at the coordinates 38.497◦N, 115.690◦W at an altitude of 1435 m. The site is in a
remote, unpopulated area, which minimizes the effects of urbanization and other land-use
changes on measurements. The surface reflectance is typical of clay-based playas, with
higher values in the NIR and SWIR bands, and stable under dry conditions but varying
due to occasional rain and snowfall. The surface behaves approximately Lambertian up to
view angles of around 30◦ such that bidirectional reflectance effects are not the dominant
uncertainty source for near-nadir sensor views [27]. The yearly average aerosol optical
depth is low, around 0.060 at 550 nm. GVRs are multispectral, with seven bands in the
VNIR channel and one SWIR channel. Atmospheric data collection follows the AERONET
(Aerosol Robotic Network) network’s acquisition scheme, and GVRs record data every two
minutes [28]. Data are transmitted to the University of Arizona via satellite uplink. The
RadCaTS data is then processed to derive the site reflectance based on the GVR suite’s
average. Figure 2 shows an image of the extended region of RVUS as well as the 1 km2 ROI
used by the RadCaTS and, thus, RadCalNet.

The Gobabeb site in Namibia, with the four-letter name GONA, was established as
part of the RadCalNet prototype phase and has been active since July 2017. It is jointly
operated by the European Space Agency (ESA) through subcontracting to the National
Physical Laboratory of the United Kingdom (NPL), as well as the Centre National d’Etude
Spatiales (CNES) [29,30]. An automated sun photometer that is part of AERONET provides
atmospheric data in a fashion similar to that at RVUS. The sun photometer at GONA
also retrieves measurements of upwelling surface radiance, allowing for the derivation of
the surface bidirectional reflectance distribution function (BRDF). Operational software
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processes the data, calibrates the photometer, estimates atmosphere properties, and models
the site’s BRDF. GONA was chosen through a global search focusing on quantitative
evaluations of spectral characteristics, spatial consistency, the likelihood of clear skies, and
other site parameters. It is the only site of the original five RadCalNet sites selected via
this process. Calibration involves sun measurements, Rayleigh scattering, and external
calibration methods. GONA’s role extended to aiding the RadCalNet Working Group in
formulating criteria and guidelines for prospective network sites [10]. The site is centered
at 23.600◦S, 15.120◦E, and like La Crau, the ROI is a disk with a 30 m radius. Figure 3 shows
an overview of GONA as well as the 30 m radius disk ROI used by RadCalNet.
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Figure 4 illustrates histograms depicting the band-averaged top-of-atmosphere (TOA)
reflectance for both RVUS and GONA based on RadCalNet data from the two sites. The
data were derived by band-averaging the RadCalNet values across the L8 OLI and ASTER
RSRs for each sensor in the green, red, and NIR spectral bands. The data from RVUS were
based on the 17:30 to 19:30 UTC RadCalNet data and the 8:30 to 10:30 UTC measurement
from GONA. These specific times were chosen because they coincide closely with the
overpasses of the Landsat and Terra satellites over RVUS and GONA. In the figure, the
dark blue color represents the overlap between the two histograms for the two sensors.
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Figure 4. Comparison of TOA reflectance histograms for green, red, and NIR bands at the RVUS and
GONA sites, averaged using the RSRs of the OLI and ASTER sensors.

The histograms reveal that RVUS exhibits a broader range of TOA reflectance values
across all three spectral bands compared to GONA. Notably, the histograms for the green
and red bands closely resemble each other. As a result of the similarity in spectral response
between L8 OLI and ASTER in these bands, the spectral reflectance at both sites is relatively
flat over those bands. However, when examining the NIR band, a noticeable difference in
the histograms is observed that is consistent at both two sites. The spectral reflectances at
RVUS and GONA are also relatively flat in this spectral region, though the width of the
ASTER band means that it is affected by the small slope in the surface reflectance. The
variations in the histograms can be attributed to ASTER’s NIR spectral response having a
wider spectral range and a shorter central wavelength compared to L8 OLI. This difference
leads to ASTER sampling atmospheric absorption differently. Importantly, utilizing data
from RadCalNet is advantageous because it easily addresses these spectral disparities by
averaging the TOA reflectance data across bands.

