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Abstract: Landsat 9 (L9) was launched on 27 September 2021. This spacecraft contained two instru-
ments, the Operational Land Imager-2 (OLI-2) and Thermal Infrared Sensor-2 (TIRS-2), that allow for
a continuation of the Landsat program and the mission to acquire multi-spectral observations of the
globe on a moderate scale. Following a period of commissioning, during which time the spacecraft
and instruments were initialized and set up for operations, with the initial calibration performed,
the mission moved to an operational mode This operational mode involved the same cadence and
methods that were performed for the Landsat 8 (L8) spacecraft and the two instruments onboard,
the Operational Land Imager-1 (OLI-1) and Thermal Infrared Sensor-1 (TIRS-1), with respect to
calibration, characterization, and validation. This paper discusses the geometric operational aspects
of the L9 instruments during the first year of the mission and post-commissioning, and compares
these same geometric activities performed for L8 during the same time frame. During this time,
optical axes of the two sensors, OLI-1 and OLI-2, were adjusted to stay aligned with the spacecraft’s
Attitude Control System (ACS), and the TIRS-1 and TIRS-2 instruments were adjusted to stay aligned
with the OLI-1 and OLI-2 instruments, respectively. In this paper, the L9 operational adjustments
are compared to the same operational aspects of L8 during this same time frame. The comparisons
shown in this paper will demonstrate that both instruments aboard L8 and L9 performed very
similar geometric qualities while fully meeting the expected requirements. This paper describes the
geometric differences between the L9 imagery that was made available to the public prior to the
reprocessing campaign that was performed using the new calibration updates to the sensor and to
ACS and TIRS-to-OLI alignment parameters. This reprocessing campaign of L9 products involved
data acquired from the launch of the spacecraft up to early 2023.

Keywords: Landsat 9; Landsat 8; Operational Land Imager-2; Operational Land Imager-1; Thermal
Infrared Sensor-2; Thermal Infrared Sensor-1; geometry

1. Introduction

Landsat 8 (L8) and Landsat 9 (L9) contain the same instrument payloads, the Opera-
tional Land Imager (OLI) and Thermal Infrared Sensor (TIRS), with similar but not replica
satellite buses [1,2]. Therefore, both missions have the same engineering designs from a
spacecraft and set of instruments’ perspective. This is especially true from a purely geomet-
ric standpoint. Because of these consistencies, their geometric calibration, characterization
and processing steps are the same for both spacecrafts and their sets of instruments. Some
of the key operational geometric aspects for both the spacecrafts and instruments, from a
calibration and characterization standpoint, are discussed within this paper. Throughout
this paper, the Operational Land Imager and Thermal Infrared Sensor that are both present
aboard the two spacecrafts will be listed as OLI or TIRS, respectively, when the discussion
pertains to either sets of instruments. Otherwise, OLI or TIRS will be followed by one
or two designations, with one signifying the instrument aboard the L8 spacecraft and
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the second signifying the instrument aboard the L9 spacecraft when it is appropriate to
differentiate a specific set of these instruments.

An important aspect of the analysis described within this paper pertains to how
operations were handled between the beginning of 2022 and the end of 2022 for the L8
and L9 missions. With a similar design and architecture, the expectation was that the L9
spacecraft and the instruments onboard would behave in a manner similar to that observed
for the L8 mission. Although expected, this was not guaranteed; therefore, for the 2022
timeframe, only a small subset of calibration activities was performed with regards to
updates for L9. A suite of updates was then implemented at the beginning of 2023 based on
any updates needed between the end of the L9 commissioning, which was the beginning
of 2022, and up to the first quarter of 2023. Once this suite of calibration updates was
performed for the 2022 to early 2023 timeline, a reprocessing of the archive of the L9 data
occurred with these new updated calibration parameters [3,4]. As L8 was entering into
its ninth year of operations, and within a given United States Geological Survey (USGS)
Collection, the goal was to maintain calibrations and updates throughout 2022 to keep
with the current mission processing and calibration criteria associated with the collection
philosophy [5]. This paper therefore represents a timeline of approximately one year, where
L9 and its instruments were monitored for calibration updates and then those updates
were applied to the archive as a post-processing set of updates. L8 and its instruments
maintained a collection-based cadence of performing quarterly updates throughout that
same time period based on predictions performed during the monitoring of the spacecraft
and instruments’ behavior. For L8, these geometric calibrations were updates of predictions
placed within the production environment; whereas, for L9, these calibration updates
were measured, placed within the production environment, and then the archive was
reprocessed based on the measured calibration updates. Once this reprocessing occurred
for the L9 archive, it was placed within the collection cadence under the same premise as
conducted for L8.

1.1. Spacecraft and Instrument Characteristics

Both the L8 and L9 spacecraft are equipped with a Global Positioning System (GPS)
unit, Star Tracker, and Inertial Reference Unit (IRU), which are part of the Attitude Control
System (ACS). These sensors attempt to keep the navigation reference frame aligned with
the orbital coordinate system, such that nominal science data collections are pointing
nadir towards Earth. The OLI and TIRS instruments aboard the two spacecrafts are
pushbroom instruments made up of separate but overlapping linear arrays called Sensor
Chip Assemblies (SCA). The SCAs, when combined, complete an across-track field of view
for both instruments that covers the nominal 185 km swath width. OLI collects Visible
and Near Infrared (VNIR) and Short-Wave Infrared (SWIR) wavelengths at a 30 m ground
distance along with a panchromatic 15 m band. The TIRS sensor collects two long-wave
thermal spectral channels centered at 10.9 and 12 µm at a 100 m ground distance. The
staggering of the SCAs for each instrument in the along-track direction allows for an
SCA-to-SCA overlap in the across-track field of view. This staggering of the SCAS in the
along-track direction means that each band within an SCA will be imaging locations on
the Earth at different times and sensor angles, requiring excellent spacecraft stability and
ancillary data accuracy for good instrument and band registration. The differing angular
viewing geometry for each band within each SCA means that precision terrain corrected
imagery is needed to remove the parallax of each SCA to perform characterization and
calibration while creating seamless data products. A Level-1 Terrain Precision (L1TP)
image is generated by correcting the Level-1 Systematic Terrain (L1GT) image line-of-sight
model based on measured offsets between Ground Control Chips (GCPs) and the imagery.
Corrections to the spacecraft attitude and ephemeris are determined through a non-linear
least squares procedure that minimizes the differences between the measured locations of
the control points and their true ground locations. Figures 1 and 2 show the focal plane
layout for the OLI and TIRS instruments, respectively.
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and Visible and Near Infrared (VNIR) are designated within the figure. 

 
Figure 2. Thermal Infrared Sensor (TIRS) focal plane layout. Each sensor is made up of three indi-
vidual linear arrays or Sensor Chip Assemblies (SCAs). 

1.2. Processing Systems and Reference Imagery 
The USGS has developed two Landsat processing systems. One is based on product 

generation and termed Landsat Product Generation System (LPGS), and one is based on 
the calibration, characterization, and validation of the Landsat spacecrafts and instru-
ments and termed the Image Assessment System (IAS). From a geometric perspective, 
two types of ground control reference datasets are used within these two processing sys-
tems. LPGS uses the USGS Collection 2 (C2) Ground Control Library, which will be re-
ferred to as the C2 GCPs within this paper. This ground control is primarily used for prod-
uct generation due to its global distribution and density throughout the globe. Statistics 
generated from the LPGS offer the user community an understanding of the geometric 
characteristics of the products distributed. The IAS uses ground control, which is termed 
as the Geometric Supersite ground control and sparsely distributed throughout the globe 
but considered more accurate than that of the C2 GCPs. For some geometric applications, 
the C2 GCPs are used within the IAS; however, for the calibration routines requiring the 
higher accuracy reference imagery, the Geometric Supersite ground control is used. Prior 
to the reprocessing of the Landsat archive for the creation of the C2 archive, the Landsat 
ground control was block adjusted to better align it to that of the Sentinel ground control, 
while at the same time approximately doubling the number of ground control points by 
adding L8 OLI-1 chips to the library [6–8]. This adjustment was performed based on the 
Global Reference Imagery (GRI) created by the Sentinel-2 mission which is implemented 
within their product generation system. By “harmonizing” the Landsat ground control to 
the GRI, the co-registration was substantially improved between products generated from 
the two programs and as well as the accuracy of the GCPs used within the LPGS. 

