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Abstract: The Compact Midwave Imaging System (CMIS) is a wide field of view, multi-angle, multi-
spectral pushframe imager that relies on the forward motion of the satellite to create a two-dimen-
sional (2D) image swath. An airborne demonstration of CMIS was successfully completed in Janu-
ary-February 2021 on the NASA Langley Research Center Gulfstream III. The primary objective of
the four-flight campaign was to demonstrate the capability of this unique instrument to perform
stereo observations of clouds and other particulates (e.g. smoke) in the atmosphere. It is shown that
the midwave infrared (MWIR) spectral bands of CMIS provide a unique 24/7 capability with high
resolution for accurate stereo sensing. The instrument relies on new focal plane array (FPA) tech-
nology, which provides excellent sensitivity at much warmer detector temperatures than traditional
technologies. This capability enabled a compact, low-cost design that can provide atmospheric mo-
tion vectors and cloud heights to support requirements for atmospheric winds in the 2017-2027
Earth Science Decadal Survey. Applications include day/night observations of the planetary bound-
ary layer, severe weather, and wildfires. A comparison with current space-based earth science in-
struments demonstrates that the SWIR/MWIR multi-spectral capability of CMIS is competitive with
larger, more expensive instrumentation. Imagery obtained over a controlled burn and operating
nuclear power plant demonstrated the sensitivity of the instrument to temperature variations. The
system relies on a mature stereoscopic imaging technique applied to the same scene from two inde-
pendent platforms to unambiguously retrieve atmospheric motion vectors (AMVs) with accurate
height assignment. This capability has been successfully applied to geostationary and low-earth or-
bit satellites to achieve excellent accuracy. When applied to a ground-point validation case, the ac-
curacy for the CMIS aircraft observations was 20 m and 0.3 m/s for cloud heights and motion vec-
tors, respectively. This result was confirmed by a detailed error analysis with analytical and covar-
iance models. The results for CMIS cases with underflights of Aeolus, CALIPSO and Aqua provided
a good validation of expected accuracies. The paper also showed the feasibility of accommodating
CMIS on CubeSats to enable multiple instruments to be flown in a leader-follower mode.
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1. Introduction

Atmospheric motion vectors (AMVs) have long provided an important component
of the global observing system for tropospheric winds [1]. The 2017-2027 Earth Science
Decadal Survey (ESAS 2017) [2] identified 3D winds including AMVs as a “targeted ob-
servable” to advance research objectives in atmospheric dynamics, severe weather, wild-
fire, and hydrology. The community increasingly recognizes that study of atmospheric
dynamics is essential to the understanding of cloud-climate and cloud-precipitation pro-
cesses, as discussed in the recommendation: “Global measurements of the spatiotemporal
(four-dimensional) evolution of large-scale horizontal wind vectors are urgently needed”
[3]. The Compact Midwave-Infrared Imaging System (CMIS) project is an effort to address
these objectives with a compact, low-cost sensor that enables flexible accommodation on
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CubeSat or as hosted payloads on small satellites. CMIS employs a robust stereo tech-
nique with accurate height assignment [4] to provide wide field of view (FOV), multi-
angle observations of AMVs during the day and night over cloud-covered regions of the
Earth (more than 60% coverage of the globe). This capability would produce vector winds
resolved in 3D along each orbit, effectively complementing clear-air wind measurements
yielded by LIDAR, to achieve a synergistic architecture for a global 3D wind characteri-
zation.

Until recently, only cryogenically cooled detector technologies such as InSb and
HgCdTe, which require detector temperatures < 80 K were available for midwave infrared
(MWIR) sensing. The detectors from CMIS are made from the newly available and con-
tinually improving high-operating temperature (HOT) MWIR detector technology based
on Type II Superlattice (T2SL) detector structures. These detectors are able to deliver sim-
ilar performance at operating temperatures near 150 K as those made from the incumbent
InSb and HgCdTe technology. The significant increase in operating temperature allows
for smaller, lighter and lower-power Stirling cycle coolers which are consistent with the
resources available from a CubeSat. This paper presents the initial results of an airborne
flight test carried out in early 2021, as well as provides a brief description of the CMIS
design. The paper also describes how CMIS could provide a low-cost option for a future
space mission.

2. Materials and Methods

2.1. Instrument

CMIS is a pushframe imager that relies on the forward motion of the satellite (or
aircraft) to create a two-dimensional (2D) image swath. The optical design of pushframe
imagers is based on a set of passband filters inserted into the optical path directly over a
focal plane array (FPA) such that each filter strip maps into a unique row (line), or a con-
tinuum of rows (lines), on the array (see the colored stripes in the passband filter in Figure
1). A given wavelength strip on the filter covers >30 lines of pixels on the FPA at the same
wavelength in order to allow for time-delay integration (TDI) to build up signal for dim
targets. As the satellite moves along its orbital track, the nadir-looking imager takes sam-
ples of pixels in a cross-track swath and maps each pixel to a unique spot on the ground.
In essence, each stripe on the filter (and thus each wavelength) images a different contin-
uous ground swath at a given time. An instrument with a 512-km, along-track field of
view hosted on a satellite in low-earth orbit and moving at a speed of ~7.5 km s [5] would
take approximately 68 s to acquire every stripe along the same ground swath.

Cross-track (640 pixels)

Along-track (512 pixels)

(a) (b)

Figure 1. (a) Stripe filter configuration for fore, nadir and aft views at 3.75 um for stereo imaging
with bands at 4.05 and 2.25 um for multispectral analysis. (b) Stripe filter for the Compact Mid-
wave Imaging System.

Figure 2 presents the three spectral bands chosen for the CMIS instrument, superim-
posed on a MODTRAN atmospheric transmission spectrum. The bands are located in
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spectral windows where the atmosphere has high transmission. The band at 3.75 um pro-
vides day and night (24/7) images at a higher spatial resolution than can be obtained with
LWIR sensor on a pixel-by-pixel basis for the same size of lens due to the smaller diffrac-
tion blur at shorter wavelengths. The band at 4.05 pum can be used to derive temperatures,
including those for land and sea surfaces, volcanic plumes and wildfires. Finally, the band
at 2.25 um, which is dominated by solar reflection, provides high-spatial-resolution cloud
reflectivity data that will aid in the determination of AMVs, cloud/surface phenomenol-
ogy discrimination and removal of the daytime solar signal from the 4.05-um band. The
SWIR band is also useful for detecting hot wildfires with fewer saturated pixels than
MWIR bands, due to blackbody physics and narrow bandwidth.
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Figure 2. The CMIS bands (blue shaded) area superimposed on a MODTRAN atmospheric trans-
mission spectrum.

