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Abstract: The two near-identical pushbroom Thermal Infrared Sensors (TIRS) aboard Landsat 8
and 9 are currently imaging the Earth’s surface at 10.9 and 12 microns from similar 705 km altitude,
sun-synchronous polar orbits. This work validates the consistency in the imaging data quality,
which is vital for harmonization of the data from the two sensors needed for global mapping. The
overlapping operation of these two near-identical sensors, launched eight years apart, provides a
unique opportunity to assess the sensitivity of the conventionally used metrics to any unexpectedly
found nuanced differences in their spatial performance caused by variety of factors. Our study
evaluates spatial quality metrics for bands 10 and 11 from 2022, the first complete year during which
both TIRS instruments have been operational. The assessment relies on the straight-knife-edge
technique, also known as the Edge Method. The study focuses on comparing the consistency and
stability of eight separate spatial metrics derived from four separate water–desert boundary scenes.
Desert coastal scenes were selected for their high thermal contrast in both the along- and across-track
directions with respect to the platforms ground tracks. The analysis makes use of the 30 m upsampled
TIRS images. The results show that the Landsat 8 and Landsat 9 TIRS spatial performance are both
meeting the spatial performance requirements of the Landsat program, and that the two sensors are
consistent and nearly identical in both across- and along-track directions. Better agreement, both
with time and in magnitude, is found for the edge slope and line spread function’s full-width at
half maximum. The trend of averaged modulation transfer function at Nyquist shows that Landsat
8 TIRS MTF differs more between the along- and across-track scans than that for Landsat 9 TIRS. The
across-track MTF is consistently lower than that for the along-track, though the differences are within
the scatter seen in the results due to the use of the natural edges.

Keywords: spatial calibration; thermal remote sensing; edge method; modulation transfer function;
TIRS instrument; Landsat

1. Introduction

The Thermal Infrared Sensor (TIRS) aboard Landsat 8 was deployed on 11 February
2013, and its successor, Landsat 9 TIRS (TIRS-2), joined it on a similar orbit on 27 September
2021. These two thermal sensors have significantly advanced our scientific understanding
of Earth’s thermal dynamics. TIRS instruments are pivotal for monitoring surface tem-
peratures across the globe, offering precise and consistent thermal data to study climate
patterns, environmental changes, and natural resource management. By capturing the
emitted thermal radiation from the Earth’s surface in two spectral bands, centering at
10.9 and 12 micron, TIRS instruments provide essential information for assessing land
surface temperatures, identifying heat anomalies, and detecting variations in urban and
rural environments.

Earth’s landscapes exhibit intricate thermal patterns, and variations in spatial resolu-
tion can significantly influence the precision of temperature measurements. A consistent
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spatial quality ensures confident comparison of thermal data across time and space, en-
abling longitudinal studies of environmental changes. Consistent spatial resolution is
equally essential for detecting subtle variations and trends during the monitoring of urban
heat islands or the assessment of land surface temperatures. Moreover, maintaining a con-
sistent spatial quality in thermal imagery (e.g., between TIRS and TIRS-2) is indispensable
for compilation of reliable and comparable datasets that underpin the integrity of Earth
observation research and its practical applications and ensures confident trend analysis of
environmental factors across the calibrated instruments in different platforms.

The two TIRS instruments are dual channel push-broom sensors with a passively-
cooled, four-element refractive telescope that directs the incoming beam onto the focal
plane, and its rotating flat mirror points the focal plane to either nadir, the space view
port, or to the on-board temperature-controlled calibration blackbody [1,2]. In both TIRS
instruments, the optical system is kept at an operational temperature of ∼186 K, and a
mechanical cryocooler actively keeps the focal plane below 40 K. Both of their focal planes
consist of three 512 × 640 arrays of quantum well infrared photodetectors (QWIPs) to
cover their 185 km swaths [1,3]. Both TIRS instruments passed the defined radiometric and
spatial system requirements during the pre-launch tests in the Thermal Vacuum Chamber
(TVAC). The TIRS-2 instrument aboard Landsat 9 is believed to be fairly similar, yet with
some improved features compared to Landsat 8 TIRS [1–3]. An important design difference
between the two was devised for TIRS-2 after investigations for the root cause of the
calibration errors that were discovered to be caused by the stray light shortly after the
launch of Landsat 8 [4]. The stray light correction has been investigated to have a positive
impact for atmospheric correction and surface temperature measurements, as it removes
the gap between the measured temperatures by both instruments. Since their launch
and beginning of their routine operations, independent studies have assessed spatial and
radiometric performance of both TIRS instruments [5–11]. This work is an independent
characterization of TIRS spatial performance over an overlapping time in their operation.

Motivation and Goals for This Study

Although the logical thread that connects the dedicated sections toward the final
conclusions is embedded in the text throughout the paper, a clear statement on motivations,
expectations and goals for this study can be an effective reference for the reader.

• Foundation

This study is based on the fact that TIRS instruments aboard Landsat 8 and 9 are near-
identical in design, calibration, operation, orbital parameters, operating modes, relative spectral
response, and transmission profiles of their bands. Cross-comparisons of sensors aboard various
platforms is a well-known and practiced approach to radiometric calibration validation, but
two participating thermal sensors (with publicly available data) have rarely been as identical
in all of these aspects as the TIRS instruments on Landsat 8 and 9. Since their performance
degradation over time is carefully monitored by the operating teams of the launched platforms,
any remaining differences on the conventionally measured metrics can be as informative on the
potentials of the metrics themselves, as they are on the sensor’s performance.

• Motivation

Compiling trade studies for the more sophisticated instruments of the future motivates
a revisit of the commonly used metrics for pre- and post-launch calibration validation.
Spatial metrics are generally inherited from the original works at wavelength regime and
applied to other regimes. Some of those metrics may be found to not be as sensitive to image
quality changes in thermal bands. Replacing less effective approaches or metrics with their
more effective counterparts can impact the planning, site selection, and measurement tools
for the commissioning periods of the launched platforms. Besides spatial performance
comparison of the two identical sensors, a revisit of the spatial metrics for thermal imagery
to assess their sensitivity to observing condition and scanning direction. Such metric
assessments may prove useful in calibration validation planning of the future thermal
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sensors. The system requirements for both TIRS instruments were public knowledge, which
helped us to, on the one hand, conduct an independent verification of those requirements
and ascertain the sanity of our measurement algorithms and, on the other hand, make an
assessment of the metric sensitivities for both sensors over the course of one year of their
operation (Landsat 8 TIRS’s tenth year and Landsat 9 TIRS-2’s first full year of operation).