2.3. Approach for Comparing Sensor Imagery with RadCalNet Measurement Data

RadCalNet utilizes ground-based measurements of surface and atmospheric condi-
tions to predict TOA reflectance using the MODTRAN (moderate resolution atmospheric
transmission) radiative transfer code [10]. Uncertainties are provided for each RadCalNet
data point that were determined from a look-up table approach [31]. Operators of RadCal-
Net sites provide nadir-viewing bottom-of-atmosphere (BOA) reflectance data at 10 nm
intervals between 400 nm and 2300 nm in 30 min intervals from 09:00 to 15:00 local standard
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time. Atmospheric parameters such as surface pressure and temperature, water vapor,
ozone, aerosol optical depth, and Angstrom coefficient are also provided.

The calibration of a selected sensor is determined by comparing the image data from
the sensor collected over the RadCalNet site to the band-averaged TOA reflectance from the
RadCalNet processing closest in time to the sensor imagery. This comparison is presented
by calculating the ratio of the TOA reflectance of the sensor to the TOA reflectance obtained
from RadCalNet measurements.

The sensor pixels corresponding to the RadCalNet site are averaged and processed
using conversion factors provided by the sensor team to determine the TOA reflectance
for a given spectral band (as explained in Section 2.4). The spatial resolutions of L8 OLI,
L9 OLI, and ASTER differ, with L8 OLI and L9 OLI having a pixel size of 30 m for the visible
and near-infrared bands and ASTER having a pixel size of 15 m for the same spectral range.

Therefore, to cover the RVUS site, an ROI of 33 × 33 pixels is used for L8 OLI and
L9 OLI, and an ROI of 67 × 67 pixels is used for ASTER. The ROIs are centered at the
specified RadCalNet site coordinates for RVUS to ensure complete coverage of the site by
remote sensing data. In the case of GONA, a selection of pixels located nearest to the central
point of the disk is employed for the L8 OLI and L9 OLI and ASTER datasets. The values
attributed to these pixels are then averaged, considering their relative proximity to the
center of the disk. For Landsat data, typically, 9 pixels situated closest to the central point
of the disk are taken into account when performing the averaging operation. However, for
ASTER data, a larger set of 16 pixels, also located in close proximity to the center of the disk,
is factored into the averaging process. The process generates a single TOA value for each
spectral band which is compared to the corresponding RadCalNet TOA reflectance value.

By band averaging the RadCalNet TOA reflectance values across the RSR values shown
in Figure 1 for both OLI and ASTER sensors at each data point, we account for spectral
response variations between the two sensors as well as potential changes in the spectral
characteristics of the test sites over time. Figure 5 shows the logic flowchart for comparing
image data from the sensor collected over the RadCalNet site to the band-averaged TOA
reflectance from the RadCalNet data.
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2.4. Conversion of Digital Numbers to TOA Reflectance

Each pixel in an L8 OLI, L9 OLI, or ASTER image is represented by a digital number
(DN) that must be converted to a TOA reflectance value based on formulations provided by
the OLI and ASTER calibration teams. There is a two-step process for converting ASTER data
into TOA reflectance. Step 1 converts DN values into TOA radiance using the following:

TOARadiance = (DN × Multiplicative Scaling Factor) + Additive Scaling Factor (1)

The multiplicative scaling factor is a unitless number that converts raw DN values
into radiance units, and the additive scaling factor is a bias correction factor. Radiance
values are converted into TOA reflectance values using the following:

TOAReflectance = (π× TOARadiance × d2)/(ESUN × cosθs) (2)

where d is the sun–earth distance, ESUN is the mean solar exoatmospheric irradiance for a
given ASTER band, and θs is the solar zenith angle provided in the metadata. The values
of ESUN(λ) are taken from WRC-based results recommended by the ASTER team and used
in the determination of the ASTER surface reflectance data product [32].

The process for OLI data is more straightforward since the imagery DN is directly
related to reflectance and the TOA reflectance is found using a single step:

TOAReflectance = ((Mρ × DN) + Lρ)/cosθs (3)

where Mρ is the reflectance multiplicative scaling factor for the spectral band, and Lρ is the
reflectance additive scaling factor for the spectral band.