The utility of a 3.75-um band can be better understood as follows. The Visible In-
frared Imaging Radiometer Suite, onboard the Suomi NPP satellite, has an improved res-
olution of 750-m ground sample distance with respect to the 1000-m GSD of the Moderate
Resolution Imaging Spectroradiometer (MODIS) for the 3.75- and 12-pum channels, which
results in higher precision for retrieved cloud motion vectors. Both channels can sense
cloud features during day and night. Compared to 12 um, the 3.75-um images exhibit
more cloud texture that is very valuable for motion tracking. Figure 3 shows that the cor-
relation curve of image matching between VIIRS and MODIS has a sharper peak at 3.75
pum than at 12 um, indicating that better motion-tracking precision can be achieved at 3.75
pm. This is because the midwave infrared (MWIR) band provides ~3x better resolution
(for diffraction limited systems) compared to LWIR bands. In summary, imaging at 3.75
pum allows for a more compact instrument for the same pixel resolution compared to
LWIR, and provides more detailed structure of cloud tops and better determination of
cloud motions.
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Figure 3. A cloud scene, taken by VIIRS and MODIS near (55°N, 70°W) on April 8, 2016 around UTC
1815 and gridded at 1-km resolution, shows a developing extratropical cyclone that can be readily
seen in the 3.75- and 12-um images. The white box indicates the region for pattern matching between
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VIIRS and MODIS, and the pattern matching correlation is showed in the red curve on the right
panel. Both 3.7- and 12-um images produce a shift of 14 pixels between VIIRS and MODIS, which
corresponds to ~45 m/s cloud motion as the images were taken ~5 min apart.

Midwave-infrared channels have become a staple of Earth remote sensing with
proven capabilities on GOES, POES (AVHRR), JPSS (VIIRS), and Terra/Aqua (MODIS),
among others. VIIRS and MODIS use HgCdTe detectors that require cooling down to
cryogenic temperatures (80 K). As mentioned above, CMIS employs recently available
T2SL technology that has to be cooled only to 150 K. MISR relies on an uncooled CCD
which acquires images in the visible and provides a stereo capability like CMIS. Table 1
shows the comparison between measured performance for CMIS and specifications for
VIIRS, MODIS, MISR, and ASTER. As described in Table 5 below, the mass of the instru-
ment is 3 kg with average power 8 W (20 W peak power after initial turn on). The overall
instrument size is 20 cm x 10 cm x 10 cm for the optical instrument and 9 cm x 9 cm x 9
cm for the electronics. The measured performance of CMIS is competitive with, yet
much lower in cost and smaller in size, weight and power (SWaP) than any of these ex-
quisite instruments.

Table 1. Sensor Comparison

CMIS VIIRS* MODIS**  MISR” ASTERM
Orbit 415 km 830 km 705 km 705 km 705 km
ISSorbit  Sunsynch  Sunsynch  Sunsynch Sun synch
GSD 545 m 375 m 1000 m 275 m 10 m, 30 m, 90 m
750 m 1000 m
Detector T2SL HgCdTe HgCdTe CCD CCD/PtSi-S/
HgCdTe
NEdT 3.75 um 0.05K 0.1K 0.05K N/A N/A
at 300 K
Optics Body Scanning Scanning Body Telescope rotation/
mounted mounted pointing/
scanning mirrors
Cooling 150 K 80K 80 K 278 K 80 K
SWIR and LWIR
Observation  Day/Night Day/Night  Day/Night Day Day/Night

* https://ncc.nesdis.noaa.gov/documents/documentation/viirs-users-guide-tech-report-142a-v1.3.pdf

** https://modis.gsfc.nasa.gov/about/specifications.php
A https://misr.jpl.nasa.gov/Mission/misrInstrument/
" http://asterweb.jpl.nasa.gov

Figure 4 presents an overview of the CMIS instrument design, showing the place-
ment of the ceramic pallet, the filter over the FPA, lens assembly, and cryocooler. The
five-zone filter is installed immediately above the FPA (Fig 4b). The system has full
frame readout of the FPA with the five regions of interest extracted, one region per filter
zone. The only moving parts of CMIS are the cryocooler and calibration mechanism.

Cryocooler
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Thermal
Isolation Strut

Lens Assembly .
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(a) (b)

Figure 4. Depictions of the CMIS instrument. a) Cutout of the CMIS instrument highlighting the
locations of the ceramic pallet, filter over the FPA and lens assembly; b) Five zone stripe filter and
light shield installed over FPA on the ceramic pallet.

Focal Plane Array (FPA) The FPA has the capability to operate at a frame rate syn-
chronized to the ground advance of one pixel, ~13 Hz for a 415-km orbit. Full 640 x 512-
pixel image frames are acquired by the camera electronics which then selects 5 lines for
output, one for each filter stripe. There are >32 non-vignetted lines available under each
filter that can be processed in the camera electronics. The test flights demonstrated that
the calibration for the CMIS detector is very stable with time. Gain coefficients measured
more than a year prior yielded brightness temperatures accurate to +1 K.

The focus of the current paper is to demonstrate multi-angle observations from the
3.75 um bands for retrieving stereo cloud heights and AMVs. The stereo imaging tech-
nique requires only relative intensity measurements from a cloudy scene, as the algo-
rithm tracks and matches the cloud patterns to determine their disparity with respect to
the ground. However, calibrated radiances from the CMIS channels will enable addi-
tional retrievals of cloud and surface properties, such as temperature and fire intensity.
A multispectral analysis of collocated 2.25, 3.75 and 4.05 um measurements can deter-
mine the relative contribution between the reflected solar and thermal blackbody emis-
sions from the atmosphere. A future effort will be devoted to evaluate a solar-corrected
brightness temperature at 3.75 pm. During daytime collections, the radiance in the 2.25-
pum band will be used to separate the reflected and thermally emitted component of the
incident light at 3.75 um [6]. We can also take advantage of the fact that each tempera-
ture has a unique ratio of blackbody radiance at different wavelengths. The ratio of the
signals in the 4.05 pm and 3.75 pum bands can thus be used to further refine the tempera-
ture measurement. Temperature estimation will be the focus of a future study.

Optics. To meet instrument performance goals, a custom high-speed, wide-field,
imaging lens with five elements was developed. A 13-mm focal length provides a 50° by
40° field of view over the detector at a focal ratio of f/1.2. An achromatic design allows
the SWIR and MWIR bands to be captured on the same image plane, which enables the
lens to be set to a single focus position for both wavelengths.

Cryo System. The pallet holding the FPA, filter and optics is cooled to 150 K, so as
to minimize thermal emissions from the lens assembly. Although the outer edge of the
lens assembly is exposed to the ambient environment, the cryocooling is expected to re-
duce stray light, which is crucial to maintain sensitivity at cold temperatures (i.e. T <240
K). The cryocooler coldfinger is coupled to the pallet by a three-spoke copper strap.

Dewar. CMIS has a vacuum dewar to allow operation of the instrument in an air-
craft environment.

Calibration Mechanism. Pixel offset corrections are obtained by periodic views of a
thermally-controlled, high-emissivity calibration surface. The CMIS airborne instrument
employed a motorized paddle system with a black-painted, large-area thermo-electric
(TE) cooler as the calibration surface. The calibration mechanism implements a two-
point non-uniformity correction (NUC) at temperatures of 10 °C and 20 °C, which pro-
vides sufficient dynamic range to enable accurate measurement of thermal signatures of
targets that were considerably colder than the low NUC source. To improve packaging
within the CubeSat, a change to a linear mechanism is anticipated for the spaceflight
model.

