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Abstract: The Compact Midwave Imaging System (CMIS) is a wide field of view, multi-angle, multi- 9 
spectral pushframe imager that relies on the forward motion of the satellite to create a two-dimen- 10 
sional (2D) image swath. An airborne demonstration of CMIS was successfully completed in Janu- 11 
ary-February 2021 on the NASA Langley Research Center Gulfstream III.  The primary objective of 12 
the four-flight campaign was to demonstrate the capability of this unique instrument to perform 13 
stereo observations of clouds and other particulates (e.g. smoke) in the atmosphere. It is shown that 14 
the midwave infrared (MWIR) spectral bands of CMIS provide a unique 24/7 capability with high 15 
resolution for accurate stereo sensing. The instrument relies on new focal plane array (FPA) tech- 16 
nology, which provides excellent sensitivity at much warmer detector temperatures than traditional 17 
technologies. This capability enabled a compact, low-cost design that can provide atmospheric mo- 18 
tion vectors and cloud heights to support requirements for atmospheric winds in the 2017-2027 19 
Earth Science Decadal Survey. Applications include day/night observations of the planetary bound- 20 
ary layer, severe weather, and wildfires. A comparison with current space-based earth science in- 21 
struments demonstrates that the SWIR/MWIR multi-spectral capability of CMIS is competitive with 22 
larger, more expensive instrumentation. Imagery obtained over a controlled burn and operating 23 
nuclear power plant demonstrated the sensitivity of the instrument to temperature variations. The 24 
system relies on a mature stereoscopic imaging technique applied to the same scene from two inde- 25 
pendent platforms to unambiguously retrieve atmospheric motion vectors (AMVs) with accurate 26 
height assignment. This capability has been successfully applied to geostationary and low-earth 27 
orbit satellites to achieve excellent accuracy. When applied to a ground-point validation case, the 28 
accuracy for the CMIS aircraft observations was 20 m and 0.3 m/s for cloud heights and motion 29 
vectors, respectively. This result was confirmed by a detailed error analysis with analytical and 30 
covariance models. The results for CMIS cases with underflights of Aeolus, CALIPSO and Aqua 31 
provided a good validation of expected accuracies. The paper also showed the feasibility of accom- 32 
modating CMIS on CubeSats to enable multiple instruments to be flown in a leader-follower mode. 33 

Keywords: Stereo winds; cloud motion vectors; midwave infrared; weather satellite  34 
 35 

1. Introduction 36 
Atmospheric motion vectors (AMVs) have long provided an important component 37 

of the global observing system for tropospheric winds [1]. The 2017-2027 Earth Science 38 
Decadal Survey (ESAS 2017) [2] identified 3D winds including AMVs as a “targeted ob- 39 
servable” to advance research objectives in atmospheric dynamics, severe weather, wild- 40 
fire, and hydrology. The community increasingly recognizes that study of atmospheric 41 
dynamics is essential to the understanding of cloud-climate and cloud-precipitation pro- 42 
cesses, as discussed in the recommendation: “Global measurements of the spatiotemporal 43 
(four-dimensional) evolution of large-scale horizontal wind vectors are urgently needed” 44 
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[3]. The Compact Midwave Imaging System (CMIS) project represents an effort to address 45 
these objectives with a compact, low-cost sensor that enables flexible accommodation on 46 
CubeSat or as hosted payloads on small satellites. CMIS employs a robust stereo technique 47 
with accurate height assignment [4] to provide wide field of view (FOV), multi-angle ob- 48 
servations of AMVs during the day and night over cloud-covered regions of the Earth 49 
(more than 60% coverage of the globe). This capability would produce vector winds re- 50 
solved in 3D along each orbit, effectively complementing clear-air wind measurements 51 
yielded by LIDAR, to achieve a synergistic architecture for a global 3D wind characteri- 52 
zation.  53 

Until recently, only cryogenically cooled detector technologies such as InSb and 54 
HgCdTe, which require detector temperatures < 80 K were available for midwave infrared 55 
(MWIR) sensing. The detectors from CMIS are made from the newly available and con- 56 
tinually improving high-operating temperature (HOT) detector technology in the 2-5-µm 57 
spectral range based on Type II Superlattice (T2SL) detector structures. These detectors 58 
are able to deliver similar performance at operating temperatures near 150 K as those 59 
made from the incumbent InSb and HgCdTe technology. The significant increase in oper- 60 
ating temperature allows for smaller, lighter and lower-power Stirling cycle coolers which 61 
are consistent with the resources available from a CubeSat. This paper presents the initial 62 
results of an airborne flight test carried out in early 2021, as well as provides a brief de- 63 
scription of the CMIS design. The paper also describes how CMIS could provide a low- 64 
cost option for a future space mission. 65 