• Expectations and goals

Similarly designed and calibrated sensors on similar orbits and similar operating
platforms are expected to behave similarly under ideal and matching operating conditions.
But, in practice, small on-board calibrator malfunctions or variations in their response
can introduce non-uniformities and trigger false pixel-to-pixel variation that dilute the
intrinsic contrast of the observed scenes over the resolved scales by the sensor. These
effects ultimately degrade the sharpness of the images, an effect that can be exacerbated by
resampling into smaller pixel sizes. The goal was to: (1) Scout the coastal scenes around
the globe including the previously selected scenes for edge profile measurement, and
establish a data set of co-observed scenes with as similarly low cloud coverage as possible.
(2) Generate the trends of the same set of metrics on the same observed scenes by both
sensors and ideally only days apart. The measured metrics trends in this work have 1-sigma
uncertainty envelopes around them to facilitate significance assessment of potential upward
or downward trends if they persist for three or more months. (3) Identify the metrics that
exhibit more sensitivity to observing conditions or scanning direction (across- or along-
track), even in a generally consistent trend for the two metrics. And (4) whether a consistent
behavior was confirmed or not, lay out conclusions on the metric sensitivity to a change
in observing condition or scanning direction, and/or the metrics ability on assessing the
image quality (e.g., sharpness of the edges) and its robustness to bypass various observing
conditions and yield values that consistently correlates with image quality. The sensitivity
loss of spatial metrics as they are applied to images at longer wavelength is not surprising,
and a natural extension of what is presented in metric trends of TIRS instruments was a
commentary on which one of the commonly measured spatial metrics retain (or lose) their
sensitivity to observing condition and edge sharpness at 10–12 microns. Equally worthy of
note are the confluence of analysis and considerations that categorized some of the nuanced
metric differences as noticeable but not significant. Given the generally higher quality of
Landsat imagery in all bands, compared to contemporary thermal sensors with public
access, hints at the limits of the on-orbit data and/or Edge Method in resampled thermal
images and validating pre-launch assessments.

This paper is structured as follows: Section 2 describes the scene selection crite-
ria and data acquisition and lays out the measurement methods and metric definitions;
Sections 3 and 4 are dedicated to the results and discussions, and Section 5 delivers a sum-
mary of the work and conclusions. All of the discussed metrics in this work have been
measured for all 12 of the qualified images of listed sites, at both B10 and B11 (10.9 and
12 µm) bands. “AT” and “XT” indicate edge orientation in along and across the sensor’s
scanning track.

2. Materials and Methods
2.1. Data

Spatial performance evaluation of satellite imagery for thermal sensors via the knife-
edge technique, also known as the Edge Method or Tilted Edge Method, has been suc-
cessfully used in validating the spatial quality of satellite images across a wide range
of channels on various platforms (e.g., [12–18]). This technique relies on high contrast
thermal boundaries (edges) to characterize the transition between the two sides of the edge.
The edge targets shall be chosen such that they best represent the resolving power of the
imaging system. In addition to the sharp thermal transition, this method relies on the
thermal uniformity on either sides of the edge. Consistently high contrast between the two
sides and thermal stability of these targets are more desirable for long-term monitoring
of the spatial performance of the sensors than thermal events such as volcanic eruptions.
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Geometrically defined features, such as bridges and harbors (with enough thermal contrast
with surrounding waters), provide lasting structural uniformity along the edge that the
naturally formed edges (such as cliffs and coastlines) do not provide. With all of their
imperfections, the naturally formed thermal edges are used for spatial characterization
metrics for their high thermal contrasts, diversity of locations and orientations with respect
to the orbital tracks of various platforms. Orbital motion of the platforms adds directional
property to the scanning procedure. It should be noted that, in this work, along-track and
across-track terms do not refer to scanning style differences (i.e., scanning from top to
bottom or from side to side), but refer to the orientation of the edge image in the scanned
scene. A north–south oriented edge image is used to characterize the across-track edge
response and a perpendicular edge image to across-track direction, is used for along-track
edge response characterization.

Table 1 lists our chosen edge targets in this work. High contrast edges (such as
coastline) in desert areas are reliable candidates for the edge technique, especially those
that sustain their thermal contrast for most of the year. Among the qualified coastlines
with the aforementioned criteria, those with accommodating orientation for the near-
polar orbits of Landsat 8 and 9 (at 98◦ inclination) were selected. The SAHA, OMAN,
and YMEN sites were chosen by a study on spatial performance of Landsat 8 TIRS [9].
LIBY was also chosen by [5] for post-launch spatial performance assessment of Landsat
9 TIRS-2. Among the longer list of candidate scenes, these sites proved most thermally
uniform, and seasonally reliable sites with relatively consistently high contrast coastlines
for edge response measurements. The numbers separated by comma in the fifth column
are associated with the total number of qualified images for Landsat 9 TIRS and Landsat 8
TIRS, respectively. If no cloud-free image existed in a 30 day interval, the cloud coverage
threshold was gradually increased from zero until at least one usable image was found for
a ∼30-day interval for the two instruments throughout 2022.

Table 1. A summary table of the participating scenes in this work. Only one of images for SAHA
from Landsat 8 TIRS and Landsat 9 TIRS2 has between 10 and 20% cloud coverage. Out of 24 images
for the LIBY site, only two images from Landsat 8 TIRS have between 10 and 20% cloud coverage.
All of the images from OMAN, YMEN, and DUQM have 0% cloud coverage. The edge orientations
with respect to the sensor track in all of the listed sites are no larger than 8 degrees.

Site (Acronym) Type Path/Row Edge SNR Scenes Lat., Lon.
LS9, LS8 [deg.]