Electronics. CMIS camera electronics (Detector Board, Digital Board and Power
Board) were implemented in a small form-factor chosen specifically for CubeSat compat-
ibility. Components were selected and the boards were laid out to accept either low-cost
commercial components for the airborne model or their high-reliability equivalents for
the spacecraft model.
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2.2. Flight Collections

An airborne demonstration of CMIS was conducted in January-February 2021 on the
Langley Research Center (LaRC) Gulfstream-III with four round-robin flights out of
LaRC. The first flight on 22 January 2021 was an “engineering flight” designed to demon-
strate that the airborne instrument setup collected and successfully stored data. The ob-
jective of the “engineering flight” was to verify that the flight procedure allowed sufficient
time for the instrument to reach its operating temperature of 150 K and that the various
instrument commands were executed correctly by the support equipment and software
on aircraft. The flight plan for the engineering flight was chosen to cover relatively long,
linear ground features to allow the calculation of a high fidelity (pixel-level) lens distor-
tion model. Another objective of this flight was to collect measurements from both cold
and warm targets to verify that the instrument meets its designed dynamic range. All
objectives of the engineering flight were achieved.

Three science flights were conducted on 27 January, 29 January and 8 February as
shown in Figure 5. The case studies and aircraft holds analyzed for this effort are depicted
with arrows. The red line segments and boxes show the overpasses of satellites used for
validation. Selected cases were limited to periods with stable flight profiles without sig-
nificant yawing maneuvers or turbulence.

Each flight was designed to collect on cloud features during specific underflights of
earth-observing satellites. For example, the purpose of Science Flight #1 was to collect on
daytime marine and land stratocumulus and to underfly CALIPSO and MODIS.

27 Jan 2021 29 Jan 2021 8 Feb 2021
Day ) Day Night

Calipso 3 / el i 7 L Aeolus/

(a) (b) (©
Figure 5: Depictions of the flight paths and analysis regions for (a) Science Flight #1, (b) Science
Flight #2, and (c) Science Flight #3. The red boxes and lines denote EOS satellite overpasses within
approximately 15 minutes of the CMIS aircraft flight.

As discussed below, the capability to produce AMVs and cloud-top heights (CTHs)
for the free troposphere and PBL from CMIS data is demonstrated with these aircraft
flights. The flights successfully achieved their primary objectives, which was to show that
the sensitivity of the focal plane array and the quality of the images met requirements
specified for the instrument (Table 2).

Table 2. Instrument Specification

Criteria Requirement
Multi-spectral SWIR/MWIR 2.25,3.75,4.05 um
Field of view >40°
Ground sample distance <1km
Distortion < 10°, software-
correctable

Multi-angle >20°

Sensitivity NEdT <1 K at270K,

230 K for 3.75, 4.05 um
SNR > 100 for 2.25 pm
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2.3. Geolocation

Conventional imaging generally requires an intricate co-registration process to per-
form pixel-to-pixel matching for pushframe imagery taken at different rows on an FPA.
This procedure is especially critical for images collected from an aircraft due to the con-
tinual yawing/pitching motions characteristic of autopilot systems.

Aircraft motions can skew features sometimes by hundreds of pixels, making accu-
rate stereo matching very complicated. To accurately geolocate the airborne CMIS flight
imagery, it was necessary to track both the position and orientation of the CMIS pointing
relative to an earth-fixed frame. To compensate for aircraft attitude, the flights were con-
ducted with a NovaTel IMU mechanically connected to the rigid plate that carried the
CMIS imager. Figure 6 depicts the data collection and processing pipeline for the aircraft

flights.
Camera data Er]gineering cMIS
S — | Lab data | flight data Scientist
observations
Query Radiometric Geometric Stereo c
[to, ti] calibration calibration Matching T

Validate:

- Time [TDB] seconds
- Science observation
- Instrument orientation

On-orbit
retrievals

Context viewer
.Pushbmom L

. Pushbroom from frame

. Frame

Figure 6. Depiction of the aircraft data collection and processing pipeline.

The initial engineering flight data were used to determine the offset and rotation ma-
trices between the NovaTel IMU and the CMIS sensor, as well as the lens distortion pa-
rameters that allow projection of coordinates from the camera image plane to the ITRF93
(earth-fixed) frame. The same rotation matrices were then used for analysis of Science
Flights #1 and #2.

Shortly after 2021-02-08 23:00Z, or approximately 90 minutes into the 4-hour Science
Flight #3, the NovaTel IMU lost GPS lock and failed to provide a “fine steering” solution.
Unfortunately, efforts to correct the problem in-flight were not successful. However, the
CMIS imager continued to record data during the NovaTel IMU dropout.

A separate IMU already aboard the NASA Gulfstream III aircraft was available to fill
in the missing NovaTel IMU positions and orientations. These auxiliary data came from a
logging application, which saved the aircraft’'s ARINC-429 bus packets, and ran for the
duration of the science flight. After much manipulation, the science team was able to in-
corporate the alternate IMU data stream so that the CMIS imagery acquired during that
flight would be scientifically usable.

2.4. Stereo Technique

The CMIS stereo-winds are based on stereo-wind methods successfully applied in
several multi-angle, multi-platform cases [4; 7]. Templates are extracted from the CMIS
nadir-looking view on a regular grid. Retrieval sites are generally oversampled with re-
spect to the template size, so with an NxM pixel template and 2:1 oversampling, wind
retrieval sites would be arranged in a lattice sampled every (N/2)x(M/2) pixels. Each
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feature template is searched for in both forward- and aft-looking views using a Normal-
ized Cross-Correlation (NCC) algorithm to find matches. Thus, the algorithm does not
require absolute radiometric accuracy, but only the relative intensity variations from a
feature pattern. The apparent displacement of the feature, or disparity, is interpolated for
sub-pixel resolution and tested for significance using the peak NCC value. The fundamen-
tal premise of this method is that a translation accurately describes the relationship be-
tween the template feature and its match in another view. This premise can be violated
when the aircraft experiences turbulence or submits to frequent control inputs during
powered flight. To mitigate the adverse impact on feature matching, the imagery is first
pre-rectified so that it is uniformly sampled on a plane that is tangent to the WGS-84 el-
lipsoid at the center of the collect. Along-Track (AT) and Cross-Track (XT) coordinate axes
are defined along and across the mean direction of flight. This worked well to improve
matching efficiency to yield larger numbers of forward- and aft-nadir matching pairs, but
only for cases and holds where the flight trajectory and aircraft attitude were relatively
smooth. In other cases, the motion was not sufficiently well compensated in pre-rectifica-
tion to allow gathering large sets of matches.

There are individual AT and XT components for each of the two fore-nadir and aft-
nadir disparities, for a total of four scalar measurements at each retrieval site, from which
to estimate a horizontal wind velocity with AT and XT components and a height above
the WGS-84 ellipsoid, for a total of three states. The XT component of disparity can be
considered mostly due to XT wind velocity as there are typically several tens of seconds
in time between acquisitions of the same feature in the forward- or aft-views. The AT
component of disparity can be considered mostly due to a combination of geometric par-
allax and AT wind velocity. It is not possible to separate the geometric height due to par-
allax and AT wind without either additional observations or a prior assumption about
one of them. This is known as the along-track ambiguity. Our retrieval algorithm imple-
ments a non-linear least-squares solution to the problem of fitting the best three states
(two wind plus height) to the two disparities given the trajectory of the aircraft and the
sampling times. A cost to deviate from an a priori wind is added to the cost function to be
minimized with weightings so that the cost is negligible to deviate XT but prohibitive to
deviate AT. This effectively constrains the AT wind to equal the prior value and leaves
the height free to fit the data. The result is correct only if the prior value is correct. Alter-
natively, a prior height can be set and both wind components left free to fit the data. The
original intent was to fly two passes over each collection target and combine observations
from both passes to jointly estimate AT wind. However, the XT winds tended to carry
cloud features out of the narrow swath when revisited, so this approach was largely un-
successful.