2. Materials and Methods 66 

2.1. Instrument 67 
CMIS is a pushframe imager with a single lens assembly that relies on the forward 68 

motion of the satellite (or aircraft) to create a two-dimensional (2D) image swath (Figure 69 
1a). The optical design of pushframe imagers is based on a set of passband filters inserted 70 
into the optical path directly over a focal plane array (FPA) such that each filter stripe 71 
maps into a unique row (line), or a continuum of rows (lines), on the array. As shown in 72 
Figure 1b, the CMIS filter design includes three stripes at 3.75 µm to provide fore (+20°), 73 
nadir (0°), and aft (-20°) views, plus two stripes at 2.25 µm and 4.05 µm in between. A 74 
given wavelength stripe on the filter covers 32 rows of pixels on the FPA at the same 75 
wavelength in order to allow for time-delay integration (TDI) to build up signal if needed 76 
to image dim targets.  77 

 78 

 

 

     (a) (b) 
 79 
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Figure 1. (a) Cartoon (adapted from [5]) depicting the ground footprint resulting from a push- 80 
frame imager with a single lens assembly and a five-stripe filter mounted on the focal plane array; 81 
line colors are used to aid in following individual ray paths; (b) Stripe filter configuration to pro- 82 
vide fore, nadir and aft views at 3.75 um for stereo imaging with bands at 4.05 and 2.25 µm for 83 
multispectral analysis.  84 

As the satellite moves along its orbital track, the imager takes samples of pixels in a 85 
cross-track (XT) swath and maps each pixel from each stripe to a unique spot on the 86 
ground. This is shown in the CMIS “snapshot” in Figure 2a. As the satellite (or aircraft) 87 
moves forward, the instrument builds up a continuous ground swath for each stripe, with 88 
different relative coverage times by each stripe for a given swath. At typical orbital speeds 89 
~7.7 km s-1 in low-earth orbit [6], the nadir and aft 3.75-µm stripes image a given ground 90 
swath at 20 s and 40 s, respectively, after the time that imagery for the same area was 91 
collected by the 3.75-µm fore stripe. This design allows us to measure the apparent change 92 
in position of a cloud between the fore and nadir views and again between the nadir and 93 
aft views, as shown in Figure 2b.   94 

 
 

Figure 2. (a) Snap shot from CMIS engineering flight showing unprocessed counts resulting from 95 
the five-stripe filter. (b) Depiction of the fore, nadir, and aft views as the satellite (or aircraft) 96 
moves from right to left to derive apparent changes of position for clouds or terrain. 97 

These apparent changes in position, referred to as disparities, are used to derive at- 98 
mospheric motion vectors (AMVs) and cloud-top heights (CTHs). The first step in the 99 
process is to perform geolocation and apply a calibration to derive radiances for each 100 
stripe. Radiances are then used to perform pattern matching for clouds and terrain be- 101 
tween the fore and nadir, and the nadir and aft images. Texture, shape, and size of the 102 
individual cloud elements contribute to the correlation between patterns in different im- 103 
ages used to identify a positive match. After cloud elements are matched between multi- 104 
ple images, disparities can be derived. The component of the disparity in the XT direction 105 
relates directly to XT wind speed, although CTH is needed to correctly calculate the ve- 106 
locity. Disparities in the along-track (AT) direction contain information about both the 107 
CTH and AT wind, which are difficult to separate. An independent view from another 108 
platform is needed to resolve this ambiguity. Nadir views in two platforms in a leader- 109 
follower formation together with times of observation for both platforms can be used to 110 
determine the wind velocity in the AT direction. This constrains the fraction of AT dispar- 111 
ity due to AT winds, thereby allowing retrieval of CTH. Given CTH, XT winds can be 112 
retrieved for the given XT disparities. This method is very simple conceptually, but nu- 113 
merical methods are required to perform optimal fits over large scenes. These methods 114 
are described in Carr et al. [4] and adapted for an aircraft as described below.  115 