The location of the Geometric Supersites globally is shown in Figure 3. This imagery 
is composed of USGS Digital Orthophoto Quadrangle (DOQ) data, GPS-controlled 

Figure 1. Operational Land Imager (OLI) focal plane layout. Each sensor is made up of 14 individual
linear arrays or Sensor Chip Assemblies (SCAs). The placement of the Short-Wave Infrared (SWIR)
and Visible and Near Infrared (VNIR) are designated within the figure.
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Figure 2. Thermal Infrared Sensor (TIRS) focal plane layout. Each sensor is made up of three
individual linear arrays or Sensor Chip Assemblies (SCAs).

1.2. Processing Systems and Reference Imagery

The USGS has developed two Landsat processing systems. One is based on product
generation and termed Landsat Product Generation System (LPGS), and one is based on
the calibration, characterization, and validation of the Landsat spacecrafts and instruments
and termed the Image Assessment System (IAS). From a geometric perspective, two types
of ground control reference datasets are used within these two processing systems. LPGS
uses the USGS Collection 2 (C2) Ground Control Library, which will be referred to as the C2
GCPs within this paper. This ground control is primarily used for product generation due to
its global distribution and density throughout the globe. Statistics generated from the LPGS
offer the user community an understanding of the geometric characteristics of the products
distributed. The IAS uses ground control, which is termed as the Geometric Supersite
ground control and sparsely distributed throughout the globe but considered more accurate
than that of the C2 GCPs. For some geometric applications, the C2 GCPs are used within the
IAS; however, for the calibration routines requiring the higher accuracy reference imagery,
the Geometric Supersite ground control is used. Prior to the reprocessing of the Landsat
archive for the creation of the C2 archive, the Landsat ground control was block adjusted to
better align it to that of the Sentinel ground control, while at the same time approximately
doubling the number of ground control points by adding L8 OLI-1 chips to the library [6–8].
This adjustment was performed based on the Global Reference Imagery (GRI) created by
the Sentinel-2 mission which is implemented within their product generation system. By
“harmonizing” the Landsat ground control to the GRI, the co-registration was substantially
improved between products generated from the two programs and as well as the accuracy
of the GCPs used within the LPGS.

The location of the Geometric Supersites globally is shown in Figure 3. This imagery
is composed of USGS Digital Orthophoto Quadrangle (DOQ) data, GPS-controlled Satellite
pour l’Observation de la Terre (SPOT) imagery or the Australian Geographic Reference
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Image (AGRI) provided by Geoscience Australia [9,10]. The C2 GCPs are shown in Figure 4
and often used for a further verification of the calibration. The C2 GCPs are made up
of imagery from the Enhanced Thematic Mapper Plus (ETM+) aboard L7 and the OLI-1
aboard L8. Figure 4 demonstrates both the distribution and the density of the C2 GCPs.
The Geometric Supersites are estimated to provide an absolute accuracy of approximately
6 m, whereas the C2 GCPs are estimated to provide an absolute accuracy of approximately
9.5 m.
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1.3. Calibration Updates

During 2022, L8 had one OLI-1 to spacecraft sensor alignment and one TIRS-1 to OLI-1
alignment performed. This change occurred during the second quarter of 2022. During
2022, L9 had quarterly updates performed for both the OLI-2 to spacecraft sensor alignment
and the TIRS-2 to OLI-2 alignment. These calibration updates are shown in Table 1.
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Table 1. Calibration updates for Landsat 8 (L8) and Landsat 9 (L9) that were performed in 2022.
Because the L8 updates were based on updates to the predicted alignment parameters, the 4th quarter
(Q4) of 2021 is listed in the table and given only from a reference perspective that pertained to the
previous quarter. Static is listed for L9 for the 4th quarter of 2021 because the calibration parameters
were held constant after commissioning and not updated until the end of 2022, at which point both
the sensor and TIRS-2 alignment were updated for each quarter.

Landsat 8

Changes Q4 2021 Q1 2022 Q2 2022 Q3 2022 Q4 2022

Sensor
Alignment Reference No Yes No No

TIRS
Alignment Reference No Yes No No

Landsat 9

Changes Q4 2021 Q1 2022 Q2 2022 Q3 2022 Q4 2022

Sensor
Alignment Static Yes Yes Yes Yes

TIRS
Alignment Static Yes Yes Yes Yes

2. Materials and Methods

The Landsat IAS was designed and built to verify requirements during the mission
commissioning phase, in addition to calibrating, characterizing, and validating instrument
and spacecraft performance during operations, as well as determining the product accuracy
for the science data produced from the USGS LPGS. From a geometry perspective, the
IAS uses a set of image correlation routines to mensurate between images created from an
instruments’ science data against either Landsat-generated science data or reference im-
agery (Geometric Supersites) as part of the calibration activities [11,12]. The key geometric
calibration and characterization processes discussed in this paper are (1) Sensor Alignment,
which aligns the OLI optical axis with the spacecraft Attitude Control System (ACS), (2)
within instrument band alignment, (3) instrument-to-instrument alignment (TIRS-to-OLI),
and (4) the accuracy of the L1TP products generated based on the type of ground control
used in the registration step. The processes involved for band alignment, sensor alignment,
and inter sensor alignment will be briefly described. A more thorough explanation of the
processes along with the other geometric capabilities of the IAS can be found in the Landsat
8 and 9 Algorithm Description Document (ADD) [13]. The ADD document also address
the resampling process needed for generating the imagery for characterization, calibration,
and products which combine an Akima resampling step with a cubic convolution step;
these are both needed to obtain the subpixel adjustments required for a band alignment.

2.1. Sensor Alignment

The Sensor Alignment algorithm, which refers to the OLI-to-Spacecraft alignment,
uses a time sequence of results generated by the precision correction process to estimate the
orientation of the OLI coordinate system relative to the spacecraft attitude determination
coordinate system. Analyzing a time sequence of measured alignment results makes it
possible to smooth out random scene-to-scene pointing errors to estimate, and correct
for, any underlying systematic alignment errors. Part of the logic within the precision
correction step takes the solution output and converts it to apparent alignment errors for
each individual scene. These individual scene alignment parameters can then be filtered for
outliers, smoothed into a long-term trend, and used within the LPGS to improve upon the
accuracy of the L1GT products created. An Architecture Diagram is shown for this process
in Figure 5. Precision estimated alignment results are extracted from both the IAS and
LPGS databases. Outliers are removed based on the number of GCPs used in the precision
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solution step. Once outliers are removed, a weighted average is calculated over the data,
with the roll, pitch, and yaw values being used to determine a new alignment matrix.
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Figure 5. An Architecture Diagram for the Landsat 8 and 9 Sensor Alignment algorithm is shown.
The precision correction results for all the Level-1 Terrain Precision (L1TP) images are extracted from
the Image Assessment System (IAS) and Landsat Product Generation System (LPGS) databases. The
individual estimated alignment parameters for the L1TPs are filtered for outliers, and a weighted
average is calculated over a given time range. These weighted averages are used to determined new
roll (R), pitch (P), and yaw (Y) calibration parameters.