West Sahara (SAHA) XT 206/045 30–90 10, 12 (21.45, −17.0)
North Africa (LIBY) AT 186/038 30–70 12, 12 (31.25, 16.10)
East Oman (OMAN) XT 158/046 30–65 5, 5 (19.68, 51.71)

South Yemen (YMEN) AT 163/050 40–75 5, 5 (13.96, 47.86)
Port of Duqm—Oman (DUQM) AT, XT 158/046 40–70 5, 5 (19.68, 57.71)

Figure 1 depicts the general location of those scenes. OMAN, YMEN, and SAHA
have been previously chosen for spatial quality assessment of Landsat 8 TIRS, as these
shorelines have near optimal angle of ±8◦ from the sensors orbital orientation for across-
track spatial characterization [9]. LIBY in Northern Africa (Path/Row:186/38) also passed
similar physical and positional criteria for along-track spatial performance characterization
(shorelines with 8± 8◦ orientation [9]). Note that, even for the shared sites with past studies,
no information about the exact sections of the shorelines that were used in their study was
available. Our method of moving a measuring window along the shores and finding a
section with consistently maximal thermal contrast and edge profile behavior over time
was used to select the final sites among the candidate sites.
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Figure 1. General locations of the chosen scenes denoted by colored squares. The sizes of the squares
do not represent the scaled projections of the tiles. The underlying map is a snapshot of the interactive
tile map in earthexplorer.usgs.gov.

The top and bottom left panels of Figure 2 show examples of the thermal maps of the
Northern Africa and Western Sahara scenes as observed by the two TIRS instruments at
B10 and B11.

Figure 2. The top and bottom rows depict examples of the aligned edge profiles for the chosen
sections of the edge for an along- and an across-track coastline (as well as their associated edge
profiles in red, and their first-order derivative Line Spread Function in blue). The red square has been
moved along the coastline to monitor the stability of the signal-to-noise and edge profiles on Landsat
8 TIRS images at the B10 band. The optimally found spot for metric measurements is chosen such
that it has SNRedge > 50 and a well-behaved aligned stack of profiles at the same spot for all of the
qualified images of the scene throughout the year 2022. Once decided on the spot, it is affixed and
used on all of the qualified images of Landsat 9 TIRS at B10 and B11.

The data used for this work are public and accessible through USGS’s Earth Ex-
plorer data repository. The TIRS imagery in both Landsat missions are Tier 1 L1-TP, 30 m
resampled (using the Cubic Convolution method described in the Landsat Level-1 process-
ing details https://www.usgs.gov/landsat-missions/landsat-level-1-processing-details,
accessed on 8 August 2024) TIF maps from the high quality (top-tier) Standard Terrain
Corrected data products of collection 2. The data repository was queried over daytime
nadir acquisitions by both TIRS instruments at both the B10 and B11 bands throughout
2022 (the first full-year overlap in their operations). Table 1 lists the chosen scenes and
their properties. SAHA and LIBY are the across- and along-track scenes that are used for
spatial metric trends. For these two scenes, the goal was to find the least cloudy image in
each ∼30-day interval throughout 2022 acquired by both sensors, in order to assess the
longer-term consistency of the measured spatial metrics. In the months throughout which
no cloud-free images were acquired, the acceptable cloud coverage range was gradually
increased up to <20% (and up to 40% in only two months for the Western Sahara site)
until an image was found. Depending on the proximity of the cloud patch to our desired

https://www.usgs.gov/landsat-missions/landsat-level-1-processing-details
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edge section, the chosen area for measurements would be moved by enough pixels away
from the visible clouds to have a cloud-free section of the edge for our measurement.
This was only necessary for one image in LIBY. The second set of along- and across-track
sites (YMEN and OMAN) consisted of only 0% cloud coverage. Consequently, there are
extended periods in 2022 during which no such image is available for one or both of these
two sites. The idea behind choosing this limit for OMAN and YMEN was to have a set
of “control” measurements in the along- and across-track directions, so that their metric
fluctuations could not be speculated to have cloud-related reasons.

Before the final selection of the sites listed in Table 1, more coastlines in Western
Australia, the western coast of Mexico, and the western coast of Greenland were examined.
Those sites did not provide as high contrast and sharp boundaries as the chosen sites.
Those sites also did not have as many <20% cloud covered scenes as SAHA and LIBY
to make it possible to measure the trend of metrics during 2022. The numeric approach
to find a perpendicular transect through the angled edge requires interpolation between
crossing pixels. Combination of this numeric treatment with a lower contrast between
the edge sides in some candidate scenes imposes a more selective approach in choosing
the acceptable transects; a disadvantage that was more pronounced for the geometrically
defined structures that are sharply angled with respect to the near-polar ground tracks
of TIRS instruments (the Bay area bridges and Long Beach harbor were assessed before
final selection). Our control scene, OMAN, happens to contain two geometrically defined
structures in near-perfect perpendicular orientations with respect to each other and scan
direction (see the Port of Duqm in Figure 3). The measured metrics from these structures
were used to compliment the spatial performance assessment of the sensors in the absence
of coastline edge imperfections. The selection of the dataset is further discussed in the
context of the results in Section 4.

Figure 3. The layout of the Port of Duqm in the OMAN scene (Path/Row:158/46), with geometrically
defined structures in near-perfect along- and across-track directions. The same spatial metrics that
were measured in coastal edges were measured for these two structures on the same images, in
which an edge in the coast Oman is measured (see the DQUM information in Tables 1 and 2). DUQM
measurements were used as control data for along- and across-track metric trends in the coastal edges.

2.2. Measurement

The Edge Spread Function (ESF) is typically derived from analyzing the pixel values
in each row of the chosen section of the image that includes the boundary between two
relatively uniform yet significantly different sensor readings. Enough pixels on either
side of the edge results in higher signal-to-noise edge profile (see Equation (1)). ESF
describes how the imaging system spreads the intensity of a sharp edge in its scanned
image. Mathematical representation of the distribution of intensities along the individual
transects crossing the edge can quantify this spread. As the slanted edge with respect to
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the focal plane axes is scanned by the sensor, the intensity values are measured at various
positions along the transect that passes through the edge. The slight tilt of the edge in
the image is a key feature in this analysis. Transects passing through a very straight edge
with respect to the image frame would all have similar intensity distribution profile, which
results in an undersampled edge profile created from the individual transect profiles, while
a tilted edge causes different transects to pass through the edge center at different spots,
resulting in an oversampled edge profile with a heightened ability to record the true spatial
characteristics of the imaging sensor from that image.