Figure 3 presents the three spectral bands chosen for the CMIS instrument, superim- 116 
posed on a MODTRAN atmospheric transmission spectrum. The bands are located in 117 
spectral windows where the atmosphere has high transmission. The band at 3.75 µm pro- 118 
vides day and night (24/7) images for stereo sensing. The band at 4.05 µm can be used to 119 
derive temperatures, including those for land and sea surfaces, volcanic plumes and 120 
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wildfires. Finally, the band at 2.25 µm, which is dominated by solar reflection, provides 121 
high-spatial-resolution cloud reflectivity data that will aid in the determination of AMVs, 122 
cloud/surface phenomenology discrimination and removal of the daytime solar signal 123 
from the 4.05-µm band. The 2.25-µm is also useful for detecting hot wildfires with fewer 124 
saturated pixels than the other two bands, due to blackbody physics and a narrow band- 125 
width.  126 

 127 

 128 
Wavelength (µm) 129 

Figure 3. The CMIS bands (blue shaded) area superimposed on a MODTRAN atmospheric trans- 130 
mission spectrum. Notice that the SWIR band (2.25 µm) and MWIR bands (3.75 and 4.05 µm) are in 131 
high transmittance windows. 132 

 133 
The 3.75-µm band was chosen to collect multi-angle observations for CMIS for sev- 134 

eral reasons. In general, multiple choices within the midwave infrared (MWIR; 3-5 µm) or 135 
longwave infrared (LWIR; 7-14 µm) spectrum are capable of providing day/night obser- 136 
vations, which are needed to meet science requirements specified in the 2017-2027 ESAS. 137 
To meet sensitivity requirements, the CMIS detector requires cooling to 150 K at 3.75 µm, 138 
which is much warmer than that required for LWIR wavelengths (e.g. 12 µm). A relatively 139 
warm operating temperature is important for keeping the overall power draw low for the 140 
instrument. Finally, a band at 3.75 µm provides higher spatial resolution than a potential 141 
12-µm band on a pixel-by-pixel basis for the same size lens due to the smaller diffraction 142 
blur at shorter wavelengths. The spatial improvement is nominally ~3×, since 3.75 µm is 143 
more than a factor of three shorter than 12 µm. 144 

Midwave-infrared channels (3-5 µm) have become a staple of Earth remote sensing 145 
with proven capabilities on GOES, POES (AVHRR), JPSS (VIIRS), and Terra/Aqua 146 
(MODIS), among others. VIIRS and MODIS use HgCdTe detectors that require cooling 147 
down to cryogenic temperatures (80 K). MISR relies on an uncooled CCD which acquires 148 
images in the visible and provides a stereo capability like CMIS. Table 1 shows the com- 149 
parison between measured performance for CMIS and specifications for VIIRS, MODIS, 150 
MISR, and ASTER.  151 

Table 1. Sensor Comparison 152 
 CMIS VIIRS* MODIS** MISR^ ASTER^^ 

Orbit 410 km 
ISS orbit 

830 km 
Sun synch 

705 km 
Sun synch 

705 km 
Sun synch 

705 km 
Sun synch 

GSD 545 m 375 m 
750 m 

1000 m 275 m 
1000 m 

10 m, 30 m, 90 m 

Detector T2SL 
 

HgCdTe HgCdTe CCD CCD/PtSi-S/ 
HgCdTe 

NEdT 3.75 µm 
at 300 K  

0.05 K 0.1 K 0.05 K N/A N/A 

Optics Body 
mounted 

Scanning Scanning Body 
mounted 

Telescope rotation/ 
pointing/ 

scanning mirrors 
Cooling 150 K 80 K 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 153 

Tr
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** https://modis.gsfc.nasa.gov/about/specifications.php 154 
 ^ https://misr.jpl.nasa.gov/Mission/misrInstrument/ 155 
^^ http://asterweb.jpl.nasa.gov 156 
 157 
As described in Table 2, the mass of the instrument is 3 kg with an average power 158 

draw of 8 W (20 W peak power after initial turn on). The overall instrument size is 20 cm 159 
× 10 cm × 10 cm for the optical instrument and 9 cm × 9 cm × 9 cm for the electronics. The 160 
measured performance of CMIS is competitive with, yet much lower in cost and smaller 161 
in size, weight and power (SWaP) than any of these instruments. 162 