For a single-pass solution, four scalar disparity observations per site with a prior
value for either AT wind or height are sufficient to overdetermine the three states, so the
residuals after fitting can be used to quantify conformance of the observations to the
model. This allows discrimination between good solutions that are properly interpreted
as jointly retrieved winds and stereo heights and meaningless ones. We apply a Maximum
Absolute Difference (MAD) filter, at a Gaussian-equivalent 3-sigma confidence level, to
identify anomalously large residuals in the population of all residuals to discriminate be-
tween good (meaningful) and bad (meaningless) solutions with respect to the retrieval
model.

3 Results

The objective of the airborne science flights was to assess the performance and
capability of CMIS of producing science-quality AMV and cloud height observations
under different scenes. The overall flight plan was to collect the data on both clear and
cloudy scenes to characterize the sensor’s properties.

3.1 Imagery
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The scenes presented in this subsection highlight a few examples of the high-qual-
ity imagery collected by CMIS. Figure 7 depicts a scene in Florida (Case M) from science
flight #2 in which an agricultural field is undergoing a controlled burn. The images show
calibrated, geo-referenced radiance for the three CMIS spectral wavelengths. Since the
aircraft was not constrained to fly along cardinal direction, the data swath was rotated
relative to a standard latitude-longitude Mercator grid. The remaining images will be
presented on an AT-XT grid for convenience. The undulations at the boundaries of the
image result from the aircraft yaw motion during the autopilot course corrections.
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Figure 7. Calibrated, geo-registered irradiance for Case M over Florida during Science Flight #2 on
19 Jan 2021. The figure present images from the (a) 2.25 um, (b) 3.75 pm (nadir), and (c) 4.05 pm
channels, respectively. The direction of flight was toward the southeast.

Some of the radiances from the 3.75- and 4.05-pum bands are saturated in the high
temperature regions associated with smoke and gases adjacent to the flames, because of
a long integration time used in the data acquisition. Fewer 2.25-um pixels are saturated
because of its narrow bandwidth (50 nm) and blackbody physics.

The different dynamic ranges in CMIS bands can be used collectively for detecting
and characterizing fires at a high resolution. It is feasible with the CMIS design to use
the 2.25-um band to make the initial detection and cue the instrument to employ very
short integration times for the 4.05-um band as it passes over the hot spot to avoid satu-
ration. Given the capability of the SWIR channel to detect bright pixels with less satura-
tion and better transmission through smoke and aerosols [8], CMIS can be configured
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readily to fly the 2.25-um and 4.05-um bands in the fore and aft directions, respectively,
for such an agile operation. After collection over the hot spot of interest, the instrument
would then return to its nominal integration time for stereo collections at 3.75 um. Alter-
natively, the 4.05-um could be implemented with dual gains.

Figure 8 presents calibrated radiance from the St Lucie Nuclear Power Plant on the
east coast of Florida (Case N) on 19 January 2021. With a wider bandwidth and the
longer wavelength of the 4.05-um band, it is more sensitive to temperature variations
than the 3.75-um bands. The temperature differences with one wide warm-water out-
take and two cold-water intakes are quite visible at both wavelengths in Figure 8. The
colder temperatures from the Atlantic Ocean are evident compared to the warmer wa-
ters surround the power plant. We also see some evidence of warming in the ocean adja-
cent to the St Lucie nuclear power plant.

The radiances presented from this daytime scene have an impact of solar contribu-
tion. In the MWIR, the radiance from the Earth has roughly equal contributions from the
reflected solar radiation and terrestrial thermal emitted radiation. At night, the MWIR
bands have sufficient signal to measure terrestrial features. During the day, temperature
can be extracted, but requires a method to estimate reflected solar radiance [6].
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Figure 8. Calibrated radiance for Case N from the St. Lucie Nuclear Power Plant (27.35° N, 80.24°
W) on the east coast of Florida during Science Flight #2 on 19 Jan 2021. Radiance from (a) 2.25 um,
(b) 3.75 um (nadir) are presented. Notice the warm-water outlet and cold-water inlet flowing from
and to the nuclear facility, respectively.

3.2 Ground Point Validation

The Hold F flight contains mostly clear-sky land pixels over farmland in the vicinity
of Durham, NC during the day. This case offers the opportunity to validate against
static targets (i.e., terrain) with known altitudes. The aircraft made two passes over the
collection area, but a readout error affected imagery from the first pass (Hold F1), ren-
dering only the second (F2) useable.

The ground sampling for this case is 12.2 m (AT) x 22.8 m (XT) per pixel and the
time difference between forward-nadir and aft-nadir looks is a nearly constant +19 s.
Feature templates of 16 x 16 pixels were used to obtain disparity matches at 20373 sites.
The retrieval model solved for height and velocity with prior AT velocity set at zero, as
it should be for the ground.

Figure 9a features radiance measurements from the 3.75-um nadir stripe where the
aircraft route of flight was from left to right. The radiance across the left 2/3 of the im-
age is fairly uniform due to flat terrain, as indicated by the zero-wind heights shown in
Figure 9b. The radiances in the right 1/3 of the image are higher due to the high reflec-
tivity of clouds in the MWIR. Under the assumption of zero along-track winds, the XT
winds (Figure 9c) were retrieved with values for this case ranging between -3.0 and 2.4
m/s. The bias-corrected XT winds are very close to zero in the no-cloud region (i.e. the
terrain is not moving) as they should be. We also note that patterns of what appears to
be mass divergence with positive XT winds adjacent to negative XT winds in the cloudy
region (Figure 9c¢). Figure 9d presents the zero-wind heights only for heights below 400
m in order to facilitate comparison with digital elevation map (DEM) heights (Figure 9e).
The white area in Figure 9d (i.e. no data) is the region obscured by clouds. Comparison
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between Figure 9d and Figure 9e shows that the CMIS stereo retrieval replicates the
small 50- to 100-m variations in terrain height well.

(a)

CMIS Nadir Radiance (W/m2/um/sr)

NoData

1350

' 1200
1050

(b) Zero-Wind Height (m)

(c) XT Winds (m/s)

E— | E—
-Z848

Figure 9. Analysis of hold F2 on 27 Jan 2021 for (a) CMIS calibrated radiance; (b) CMIS zero-wind
stereo height; (c) CMIS cross-track winds, (d) zero-wind heights with color contouring to highlight
surface elevation differences, and (e) surface height from a digital elevation model (DEM). The di-
rection of flight is from left to right, which is toward the northwest near Durham, NC.

Some systematic error compensation was needed to achieve the best results for this
case. Figure 10 shows a 2D-histogram of all retrievals passing the quality criteria. The
clouds clearly separate from the clear-sky ground-points, which can be classified by
their retrieved height (< 500 m) and speed (< 5 m/s). The ground-point class consists of
16518 sites also meeting the retrieval quality criteria. The retrieved heights of ground
points are then compared to the USGS one-arc-second Digital Elevation Model (DEM)
and retrieved XT velocity is compared to zero.
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Figure 10. Two-dimensional histogram of retrieved XT wind and height shows low clouds with
small XT velocities and a larger population of clear-sky ground retrievals.