Some conventionally measured spatial characterization metrics that are derived from
ESF include: (i) An edge slope that is measured at 40–60% of the normalized ESF. Higher
edge slopes mean sharper edges. (ii) a Relative Edge Response (RER), which is a measure
of the steepness of the edge profile, and is the measured as the drop in ESF amplitude when
moving within ±0.5 pixel of the center of the edge. RER reveals how an imaging system
responds to a change in contrast over one pixel. A higher RER indicates a steeper edge and
sharper image. Blurry images have higher RERs. (iii) Line Spread Function (LSF) and its
Full Width at Half Maximum (FWHM), which signifies the width of the ESF at half of its
maximum value. LSF is the first order derivative of the the ESF, and represents the extent
of the edge spread. Smaller FWHMs indicate sharper edges and better spatial quality. (iv)
The Edge Extent that is defined as horizontal distance between 5% and 95% of the edge
response (lower and upper edge points), and measures the contrast transition distance
on either side of an edge. And (v) the Modulation Transfer Function (MTF), which is the
Fourier Transformation of the LSF. The spatial frequency response evaluation method is
typically developed in accordance with the International Standard ISO 12233:2000. MTF
characterizes the imaging system’s ability to reproduce different spatial frequencies or
details in the image. Since MTF is a relative measure, it quantifies the ratio of the output
modulation (i.e., contrast) to the input modulation for each spatial frequency. Higher
MTF values at sampling frequency indicate a better ability to reproduce fine details and
preserve contrast, while a lower MTF values indicates a reduction in detail reproduction
and contrast. To quantify the shape of the MTF curves, three MTF shape parameters for
each curve are measured: “MTF50”, which is the spatial frequency at which the MTF drops
to 50% of its maximum value; “MTF@1/2Nyq.”, which is MTF at half Nyquist sampling;
and “MTF@Nyq.”, which represents MTF at the Nyquist frequency.

The next step after finding one qualified image per month for both TIRS instruments
is to identify the optimal section of the edge for the metric measurement. SNREdge was
calculated for every 50 × 50 pixel array along the full stretch of a slightly tilted coastline
with respect to the image frame (re square in Figure 2). This was performed for all of
the qualified images of Landsat 8 TIRS at B10. The goal was to identify a section of the
edge that consistently yields SNREdge > 50 throughout the year. Initially, a threshold of
SNREdge = 50 was chosen, as it has been reported to be a relatively effective signal level [9].
Through numerous measurements of this factor from images captured under wide range
of observing conditions and dates/times, this threshold was found to be sufficiently high
to flag low-quality imagery, and not overwhelming high to unreasonably disqualify a
reasonably sharp contrast. Equation (1) shows the definition of SNREdge for the purpose of
this study.

SNREdge =
DNbright − DNdark

(STD[bright] + STD[dark])/2
(1)

After the most consistently high-quality section of the coastline in the scene was
identified, images of the same section of the coast in all of the TIRS images of the coast
throughout 2022 at both B10 and B11 were gathered. There were only a few cases where
the optimum measurement section needed to be moved by a few pixels to bypass a thermal
anomaly (i.e., either a cluster of abnormal pixel values due to moisture in the land or in
the atmosphere over the area) in the thermal map of the scene. Two examples of this
optimally chosen section of the coastline (indicated by a red square) are shown in the top-
and bottom-left-most panels of Figure 2).
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As described earlier, each row of the chosen 50 by 50 pixel array creates an edge profile.
Those extracted profiles are then fit with a mathematical representation to locate the exact
location of the edge with sub-pixel accuracy. A modified Fermi function (Fm(x)) following
the behavior of the linear portion of the edge profile where the edge center is located:

Fm(x) = d +
(b − d)

1 + exp(−s(x − e))
+ g(x − e). (2)

where “d” represents the mean value on the dark side of the edge, “b” is the mean value
on the bright side, “s” represents the slope of the linear portion of the profile (since the
conventional definition of the edge slope as a spatial metric is limited to a smaller section
around the edge center, the best-fit parameter “s” is not reported as the edge slope) and “e”
the edge center location. The shifted profiles by the best-fit value of the edge center, e, create
an oversampled edge profile that is then used to measure the spatial metrics defined earlier.
An example of the aligned edge profiles in an along- and cross-track edges are shown in
red in the top and bottom third panels of Figure 2. The aligned stack of normalized edge
spread responses are then resampled using linear interpolation to a uniform pixel spacing
of 0.1–0.01 for slope determination of its linear section (finer spacing than 0.1 did not
improve the fit, nor key parameter determination). The slope is determined from the 40 to
60 percent section (0.4–0.6) of the normalized edge response. The same procedure is applied
for the Edge Extent determination (defined as 10 to 90 percent of the normalized response).
To remove biases from our results, measurements from aliased or blurred images were
removed before the performance evaluation. A modified form of an image classifier, Q, to
flag low-quality images was also measured in for the edge image (limited to the section
where the edge profile is extracted). Q essentially connects the width of representative
diffraction-limited PSF of an imaging sensor’s produced image to its characteristic sampling
distance. Q’s modified definition, Qeffective, includes the detector, optics, electronics, motion
effects, etc. that contribute to the shape of the LSF [19,20]:

Qeffective =
FWHM of the LSF

GSDsensor
. (3)

Using this definition, images with Qeffective > 2 are considered blurry, and those with
Qeffective < 1 are considered aliased. A GSDsensor of 100 m is applied for thermal imagery of
Landsat 8 and 9. Prior to averaging all of the measurements of a particular spatial metric for
each band and each sensor, any measurements associated with aliased and blurry images
were removed from the set (see Section 3). Motivated by multiple published works on Edge
Method analyses that had found SNREdge alone to be helpful, but not enough, for weeding
out the low quality images, the temporal variation of all of the measured spatial metrics
(edge slope, Edge Extent, half edge response, FWHM of LSF, and MTF shape parameters)
were examined together with the trend of their associated Q and SNREdge (early examples
of these trends were presented in [21]). For brevity, Figure 3 only shows the edge slope trend
with these tow factors per image in both B10 and B11 bands. There are clearly edges with
a high SNREdge that have yielded a low edge slope (i.e., less sharp edge,) and the Q factor
of that edge categorized the image as blurry, which justifies the low edge slope. Enough
such cases led us to look into a combination of SNREdge > 50 and 1 < Q < 2 in our vetting
process for qualified images to used for metric averaging (presented in Figures 8–10).