Table 2. Spacecraft Accommodation 163 

 Parameter Requirement 

Payload Accommo-
dation 

Mass 3 kg 

Size 

 
 Optical Unit: 
20 × 10 × 10 cm  

Electronics:  
9 × 9 × 9 cm 

 

Power 
20 W peak for ini-

tial cool-down 
8 W average 

Position/Attitude 
Position knowledge 4 m 
Pointing Accuracy ±0.005° 
Pointing Stability 36 arc-sec/ 1-sec 

Data 
Data Transfer Rate 600 kbps 

Data Storage 10.4 GBits 
Data Downlink 5.2 Gbits/day 

 164 
 165 
 Figure 4a presents an overview of the CMIS instrument design, showing the place- 166 

ment of the ceramic pallet, the filter over the FPA, lens assembly, and cryocooler. The 167 
five-zone filter is installed immediately above the FPA (Figure 4b). The system has full 168 
frame readout of the FPA with the five regions of interest extracted, one region per filter 169 
zone. The only moving parts of CMIS are the cryocooler and calibration mechanism.  170 

 171 

 

 

(a) (b) 
 172 
Figure 4. Depictions of the CMIS instrument. a) Cutout of the CMIS instrument highlighting the 173 
locations of the ceramic pallet, filter over the FPA and lens assembly. The rays (in blue) entering 174 
the lens depict the 50°×40° field of view b) Five-zone stripe filter and light shield installed over 175 
FPA on the ceramic pallet. 176 
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Focal Plane Array (FPA) The FPA has the capability to operate at a frame rate syn- 177 
chronized to the ground advance of one pixel, ~13 Hz for a 415-km orbit. Full 640 × 512- 178 
pixel image frames are acquired by the camera electronics which then selects five lines 179 
for output, one for each filter stripe. The epoxy that holds the filter stripes together cre- 180 
ates low optical transmission zones near the margin of the stripes, leaving 32 unob- 181 
structed lines available for processing by the camera electronics. The test flights demon- 182 
strated that the calibration for the CMIS detector is very stable with time. Gain coeffi- 183 
cients measured more than a year prior yielded brightness temperatures accurate to ±1 184 
K. 185 

The focus of the current paper is to demonstrate multi-angle observations from the 186 
3.75 µm bands for retrieving stereo cloud heights and AMVs. The stereo imaging tech- 187 
nique requires only relative intensity measurements from a cloudy scene, as the algo- 188 
rithm tracks and matches the cloud patterns to determine their disparity with respect to 189 
the ground. However, calibrated radiances from the CMIS channels will enable addi- 190 
tional retrievals of cloud and surface properties, such as temperature and fire intensity. 191 
A multispectral analysis of collocated 2.25, 3.75 and 4.05 µm measurements can deter- 192 
mine the relative contribution between the reflected solar and thermal blackbody emis- 193 
sions from the atmosphere. A future effort will be devoted to evaluate a solar-corrected 194 
brightness temperature at 3.75 µm. During daytime collections, the radiance in the 2.25- 195 
µm band will be used to separate the reflected and thermally emitted component of the 196 
incident light at 3.75 µm [7]. We can also take advantage of the fact that each tempera- 197 
ture has a unique ratio of blackbody radiance at different wavelengths. The ratio of the 198 
signals in the 4.05 µm and 3.75 µm bands can thus be used to further refine the tempera- 199 
ture measurement. Temperature estimation will be the focus of a future study. 200 

Optics. To meet instrument performance goals, a custom high-speed, wide-field, 201 
imaging lens with five elements was developed. A 13-mm focal length provides a 50° × 202 
40° field of view over the detector at a focal ratio of f/1.2. An achromatic design allows 203 
all three bands to be captured on the same image plane, which enables the lens to be set 204 
to a single focus position.  205 

Cryo System. The pallet holding the FPA, filter and optics is cooled to 150 K, so as 206 
to minimize thermal emissions from the lens assembly. Although the outer edge of the 207 
lens assembly is exposed to the ambient environment, cryocooling is expected to reduce 208 
stray light, which is crucial to maintain sensitivity at cold temperatures (i.e. T < 240 K). 209 
The cryocooler coldfinger is coupled to the pallet by a three-spoke copper strap.  210 

Dewar. CMIS has a vacuum dewar to allow operation of the instrument in an air- 211 
craft environment.  212 