2.2. Band Characterization

The Band Characterization algorithm measures the displacement between any two
bands within or across the two instruments. If Band Characterization is used in determin-
ing alignment within one of the instruments, the algorithm works by choosing tie point
locations within band pairs of each SCA. These tie point locations are used for extract-
ing windows of imagery from each band and performing a grey scale or least squares
correlation on the image windows extracted. From these band characterization results, a
calibration update computation step can be performed determining line-of-sight model
corrections to the Legendre coefficients that adjust the original line-of-sight model to mini-
mize the residual per SCA and band deviations calculated. A calibration update is only
performed if the offsets can produce a measurable change in line-of-sight coefficients. An
Architecture Diagram is shown for this process in Figure 6. An L1TP image is used as the
input and the image-to-image correlation is executed for each band combination based
on the type of band characterization that is to be performed. For band combinations of
differing resolutions, the higher resolution band is always treated as the reference band,
and the resolution is reduced to match that of the lower resolution search band. Each
band combination is measured within OLI as a method of oversampling the displacement
measured of the band alignment within the instrument. An outlier rejection is performed
on these measurements based on a chosen tolerance and the Student’s t-test distribution.
Statistics such as the mean, standard deviation, and maximum and minimum values
for each SCA and band combination are reported, providing inputs into any necessary
calibration parameter updates that may be needed.
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Figure 6. An Architecture Diagram for the Landsat 8 and 9 Band Characterization algorithm is
shown. The displacement between each band combination is measured using image-to-image
correlation techniques. The statistics for these displacements are calculated and used in determining
any necessary inter instrument or between instrument calibration parameter changes that may be
needed.

2.3. TIRS Alignment

The TIRS Alignment algorithm uses an OLI short-wave infrared (SWIR) band image as
a reference, comparing it to a SCA-separated TIRS 10.8 µm band image. An L1TP image is
used for the comparison. Each SCA of the TIRS instrument in the L1TP image is compared
to the SCA-combined OLI reference band to measure both systematic full-scene TIRS-
to-OLI misregistration and SCA-specific deviations from the scene-average registration
perspective. The measured deviations are used to estimate corrections to the TIRS-to-OLI
alignment matrix and to the 10.8 µm band Legendre polynomial coefficients that model the
lines-of-sight for each SCA. An Architecture Diagram is shown for this process in Figure 7.
The displacement between the SWIR band (band 6) of the OLI instrument and the 10.8 µm
(band 10) of the TIRS instrument is measured. This band combination was chosen through
an analysis based on the best band combination for the image correlation step between
the two instruments. This analysis was determined through both the Landsat 8 mission
as well as the previous Landsat missions Landsat 5 (L5) and Landsat (L7), which also
contained a thermal band. An outlier rejection is performed on these measurements based
on a chosen tolerance and the Student’s t-test distribution. These measured displacements
between these two bands are used to adjust the orientation parameters between the TIRS
and OLI instruments. These new orientation parameters are based on adjusting the TIRS
line of sight’s to better align the instrument optical axis to that of the OLI instrument
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optical axis. The statistics associated with this orientation for prior and post adjustments
are determined.
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Figure 7. An Architecture Diagram for the Landsat 8 and 9 Thermal Infrared Sensor (TIRS) Alignment
algorithm is shown. The alignment between the Short-Wave Infrared (SWIR) band of the Operational
Land Imager (OLI) and 10.8 µm band of TIRS is determined through this process. Image to image
correlation is performed between the two bands. These measured offsets are used to determine new
alignment parameters between the two instruments.

2.4. Geometric Accuracy

Geometric accuracy assessment, or geometric characterization, analyzes the results of
measurements derived between a set of ground control chips with a L1TP image. This set
of validation ground control is taken from either the C2 GCPs or the Geometric Supersite
GCPs but is not used in the precision correction step in creating the L1TP. Statistics are
computed for these measurements for each L1TP image for which these validation GCPs
are available. The results provide a measure of the accuracy of the L1TP that is distributed
to the user community.

2.5. Calibration Parameter File

The new parameters discussed within this paper for L8 and L9 are placed within the
Calibration Parameter File (CPF), which is accessed for generating all Level-1 products
within the LPGS and IAS. A nominal length of 3 months for what is termed an active CPF
is used; this is the time range with respect to the number of image acquisitions that are
part of a particular CPF and can be used in generating Level-1 products within LPGS. This
nominal 3 month time frame for a CPF leads to the often-used term of a quarterly CPF;
it is also referred to as the effective dates for a CPF. On occasion, a CPF must be broken
within a calendar quarter to accommodate a given change within the spacecraft or one of
the instruments that is outside a 3 month cadence, but the emphasis is to keep the number
of CPFs to a more manageable number by striving for only generating a given CPF for a 3
month time range [14].

2.6. Image-to-Image Correlation

The mensuration process for all geometric calibration and characterization is essen-
tially the same. The image-to-image correlation is performed between two sets of images
or image chips. Most of these geometric processes refer to a search and reference image



Remote Sens. 2024, 16, 133 9 of 34

or chip with the reference term identifying “truth” for the calibration or characterization
procedure. Several criteria are used in determining whether the image-to-image correla-
tion step was successful. These criteria include the search offsets that are allowable, the
measured displacement, and the strength of the correlation peak. The sub-pixel location of
the measured offset is calculated by fitting a second order polynomial around the discrete
correlation surface and solving for the fractional peak location of the fitted polynomial
within that discrete surface. The total offset measured is then the integer location of the
correlation peak plus the sub-pixel location calculated. Even with the automated outlier
steps, a visual inspection of graphics or the calculated statistics will often determine the
path to be taken for updates to the calibration parameters. Numerous investigations and
papers have explored the impact of noise within correlation processes or the ability to make
quality measured offsets between two signals or images [15–18]. Clouds, snow, and even
landscape change can affect the results of the correlation and hence the quality of the mea-
surements achieved, which in many ways can be viewed as noise within the mensuration
step itself. For calibration and characterization, imagery that are daylit cloud and snow
free are stressed as input datasets into the processes. For steps that involve procedures,
such as inter band comparisons, carefully chosen locations with landscapes whose spectral
responses are conducive to these types of measurements are chosen. However, even with a
robust set of input data and outlier logic on the mensuration, when considering landscape
changes between the two datasets and the inherent errors associated with the image cor-
relation steps, often observations and results based on a basic concept of changes of less
than a 0.1 instantaneous field of view (IFOV) are set as being the upper threshold for the
ability to measure offsets between the two datasets. Under this scenario, “characterization”
has been performed, and the measured offsets are within the noise of what can be assessed
between the two datasets. For these conditions, no calibration updates may be the chosen
path within the set operations to be performed. This scenario then represents that either
the spacecraft or instrument, or both, have unchanged calibration parameters from those
previously calculated, such that the CPF and the contents within it do not change.

For L9 and the updating of the calibration parameters for reprocessing, a verification
of the CPFs was performed prior to the reprocessing of the archive. Scenes were chosen
such that they would represent the change expected when reprocessed (they need to
fall on the trend line that is to be removed), they needed to be cloud-free, they needed
to be known to produce strong precision correction results, and they needed to be well
distributed geographically. For strong precision correction results, this meant that the
precision step needed to keep a large number of GCPs in the solution while also having low
standard deviations for their post fit statistics between the search and reference imagery.
Because the Geometric Supersites are a small set of ground controls with respect to the C2
GCPS, in terms of global coverage, and because all the good quality Geometric Supersites
used in the calibration process were also selected for verification, the Geometric Supersite
datasets chosen for verification were not considered as independent validations of the
new calibration parameters. Instead, the verification of the new L9 calibration parameters
involved examining the output for the newly generated characterization statistics and
comparing that against the expected outcome. On the other hand, the verification of the
L8 calibration updates was different. Because the new calibration parameters for L8 are
predicted values, no datasets are available that represent the actual imagery for which the
CPFs will be applied. In this sense, although cloud-free L8 scenes that are considered “good
candidates” for verification are chosen, the analysis focuses on inspecting changes within
the data that are on the same scale as expected changes rather than being able to examine
the data that will be obtained from the parameter changes. As a more general verification
across missions, the imagery is also visually inspected along with the analysis of inspecting
items such as new characterization and calibration statistics. An example of the TIRS-2
image that was inspected, with coastlines being viewed for any type of artifacts, is shown
in Figure 8.
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Figure 8. An example of the Thermal Infrared Sensor-2 (TIRS-2) imagery that was inspected after
calibration updates but prior to the reprocessing of the archive. Features, such as coastlines and
interior urban regions, were inspected for any type of geometric issues being present.