2.3. Uncertainties

A definition of the uncertainties of the monitored spatial metrics can differ between the
responsible teams in charge of verification and validation of the mission requirements. But,
conceptually, the main contributors to the observed uncertainties are largely agreed upon:
(i) optical system mirrors and lenses introduce aberrations, diffractions, and distortions
that affect the shape of the LSF and MTF; (ii) atmospheric turbulence, scattering, and
absorption can also impact the sharpness and spatial response of the imaging system by
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affecting the edge profile and the derived LSF and MTF; (iii) uncertainties in the radiometric
calibration process can propagate into the calibrated digital numbers (DN) in the final map
and affect the derived parameters, including the edge slope and width; (iv) inherent errors
from the processing algorithms for radiometric and geometric corrections and resampling
steps also propagate into spatial response characteristics; and (v) the characteristics of
the imaged scene, such as the presence of complex textures, high-frequency details, or
areas with low contrast, can also influence the measured edge slope and width. Spectrally
variable or complex scenes and, in the case of thermal images, scenes that include thermally
variable/unstable areas, challenge accurate edge detection, and contribute to uncertainties
in the LSF and MTF measurements.

In our approach adopted here, the metrics for each of the individual transects that
pass through the edge (rows or columns) are calculated. The standard deviation of the
calculated metrics from individual transects is reported as the uncertainty of the measured
metric. The metric itself is calculated from the full stack of the aligned transects.

3. Results

Table 2 lists the average values of all of the measured metrics for each of the TIRS
instruments, and for each scene in B10 and B11. After the metrics introduced in Section 2.2
were measured for each of the qualified images of each scene at each band, the trends of
the metrics over the monitoring window (1 January 2022–1 January 2023) were assessed.
Given that the two Landsat platforms are eight days out of phase, and to reduce observing
condition differences between the two sensors, the closest acquisition dates for the qualified
thermal images of a scene was chosen. The spatial metrics were measured on the same
sections of the scenes, unless it was not possible due to existence of a patch of cloud in that
particular spot, which prompted a few pixels to move to an adjacent section.

Table 2. Average metric values over the determined time window and number of scenes (see Table 1
and Section 2.1 for utilized data, and Section 2.2 for the definitions of the metrics). The Port of
Duqm in the OMAN scene (Figure 3) was chosen for its near-perfect orientation of two geometrically
defined structures in the along- and across-track directions (∼6◦ (XT), ∼3◦ (AT)). The measurements
for the geometrically defined structures in DQUM, which only participated in the final stage of
performance assessment as a potential comparison for the upper level of MTF amplitudes, had the
edge imperfection of the shorelines removed.

Edge Slope Rel. Edge Res. Half Edge Res. FWHMLSFSite [1/pixels] [pixels] [pixels] [pixels] MTFNyq.

Landsat 9 TIRS
SAHA (B10) 0.608 ± 0.028 0.17 ± 0.013 8.616 ± 0.398 6.476 ± 0.159 0.098 ± 0.01

B11 0.669 ± 0.047 0.18 ± 0.018 8.472 ± 0.583 6.398 ± 0.280 0.112 ± 0.018
LIBY (B10) 0.604 ± 0.054 0.18 ± 0.013 7.985 ± 0.568 6.141 ± 0.208 0.138 ± 0.016

B11 0.612 ± 0.051 0.188 ± 0.015 7.788 ± 0.481 5.978 ± 0.147 0.153 ± 0.013
OMAN (B10) 0.721 ± 0.173 0.217 ± 0.047 7.222 ± 0.976 6.019 ± 0.401 0.171 ± 0.041

B11 0.671 ± 0.091 0.174 ± 0.034 8.50 ± 0.998 6.486 ± 0.538 0.123 ± 0.036
YEMN (B10) 0.664 ± 0.071 0.190 ± 0.031 7.648 ± 0.685 6.175 ± 0.293 0.146 ± 0.025

B11 0.624 ± 0.062 0.189 ± 0.029 7.756 ± 0.641 6.208 ± 0.277 0.140 ± 0.025
XT − FWHMLSF XT − MTFNyq. AT − FWHMLSF AT − MTFNyq.

DUQM (B10) 5.942 ± 0.275 0.306 ± 0.041 6.188 ± 0.054 0.227 ± 0.018
B11 5.80 ± 0.139 0.276 ± 0.020 5.658 ± 0.246 0.273 ± 0.043

Landsat 8 TIRS
SAHA (B10) 0.578 ± 0.026 0.185 ± 0.011 8.142 ± 0.273 6.167 ± 0.106 0.120 ± 0.008

B11 0.752 ± 0.0420 0.190 ± 0.018 7.921 ± 0.42 6.106 ± 0.158 0.127 ± 0.013
LIBY (B10) 0.572 ± 0.043 0.175 ± 0.012 7.518 ± 0.551 6.154 ± 0.173 0.128 ± 0.011

B11 0.564 ± 0.059 0.173 ± 0.021 9.033 ± 0.804 6.323 ± 0.439 0.1625 ± 0.043
OMAN (B10) 0.559 ± 0.112 0.177 ± 0.034 7.878 ± 0.685 6.205 ± 0.457 0.112 ± 0.034

B11 0.585 ± 0.104 0.189 ± 0.029 7.756 ± 0.641 6.241 ± 0.408 0.117 ± 0.038
YMEN (B10) 0.493 ± 0.049 0.149 ± 0.025 9.279 ± 0.641 6.848 ± 0.396 0.079 ± 0.021

B11 0.613 ± 0.072 0.180 ± 0.029 8.436 ± 0.859 6.476 ± 0.379 0.180 ± 0.029
XT − FWHMLSF XT − MTFNyq. AT − FWHMLSF AT − MTFNyq.