Calibration Mechanism. Pixel offset corrections are obtained by periodic views of a 213 
thermally-controlled, high-emissivity calibration surface. The CMIS airborne instrument 214 
employed a motorized paddle system with a black-painted, large-area thermo-electric 215 
(TE) cooler as the calibration surface. The calibration mechanism implements a two- 216 
point non-uniformity correction (NUC) at temperatures of 10 °C and 20 °C, which pro- 217 
vides sufficient dynamic range to enable accurate measurement of thermal signatures of 218 
targets that were considerably colder than the low NUC source. To improve packaging 219 
within the CubeSat, a change to a linear mechanism is anticipated for the spaceflight 220 
model.  221 

Electronics. CMIS camera electronics (Detector Board, Digital Board and Power 222 
Board) were implemented in a small form-factor chosen specifically for CubeSat compat- 223 
ibility. Components were selected and the boards were laid out to accept either low-cost 224 
commercial components for the airborne model or their high-reliability equivalents for 225 
the spacecraft model. 226 

2.2. Flight Collections 227 
An airborne demonstration of CMIS was conducted in January-February 2021 on the 228 

Langley Research Center (LaRC) Gulfstream-III with four round-robin flights out of 229 
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LaRC. The first flight on 22 January 2021 was an “engineering flight” designed to demon- 230 
strate that the airborne instrument setup collected and successfully stored data. The ob- 231 
jective of the “engineering flight” was to verify that the flight procedure allowed sufficient 232 
time for the instrument to reach its operating temperature of 150 K and that the various 233 
instrument commands were executed correctly by the support equipment and software 234 
on aircraft. The flight plan for the engineering flight was chosen to cover relatively long, 235 
linear ground features to allow the calculation of a high fidelity (pixel-level) lens distor- 236 
tion model. Another objective of this flight was to collect measurements from both cold 237 
and warm targets to verify that the instrument meets its designed dynamic range. All 238 
objectives of the engineering flight were achieved. 239 

Three science flights were conducted on 27 January, 29 January and 8 February as 240 
shown in Figure 5. The case studies and aircraft holds analyzed for this effort are depicted 241 
with arrows. Each hold consists of a racetrack flight pattern intended to cover the scene 242 
with two passes (e.g., Hold D1 and D2, or collectively Hold D). The red line segments and 243 
boxes show the overpasses of satellites used for validation. Selected cases were limited to 244 
periods with stable flight profiles without significant yawing maneuvers or turbulence. 245 

Each flight was designed to collect on cloud features during specific underflights of 246 
earth-observing satellites. For example, the purpose of Science Flight #1 was to collect on 247 
daytime marine and land stratocumulus and to underfly CALIPSO and MODIS.  248 

 249 
     (a)       (b)                            (c) 

Figure 5: Depictions of the flight paths and analysis regions for (a) Science Flight #1, (b) Science 250 
Flight #2, and (c) Science Flight #3. The red boxes and lines denote EOS satellite overpasses within 251 
approximately 15 minutes of the CMIS aircraft flight. 252 

 253 
As discussed below, the capability to produce AMVs and CTHs for the free tropo- 254 

sphere and PBL from CMIS data is demonstrated with these aircraft flights. The flights 255 
successfully achieved their primary objectives, which were to show that the sensitivity of 256 
the focal plane array and the quality of the images met requirements specified for the 257 
instrument (Table 3). 258 

Table 3. Instrument Specification 259 

Criteria Requirement 
Multi-spectral SWIR/MWIR 2.25, 3.75, 4.05 µm 

Field of view ≥ 40° 
Ground sample distance ≤ 1 km 

Distortion < 10°, software-      
correctable 

Multi-angle ≥ 20° 
Sensitivity NEdT ≤ 1 K at 270 K, 

230 K for 3.75, 4.05 µm 
 SNR > 100 for 2.25 µm 
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Size, Weight and Power 6-U CubeSat       
compatible 

 260 

2.3. Geolocation 261 
Conventional imaging generally requires an intricate co-registration process to per- 262 

form pixel-to-pixel matching for pushframe imagery taken at different rows on an FPA.  263 
This procedure is especially critical for images collected from an aircraft due to the con- 264 
tinual yawing/pitching motions, even during straight and level flight on autopilot. Figure 265 
6 depicts the data collection and processing pipeline for the aircraft flights. 266 