Although it does not change the results or comparisons between the missions that are
presented within this paper, there were more acquisitions over the Geometric Supersites
for L8 than for L9 during the 2022 timeline of the study due to several factors, such as
the fact that the L9 mission had just transitioned to an operational schedule and was still
determining the final image acquisition plan. Candidates were Geometric Supersite images
with less than 1% cloud cover. L8 contained 90 more scenes for analysis when compared to
that of L9. The L9 mission continues further into the missions’ operational mode differences
in the number of candidate scenes for the Geometric Supersites between it, and L8 are
expected to decrease.

3. Results

This section will discuss the sensor alignment, band alignment, and OLI-TIRS align-
ment for both L8 and L9 missions. The geometric accuracy of the products will also be
discussed, which is a result of the outcome of all the calibration steps being performed
towards an end goal of producing the best science quality data available.

3.1. Sensor Alignment

Sensor alignment involves using both the IAS and LPGS geodetic accuracy results to
estimate the orientation of the OLI coordinate system relative to the spacecraft attitude
determination coordinate system. New estimates were determined for L9 from 1 January
2022 to 31 December 2022 for each quarter of the year (every 3 months). A new estimate
was performed for only the first to second quarter transition of 2022 for L8. Figure 9 shows
the geodetic accuracy reports for the L9 mission for both the Geometric Supersites and the
C2 GCPs. An interval average is shown with the data to help demonstrate any possible
trends that may be present. The figures and the contrasting difference in the number of
points and number of outliers between the Geometric Supersite and C2 GCPs is apparent
within the plots. The Geometric Supersites results are produced only on scenes with low
cloud scores (less than 1%). Attempts were also made to avoid any seasonal issues such as
heavy snow cover that may reduce the efficiency of the correlation step when the image



Remote Sens. 2024, 16, 133 11 of 34

is measured against ground control that is not the same type of seasonal landscape as the
ground control. By contrast, the C2 GCP results are based on all the images that go to an
L1TP within the LPGS and that are distributed to the science community. These scenes are
not directly screened for cloud cover during L1TP generation. The correlation and precision
solution itself will produce a level of outlier rejection with the mensuration step, rejecting
poor image-to-image correlation results, with the added help that the precision solution is
constrained to only determining corrections based on an apriori expected set of correction
parameters. However, to produce as many L1TPs as possible, a smaller set of constraints is
used on these LPGS-generated data, meaning that some of the solutions lack the confidence
in their results when compared to those produced using the Geometric Supersites. Figure 9
shows the geodetic accuracy pre-fit mean results prior to performing any calibration update
to the data with respect to new orientation parameters. A visible offset is present in the
along-track direction. There is a smaller noticeable offset in the across-track direction. The
cause for these offsets has not been directly identified. Investigations continue to try to
determine the root cause. An important aspect of these plots is that both show similar
trends, indicating not only that an OLI-2 sensor alignment needs to be performed but also
that both sets of ground control can be used for determining the new alignment parameters.
Because the Geometric Supersites are more limited in the number of GCPs available, there
may be days where only a handful of scenes of cloud-free scenes, or possibly none, are
available for trending. This is unlike the C2 GCP results, where hundreds of scenes trended
each day with results. This difference in the number of scenes trended per day produces
breaks in the plots for the Geometric Supersites and their calculated interval averages.
The C2 GCP interval averages are a smoother set of data due to the much denser set of
measurements. The C2 GCP results show a larger variability around the mean results
within the plot when compared with the Geometric Supersite results. This variability is
due to clouds, snow, and landscape change between the imagery, as well as the ground
control increasing the uncertainty in the C2 GCP-related measurements.
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Figure 9. Landsat 9 geodetic accuracy results. Top graphic (a) shows the geodetic accuracy pre-fit
along- and across-track mean results based on the Geometric Supersite ground control. The bottom
graphic (b) shows the geodetic accuracy pre-fit mean along- and across-track results based on the
Landsat collection 2 Ground Control. These results represent values prior to any calibration updates
that were performed. Both graphs are results for Landsat 9.

Figure 10 shows the estimated OLI-2 per-scene sensor alignment parameters based on
the Geometric Supersite ground control and their precision correction geodetic accuracy
results presented in Figure 9. A note for this plot and subsequent plots is that a nominal 30
m OLI multispectral pixel has an IFOV of 42.5 micro-radians (µrads), indicating that the
changes to the alignment are small—approximately one multispectral pixel. These values
shown in Figure 10 represent estimates that would be used in generating the calibration
parameters that would be updated within the CPF for the OLI interior orientation parame-
ters. Table 2 shows the new OLI-2 alignment parameters based on the estimated alignment



Remote Sens. 2024, 16, 133 13 of 34

parameters from the Geometric Supersite and C2 GCPs. During the final step of calculating
alignment parameters, C2 GCP results are filtered for outliers, which consists of removing
large spurious results from the calculations. To calculate the new alignment parameters, a
weight of 0.8 is given to the Geometric Supersite results and a weight of 0.2 is given to the
C2 GCP results. Averages from this weighting are used over time ranges that are based on
the effective time ranges of the CPFs that are to be generated. The OLI sensor alignment
updates to the CPF are performed based on noticeable changes and trends within the
geodetic accuracy reports, along with magnitudes that are in the range of 10 m or more.
The requirement for geodetic accuracy of the 65 m 90 Percent Circular Error (CE90) is larger
than what has been the achievable accuracy within the systems, such that this criterion is
consistently met [19,20]. Therefore, adjustments to the sensor alignment in the 15–25 m
range are typically performed to keep it within the range of one 30 m multispectral pixel.
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Figure 10. Estimated Landsat 9 (L9) Operational Land Imager-2 (OLI-2) sensor alignment parameters
based on the results calculated from the Geometric Supersites given in units of micro-radians. From
top to bottom, the angles represent the roll, pitch, and yaw alignment parameters. These results
are used to calculate the final roll, pitch, and yaw alignment numbers that will be placed in the
Calibration Parameter File (CPF) for product generation. The values represent the time range from 1
January 2022 up to 1 January 2023 and calculations performed prior to the reprocessing campaign
that occurred in early 2023.
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Table 2. Landsat 9 (L9) Operational Land Imager-2 (OLI-2) sensor alignment parameters based on
the results generated from the instruments’ first year of operational activities. The values of roll,
pitch, and yaw given in units of micro-radians (µrad). These values were used in the L9 reprocessing
campaign that occurred in the spring of 2023.

Spacecraft Instrument Start Date End Date Roll
(µrad)

Pitch
(µrad)

Yaw
(µrad)

L9 OLI-2 1 January
2022

31 March
2022 176.76 1105.32 918.70

L9 OLI-2 1 April
2022

30 June
2022 179.61 1122.47 920.23

L9 OLI-2 1 July 2022
30
September
2022

180.11 1122.86 921.49

L9 OLI-2 1 October
2022

31
December
2022

179.33 1119.59 918.28

Applying the new sensor alignment parameters estimated from the plots in Figure 10
and shown in Table 2 to the L9 archive, produces geodetic accuracy results shown in
Figure 11. The large trend that was present in Figure 10 is now absent. These results are
representative of what the user community can expect for geodetic accuracy results of the
L1GT products after the reprocessing campaign.
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Figure 11. Landsat 9 geodetic accuracy results. Top graphic (a) shows the geodetic accuracy pre-fit
along- and across-track mean results based on the Geometric Supersite ground control. The bottom
graphic (b) shows the geodetic accuracy pre-fit mean along- and across-track results based on the
Collection 2 ground control. Both graphs are results for Landsat 9 (L9). These results represent a
calibration update that was performed on the Operational Land Imager-2 (OLI-2) and was part of the
reprocessing of the L9 products that occurred in the spring of 2023.