Figures 11a, b and c show a point-by-point comparison between the initially re-
trieved stereo heights and the DEM from Figure 9c. Since the DEM represents height
above the geoid, we subtract the geoid height above the WGS-84 ellipsoid equal to -32 m
at the center of the collection to represent the terrain height above the ellipsoid. Finally,
the DEM is averaged down to assign DEM values at a comparable scale as the templates.
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Figure 11. Statistical comparisons for (a) stereo-DEM height difference vs XT pixel; (b) DEM height
vs uncorrected stereo height; (c) DEM height vs corrected stereo height; (d) XT velocity vs XT pixel;
(e) uncorrected XT velocity vs probability distribution function (PDF); (f) corrected XT velocity vs
PDF.

Figure 11 a and d show the cross-track residuals for the initial stereo heights and XT
winds, respectively. These are a systematic bias that can be determined empirically as a
function of the cross-track pixel number and removed from the initial stereo height and
XT wind retrievals. We see in Figure 11 b and e that the biases for the uncorrected CTH
and XT winds are ~-11 m and 0.23 m s, respectively, which affects their overall accu-
racy. When the biases are corrected, the standard deviations reduce to 20.0 m and 0.27 m
st (Figures 11c and f) for the CTH and XT winds, respectively.
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The leading hypothesis for the origin of the systematic errors seen is imperfect opti-
cal calibration initially done in the laboratory and adjusted in flight using mapped fea-
tures such as roads. Our analysis of differences between stereo and DEM heights for
ground points demonstrates a methodology that can be used in future space flights for
geometric calibration or validation.
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Figure 12. Analysis of Hold F2 for (a) scatter plot of XT wind vs zero-wind height; (b) row pixel # vs
XT winds; and (c) wind-corrected height.

A scatterplot of XT wind vs zero-wind height (Figure 12a) reveals an apparent cor-
relation between the two fields. When the data are plotted along the transect shown in
Figure 12¢, an interesting pattern emerges. The XT winds in the cloudy regions are well
correlated (Figure 12b) with the zero-wind cloud-top height (CTH; shown in red). As
discussed by Mueller et al. [9], if a platform making stereo observations where the AT
wind is not negligible, the errors of retrieved zero-wind stereo CTH and unaccounted
AT wind are highly correlated. If the CMIS flight maintains a fixed angle with respect to
wind direction and the wind direction does not vary, the wind speed variation would
result in a significant AT wind component that induces a stereo CTH error. Since the AT
and XT winds are correlated under the fixed directional flight, the AT-CTH error corre-
lation manifests itself as the XT-CTH correlation as seen in Figure 12(a,b).

The magnitude for AT winds can be assumed based on the value required to mini-
mize the change in altitude of the cloud-top height. When that was applied for this case
(Vat=2.5 m/s), the XT-CTH correlation disappeared, as shown with the blue triangles for
the wind-corrected heights and XT winds in Figure 12b. The geometry for this situation
is illustrated in Figure 13.
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Figure 13. Geometry of stereo calculation to calculate wind-corrected height. The factor 56 (m per
m/s) is the time elapsed between observations.

3.2 CALIPSO Under-Flight

The Hold D flight path covers a nearly homogenous cloud field above Western
Pennsylvania nearly simultaneously with an overpass by CALIPSO approximately at
19:00Z on 27 January 2021. For this case, we constrain the wind height using CALIPSO
and solve for both wind vector components. This case provides a good example of the
synergy between simultaneous aerosol-cloud LiDAR and stereo observations. Figure 14
shows the CMIS retrieval sites for Hold D1 with collocated CALIPSO vertical profiles.
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Figure 14. (a) CMIS retrieval sites for Hold D1 are collocated in space and time with those of CALIOP and (b) CALIOP
layer-1 cloud tops and bottoms show nearly constant cloud-top heights in the curtain over the collect. CALIOP heights
from the 333-m cloud-layer product have been referenced to the WGS-84 ellipsoid by adding the geoid height of -33 m at
the center of the collect.
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Typically, CALIOP detects clouds and aerosols at lower optical depths than passive
imaging, and so CALIOP heights may be higher than those detected with stereo
methods [10]. Fixing the mean height for the CMIS wind field at 1400 m, we retrieve
CMIS AT and XT winds over the collect with distributions as shown in Figure 15.

These are rotated into U (+East) and V (+North) vector components to show mean wind
vector values of (3.38, -4.39) m/s.
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(a) AT-XT Winds and Height
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Figure 15: CMIS winds over Hold D1 where the mean wind height is constrained to approximate
the CALIOP layer-1 top are shown with (a) winds resolved AT-XT and (b) U-V.

The Hold-D1 collection has an Aqua overpass approximately an hour earlier at
17:55Z that was used for MODIS and GOES-16 stereo winds to corroborate the CMIS
results. A larger domain (41.25+1°, -79.05+1°) is considered since the density of satellite
retrievals is much less than those from CMIS and there is approximately a one-hour time
mismatch. The distribution of MODIS-GOES stereo winds within this domain is shown
in Figure 16. The mean CMIS retrieval of (3.38, -4.39) m/s falls near the most probable
satellite U-V winds and its 5.54 m/s speed and mean height of 1400 m also falls near the
most probable speed-height combinations.

(a) U-V Wind Distribution (b) Speed-Height Distribution

4 2 1000 2
V-Wind (m/s) 6 0 U-Wind (m/s) Height (m) o o Speed (m/s)

Figure 16: (a) Joint distribution of U-V winds and (b) speed-height from the MODIS-GOES stereo run corroborate the
CMIS winds.

3.2 Aeolus Under-Flight

The Hold ] flight was designed to fly along the track of Aeolus on 8 February 2021 at
night. It is also within the coverage of both GOES-16 and -17. We use the stereo winds
from GOES-16 and -17 [7] to set the a priori value of the AT wind for the CMIS retrievals
and compare against Aeolus. The first pass (J1) was the most simultaneous to the Aeolus
Mie wind retrievals. CMIS was 5 minutes ahead of Aeolus over Hold ], which was
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completely cloud covered. Sites for the three sets of retrievals are shown in Figure 17.
The sampling scales are quite different, with CMIS densely sampling over a very small
patch due to the low altitude of the aircraft (compared to satellites). The GOES stereo
winds used a triplet of CONUS scenes centered on 23:36Z from GOES-16 and a doublet of
contemporaneous Full Disk scenes from GOES-17. The GOES stereo winds in the neigh-
borhood reveal a cloud layer at 4813 m median height and with median winds resolved
along and across the direction of the CMIS flight of 2.76 m/s (AT) and -35.07 m/s (XT). We
use 2.76 m/s for the prior value of the AT wind in the CMIS retrieval code and solve for
XT wind and CTH at each CMIS retrieval site.
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Figure 17. Retrieval sites for Aeolus, GOES stereo, and CMIS wind retrievals are indicated, show-
ing a vast difference in sampling densities between the aircraft and satellite observations.

Figure 18 compares AMVs and CTHs from GOES and CMIS against Aeolus Mie
winds. There is broad agreement for all three estimates, although Aeolus wind retrievals
are biased about 5 ms? lower than those retrieved using GOES and CMIS. The XT winds
for CMIS match fairly well with G16-G17 stereo winds. We see a local minimum (in mag-
nitude) for both GOES and CMIS near 42.6° N. A similar local minimum appears for
Aeolus near 42.7° N. The height retrievals for CMIS (Figure 18b) match the overall shape
of those for G16-G17 stereo. We see decreasing CTH between 42.3° and 42.5° for both
GOES and CMIS, although the decrease is steeper for CMIS. This may be due to the very
fine GSD for the CMIS aircraft payload. CMIS demonstrated good sensitivity to small-
scale variability.
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Figure 18. Comparison between Aeolus, G16-G17 stereo, and CMIS stereo for (a) cross-track winds
and (b) stereo heights over Wisconsin on 8 Feb 2021.