DUQM (B10) 5.813 ± 0.093 0.267 ± 0.017 5.618 ± 0.083 0.185 ± 0.025
B11 5.821 ± 0.212 0.295 ± 0.048 6.111 ± 0.148 0.211 ± 0.019
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Keeping track of the SNREdge and Qeffective values of each scene helped to verify
the existence or strength of correlations between these two image quality factors and
the measured spatial metrics. Besides learning that an image with SNREdge < 50 and
Qeffective > 2|Qeffective < 1 would very likely not yield a tight edge profile and a small
uncertainty envelope for its derived metrics, it was also observed that SNREdge > 50 does
not strongly correlate with the best derived edge profiles from a scene (Figure 4 presents
the variations of the edge slope, and the impact of considering SNR and Q together to
correctly identify all of the images with less sharp edges).

Figure 4. Trends of the spatial resolution metrics during 2022 for along-track scene (Northern Africa;
186/38): edge slope, FWHM of the LSF, and three MTF shape parameters (MTF value at the Nyquist
frequency, the spatial frequency at which MTF drops to 50 percent, and MTF value at half Nyquist
frequency). The measurements are color-coded for the two bands. Measurements associated with
SNREdge < 50 or Qeffective > 2 are excluded from the averaged metrics in Figure 8.

Along with three MTF shape parameters (MTF50, MTF@1/2Nyq., and MTF@Nyq.),
the changes to the full MTF curves with edge image orientation (across- versus along-track),
edge contrast (SNREdge), spectral band and, ultimately, between the two thermal sensors
were also investigated. Figure 5 illustrates an example of the stack of MTF curves for
one scene, at B10 and at B11 of the Landsat 9 TIRS instrument for an along-track scene
(Northern Africa; Path/Row: 186/38) during 2022.

The high SNR sections of TIRS images at B10 determine the focus areas for TIRS-2
images, with the possibility of some moderate pixel shifts when the thermal fluctuations
of either side of the edge cause failure for the edge profile extraction algorithm. The gray
curves in both panels are the measured MTF for images with SNREdge > 50. The MTF
curves shown in colored dashed lines are for images with SNREdge < 50. Low SNR images
do not participate in the averaging process for each of the defined metrics in Section 2.2.
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Figure 5. An example illustration of the comparison between the 12 normalized modulation transfer
functions (MTFs) for the same section of the coastal edge in an along-track scene during 12 months of
2022 (the same comparison is performed for all of the along- and cross-track scenes presented in this
work). In both panels, the black and gray curves show the MTFs from the Landsat 8 TIRS images,
and the colored curves are the MTFs of the Landsat 9 TIRS-2 images.

Unlike the cross-track Western Sahara scene, finding a section of the image in the
along-track scene (LIBY) that would yield SNREdge > 50 was not possible for every image.
Looking at the gray and colored stacks of the MTF curves (representing TIRS and TIRS-2
imaging quality at an along-track scene), and then comparing them with the two stacks
of MTFs from a cross-track scene, it appears that the MTF of along-track scenes are more
sensitive to the SNR level than those of the across-track scene. Further, MTF curves of
the images at similar SNR levels are more stable and consistent in B10 than B11. This
observation remains the same for both the Landsat 8 and 9 TIRS.

Choosing Representative Metrics

It should be noted that all of the introduced metrics for the Edge Method in Section 2.2
stem from the shape of the edge profile. Consequently, the uncertainty of the measured edge
slope impacts the uncertainties of other metrics, in accord with their definitions. Looking at
our results, among the measured metrics, the uncertainty envelope of the edge slope affects
the Edge Extent and Relative Edge Response the most, rendering them least sensitive to
the slight performance differences between the two TIRS instruments. Therefore, those
metrics were dropped, and the focus was shifted to investigating the trend of edge slope
and FWHM of its derivative (LSF) to determine the more reliable of the two, with minimal
failure rates to mimic the trend of the MTF shape change.

In Figure 6, the top two panels show the variations of the edge slope for the along-track
scene of Northern Africa in B10 (the dashed and solid blue lines and shaded blue envelopes
for TIRS and TIRS-2, respectively). The dashed and solid red lines and shaded yellow
envelopes show the same metric for B11 in both sensors. The bottom two panels of this
figure show the edge slope for the across-track scene in the Western Sahara. The overlaid
open and filled diamonds and circles in all of the panels are the edge slopes for the control
scenes in the along- and across-track directions. The trends of the edge slope in the top two
panels (along-track scene) fluctuate over a wider range of values, and have comparatively
higher uncertainties than their counterparts in the bottom two panels for the across-track
scene (this can be seen in the relative position of the open markers with dashed lines for
the Landsat 8 TIRS and the filled markers and solid lines for the Landsat 9 TIRS).
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Figure 6. Top two panels: variations of the edge slope throughout 2022 for TIRS and TIRS-2 images
of the along-track scene of Northern Africa at B10 (dashed and solid blue lines and shaded blue
envelopes for TIRS and TIRS-2, respectively) and B11 (dashed and solid red lines and shaded yellow
envelopes for TIRS and TIRS-2, respectively). Bottom two panels: same description as the top panels
for the across-track scene in the Western Sahara.

The panels of Figure 7 follow the same color code and marker code as those in Figure 6.
The trends of FWHM of the LSF in the top two panels, as compared to the two bottom
panels, show more stability of this metric in across-track direction in both the Landsat 8
and Landsat 9 TIRS instruments.

The annotated “×” markers in Figures 6 and 7 flag the images with >0 cloud coverage.
Our measurements for the presented data and for the test scenes prior to the final scene
selection suggest that the impact of cloud coverage on spatial metrics is highly location-
dependent, and seems to negatively impact the metrics on a case-by-case basis. Even
though only the images for which the cloud coverage was calculated and reported to be
<20% were used, a few images with a reported 0% cloud coverage were encountered that
had a surprisingly low SNRedge and widely spread edge profiles. No seasonal trends for
metrics could be confidently derived from our data. The presence of seasonal dust particles
and other atmospheric content pollutants that could have a moderate effect on the image
clarity in the thermal bands (compared to more significant effects at visible and near IR) was
considered. Difficulty in matching the image acquisition dates with the sparse reporting
of the Aerosol content, and an often significant distance between the closest monitoring
station and our chosen site, prevented further investigation of the possible impact.