2.5. Clear-Sky Scene Selection

Tables 4 and 5 provide a detailed comparison of available matchups between clear-sky
sensor images and RadCalNet data for the two test sites. Clear-sky conditions were deter-
mined based on the cloud percentage scores provided in the sensor metadata. The table
shows the number of available data for Terra ASTER, Landsat 8 OLI, and Landsat 9 OLI.
L8 OLI and L9 OLI data are obtained from the USGS Earth Explorer data portal, and
this study uses the Collection 2 Level 1 precision terrain-corrected imagery (L1TP). The
“Available” column shows the total number of available clear-sky matchups for each sensor.
To clarify, “matchup” refers to the comparison of radiometric measurements obtained
by L8 OLI, L9 OLI, and ASTER with those from RadCalNet when both sources have data
available for the test site on the same day. The values in the tables are based on RVUS data
dating back to 2013, when the RadCaTS became fully operational in its current configura-
tion. Thus, there are no RadCalNet data available for ASTER between 1999 and 2013.

Table 4. Matchup statistics between clear-sky sensor images and RadCalNet data for Terra ASTER,
Landsat 8 OLI, and Landsat 9 OLI over RVUS. The Landsat 8 OLI and Terra ASTER statistics
are for dates from April 2013 to August 2023, while the Landsat 9 OLI statistics are for dates
from November 2021 to August 2023.

Sensor Launch Available Site Mismatch Anomalous Condition Good

Terra ASTER 1999 50 7 (~14%) 10 (~20%) 33 (~66%)

Landsat 8 OLI 2013 75 0 (0%) 15 (~20%) 60 (~80%)

Landsat 9 OLI 2021 8 0 (0%) 1 (~13%) 7 (~87%)

Notably, L8 OLI has the highest number of available matchups at 75 for RVUS and
49 for GONA, while ASTER has 50 and 43 for these respective sites. The lower number of
available matchups for ASTER compared to L8 OLI is partly due to the fact that ASTER must
be tasked to collect data for specific areas or targets, while L8 OLI is continuously acquiring
data over the US. This means that L8 OLI has more opportunities to capture data over a wider
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range of targets and therefore has more matchups available for intercomparison with other
sensors. The matchups for L9 OLI are far fewer due to its recent September 2021 launch.

Table 5. Matchup statistics between clear-sky sensor images and RadCalNet data for Terra ASTER, Land-
sat 8 OLI, and Landsat 9 OLI over GONA. The Landsat 8 OLI statistics are for dates from October 2017
to August 2023, the Landsat 9 OLI statistics are for November 2021 to August 2023, and for the statistics
Terra ASTER are for April 2019 to August 2023.

Sensor Launch Available Site Mismatch Anomalous Condition Good

Terra ASTER 1999 43 1 (~2%) 2 (~5%) 40 (~93%)

Landsat 8 OLI 2013 49 0 (0%) 3 (~6%) 46 (~94%)

Landsat 9 OLI 2021 9 0 (0%) 0 (0%) 9 (100%)

One interesting point to consider is that the maximum number of points that would
be available at either site would be approximately 26 matchups per year. Thus, the L8 OLI
matchups indicate a success rate of approximately 30%. The reasons for which data
may not have a matchup range from poor site conditions to anomalies in ground-based
instrumentation, poor atmospheric conditions, or a lack of data from the on-orbit sensor.
The success rate here is an excellent example as to the motivation of automated data at such
sites as well as the networking of data from multiple sites.

To ensure higher accuracy, the difference in collection time from RadCalNet to the
sensor being calibrated is as small as possible to reduce effects from surface and atmospheric
conditions. Recall that RadCalNet data are provided at 30-min intervals; thus, the ideal
situation is that an ASTER, L8 OLI, or L9 OLI collection should have less than a 15-min
difference in time for cases in which the RadCalNet instrumentation is operational and
atmospheric conditions are suitable for a calibration. The work here has expanded that
limit to 30 min in order to include additional dates for which there is no full complement
of RadCalNet TOA reflectance. This approach trades between the larger time difference
introducing different atmospheric conditions and effects from changes in surface reflectance
leading to higher uncertainties in the radiometric calibrations to having a greater number
of data sets.