The retrieval histograms are shown in Figure 19. The XT wind distribution is quite
narrow, and its median value of -35.83 m/s is a good match with the median GOES stereo
wind of -35.07 m/s (XT). The distribution of CMIS heights is broader, but the GOES stereo-
wind medjian is in the range toward the upper end.
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Figure 19: Histograms show the wind retrievals passing the quality criteria. The AT winds are very
close to the prior value used.

There are six Aeolus Mie winds in the relevant atmospheric layer. Because the flight
line was nearly parallel to the Aeolus track, Aeolus Horizontal to Line of Sight (HLOS)
wind components are opposite in direction to the XT winds from CMIS. Aeolus and CMIS
winds are similar but not as well matched as the GOES stereo winds. None of the datasets
compared are perfectly aligned in time, location, or scale.

4. Discussion

The CMIS instrument provides three angular views at 3.75 pm, wide-swath coverage
and day-night sensing compatible with a compact 6U-CubeSat design to enable global
coverage of the winds and cloud heights in the free troposphere and PBL. Stereo sensing
at a wavelength of 3.75 pm permits 24/7 day/night sensing to observe diurnal variation of
PBL structures. However, when the clouds are moving in the direction of the spacecraft
velocity vector, the stereo technique applied to a single LEO satellite suffers from an ali-
asing problem in which errors in along-track wind and CTH are highly correlated as is
known from MISR [9] and discussed here. To resolve this ambiguity, stereo imaging re-
quires independent observations from multiple platforms (i.e. joint retrievals). This joint
technique can be applied to LEO-LEO platforms or LEO-GEO platforms. It would also be
most relevant for a series of CubeSats in a leader-follower configuration (i.e. pearls on a
string).
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The stereo methodology applied to LEO-LEO satellites is particularly valuable for
the polar regions where detection of low-level clouds and semi-transparent clouds is a
major challenge for satellite remote sensing. The most accurate method for retrievals at
high latitudes could potentially be leader-follower satellites if favorable viewing geome-
tries and optimized spacecraft separation times are maintained. The airborne flights pre-
sented here described the sensitivity to detect patterns in PBL clouds during day/night
was sufficient to perform stereo retrievals. Due to frequent turbulence and course correc-
tions, retrievals from an aircraft are much more difficult to do accurately than from space.
The following section describes how CMIS can be accommodated on a CubeSat or as a
hosted payload with appropriate capabilities for attitude and pointing knowledge.

4.1 Implications for Notional Spaceflight

The following subsection presents a simple analysis to estimate the accuracy of the re-
trievals for a spaceflight. These results are then be used to specify general requirements
for a CubeSat to host a stereo wind sensing mission.

Accuracy

Some very simple geometric relationships can help us estimate stereo wind
retrieval accuracies and scale them from an airplane to a spacecraft (our retrieval
software using a full fidelity and nonlinear model). Such estimates can be confirmed
from the retrieval process, which outputs the three retrieval states (two horizontal wind
vector components and the height) along with their 3x3 covariance matrix. The latter
can be interpreted as representing the uncertainties in the states with modeled errors in
the input disparities. Figure 20 shows an idealized configuration with a single CMIS
flying over the locally flat Earth surface (or a tangent plane to the WGS-84 ellipsoid).
We assume that CMIS flies at a constant altitude H and ground speed V along the x
axis. The three stereo line arrays are perpendicular to the direction of motion and
parallel to the y axis (into the paper). Consider only those points directly under the
flight track (y = 0). A cloud feature seen by each line array is assigned apparent
geographic coordinates (x,, y,) in each of the three looks (n = forward, nadir, aft) at
acquisition times t,. The angle a is fixed by the CMIS camera design.

Forward Nadir Aft
> >
AA® - (tf— tn) > d
a
£2ABC: V(- t"g: (xr —xn) = 2l
V. - K -
= LAB'C': (tf tnzl_il;': (tf t") — tan(a)
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Figure 20. Simplified CMIS configuration allows linear design rules to be derived using elemen-
tary geometry. Non-simultaneous forward, nadir, and aft looks are shown for a single camera.
Forward and aft coordinates for a cloud feature seen in the nadir look are given at the matched
locations in the forward- and aft-looks.

ZABC’ as shown in Figure 19 allows for the solution for the acquisition time
difference, which is substituted into the tangent formula for £ABC. In a spacecraft
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application, the wind speed and height are typically much less than the ground speed
and altitude of the spacecraft (i.e, h <« H and v, « V), which leads to an approximately
linear relationship between the states:

(xf — xn) =V, %tan(a) + h - tan(a). (1)

A nearly identical formula applies to the aft-nadir combination. Since it has the
same coefficients as Equation (1), the height h and along-track velocity v, cannot be
decoupled and an assumption must be made about one of these states; however, using
the aft-nadir combination does reduce the uncertainty in the retrieval. If the along-
track velocity is assumed zero (“zero wind” retrieval) when it is not, we can see that this
will bias the retrieved height by

H
Ah =2, @)

The cross-track wind v, can be similarly written as a linear function of only the
cross-track coordinate difference by eliminating the time difference in the same manner:

(yr —wn) =y -gtan(a). 3)

A second acquisition of the tracked feature from another platform will provide the
additional information to allow the decoupling of h and v,. This could be an
acquisition from a geostationary (GEO) satellite or another low-Earth orbiter (LEO).

The GEO-LEO combination has been extensively discussed in Carr et al. [4] and
demonstrated with MISR and GOES-R to achieve better than 200 m height and 0.5 m/s
retrieval accuracies. It offers the advantage of allowing the effective transfer of Image
Navigation and Registration (INR) — or geolocation — knowledge from the presumably
high accuracy GEO to the more modest accuracy LEO using a “bundle adjustment”.
The bundle adjustment is possible because of the overdetermination of the dual-satellite
retrievals.

Of particular interest for this paper is the case where a second CMIS follows the
first. Matches would be made from the nadir look of the leading satellite into up to five
other looks (leader-forward, leader-aft, follower-forward, follower-nadir, and follower-
aft). This configuration enables a constellation of CMIS sensors to cover areas without
GEO coverage, including the poles, for a full global capability. Supposing that the
leader-follower time separation is T, we consider the nadir looks as shown in Figure 21.
The acquisition time difference can be solved for using the spacecraft (S/C) equation to
eliminate it in the other, and after linearizing in the variable v, and similarly for v,:

(Xnz —Xp1) = vy - T. (4a)

(Ynz - Ynl) =y T. (4b)
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Figure 21. Leader-follower matches enable unambiguous determination of the along-track winds.
Consecutive nadir acquisitions are shown, which is the simplest case.