 267 
Figure 6. Depiction of the aircraft data collection and processing pipeline. 268 

Because changes in aircraft attitude can artificially skew features by hundreds of pix- 269 
els, which complicates stereo matching, it was necessary to track the position and orien- 270 
tation of the CMIS camera relative to an earth-fixed frame. This was done by rigidly at- 271 
taching a high precision NovaTel Inertial Measurement Unit (IMU) to the camera mount- 272 
ing plate and calculating the global camera pose at the acquisition of each camera frame. 273 

The initial engineering flight was used to geometrically calibrate the camera by 274 
matching 150 key points in each pushframe view to known points on the ground. This 275 
helped determine the fixed offset and rotation matrices between the IMU and the CMIS 276 
sensor, as well as the camera lens distortion parameters. When combined with the IMU 277 
position and orientation, pixels in the camera image plane could therefore be projected 278 
onto the WGS84 ellipsoid to provide motion-compensated, geo-registered imagery for ste- 279 
reo matching. 280 

Position and orientation data from the primary NovaTel IMU was used to analyze 281 
Science Flights #1 and #2. However, data from a backup IMU was used to analyze Science 282 
Flight #3. Approximately 90 minutes into the four-hour flight (2021-02-08 23:00Z), the pri- 283 
mary IMU lost GPS lock and failed to provide a "fine steering" solution. Efforts to correct 284 
the problem in-flight were not successful. Fortunately, the CMIS imager continued to ac- 285 
quire imagery during the primary IMU dropout, and a logging application saved position 286 
and orientation data from a navigation IMU attached to the NASA Gulfstream III aircraft's 287 
ARINC-429 bus. The primary and backup IMU poses were aligned to each other by shift- 288 
ing the orientation data streams in time during the first part of Science Flight #3 when 289 
both sources of data were available, and verifying that the geo-registered images 290 
matched before the primary IMU dropout.  To remove the chance for an abrupt data tran- 291 
sition between the two IMUs at the 23:00Z boundary, only the backup IMU was used to 292 
geo-register Science Flight #3. 293 

2.4. Stereo Technique 294 
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The CMIS stereo-winds are based on stereo-wind methods successfully applied in 295 
several multi-angle, multi-platform cases [4; 8]. Templates are extracted from the CMIS 296 
nadir-looking view on a regular grid. Retrieval sites are generally oversampled with re- 297 
spect to the template size, so with an N×M pixel template and 2:1 oversampling, wind 298 
retrieval sites would be arranged in a lattice sampled every (N/2)×(M/2) pixels. Each fea- 299 
ture template is searched for in both forward- and aft-looking views using a Normalized 300 
Cross-Correlation (NCC) algorithm to find matches. Thus, the algorithm does not require 301 
absolute radiometric accuracy, but only the relative intensity variations from a feature 302 
pattern. The apparent displacement of the feature, or disparity, is interpolated for sub- 303 
pixel resolution and tested for significance using the peak NCC value. The fundamental 304 
premise of this method is that a translation accurately describes the relationship between 305 
the template feature and its match in another view. This premise can be violated when the 306 
aircraft experiences turbulence or submits to frequent control inputs during powered 307 
flight. To mitigate the adverse impact on feature matching, the imagery is first pre-recti- 308 
fied so that it is uniformly sampled on a plane that is tangent to the WGS-84 ellipsoid at 309 
the center of the collect. AT and XT coordinate axes are defined along and across the mean 310 
direction of flight. This worked well to improve matching efficiency to yield larger num- 311 
bers of forward- and aft-nadir matching pairs, but only for cases and holds where the 312 
flight trajectory and aircraft attitude were relatively smooth. In other cases, the motion 313 
was not sufficiently well compensated in pre-rectification to allow gathering large sets of 314 
matches. These types of issues will largely disappear for a space flight. 315 

There are individual AT and XT components for each of the two fore-nadir and aft- 316 
nadir disparities, for a total of four scalar measurements at each retrieval site, from which 317 
to estimate a horizontal wind velocity with AT and XT components and a height above 318 
the WGS-84 ellipsoid, for a total of three states. The XT component of disparity can be 319 
considered mostly due to XT wind velocity as there are typically several tens of seconds 320 
in time between acquisitions of the same feature in the forward- or aft-views (i.e. meas- 321 
urement spacing). 322 