Once a matchup has been found between the sensor and RadCalNet, the sensor and
RadCalNet data are evaluated to determine the quality of the data and whether to include
the data set in the calibration work. The four right-hand columns of Tables 3 and 4 show
the outcomes of this quality assessment to filter the matchups based on various factors
that can affect the accuracy of radiometric intercomparison. The “site mismatch” column
indicates the number of cases in which the sensor imagery could not readily be matched
with a RadCalNet test site. For ASTER, there are 7 such cases (~15% of available matchups)
in RVUS, while neither L8 OLI nor L9 OLI have this issue. All seven ASTER instances
corresponded to cases in which the ASTER VNIR camera was pointed at a large off-nadir
angle. There are far fewer occurrences of site mismatches for GONA, with only one instance
for ASTER and none for L8 OLI and L9 OLI.

The “anomalous condition” column indicates the count of matchups in which the
atmospheric conditions at RadCalNet sites were flagged as anomalous by the site owners or
when an anomaly in surface conditions occurred. An anomaly in surface conditions could
result in the site owner not deriving and providing BOA surface data as they may not meet
the processing quality assurance metric. These anomalies could be related to atmospheric
parameters such as pressure, temperature, water vapor, ozone, aerosol optical depth, and
the aerosol Angstrom coefficient or are flagged by the RVUS site operator based on their
assessment of the surface conditions during the matchup. For ASTER, L8 OLI, and L9 OLI,
20%, 20%, and 13% of available matchups were affected by an anomalous atmosphere,
respectively, at RVUS. These numbers are significantly lower at GONA, reflecting the
differences in quality assessments (QAs) at the sites.
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Finally, the “Good” column shows the number of data sets available after applying
the filters that are used here and for which it is expected that there should be suitable
absolute uncertainties for the absolute radiometric evaluation of ASTER, L8 OLI, and
L9 OLI. RVUS has 33 (66% of available matchups), 60 (80% of available matchups), and
7 (87% of available matchups) data sets that were considered “good” for ASTER L8 OLI,
and L9 OLI, respectively. The values for GONA for ASTER, L8 OLI, and L9 OLI, are
93%, 94%, and 100%, respectively.

3. Results

We use the good data selected by the above scene selection criteria to compare the
TOA reflectances of satellite images and TOA reflectances of ground site measurements.
The results are shown separately for the two sites, for all three sensors, and for RadCalNet
data that are available from RVUS and GONA.

3.1. Railroad Valley Playa Site

Figure 6 shows the ratio of the TOA reflectance of the sensor to the RadCalNet TOA
reflectance for the two versions of ASTER radiometric data products and the L8 OLI
and L9 OLI TOA reflectance products for RVUS. In the figure, the top graph displays
the results for the green band, while the middle and bottom graphs show the results for
the red and near-infrared bands, respectively. A ratio of unity corresponds to a case in
which the reported TOA reflectance from the imagery agrees with the predicted values
from RadCalNet.
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To better understand the consistency of the TOA reflectance ratios across the spectral
bands and for the two sensors, the temporal average and standard deviation values are cal-
culated for the ratios. The temporal average and standard deviation provide a quantitative
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way to compare the results from the two sensors to evaluate their radiometric consistency
and stability. Figure 7 presents the results for the two versions of ASTER data and the
L8 OLI and L9 OLI products over RVUS. The data used for the averages and standard
deviations are based on the ratios provided in Figure 6. Figure 7a shows the results between
ASTER and L8 OLI. Figure 7b shows the intercomparison results between ASTER and
L9 OLI for the ratios retrieved after November 2021.
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Knowledge of the absolute radiometric uncertainties for both the RadCalNet and the
ASTER and OLI sensor data allows for a combined uncertainty to be determined for the
sensor-to-RadCalNet ratio. The absolute radiometric uncertainty (k = 1) values for the
ASTER and OLI data are ~3% for the VNIR bands [33]. The absolute radiometric uncertainty
of the RadCalNet TOA reflectance is reported at each wavelength for each RadCalNet data
point. Assuming that the RadCalNet and sensor uncertainties are uncorrelated allows for
the combined uncertainty, u(y) to be calculated as follows [34]:

u(y) =
√
(us/s)2 + (ur/r)2 × y (4)

where us is the absolute standard uncertainty of the sensors, ur is the absolute standard
uncertainty of the TOA reflectance results of RadCalNet, and y is the TOA reflectance ratio.