Equations (1), (3), and (4) can be used to calculate, for example, (xf2 - xnl) =
(xfz - xnz) + (X2 — Xn1).  The full systems of equations for the states (h,v,) and v,
are therefore:

fxfl — xnl] [ tan(a) (H/V)tan(a)

[*a1 —Xn1| |—tan(a) —(H/V)tan(a) |
Ifo ~m =1 tan(a) T+ (H/V)tan(a)! vx]’ (5a)
iaz B xnlj l—tan(a) T — (H/V)tan(oz)J
n2 ~ Xn1 0 T
[Yf1 - 3’n1] [ (H/V)tan(a)
[Ya1 = Yn1| | —(H/V)tan(a) |
D2 = Yml =17+ (H/V)tan(a) I [vy]- (5b)
lyaz _me T — (H/V)tan(a)
Yn2 =~ Yn1 l T J

We can now estimate retrieval accuracy considering the geolocation accuracy
expected from a low-cost CubeSat system flying at an International Space Station (ISS)
altitude H = 410 km with V = 7.7 km/s. We will also assume a = 20° and a cross-
track field of view of +25° which is similar to the optical configuration of the air
campaign. Using GPS allows for very accurate positioning of the spacecraft (~4 m) and
time tagging of observations; therefore, attitude knowledge and calibration of the optics
are likely the drivers in terms of geolocation accuracy. A pixel count of 1280 provides
for a ground footprint of 150 m. At this resolution, pointing knowledge of 0.005° that is
obtainable in a CubeSat translates to ~40 m on the ground, which is about a quarter of a
pixel. Matching also suffers from some uncertainty, which from our experience with
GEO-LEO and GEO-GEO stereo winds can be expected to be ~0.5 pixels. Therefore, a
good design goal for the uncertainties in each 4x and Ay would be ¢ =
v2-:0.252 +0.52 ~ 0.6 pixel (i.e.,, 100 m). Equations (5) are overdetermined, so they
should be solved by least-squares. Designating the coefficient matrices in Equations (5)
as M, and M,, and assuming the uncertainties in each 4x and A4y are independent
from each other enables an estimate of the retrieval accuracy. The covariances for the
states are:

cov(h,v,) = a2(MIM,)™?, (6a)
cov(vy) = az(MgMy)_l. (6a)
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Since the time T between leader and follower has not been specified, we vary that
parametrically. Figure 22 plots the retrieval uncertainties (square-roots of the diagonal
elements of the covariances) using this model as a function of T.

Estimated Retrieval Uncertainties

600 T T T T T T T T T
h 2xLEO
O fore-aft At
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Figure 22. Leader-Follower retrieval uncertainties as a function of separation between the satel-
lites. The simplified model includes only random errors. The practical accuracies achieved using
the MISR A cameras and GOES are shown as dashed lines independent of the time separation
between MISR and GOES acquisitions [4]. In practice, the contributing errors are more nuanced
and include, for example, the effect of cloud shape changes that grow with T. Good results with
operational satellites winds are achieved with T = 1, 5, and 10 minutes that are characteristic of
GOES-R MESQO, CONUS, and Full Disk repetition rates. As Tgrows to 15 minutes and beyond,
cloud shape changes begin to affect matching accuracy and diminish the number of high-quality
matches.

This solution assumes no cloud deformation with time. For certain cloud types such
as small cumulus, the overall lifetime could be less than 10 minutes, so the reduction in
uncertainly for winds may not always obtain for such cases.

For sngle-camera zero-wind retrievals, Equation (2) provides the systematic error,
and the random error is estimated by coefficient matrices in the reduced system of

equations:
tan(a)
xa - xn] [ tan(a) (7)
Yr —¥n1 _ [ (H/V)tan(a)
e —l = —(H/Vytan(a)) ) (7b)

The uncertainties in the retrieved zero-wind states (h, vy) are therefore,

O-h(vx—o) \/_tan(a) (83)
v [
Tvy = Hyztan(a) * (8a)

The asymptotic value for o, in Figure 22 turns out to be equal to oy, =0)/ VzZ;
therefore, the look-ahead/behind angle a governs the height retrieval uncertainty in
both the zero-wind and leader-follower configurations.
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Relating to the aircraft collections, consider Hold F2, where H~13.85km, V~245
m/s, a = 19° and the ground-sampling distance is ~12.2 m along-track and ~22.8 m
cross-track. The residual standard error from Figure 11 in the ground retrievals for
Hold F2 was 20.2 m, implying a residual geolocation error of 9.8 m along-track or 0.8
sampling distances. The residual standard wind velocity error in the Hold F2 ground
retrievals was 0.27 m/s, implying a residual geolocation error of 7.4 m cross-track or 0.3
sampling distances. These implied geolocation errors are in family with the
geolocation errors in pixels assumed for a spacecraft.

If the standard geolocation error were 10 m in each axis in the aircraft flights, then
the covariance matrix from the retrieval process would provide an estimate of the
standard errors for the retrieved states that can be compared with Equations (8). This
comparison is provided in Table 3 to confirm that the simplified model provides a good
estimate of retrieval accuracy and therefore is useful for mission design purposes.

Table 3. Comparison between the simple model of Equations (8) and uncertainties derived from
the retrieval covariance matrix shows good agreement. A 10 m geolocation error was assumed
everywhere within the Hold F2 collection. The covariance model results have a very small de-
pendence on cross-track position and height above the ellipsoid.

Ovy  Oh(we=0)
Equations (8) 0.36 m/s 20.5m

Covariance Model (mean) 0.37 m/s 20.7 m

Accommodation

Table 4 shows pertinent parameters for CMIS flown at different altitudes. The
swath width is calculated from the cross-track field of view and number of cross-track
pixels. For a nominal altitude of 800 km, the swath width and ground sample distance
at nadir are 757 km and 1091 m, respectively, for detector format 640 x 512 pixels. How-
ever, with recent developments in detector technology, we expect to upgrade the detec-
tor format used for the spaceflight version of CMIS to 1280 x 1024 pixels, which would
reduce the GSD to about 545 m for an 800-km orbit and 275 m for a 410-km orbit.

Table 4. Performance parameters for CMIS flown at different orbital altitudes

Altitude (km) 100 400 550 800 915 1130
Cross-track FOV (°) 50 50 50 50 50 50
Cross-track pixels 640 640 640 640 640 640
Swath width (km) 93 376 518 757 868 1076
GSD nadir (m) 136 545 750 1091 1248 1541
GSD edge (m) 167 678 940 1386 1596 1997

Measurement Spacing (s) 93 404 575 88.6 1039 1344

Table 5 shows the requirements for the spacecraft to accommodate CMIS. The size
and power requirements derive from the airborne unit flown on the Gulfstream III. The
position/attitude requirements derive from the uncertainty analysis presented above.
For two spacecraft in leader-follower formation at an altitude of 410 km, our analysis
suggests that a pointing accuracy of +0.005° should provide uncertainty to within 180 m
and 0.5 m/s respectively for the cloud top and wind velocity, respectively. A pointing
stability of 36 arc-sec/ 1-sec should enable sufficient steadiness to achieve reasonable pat-
tern matching.

Table 5. Spacecraft Accommodation

Parameter Requirement
Mass 3kg
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Optical Unit:
Size 20 x 10 x 19 cm
Payload Accommo- Electronics:
. 9x9x9cm
dation
20 W peak for ini-
Power tial cool-down
8 W average
Position knowledge 4m
Position/Attitude  Pointing Accuracy +0.005°
Pointing Stability 36 arc-sec/ 1-sec
Data Transfer Rate 600 kbps
Data Data Storage 10.4 GBits
Data Downlink 5.2 Gbits/day

As discussed above, attitude control and knowledge for CubeSats are now
sufficient to produce high-quality stereo products. The primary issue remains data
return due to available power on a CubeSat. The most likely method of communications
would be via an S-band transceiver, which results in practical limits on the amount of
data that can be downlinked during a given pass. One approach for this limitation is to
increase the number of ground stations that the data can be downlinked. However, this
can rapidly drive up costs and defeats the purpose of employing a low-cost
constellation. A better approach might be to use onboard processing to calculate the
disparities between the three 3.75-pum stripes on each satellite, which would significantly
reduce the volume of data to be downlinked. Thus, onboard processing applied
judiciously could be used to enable the system to collect data 24/7 [11].