The same geometric processes and data are trended for L8 that were previously
discussed for L9. The same procedures were performed for OLI-1 and the sensor alignment
as was conducted for OLI-2. The equivalent geodetic accuracy pre-fit mean results that
were shown for L9 in Figure 11 are shown for L8 in Figure 12. A L8 update to the OLI-1
sensor alignment parameters was performed within the first quarter of 2022 and the second
quarter of 2022 time-frame. This update was performed as a predicted trend that occurred
within the data, and as such was an estimate of the behavior from the previous quarters.
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Figure 12. Landsat 8 geodetic accuracy results. Top graphic (a) is the geodetic accuracy pre-fit along-
and across-track mean results based on the Geometric Supersite ground control for the Landsat 8
(L8) Operational Land Image-1 (OLI-1). The bottom graphic (b) is the geodetic accuracy pre-fit mean
along- and across-track results based on the Collection 2 ground control. Both graphs are results for
Landsat 8.

The estimated OLI-1 per-scene sensor alignment parameters based on the Geometric
Supersite ground control and their precision correction geodetic accuracy results are shown
in Figure 13. These values represent estimates that would be used in generating the
predicted calibration parameters that would be updated within the CPF. Table 3 shows
the new alignment parameters based on the estimated alignment parameters from the
Geometric Supersite and C2 GCPs. This table for L8 represents the predicted alignment
parameters based on the estimated values shown in Figure 13. The same methods and
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algorithms used to generate the values shown in Table 2 for OLI-2 are used in those for
determining the values for OLI-1 listed in Table 3.
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Figure 13. Estimated Landsat 8 (L8) Operational Land Imager-1 (OLI-1) sensor alignment parameters
based on the results calculated from the Geometric Supersites given in units of micro-radians. From
top to bottom, the angles represent the roll, pitch, and yaw alignment parameters. These results
are used to calculate the final roll, pitch, and yaw alignment numbers that will be placed in the
Calibration Parameter File (CPF) for product generation. For L8, these numbers are used to predict
values that will be put in the CPF for forward processing and product generation.
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Table 3. Landsat 8 (L8) Operational Land Imager-1 (OLI-1) senor alignment parameters, roll, pitch,
and yaw. Values are given in units of micro radians (µrad). An update was made with respect to the
transition from first quarter of 2022 (1 January 2022) and second quarter of 2022 (1 April 2022).

Spacecraft Instrument Start Date End Date Roll
(µrad)

Pitch
(µrad)

Yaw
(µrad)

L8 OLI-1 1 January
2022

31 March
2022 −1514.90 1974.05 −536.26

L8 OLI-1 1 April
2022

30 June
2022 −1522.66 1969.99 −536.08

L8 OLI-1 1 July 2022
30
September
2022

−1522.66 1969.99 −536.08

L8 OLI-1 1 October
2022

31
December
2022

−1522.66 1969.99 −536.08

3.2. Band Alignment

The band-to-band characterization results for OLI-2 are shown in Figure 14. These
results were measured prior to the OLI-2 sensor alignment update. Within Figure 14, each
individual band combinations LE90 is shown in both the line and sample direction. The
results shown are below the 4.5 m LE90 requirements. The calculated LE90 values were
3.177 and 3.182 m in the line and sample directions, respectively. These band-to-band
characterization numbers are based on 440 scenes. The magnitude of the measured band
offsets is small and below the instrument requirements; therefore, no OLI-2 line-of-sight
updates were needed.
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January 2022 to 1 January 2023. 

The OLI-2 sensor alignment only adjusts the instruments’ optical axis to the space-
crafts’ attitude control system which will change the accuracy of the L1GTs. This sensor 
alignment calibration update will therefore change the band-to-band characterization 
numbers calculated but will not change the outcome. Essentially no line-of-sight update 
will be needed based on the OLI-2 sensor alignment performed. The L9 reprocessing of 
the archive provides an opportunity to determine whether this is indeed the case by 
providing band-to-band characterization trended data both before and after the sensor 

Figure 14. Landsat 9 (L9) Operational Land Imager-2 (OLI-2) band-to-band characterization results.
Each band combination is shown for the line and sample direction. Results are given in units of
meter (m) and 90 Percent Linear Error (LE90). The dotted red line represents the band registration
requirement for the OLI-2 instrument of 4.5 m LE90. The plot was generated, and the numbers were
calculated prior to an OLI-2 sensor alignment update. The results represent the time range from 1
January 2022 to 1 January 2023.
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The OLI-2 sensor alignment only adjusts the instruments’ optical axis to the space-
crafts’ attitude control system which will change the accuracy of the L1GTs. This sensor
alignment calibration update will therefore change the band-to-band characterization num-
bers calculated but will not change the outcome. Essentially no line-of-sight update will
be needed based on the OLI-2 sensor alignment performed. The L9 reprocessing of the
archive provides an opportunity to determine whether this is indeed the case by providing
band-to-band characterization trended data both before and after the sensor alignment
update that was performed. This is unlike what is typically conducted for L8 operations,
where updates are predicted and verified through forward processing. Figure 15 shows the
same band-to-band characterization results as Figure 14, with the same imagery processed
with the same characterization routines, but with the exception that sensor alignment for
the instrument has been updated. As can be observed from Figures 14 and 15, the sensor
alignment had no effect on the band-to-band characterization results. These new band
characterization numbers were determined to be 3.177 and 3.177 m LE90 in the line and
sample directions, respectively. These band-to-band characterization numbers are based on
440 scenes.
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Figure 15. Landsat 9 (L9) Operational Land Imager-2 (OLI-2) band-to-band characterization results.
Each band combination is shown for the line and sample direction. Results are given in units of
meter (m) and 90 Percent Linear Error (LE90). The dotted red line represents the band registration
requirement for the OLI instrument which is 4.5 m LE90. The plot was generated, and the numbers
were calculated after the OLI-2 sensor alignment update that was discussed in Section 3.1 Sensor
Alignment. The results represent the time range from 1 January 2022 to 1 January 2023.

The L8 OLI-1 band characterization results are shown in Figure 16. Like the L9 OLI-
2 results, all the bands were within the requirements. There is no need to update the
instrument line-of-sight parameters. The OLI-1 calculated band characterization numbers
were determined to be 3.311 and 3.203-m LE90 in the line and sample directions, respectively.
These band-to-band characterization numbers are based on 529 scenes.
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the assessment. The OLI-1 calculated band characterization numbers were determined to 
be 4.016 and 4.008 m LE90 in the line and sample directions, respectively. Even with the 
limited numbers of data, which are carefully screened and deemed “good” quality cirrus 
imagery, the band characterization results associated with using the cirrus band are 
higher than those omitting it due to the additional measurement-induced errors belonging 
to the lower signal response for the cirrus band compared to that of the other multispectral 
bands. For this band-to-band characterization involving the cirrus band, 37 cirrus scenes 
were used for L9, where 26 cirrus scenes were used for L8. 
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Figure 16. Landsat 8 (L8) Operational Land Imager-1 (OLI-1) band-to-band characterization results.
Each band combination is shown for the line and sample direction. Results are given in units of
meter (m) and 90 Percent Linear Error (LE90). The dotted red line represents the band registration
requirement for the OLI instrument which is 4.5 m LE90. The results represent the time range from 1
January 2022 to 1 January 2023.

One aspect of the OLI instrument that was not part of the previously discussed band-
to-band characterization was the cirrus bands’ relationship to the other OLI bands. One
reason for this is that the cirrus band is not part of the 4.5 m LE90 requirement for OLI,
where the other bands are subject to this requirement. The cirrus band acquisitions often
do not have any ground features present, as the cirrus clouds will absorb and prevent
any surface features to be present in the imagery. These characteristics of the cirrus band
means that good clear imagery for characterization is difficult to find. Even on the rare
occasion that there are visible features present within the cirrus band, snow cover and
other landscape features can make these acquisitions poor candidates for any band-to-
band characterization. As high altitude, dry, and arid regions are the best candidates for
the use of the cirrus band characterization, snow can be especially problematic for these
acquisitions. This results in only a handful of scenes for which the cirrus band can even
be considered for characterization, making the assessment difficult. Due to these issues,
the previous band-to-band characterization results did not include the cirrus band. The
OLI-2 calculated band characterization numbers were determined to be 4.247 and 4.102 m
LE90 in the line and sample directions, respectively, when the cirrus band is included in
the assessment. The OLI-1 calculated band characterization numbers were determined to
be 4.016 and 4.008 m LE90 in the line and sample directions, respectively. Even with the
limited numbers of data, which are carefully screened and deemed “good” quality cirrus
imagery, the band characterization results associated with using the cirrus band are higher
than those omitting it due to the additional measurement-induced errors belonging to the
lower signal response for the cirrus band compared to that of the other multispectral bands.
For this band-to-band characterization involving the cirrus band, 37 cirrus scenes were
used for L9, where 26 cirrus scenes were used for L8.