A technique called “double ratios” can be used to mitigate possible biases in the
intercomparison results between sensors [35]. The method in this case involves dividing
the average ratios shown in Figure 7 to reduce the impact of systematic effects from
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using the RadCalNet data sets as a reference. Figure 8 shows the double-ratio results
for the ASTER to OLI pairs. Figure 8a shows a comparison between ASTER and L8 OLI,
and Figure 7b shows the ASTER to L9 OLI case. The results are shown for the average
wavelengths of the ASTER and OLI bands used in the double ratio. The combined standard
uncertainty for the double ratio is computed in a similar fashion as Equation (4). A double
ratio of one implies agreement between the two sensors being compared.
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Figure 8. Double ratios for (a) Terra ASTER/Landsat 8 OLI for two versions of ASTER over RVUS
from April 2013 to August 2023; (b) Terra ASTER/Landsat 9 OLI for two versions of ASTER over
RVUS from November 2021 to August 2023, with symbols representing average ratios and error bars
showing the uncertainty.

3.2. Gobabeb Site

Figure 9 illustrates the ratio between the sensor’s TOA reflectance and the RadCalNet
TOA reflectance values for ASTER v3.1, L8 OLI, and L9 OLI at the GONA site. We have
omitted the results for ASTER version 3.0 as the differences resulting from the upgrade in the
ASTER products are nearly identical to the results shown above in the RVUS site analysis. The
upper graph in Figure 9 presents the findings for the green band, while the middle and lower
graphs depict the outcomes for the red and near-infrared bands, respectively.
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Figure 9. TOA reflectance ratios for Terra ASTER v3.1, Landsat 8 OLI, and Landsat 9 OLI compared
to GONA RadCalNet over the period of October 2017 to August 2023 for selected spectral bands. The
ratios are shown for (a) green band, (b) red band, and (c) near-infrared bands. The temporal mean
ratio (µ) values for each band combination over the entire period are provided in the figure legend.

Figure 10a shows the intercomparison results between ASTER and L8 OLI for GONA,
which are similar to those shown in Figure 7a for RVUS. The intercomparison results
between ASTER and L8 OLI are for the ratios retrieved after April 2019. Figure 10b
shows the same intercomparison between ASTER and L9 OLI for the ratios retrieved from
November 2021 to August 2023.
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4. Discussion

In this section, we analyze the results obtained from Railroad Valley Playa and Goba-
beb. Our discussion focuses on the temporal behavior of the ratios, temporal averages, and
the double ratios provided.

4.1. Railroad Valley Playa

The first item of note is that the agreement between ASTER and L8 OLI is qualitatively
quite good. Both ASTER and L8 OLI show similar temporal behaviors, indicating a
likely site-dependent effect on the TOA ratio which, though well within the absolute
uncertainties of the retrievals, is clearly evident in all three of the sensors shown. There
are challenges in comparing ASTER and L9 OLI because of the lack of ASTER data points
at RVUS. More disappointing is the fact that there is only one ASTER data set during the
first nine months of L9 OLI data when the orbits of ASTER and L9 OLI were coincident
(though with a difference in crossing time). There are expected to be additional data points
available from ASTER after October 2022 from both RVUS and GONA once the ASTER
team completes the reprocessing of data that account for changes in orbital altitude due to
the orbit-lowering maneuver.

In Figure 6, the difference between the two ASTER versions is particularly noticeable
for the red band, in which version 3.1 produces higher TOA reflectance values, resulting
in higher ratios compared to version 3. This indicates that the upgrade from version 3 to
version 3.1 only affects the red band and that it is in the interest of users to rely on the
Version 3.1 products.

As mentioned above, Figure 6 shows that for RVUS, none of the sensors indicate a
large difference in the comparison of their radiometric responses to the RadCalNet results.
The figure does indicate that there are multiple changes similar to those described above
in which the ratio versus time shows consistent behavior across the sensors, indicating
a possible RadCalNet-related effect on the retrieved ratios. For example, the ASTER,
L8 OLI, and L9 OLI TOA reflectances show ratios >1 in August and September of 2018 and
<1 in September and October of 2020. The effect is also consistent across all three spectral
band regions, suggesting that environmental factors at the RVUS test site such as wildfire
smoke or land-cover alterations may be affecting the model predictions for the RadCalNet
TOA reflectance during these time periods. Further investigation is underway to assess
possible causes. Additionally, it should be noted that for both sensors, there are instances in
which the TOA reflectance values from the sensors differ from the ground measurements
by more than 4%, which is a typical k = 1 absolute uncertainty reported by RadCalNet for
the RVUS site [31].