Together, Figures 6 and 7 show that, in across-track scenes, TIRS instruments on both
platforms perform similarly, with noticeable but insignificant spatial quality improvement
in Landsat 9 TIRS (the solid lines and filled symbols in blue and red in all panels follow each
other more closely than the dashed lines and open symbols in blue and red that represent
the Landsat 8 TIRS metric values).
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Figure 7. A similar style of graph to Figure 6 for the FWHM of the line spread function for the along-
and cross-track scenes and their respective control scenes. See Sections 3 and 5 for more details
and interpretations.

Lastly, comparing the edge slope and FWHM of the LSF for a representative metric,
the trends of the FWHM of the LSFs for the across- and along-track scenes in both TIRS
instruments appear more consistent with the associated metrics in their control scenes,
less sensitive to edge spread profile imperfections and, therefore, are more reliable for
long-term monitoring.

4. Discussion

Figure 8 encapsulates the results by visualizing the averaged metrics that are listed
in Table 2. The first panel from the top left shows that the across-track edge slopes (open
and filled triangles in blue and red) span a wider range of values than the along-track edge
slopes (open and filled blue and red squares). Focusing on the colors, the edge slopes in
B10 show more consistency over time than the edge slopes in the B11 images. The second
panel from the top left shows that the FWHMs of the LSFs for across-track edges span
over a slightly wider range of values, but their larger uncertainties have alleviated the
statistical significance of this argument. Landsat 8 TIRS shows marginally tighter edge
profiles (smaller FWHM) in the across-track direction, and Landsat 9 TIRS shows slightly
sharper edges in the along-track direction.

The last two panels from the top left and the first panel from the bottom left show that
the MTF shape parameters for the across-track scenes appear relatively consistent between
the two TIRS instruments. Focusing on the open symbols in both red and blue colors, the
along- and across-track scenes are more distinguishable in their MTF shape in the Landsat
8 TIRS. The last two panels from the bottom left show that the Edge Extent and Relative
Edge Response are closely related to edge slope (a smaller edge slope means a wider
Edge Extent and smaller Edge Response), but their wide uncertainty envelopes resulted
in inconclusive patterns for both metrics in the across- and along-track directions (the
open and filled triangles in red and blue, together, do not show an upward or downward
trend). Figures 9 and 10 compare the average FWHM and MTFs for the natural coastlines
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with the same metrics for the two defined edges oriented in the along- and across-track
directions, located in the Port of Duqm in the OMAN scene. The FWHM of the Line Spread
Function (and its Fourier space equivalent, MTF) exhibited better consistency and stability
over the monitoring period compared to the other measured spatial metrics (in Figure 4)
and, therefore, were chosen to represent the overall quality of the naturally formed edges
against the same averaged metric from a constructed edge.

Figure 8. A summary diagram for the measured metrics, with the goal of illustrating the reason
behind choosing a subset of the most effective metrics for better spatial performance comparisons.
Each panel shows the average of one of the metrics per band and per site type (see Section 2.2 for
their definition and the legend for colors and symbols). From top left to bottom right: Edge slopes in
B10 (filled and open blue squares and triangles) show more consistency between edges in the along-
and cross-track directions in both sensors than in B11 (filled and open red squares and triangles). The
FWHM of LSF shows that the Landsat 8 TIRS shows marginally tighter edge profiles (smaller FWHM)
in the across-track direction, and the Landsat 9 TIRS shows slightly sharper edges in the along-track
direction. The MTF shape parameters (MTF@1/2Nyq., MTF50, and MTF@Nyq.) for across-track
scenes appear relatively consistent between the two TIRS instruments. The large uncertainties in
Edge Extent and Relative Edge Response have made them the least suitable metrics for detecting
subtle changes with the spectral band and edge image orientation. The scenes with SNREdge < 50
and Qeffective > 2 were removed prior to the averaging process.

Figure 9. Average FWHM (left) and average MTF at Nyquist (right) for the monitored across-track
scene throughout 2022 (values associated with blurry and low SNR scenes were excluded from the
averaging process). Blue and red colors represent the two spectral bands, B10 and B11, respectively.
The data points enclosed in the dashed square boxes in each panel are the same averaged metrics for
the geometrically defined vertical structure in the Port of Duqm in the south-east of the OMAN scene
(see Figure 3).
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Figure 10. A similar figure to Figure 9, but for our monitored along-track scene throughout 2022. The
data points enclosed in the dashed square boxes in each panel are the same averaged metrics for the
horizontal structure in the Port of Duqm in the south-east of the OMAN scene (see Figure 3).

Figure 9 implies that both the FWHM and MTF show no sensitivity with spectral
bands, and that the averaged across-track MTF at Nyquist for the constructed edge in the
Port of Duqm is significantly higher than that of the coastlines. The FWHM of the Line
Spread Function (and its Fourier space equivalent, MTF) exhibited better consistency and
stability over the monitoring period, compared to other measured spatial metrics (Figure 4)
and, therefore, were chosen to represent the overall quality of the naturally formed edges
against the same averaged metric from a constructed edge. Both the FWHM and MTF show
no variation when moving from B10 to B11. The averaged across-track MTF at Nyquist for
a constructed edge in the Port of Duqm is noticeably higher than that of the coastlines.

The right panel of Figure 10 shows that the coastline edges in the Landsat 9 TIRS
images for both bands spread wider than similar edges in the Landsat 8 TIRS by less than
one pixel. The left panel shows that this slight difference in the averaged FWHM does
not affect the averaged along-track MTF at Nyquist between the bands and between the
instruments for coastline edges, but the bands and instruments were more distinguishable
for the DUQM edges. The average MTF of the DUQM edge is marginally higher in the
Landsat 9 TIRS images. The averaged across-track and along-track MTF at Nyquist for the
constructed edge in the Port of Duqm is noticeably higher than those of the coastlines. The
along-track MTFs appear to generally fall below the across-track MTFs, regardless of the
spectral bands and edge type.