The TIRS band-to-band characterization is run with basically the same processes
as those conducted for the OLI instruments. The only differences are with respect to
numbers that are generated and the values that are part of the requirements for that
instrument. The lower resolution of the TIRS bands produce larger measured values in the
band characterization calculations, and the corresponding requirements are larger for this
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instrument than those for OLI instruments. Like the OLI instruments, the premise behind
performing updates to the line-of-sights is based on the band characterization. The band
characterization numbers are inspected against the requirements; values that are close to
or exceed those requirements would drive further analysis and most likely changes to the
line-of-sight parameters. Of note regarding the TIRS band-to-band characterization is that
with only two bands for this instrument (band 10 and 11) the analysis is somewhat easier
due to only one set of numbers in the analysis.

Figure 17 shows the L9 TIRS-2 band-to-band characterization results prior to any
alignment updates. As will be discussed in Section 3.3, TIRS-to-OLI Alignment updates
were performed with respect to the alignment between the two instruments. Like that
discussed for the OLI-2 band alignment, although OLI-2 and an OLI-2 to TIRS-2 alignment
adjustment would change the numbers calculated for the band-to-band characterization
of the TIRS instrument, the outcome from the analysis would not change. The measured
band-to-band characterization of TIRS-2 prior to any alignment calibration updates was
8.161 and 7.600 m LE90 in the line and sample directions, respectively. These band-to-band
characterization numbers are based on 151 scenes. As can be observed from Figure 17 and
comparing these results to the requirement of 18 m LE90, a line-of-sight calibration update
is not needed.
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band combination is shown for the line and sample directions. Results are given in units of meter 
(m) and 90 Percent Linear Error (LE90). The dotted red line represents the band registration require-
ment for the TIRS instrument, which is 18.0 m LE90. The plot was generated, and the numbers were 
calculated prior to the OLI-2 sensor alignment update that was discussed in Section 3.1 OLI Sensor 
Alignment and prior to the TIRS-to-OLI alignment discussed in Section 3.3. The results represent 
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Figure 18 shows the L8 TIRS-1 band-to-band characterization results. The measured 
band-to-band characterization was 7.584 and 8.268 m LE90 in the line and sample direc-
tions, respectively. These band-to-band characterization numbers are based on 209 scenes. 
As can be observed from the figure and comparing these results to the requirement of 18 
m LE90, performing a line-of-sight calibration update is not needed. 

Figure 17. Landsat 9 (L9) Thermal Infrared-2 (TIRS-2) band-to-band characterization results. Each
band combination is shown for the line and sample directions. Results are given in units of meter (m)
and 90 Percent Linear Error (LE90). The dotted red line represents the band registration requirement
for the TIRS instrument, which is 18.0 m LE90. The plot was generated, and the numbers were
calculated prior to the OLI-2 sensor alignment update that was discussed in Section 3.1 OLI Sensor
Alignment and prior to the TIRS-to-OLI alignment discussed in Section 3.3. The results represent the
time range from 1 January 2022 to 1 January 2023.

Figure 18 shows the L8 TIRS-1 band-to-band characterization results. The measured
band-to-band characterization was 7.584 and 8.268 m LE90 in the line and sample directions,
respectively. These band-to-band characterization numbers are based on 209 scenes. As
can be observed from the figure and comparing these results to the requirement of 18 m
LE90, performing a line-of-sight calibration update is not needed.
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rectly identified. Investigations continue to try to determine the root cause. 

The L9 TIRS-to-OLI measured band-to-band characterization is shown in Figure 19 
and entails measuring offsets between OLI-2 band 6 and TIRS-2 band 10. These results are 
broken up into quarterly bins to help identify any possible seasonal dependencies within 
the data. The estimated L9 TIRS-to-OLI orientation parameters are shown in Figure 20 
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have a slight difference in values between the line and sample directions for two of the 
quarters. However, at a scale of only a few meters, it is difficult to infer any type of cali-
bration update needing to be applied. Overall, these measured offsets are below the 30 m 
LE90 requirement. With respect to the L9 TIRS-to-OLI alignment and requirements, the 
measured values were calculated as 18.851 and 17.311 m LE90 in the line and sample di-
rections, respectively. The higher LE90 numbers for the inter-sensor characterization 
when compared to the within-sensor characterization can be attributed to the differing 
spectral response of the bands used in the characterization step, the lower resolution of 
the TIRS instrument (100 m), and the characterization step resampling the TIRS imagery 
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zation numbers were based on 71 scenes. These values represent the TIRS-to-OLI align-
ment prior to the reprocessing that was performed for L9. 

Figure 18. Landsat 8 Thermal Infrared-1 (TIRS-1) band-to-band characterization results. Each band
combination is shown for the line and sample direction. Results are given in units of meter (m) and
90 Percent Linear Error (LE90). The dotted red line represents the band registration requirement for
the TIRS instrument which is 18.0 m LE90. The results represent the time range from 1 January 2022
to 1 January 2023.

3.3. TIRS-to-OLI Alignment

The TIRS-to-OLI alignment has shown seasonal dependencies as such unlike the other
calibration activities performed for the other geometric aspects of L8 and L9 these seasonal
changes are expected within the calibration activities. This seasonal dependency had been
observed in the L8 TIRS-to-OLI alignment and was implemented as a set of calibration
updates within the C2 processing flow for production generation [21,22]. Although this
seasonal change between instruments was small, on the order of 8 µrad, it was thought
that L9 might show the same type of pattern of behavior. If present, this seasonal pattern
would show up as a difference in the winter and summer set of instrument-to-instrument
orientation parameters. The cause for these season patterns has not been directly identified.
Investigations continue to try to determine the root cause.

The L9 TIRS-to-OLI measured band-to-band characterization is shown in Figure 19
and entails measuring offsets between OLI-2 band 6 and TIRS-2 band 10. These results are
broken up into quarterly bins to help identify any possible seasonal dependencies within
the data. The estimated L9 TIRS-to-OLI orientation parameters are shown in Figure 20
and are calculated from the measured offsets given in Figure 19. The measured offsets
have a slight difference in values between the line and sample directions for two of the
quarters. However, at a scale of only a few meters, it is difficult to infer any type of
calibration update needing to be applied. Overall, these measured offsets are below the
30 m LE90 requirement. With respect to the L9 TIRS-to-OLI alignment and requirements,
the measured values were calculated as 18.851 and 17.311 m LE90 in the line and sample
directions, respectively. The higher LE90 numbers for the inter-sensor characterization
when compared to the within-sensor characterization can be attributed to the differing
spectral response of the bands used in the characterization step, the lower resolution of the
TIRS instrument (100 m), and the characterization step resampling the TIRS imagery to 30
m to match the native resolution of the OLI band. These L9 TIRS-to-OLI characterization
numbers were based on 71 scenes. These values represent the TIRS-to-OLI alignment prior
to the reprocessing that was performed for L9.
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Figure 19. Landsat 9 (L9) Thermal Infrared-2 (TIRS-2) and Operational Image-2 (OLI-2) alignment 
measured through OLI-2 SWIR-to-TIRS-2 10.8 μm band characterization. Values are given with re-
spect to 90 Percent Linear Error (LE90) in units of meters (m). Results are broken up by 3-month 
time ranges along with line and sample direction. The dotted red line represents the requirement 
for L9 TIRS-to-OLI alignment of 30 m LE90. These results are for the time range from 1 January 2022 
to 1 January 2023 and are prior to the reprocessing campaign that occurred in early 2023. 