4.2 Complement to active 3D winds

Lidar-derived winds from Aeolus presented in Figure 18 show that the swath
width from an active system is very narrow compared to an EOQ/IR passive system. The
advantage of lidar is that it has the potential to retrieve winds over clear and cloudy
regions, while CMIS is limited to cloudy regions (at present). The horizontal resolution
for Aeolus data is approximately 90 km for Rayleigh clear-sky winds and 10 km for Mie
cloudy sky winds [12]. CMIS could effectively complement Lidar observations by
providing higher horizontal and vertical resolution datasets over wider swaths. The
GSD as a function of orbit altitude is shown in Table 3 above.

4.3 Planetary Boundary Layer

Previous studies have identified the PBL height (PBLH) as a key length parameter
for modeling cloud/aerosol entrainment, vertical diffusion, turbulence mixing,
convective transport, and atmospheric pollutant deposition [13-16]. As a satellite
observable, CTH serves as a critical observational constraint to PBLH. In the case of
marine boundary layer, stratocumulus clouds are capped by strong temperature
inversion at the top of PBL. Therefore, the MBL CTH is a good measure of PBLH [e.g. 17-
19]. CTH has also been used to infer the PBLH of stratocumulus-topped continental [20]
and Arctic [21] boundary layers.

It has been a great challenge for spaceborne sounding to accurately resolve the
PBLH because it is often too close to the surface. Current observations of PBL depth
from radiosondes remain sparse and a global dataset of PBL depth and its variations is
needed.
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Karlsson et al. [22] showed that the stereo CTH from Terra/MISR is able to capture
the PBLH variation in a stratocumulus-to-trade-cumulus transition off the coast of
California. PBL cloud observations from MISR also helped to better characterize Arctic
clouds and their radiative impacts [23; 24]. Thus, a multi-angle and multi-platform
(MAMP) stereo method was developed to overcome the correlated-error problem and
successfully implemented for the MISR-GEO pairing [4]. A pairing between MODIS and
GEO satellites was also developed to extend the coverage to both day and night with a
wider swath [25]. However, Carr et al. [25] also showed that the MODIS-GEO pairing
suffers from stereo blind spots where the look angles for both platforms are parallel.
Stereo blind spots would also occur in a VIIRS-GEO pairing. In contrast, CMIS provides
a single integrated instrument that is well-suited to all of these pairings and without
stereo blind spots.

5. Conclusions

The results presented in this paper from the CMIS aircraft flights demonstrated the
advanced capability of the instrument for multi-angle, multi-spectral wide-field of view
observations to support earth science. The accuracy of the airborne stereo observations
of cloud heights and winds confirmed that this MWIR technique applied to CMIS datasets
can be used for spaceflight.

The CMIS observations with MWIR bands demonstrated that the instrument delivers
scientifically-useful day/night stereo observations for AMVs and their heights. The MWIR
imaging has an advantage over the thermal bands in the dimension of instrument optics
for the same pixel resolution, which allows the compact design of CMIS. Although the
MWIR bands have been flown on LEO and GEO, the key enabling technology is the high-
sensitivity Type-2 Superlattice (T2SL) detector used by CMIS that operates at 150 K. The
high detector operation temperature will significantly lower the instrument power, pro-
long the cooler lifetime, and simplify the system design.

The CMIS aircraft flights proved that its technology and design are ready for space-
flight. The current detector format for CMIS is 640 x 512 pixels with a 50-degree field of
view. At a nominal altitude of 550 km, the GSD is approximately 750 m as indicated in
Table 2. However, the technology has improved so that the detector can now be scaled up
to 1280x1024 pixels, which would improve the GSD to 375 m. This provides sufficient
horizontal resolution to observe mesoscale features associated with such features as out-
flow boundaries and PBL structures.

The low SWaP (size, weight, and power) of CMIS makes it a cost-effective solution
to the need for high-resolution spatiotemporal sampling from CubeSat or SmallSat con-
stellations. Its compact design will fit the instrument to a 6U CubeSat or as a hosted pay-
load on a SmallSat, to meet the Earth Science 2017-2027 needs for high-resolution tropo-
spheric and PBL winds. With the improved SWaP, CMIS provides an attractive, affordable
option to fly a satellite constellation of 10-15 satellites for a potential Earth System Ex-
plorer mission to meet requirements for the Atmospheric Winds Targeted Observable
(TO-4 in Appendix C of ESAS 2017) or a potential Earth Venture science mission. If the
objective is to obtain stereo cloud motion vectors only, highly accurate radiometric cali-
bration would not be required. A calibration need only be accurate enough to enable pat-
tern matching between cloud scenes taken within 10-15 minutes of each other.

As demonstrated from the CMIS airborne flights, the instrument also proved its ca-
pability for monitoring fires. The 4.05-um band provides data in combination with the
2.25-pm band to estimate temperature and fire radiative power if both bands remain un-
saturated. The CMIS instrument can utilize dual gains to achieve a wider dynamic range
so as to avoid saturation. Depending on wildfire measurement requirements, the instru-
ment can be upgraded to increase the number of spectral channels to ~10 within the range
of 1.8 um to 5 um. Accurate radiometric calibration, plus a large dynamic range would be
required to enable sensing of large, hot fires, as well as volcanic plumes.
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For a potential future mission, it might also be advisable to include a 2048-pixel visi-
ble band with time-delay integration to serve as a low-light imager. On moonlit nights, it
might be possible to obtain stereo products at better than 250-m and 375-m GSD with a
low-light imager and CMIS, respectively. The high data rates for these imagers would
drive the need for on-board processing to process the datasets into disparities, which are
an intermediate-level stereo product. The stereo-bit FPGA has already demonstrated the
capability to do this [11].

Finally, because of the high operating temperature of the FPA, a potential design en-
hancement for CMIS would be to replace its cryocooler with a TE cooler. The cryocooler
used by CMIS has significant flight heritage, but it introduces vibrations as well as a lim-
ited lifetime. The current state of the art for TE coolers is an operating temperature of
about 180 K, which is about 30 degrees warmer than that needed by CMIS. TE coolers
have the advantage of no moving parts, plus no significant concerns about lifetime. As
HOT detectors and TE coolers continue to improve, it may become possible to eliminate
cryocoolers from the CMIS design.

This paper provided strong evidence that a low-cost constellation of CubeSats is ca-
pable of providing stereo observations needed for accurate, precise retrievals of global
CTHs and AMVs. Despite the challenges associated with turbulence and course correc-
tions for an aircraft, the CMIS instrument demonstrated excellent accuracy for CTHs and
AMVs with standard deviations of 20.2 m and 0.23 m s, respectively, for idealized col-
lections against stationary terrain. For a case which the Gulfstream-III underflew both
GOES and Aeolus, CMIS provided reasonable results. The success of the aircraft retrievals
suggests that even better results would be achieved from space.
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