4.1. A Note on the Averaging Logic

Our key results in the last three figures of this paper are presented in the form of
averaged metrics. Arguments can be made for and against using averaged metrics to
validate the resolving power of sensors, or to compare the spatial performance of two
sensors over time. One approach in reporting the best spatial performance of a sensor
could come from the single closest measured metric to that of the system requirement, and
independent from whether the metric is derived from a similar section of the scene, or the
best section of the scene instead of a consistent location in all images of the same scene.
Working with the average of a metric over an extended period of time, and remaining in
almost similar section of the edge across all of the images for consistency of the edge shape,
may create a wider range of measured values for a metric, as compared to when the best
section of each image that yield the most similar metric value to the system requirement
is chosen independently from other images. One may argue that this selective and case-
by-case approach to metric measurements has a higher potential to report the true power
of the instrument. However, this work upholds the repeatability and consistency of the
measured metric over the “closest value to expected” for a consistent performance.

4.2. Data Volume and Diversity

In various trend analyses for performance assessment, increasing the data volume by
either relaxing the qualifications or expanding the monitoring period has a proven record of
enhancing meaningful trends or dissolving biased or nonphysical patterns. A quantitative
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assessment of the trends of the edge slope and FWHM of the LSF for a sample of cloud-free
images of two along- and cross-track scenes from the Landsat 8 TIRS over its first decade of
operation (2013–2023) triggered a sensitivity assessment of the spatial metrics in thermal
bands. Neither trend showed conclusive evidence of seasonal fluctuations. As detailed in
Section 2.1, more shorelines around the globe were examined than those listed in Table 1.
The listed shorelines were found to have a more consistently high contrast than others
(such as coasts of Mexico or Australia). Measurements from more natural edges that had
fewer qualified images throughout the year did not provide new insights into the spatial
performance of the two sensors. In other words, these two instruments are too similar,
and these metrics at these wavelengths, measured for such imperfect edge targets, are
too insensitive to subtle performance drifts, to be able to more accurately compare the
spatial quality of their data products. The lack of access to reference data during the sensor
calibration process, and to the native resolution imaging products (which are not made
publicly available), and having no sufficiently detailed knowledge of the properties of the
imaging system (in order to select and optimize the parameters of the MTF compensation
algorithm), prevented us from using the MTF compensation algorithm to enhance the MTF
signal. An increased MTF signal could provide the needed statistical significance for subtle
differences between the ability of each sensor to reproduce fine imaging details stored at
closely separated spatial frequencies. Or, alternatively, the ability to more confidently vote
on the similarity of the two metrics.

5. Conclusions

Understanding the spatial quality of a remote sensor is one component of successfully
interpreting the operational on-orbit sensor imagery. The spatial performance is typically
determined at pre-launch in controlled environments, using carefully selected and well-
understood edge targets in the optical test equipment. Once a sensor is in orbit, it is
challenging to assess and monitor its spatial performance. One major challenge is in
identifying Earth surface features with a sharp thermal transition that are imaged regularly,
oriented advantageously to the sensor orbit, and have uniformity in response on either
side of the edge. Coastlines in the desert regions of northern Africa and the Arabian
Peninsula are found to be useful for spatial performance analysis, as they have suitable
thermal contrasts, extended geometrical lengths in a variety of orientations, and low
cloud-contamination images can be collected during most months throughout the year.
Methodologies were developed to identify and select edge targets for TIRS images useful for
both across- and along-track spatial analysis. A combination of the Qeffective and SNREdge
factors are used in this work to quantify the quality of the thermal contrast around the
edge, and we found them to be effective for the exclusion of low-quality images that would
increase the uncertainty of the spatial metrics, yet they appeared insufficient to guarantee
high spatial quality.

On-orbit analysis of the selected desert coastal scenes using the same methodology
over one year of their shared operational period demonstrated that the Landsat 8 TIRS and
Landsat 9 TIRS spatial performance are consistent and nearly identical in both the across-
and along-track directions. The nearly identical, but 8-day out-of-phase, orbits for the two
platforms allowed for the same set of coastal edge targets to be used for both sensors. The
TIRS instruments used both the edge slope and Edge Extent to define spatial performance
requirements at pre-launch. The similarity of their performance is more pronounced in
across-track directions when looking at the trends of edge slopes and the LSF’s FWHM for
both sensors over the monitoring period. The trend of averaged MTF shape parameters
imply that Landsat 8 TIRS distinguishes between along- and across-track scans more than
the Landsat 9 TIRS, but this level of difference does not contradict the reports on Landsat 8
TIRS consistency with its spatial quality requirement. Given the analyzed imaging data
for this study, our metric evaluation showed that the line spread function and its Fourier
counterpart sufficiently carry the information about the condition of the edge. The averaged
MTF values at Nyquist for thermally stable, geometrically defined edges in built structures
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(such as harbor platforms and wide bridges) showed that along-track MTFs appear to
generally fall below across-track MTFs, regardless of the spectral band and edge type (an
effect largely associated with and explained by motion blur that is present along the sensor
track and not across track). However, throughout the course of MTF measurements from
the derived Line Spread Function, the vulnerability of the MTF shape parameters to the
LSF imperfections became evident. The noticeable (but not significant) differences between
the along- and across-track can be attributed to the challenges of the on-orbit use of natural,
but imperfect, edge targets. The edge slope, Edge Extent, and MTF are sensitive to the
the opto-mechanical changes to the instruments in the controlled lab environment with
thermally uniform targets in parameterized scan sequences. However, measuring those
same metrics to verify nominal spatial performance of the now on-orbit instrument can
most likely result in poorer estimates of its true performance. This has been the reason
that this study opts for stability of metrics over time, in place of emphasis on similarity
with pre-launch metric values. It can be operationally rewarding to plan ahead for the
calibration validation sites of the future thermal sensors, with calibration validation sites
that include geometrically defined, thermally stable boundaries in the along and across
orientations with respect to their scanning track. Using harbor structures often requires
compromises on usable edges and extended areas on either side of the thermal boundaries,
as well as numeric treatment of the crossing transects through the edge to the appropriately
perpendicular direction.
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