Figure 7 shows that the reflectance ratios for the green and near-infrared bands are
similar between ASTER v3.0 and ASTER v3.1, while the ratio for the red band is higher
for ASTER v3.1. This suggests that the upgrade from version 3 to 3.1 had a larger impact
on the red band than the green or near-infrared bands in this portion of the ASTER data
record, resulting in higher predicted TOA reflectances in this band for the newer version.

Another feature shown in Figure 7 is the difference in center wavelengths between
ASTER and the two OLI sensors. One advantage to the RadCalNet-based comparison is
that the evaluation can maintain the sensor band information rather than simply comparing
green bands, red bands, and NIR bands. Furthermore, it even becomes possible to compare
across the bands within and across sensors. The overall conclusion is that all bands of all
sensors agree with each other to well within the combined absolute uncertainties of the
sensors and RadCalNet.

The results shown in Figure 7 indicate that the reflectance ratios are comparable
within their standard deviations. Moreover, the average ratios in all cases for the two
sensors are within 4% of unity, and this is well within the combined RadCalNet and sensor
absolute radiometric uncertainties. A key result is that the ASTER (both v3.0 and v3.1)
and L8 OLI TOA data products, based on their absolute radiometric calibrations, agree
with each other in comparable bands to within the combined uncertainties. The agreement
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is also true for comparisons with bands across the full spectral region. That is, one can
conclude that all the matching L8 OLI spectral bands are consistent with all the ASTER
spectral bands. Such a result is critical for applications that would use a combination of
ASTER and L8 OLI spectral data.

Figure 7b shows the L9 OLI and ASTER results, in which similar outcomes were ob-
tained. The reflectance ratios within the examined spectral bands demonstrate a remarkable
similarity, maintaining alignment within standard deviations. Notably, the mean ratio
values for both L9 OLI and ASTER sensors exhibit minimal deviation from unity, with
differences contained well within the comprehensive realm of combined radiometric uncer-
tainties. Thise outcome is consistent across the entirety of spectral bands explored, thereby
reinforcing the robustness of the observations. This congruence in spectral consistency
bears profound implications for applications necessitating the harmonious integration of
ASTER and L9 OLI spectral data, providing a reliable foundation for cross-sensor analyses.

In Figure 8, it is evident that the double-ratio intercomparison results exhibit a high de-
gree of agreement. The agreement observed within Figure 8 is robust as it falls comfortably
within the combined standard uncertainties of this intercomparison. This level of concor-
dance among the data points reinforces the reliability and consistency of the double-ratio
intercomparison results, thereby enhancing the overall confidence in the findings presented
in this study.

To assess the impact of the ASTER orbit-lowering maneuver, the dataset presented
in Figure 6 was restricted to data collected after October 2022. In Figure 11, a comparison
is made between the performances of ASTER, L8 OLI, and L9 OLI during this specific
timeframe. The findings indicate that the radiometric calibration of the ASTER sensor has
remained consistent despite the orbit-lowering maneuver conducted in October 2022.

Remote Sens. 2024, 16, x FOR PEER REVIEW 17 of 22 
 

 

differences contained well within the comprehensive realm of combined radiometric un-
certainties. Thise outcome is consistent across the entirety of spectral bands explored, 
thereby reinforcing the robustness of the observations. This congruence in spectral con-
sistency bears profound implications for applications necessitating the harmonious inte-
gration of ASTER and L9 OLI spectral data, providing a reliable foundation for cross-sen-
sor analyses. 

In Figure 8, it is evident that the double-ratio intercomparison results exhibit a high 
degree of agreement. The agreement observed within Figure 8 is robust as it falls comfort-
ably within the combined standard uncertainties of this intercomparison. This level of 
concordance among the data points reinforces the reliability and consistency of the dou-
ble-ratio intercomparison results, thereby enhancing the overall confidence in the findings 
presented in this study. 