Figure 19. Landsat 9 (L9) Thermal Infrared-2 (TIRS-2) and Operational Image-2 (OLI-2) alignment
measured through OLI-2 SWIR-to-TIRS-2 10.8 µm band characterization. Values are given with
respect to 90 Percent Linear Error (LE90) in units of meters (m). Results are broken up by 3-month
time ranges along with line and sample direction. The dotted red line represents the requirement for
L9 TIRS-to-OLI alignment of 30 m LE90. These results are for the time range from 1 January 2022 to 1
January 2023 and are prior to the reprocessing campaign that occurred in early 2023.
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Figure 20. Estimated Landsat 9 (L9) Thermal Infrared-2 (TIRS-2) to Operational Land Imager-2
(OLI-2) alignment parameters based on the results calculated from the Geometric Supersites given in
units of micro-radians. From top to bottom, the angles represent the roll, pitch, and yaw alignment
parameters. These results are used to calculate the final roll, pitch, and yaw alignment numbers
that will be placed in the Calibration Parameter File (CPF) for product generation. The black dotted
line represents alignment parameters prior to a calibration update. The solid red line represents the
updated calibration parameters. The values represent the time range from 1 January 2022 to 1 January
2023, and calculations were performed prior to the resampling campaign that occurred in early 2023.

For TIRS-to-OLI alignment, a better measure of any possible calibration update need-
ing to be performed resides within inspecting the inter-instrument orientation parameters
calculated for each dataset characterized. These inter-instrument orientation parameters for
L9 are shown in Figure 20. We expected the seasonal pattern present in the L8 TIRS-to-OLI
alignment to be exhibited in the L9 TIRS-to-OLI alignment as well, due to the two instru-



Remote Sens. 2024, 16, 133 26 of 34

ments being essentially a clone of one another. The results in Figure 20 show a small dip for
the pitch values that is similar to what has been measured in the L8 TIRS-to-OLI alignment.
To help identify the calibration update that was needed for the reprocessing of L9, the CPF
values prior to the calibration update are shown as a dotted black line, and the updated
calibration parameters are shown with a solid red line. A moving interval window of the
alignment parameters is also shown within the plot to help identify short-term trends. In
order to begin the reprocessing of the L9 archive at the beginning of 2023, the last quarter
of the L9 TIRS-to-OLI alignment parameters needed to be predicted. This prediction was
higher than what was finally measured for this quarter, hence the pitch CPF parameter
(shown with the solid red line in Figure 20) ended up being approximately 8 µrad higher
than that measured between the two instruments.

New L9 TIRS-to-OLI orientation parameters were calculated based on the values
shown in Figure 20. These new orientation parameters were used in the reprocessing
campaign, and the new L9 TIRS-to-OLI-measured band-to-band characterization results
based on these orientation parameters are shown in Figure 21. With respect to the measured
L9 TIRS-to-OLI results and requirements, the LE90 measured values were calculated as
17.280 and 17.373 m LE90 in the line and sample directions, respectively. These L9 TIRS-to-
OLI characterization numbers were based on 71 scenes.
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alignment, the TIRS-to-OLI alignment updates will not affect the results for the TIRS band 
alignment (the within-instrument alignment). The reprocessing campaign that occurred 
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Figure 21. Landsat 9 (L9) Thermal Infrared-2 (TIRS-2) and Operational Image-2 (OLI-2) alignment
measured through OLI-2 SWIR-to-TIRS-2 10.8 µm band characterization. Values are given with
respect to 90 Percent Linear Error (LE90) in units of meters (m). Results are broken up by 3-month
time ranges along with line and sample direction. The dotted red line represents the requirement for
L9 TIRS-to-OLI alignment of 30 m LE90. These results are for the time range from 1 January 2022 to 1
January 2023 and are after the reprocessing campaign that occurred in early 2023.

Like the OLI sensor alignment calibration updates and the inter instrument band
alignment, the TIRS-to-OLI alignment updates will not affect the results for the TIRS band
alignment (the within-instrument alignment). The reprocessing campaign that occurred
in early 2023 for L9 provides an opportunity to determine that this is indeed the case.
Figure 22 shows the TIRS-2 band-to-band characterization measurements after the L9
TIRS-to-OLI alignment updates. The measured band-to-band characterization of TIRS-2
post-alignment calibration updates was 8.144 and 7.457 m LE90 in the line and sample
directions, respectively. These band-to-band characterization numbers were based on 151
scenes.
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ues in the plots between the CPF and measured values are associated with a small change 
in the alignment that followed a safehold for the instrument. This small change caused an 
offset in the alignment parameters predicted and an out-of-phase characteristic of the sea-
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data delivery [22,23]. 

Figure 22. Landsat 9 (L9) Thermal Infrared-2 (TIRS-2) band-to-band characterization results. Each
band combination is shown for the line and sample direction. Results are given in units of meters (m)
and 90 Percent Linear Error (LE90). The dotted red line represents the band registration requirement
for the TIRS instrument of 18.0 m LE90. The plot was generated, and the numbers were calculated
after the OLI-2 sensor alignment update that was discussed in Section 3.1 OLI Sensor Alignment and
the L9 TIRS-to-OLI alignment that was discussed in Section 3.3. The results represent the time range
from 1 January 2022 to 1 January 2023.

The L8 TIRS-to-OLI measured band-to-band characterization is shown in Figure 23.
Like the L9 results, the L8 results are grouped into quarterly bins to help identify any
possible seasonal dependencies within the data. The estimated L8 TIRS-to-OLI orientation
parameters are shown in Figure 24 and calculated from the measured offsets given in
Figure 23. These measured offsets are less than the 30 m LE90 requirement. With respect
to the TIRS-to-OLI alignment and requirements, the measured values were calculated as
19.060 and 17.120 m LE90 in the line and sample directions, respectively. These L8 TIRS-
to-OLI measurements were based on 193 scenes. The predicted calibration parameters are
shown with a solid red line. A moving interval window of the alignment parameters is also
shown within the plot to help identify short-term trends. The small out-of-phase values
in the plots between the CPF and measured values are associated with a small change
in the alignment that followed a safehold for the instrument. This small change caused
an offset in the alignment parameters predicted and an out-of-phase characteristic of the
seasonal pattern present. Changes over the lifetime of the mission are tracked in quarterly
reports in the Landsat 8 Geometric Performance Summary that can be used in tracking this
seasonal dependency. These reports are made publicly available, as are timelines, lifetime
trends, and discussions on events occurring within the mission that affect data or data
delivery [22,23].
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Figure 23. Landsat 8 (L8) Thermal Infrared-1 (TIRS-1) and Operational Image-1 (OLI-1) alignment
measured through OLI-1 SWIR-to-TIRS-1 10.8-µm band characterization. Values are given with
respect to 90 Percent Linear Error (LE90) in units of meters (m). Results are broken up by 3-month
time ranges in the line and sample directions. The dotted red line represents the requirement for L8
TIRS-to-OLI alignment of 30 m LE90. These results are for the time range from 1 January 2022 to 1
January 2023.
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Figure 24. Estimated Landsat 8 (L8) Thermal Infrared-1 (TIRS-1) to Operational Land Imager-1
(OLI-1) alignment parameters based on the results calculated from the Geometric Supersites given in
units of micro-radians. From top to bottom, the angles represent the roll, pitch, and yaw alignment
parameters. These results are used to calculate the final roll, pitch, and yaw alignment numbers that
will be placed in the Calibration Parameter File (CPF) for product generation. The values represent
the time range from 1 January 2022 to 1 January 2023.