To assess the impact of the ASTER orbit-lowering maneuver, the dataset presented 
in Figure 6 was restricted to data collected after October 2022. In Figure 11, a comparison 
is made between the performances of ASTER, L8 OLI, and L9 OLI during this specific 
timeframe. The findings indicate that the radiometric calibration of the ASTER sensor has 
remained consistent despite the orbit-lowering maneuver conducted in October 2022. 

 
Figure 11. Temporal averages of TOA reflectance ratios for two versions of Terra ASTER and Land-
sat 8 OLI, and Landsat 9 OLI over RVUS from October 2022 to August 2023, with symbols repre-
senting average ratios and error bars showing standard deviations. 

4.2. Gobabeb Site 
In Figure 9, we observe significant site-based effects at GONA. These effects are evi-

dent in the ratios produced by all three sensors, which exhibit similar trends over time. 
Fortunately, our results demonstrate a high level of agreement among the three sensors, 
considering the combined uncertainties stemming from sensor calibration and RadCal-
Net-associated uncertainties. 

Figure 9 also highlights a consistent pattern in the ratio-versus-time trends specifi-
cally between the ASTER and OLI sensors within the GONA region. Notably, for most 
recorded dates, the ASTER sensor consistently yields higher ratio values when compared 
to the OLI sensor. This pattern holds true across all three spectral bands we examine, with 
the difference being particularly pronounced in the green band. 

In Figure 9, we present the ratios calculated using top-of-atmosphere (TOA) reflec-
tance values obtained from RadCalNet. These reflectance values, which serve as the de-
nominator for the ratios displayed in Figure 9, are also separately illustrated in Figure 12. 
Figure 12 specifically focuses on the period from 2019 to 2023, during which there was a 

Figure 11. Temporal averages of TOA reflectance ratios for two versions of Terra ASTER and
Landsat 8 OLI, and Landsat 9 OLI over RVUS from October 2022 to August 2023, with symbols
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4.2. Gobabeb Site

In Figure 9, we observe significant site-based effects at GONA. These effects are
evident in the ratios produced by all three sensors, which exhibit similar trends over
time. Fortunately, our results demonstrate a high level of agreement among the three
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sensors, considering the combined uncertainties stemming from sensor calibration and
RadCalNet-associated uncertainties.

Figure 9 also highlights a consistent pattern in the ratio-versus-time trends specifically
between the ASTER and OLI sensors within the GONA region. Notably, for most recorded
dates, the ASTER sensor consistently yields higher ratio values when compared to the
OLI sensor. This pattern holds true across all three spectral bands we examine, with the
difference being particularly pronounced in the green band.

In Figure 9, we present the ratios calculated using top-of-atmosphere (TOA) reflectance
values obtained from RadCalNet. These reflectance values, which serve as the denominator
for the ratios displayed in Figure 9, are also separately illustrated in Figure 12. Figure 12
specifically focuses on the period from 2019 to 2023, during which there was a modification
in the tasking of the ASTER sensor to capture more frequent images of the GONA site.
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Figure 12. TOA reflectance values derived from RadCalNet for the matchup dates of Terra ASTER
v3.1 and Landsat 8 OLI with GONA measurements.

The TOA reflectance values derived from RadCalNet for the green and red bands
demonstrate a reasonable level of consistency between the ASTER and L8 OLI matchup
dates. Specifically, the average reflectance values, as depicted in Figure 12, are 0.23 for the
red band and 0.31 for the green band, and these values are consistent for both sensors.

However, an interesting observation emerges when we consider the NIR (near-infrared)
band. Notably, the RadCalNet-derived TOA reflectances for the L8 OLI matchup dates
consistently exceed those of the ASTER matchup dates in this band. This observation
aligns with what we see in Figure 4, in which the difference in reflectance is attributed
to a combination of spectrally varying atmospheric and surface effects. These effects are
compounded by the spectral differences between the sensors, with ASTER having a broader
spectral response and a shorter central wavelength. The root cause of these differences is
under investigation.

In Figure 13, we present the numerator values used to calculate the ratios displayed in
Figure 9. These numerator values are extracted from the sensor imagery and correspond to
the matchup dates of ASTER-GONA and L8 OLI-GONA.
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Figure 13. TOA reflectance values obtained from Terra ASTER v3.1 and Landsat 8 OLI imagery for
the matchup dates with GONA measurements.