3.4. Geometric Accuracy

Figure 25 shows the L9 geometric accuracy results for the Geometric Supersites and C2
GCPs, respectively. The requirement for Geometric Accuracy for L8 and L9 is 12 m CE90.
For the Geometric Supersites, the geometric accuracy was calculated as 5.609 m CE90. For
the C2 GCPs, the geometric accuracy was calculated as 7.200 m CE90. These geometric
accuracy numbers are based on 420 scenes. Only acquisitions where results are present
for Geometric Accuracy using both sets of control are shown. The difference between
these two measurements is one indication of the difference in accuracy between the two
sets of ground control. Of note is that the Geometric Supersites are within geographic
regions where the C2 GCPs are likely to be more accurate than at other locations. The
Geometric Supersites also try to avoid regions such as high or low latitude where snow
and ice can make even generating ground control difficult or could be adversely affected
by the landscape changes that could be present within the scene. Although the Geometric
Supersite cannot completely avoid being affected by these factors, effects occur much less
frequently with this dataset.
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(a) 

Figure 25. Landsat 9 (L9) geometric accuracy. The top plot (a) shows the Geometric Supersite
geometric accuracy 90 Percent Circular Error (CE90) in meters (m). The bottom plot (b) shows the
U. S. Geological Survey (USGS) Collection 2 Ground Control Library geometric accuracy of CE90 in
meters. These values represent Level-1 Terrain Precision (L1TP) products after the calibration updates
and the reprocessing that occurred in early 2023 for the L9 archive. The dotted red line represents the
geometric accuracy requirement for L9, which is 12.0 m CE90. The values represent the time range
from 1 January 2022 to 1 January 2023.

Figure 26 shows the L8 geometric accuracy results for the Geometric Supersites and
C2 GCPs, respectively. For the Geometric Supersites, the geometric accuracy was calculated
as 5.186 m CE90. For the C2 GCPs, the geometric accuracy was calculated as 6.642 m
CE90. These geometric accuracy numbers are based on 243 scenes. Only acquisitions where
results are present for both Geometric Accuracy and the C2 GCPs are shown.



Remote Sens. 2024, 16, 133 31 of 34

Remote Sens. 2024, 16, x FOR PEER REVIEW 29 of 32 
 

 

 
(b) 

Figure 25. Landsat 9 (L9) geometric accuracy. The top plot (a) shows the Geometric Supersite geo-

metric accuracy 90 Percent Circular Error (CE90) in meters (m). The bottom plot (b) shows the U. S. 

Geological Survey (USGS) Collection 2 Ground Control Library geometric accuracy of CE90 in me-

ters. These values represent Level-1 Terrain Precision (L1TP) products after the calibration updates 

and the reprocessing that occurred in early 2023 for the L9 archive. The dotted red line represents 

the geometric accuracy requirement for L9, which is 12.0 m CE90. The values represent the time 

range from 1 January 2022 to 1 January 2023. 

Figure 26 shows the L8 geometric accuracy results for the Geometric Supersites and 

C2 GCPs, respectively. For the Geometric Supersites, the geometric accuracy was calcu-

lated as 5.186 m CE90. For the C2 GCPs, the geometric accuracy was calculated as 6.642 m 

CE90. These geometric accuracy numbers are based on 243 scenes. Only acquisitions 

where results are present for both Geometric Accuracy and the C2 GCPs are shown. 

 
(a) 

Remote Sens. 2024, 16, x FOR PEER REVIEW 30 of 32 
 

 

 
(b) 

Figure 26. Landsat 8 (L8) geometric accuracy. The top plot (a) shows the Geometric Supersite geo-

metric accuracy with 90 Percent Circular Error (CE90) in meters (m). The bottom plot (b) shows the 

U.S. Geological Survey (USGS) Collection 2 Ground Control Library geometric accuracy of CE90 in 

meters. The dotted red line represents the geometric accuracy requirement for L8 which is 30.0 m 

CE90. The values represent the time range from 1 January 2022 to 1 January 2023. 

4. Conclusions 

Within this paper, the first year of L9 operations was discussed with respect to geo-

metric calibration, characterization, and validation. This time frame pertained to the cal-

endar year 2022. These L9 results were compared against the same geometric aspects for 

that of L8. During this time period, the L9 geometric calibration was held static until to-

wards the end of 2022, after which calibration updates were applied to a reprocessing 

campaign that the USGS performed of the archive. This reprocessing of the L9 archive, a 

year after the L9 launch, was performed to ensure consistency in the calibration performed 

between missions. For L8, the calibration cadence was kept within the C2 philosophy, 

which meant calibration updates were based on predicted changes to the spacecraft and 

instruments that would need to be performed to keep it within the collection 2 geometric 

performance criteria. The key performance metrics measured and discussed in this paper 

were band-to-band characterization, TIRS-to-OLI alignment, and Geometric Accuracy. 

The results from these geometric metrics are listed in Table 4. The two Landsat missions, 

L8 and L9, produce consistent and accurate results, allowing for products from both mis-

sions to be used interchangeably by the science community, which in turn allows for an 

8-day revisit cycle for Landsat imagery. 

  

Figure 26. Landsat 8 (L8) geometric accuracy. The top plot (a) shows the Geometric Supersite
geometric accuracy with 90 Percent Circular Error (CE90) in meters (m). The bottom plot (b) shows
the U.S. Geological Survey (USGS) Collection 2 Ground Control Library geometric accuracy of CE90
in meters. The dotted red line represents the geometric accuracy requirement for L8 which is 30.0 m
CE90. The values represent the time range from 1 January 2022 to 1 January 2023.

4. Conclusions

Within this paper, the first year of L9 operations was discussed with respect to ge-
ometric calibration, characterization, and validation. This time frame pertained to the
calendar year 2022. These L9 results were compared against the same geometric aspects
for that of L8. During this time period, the L9 geometric calibration was held static until
towards the end of 2022, after which calibration updates were applied to a reprocessing
campaign that the USGS performed of the archive. This reprocessing of the L9 archive, a
year after the L9 launch, was performed to ensure consistency in the calibration performed
between missions. For L8, the calibration cadence was kept within the C2 philosophy,
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which meant calibration updates were based on predicted changes to the spacecraft and
instruments that would need to be performed to keep it within the collection 2 geometric
performance criteria. The key performance metrics measured and discussed in this paper
were band-to-band characterization, TIRS-to-OLI alignment, and Geometric Accuracy. The
results from these geometric metrics are listed in Table 4. The two Landsat missions, L8
and L9, produce consistent and accurate results, allowing for products from both missions
to be used interchangeably by the science community, which in turn allows for an 8-day
revisit cycle for Landsat imagery.

Table 4. Geometric performance for Landsat 8 and 9 for the Operational Land Imagery (OLI) and
Thermal Infrared Sensor (TIRS) in five geometric metrics. These values are from the date range from
1 January 2022 to 1 January 2023. The Geometric Supersites were used for the ground control during
the derivation of these numbers. The Landsat 9 numbers are those associated with the reprocessing
of the archive that occurred in early 2023.

Geometric
Perfor-
mance

Landsat 8 Landsat 9 Requirement Units

Line Sample Line Sample

OLI Band-
to-Band 3.31 3.20 3.18 3.18 4.5 Meters

LE90

TIRS Band-
to-Band 7.58 8.27 8.14 7.46 18 Meters

LE90

TIRS-to-
OLI

Alignment
19.06 17.12 17.28 17.37 30 Meters

LE90

Landsat 8 Landsat 9

Geometric
Accuracy 5.19 5.61 12 Meters

CE90
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ACS Attitude Control System
ADD Algorithm Description Document
AGRI Australia Global Reference Imagery
C2 Collection 2
CE90 90 Percent Circular Error
CPF Calibration Parameter File
DOQ Digital Orthophoto Quadrangle
ETM+ Enhanced Thematic Mapper Plus
GCP Ground Control Chip
GPS Global Positioning System
GRI Global Reference Imagery
IAS Image Assessment System
IFOV Instantaneous Field of View
IRU Inertial Reference Unit
L1TP Level-1 Terrain Precision
L1GT Level-1 Systematic Terrain
L5 Landsat 5
L7 Landsat 7
L8 Landsat 8
L9 Landsat 9
LE90 90 Percent Linear Error
LPGS Landsat Product Generation System
OLI Operational Land Imager
SCA Sensor Chip Assembly
SPOT Satellite pour l’Observation de la Terre
SWIR Short-Wave Infrared
TIRS Thermal Infrared Sensor
VNIR Visible and Hear Infrared
USGS U.S. Geological Survey
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