Figure 13 illustrates a consistent trend in which ASTER imagery consistently yields
higher TOA reflectance values than those obtained from L8 OLI, particularly in the red and
green bands. Specifically, the average TOA reflectance for the green band is 0.23 for L8 OLI,
while it is slightly higher at 0.24 for ASTER.

The findings in Figures 12 and 13 corroborate the observations made in Figure 9,
providing further evidence of the effects we have discussed.

Figure 14 presents histogram distributions based on the data from Figure 13, including
a similar histogram generated for the RVUS site. Notably, the reflectance histograms for the
green and red bands of both L8 OLI and ASTER display a remarkable degree of similarity.
Furthermore, the NIR histogram exhibits a pattern akin to that in Figure 4, as one would
expect given the dominance of surface reflectance effects over TOA reflectance, particularly
for sites as bright as GONA and RVUS.
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However, a striking contrast emerges in the green and red bands of the GONA site,
where ASTER consistently records higher reflectance values compared to L8 OLI. This
divergence in GONA contradicts the reflectance histograms obtained from RadCalNet, as
illustrated in Figure 4 for GONA. The underlying cause of this intriguing spectral behavior
between the OLI sensors and ASTER at GONA, which differs from the RVUS site, remains
unclear. Ongoing investigations are focused on unraveling this effect through a combination
of data from other sensors and a deeper exploration of atmospheric distinctions between
the two sites. For instance, it is noteworthy that the GONA site is situated near sea level,
while the RVUS site is at an elevation of 1435 m, which may provide valuable insights into
these observations.

Figure 10a reveals that when using GONA as a common reference, the reflectance
ratios between L8 OLI and ASTER are comparable within a standard deviation for the
red and NIR bands but differ in the green band by more than one standard deviation. In
addition, the NIR band of L8 OLI does not agree within one standard deviation with the
green and red bands of ASTER. Figure 10b shows similar results between the L9 OLI and
ASTER data except that the smaller deviation in the L9 OLI results at GONA leads to a more
substantial difference. L9 OLI’s mean ratio values exhibit minimal deviation from unity,
while those for ASTER deviate from unity by approximately 2% to 6%. This highlights a
noticeable disagreement in absolute radiometric calibrations between the Landsat 9 OLI
and Terra ASTER sensors when employing GONA as the common reference, but it is still
within the combined uncertainties at a 95% confidence interval.

5. Conclusions and Future Work

The SI-traceable uncertainties of RadCalNet data products allow the TOA reflectances
computed by ASTER and L9 OLI to be compared to a standardized and traceable calibration
reference. The intercomparison results show that both ASTER and OLI agree with RadCal-
Net to well within the combined absolute uncertainties of the sensor and the test site data.
One important additional result is that this work confirms that the Railroad Valley Playa
and Gobabeb RadCalNet sites are suitable for use with sensors with a spatial resolution
as small as 15 m. Further work is underway to understand the different behaviors of the
ASTER sensor between the GONA and RVUS sites.

A benefit of this study is that it shows that the ASTER sensor’s radiometric calibration
remained stable across the orbit-lowering maneuver that took place in October 2022. The
results also show that both the v3.0 and the updated v3.1 ASTER data agree with the
RadCalNet results, and it is recommended that users rely on the v3.1 since it provides an
improved consistency in the red band with the other two ASTER bands. The temporal
results from the RadCalNet comparisons show that neither the ASTER nor the L8 OLI
or L9 OLI data products are changing in time in a systematic fashion, which indicates
that the radiometric calibration of both sensors is well understood by their respective
instrument teams. Comparisons of the 10-year averages of the ratio to RVUS RadCalNet
indicate that OLI and ASTER agree to within 7% in all spectral bands and 4% in the closely
matched green, red, and near-infrared bands. Similar results are obtained with the much
shorter time history of L9 OLI, indicating that a sufficient number of data sets can be
obtained within 18 months to develop a reliable comparison between multiple sensors
using RadCalNet data. In summary, RadCalNet has been shown to play a crucial role in
the intercomparison, calibration, and validation of remote sensing sensors, and users can
be confident that applications relying on ASTER, L8 OLI, and L9 OLI will not be affected
by absolute radiometric calibration differences between sensors.
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