Table 4 shows the small difference in measurement spacing, defined as the time for 323 
the aft look vector to intersect the fore look vector at a nominal cloud retrieval height (1000 324 
m) above the ellipsoid, between an aircraft and satellite.  Our calculations assumed a lin- 325 
ear path for the aircraft and a curved path for the satellite to account for the earth’s cur- 326 
vature. The measurement spacing at a given altitude for an aircraft depends on its ground 327 
speed, which varies based on the wind velocity at cruise altitude. For our purposes, the 328 
speed of a satellite in a circular orbit can be considered as relatively constant.  329 

Table 4. Characteristics of Aircraft vs Satellite CMIS Swaths 330 

 Aircraft Satellite 
Altitude 13.85 km 410 km 
Velocity 246 m/s 7.7 km/s 

Swath Length  9.5 km 311.1 km 
Measurement Spacing 38.1 s 40.4 s 

 331 
The AT component of disparity can be considered mostly due to a combination of 332 

geometric parallax and AT wind velocity. It is not possible to separate the geometric 333 
height due to parallax and AT wind without either additional observations or a prior as- 334 
sumption about one of them. This is known as the AT ambiguity. Our retrieval algorithm 335 
implements a non-linear least-squares solution to the problem of fitting the best three 336 
states (two wind plus height) to the two disparities given the trajectory of the aircraft and 337 
the sampling times. A cost to deviate from an a priori wind is added to the cost function 338 
to be minimized with weightings so that the cost is negligible to deviate XT but prohibitive 339 
to deviate AT. This effectively constrains the AT wind to equal the prior value and leaves 340 
the height free to fit the data. The result is correct only if the prior value is correct. 341 
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Alternatively, a prior height can be set and both wind components left free to fit the data. 342 
The original intent was to fly two passes over each collection target and combine obser- 343 
vations from both passes to jointly estimate AT wind. However, the XT winds tended to 344 
carry cloud features out of the narrow swath when revisited, so this approach was largely 345 
unsuccessful. 346 

For a single-pass solution, four scalar disparity observations per site with a prior 347 
value for either AT wind or height are sufficient to overdetermine the three states, so the 348 
residuals after fitting can be used to quantify conformance of the observations to the 349 
model. This allows discrimination between good solutions that are properly interpreted 350 
as jointly retrieved winds and stereo heights and meaningless ones. We apply a Maximum 351 
Absolute Difference (MAD) filter, at a Gaussian-equivalent 3-sigma confidence level, to 352 
identify anomalously large residuals in the population of all residuals to discriminate be- 353 
tween good (meaningful) and bad (meaningless) solutions with respect to the retrieval 354 
model.  355 

3 Results 356 
The objective of the airborne science flights was to assess the performance and 357 

capability of CMIS of producing science-quality AMV and cloud height observations 358 
under different scenes. The overall flight plan was to collect the data on both clear and 359 
cloudy scenes to characterize the sensor’s properties. 360 

3.1 Imagery 361 
The scenes presented in this subsection highlight a few examples of the high-qual- 362 

ity imagery collected by CMIS. Figure 7 depicts a scene in Florida (Case M) from science 363 
flight #2 in which an agricultural field is undergoing a controlled burn. The images show 364 
calibrated, geo-referenced irradiance for the three CMIS spectral wavelengths.  Since 365 
the aircraft was not constrained to fly along cardinal direction, the data swath was ro- 366 
tated relative to a standard latitude-longitude Mercator grid. The images required ap- 367 
proximately 65 s to collect. The remaining images will be presented on an AT-XT grid 368 
for convenience. The undulations at the boundaries of the image result from the aircraft 369 
yaw motion during the autopilot course corrections. 370 

  371 

  

(a)      (b) 
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Figure 7. Calibrated, geo-registered irradiance of a controlled agricultural burn at 27.857° N, 374 
80.756° W for Case M over Florida during Science Flight #2 on 19 Jan 2021. The figure present im- 375 
ages from the (a) 2.25 µm, (b) 3.75 µm (nadir), and (c) 4.05 µm channels, respectively. The direc- 376 
tion of flight was toward the southeast. 377 

Some of the radiances from the 3.75- and 4.05-µm bands are saturated in the high 378 
temperature regions associated with smoke and gases adjacent to the flames, because of 379 
a long integration time used in the data acquisition. Fewer 2.25-µm pixels are saturated 380 
because of the narrow bandwidth (50 nm) centered on 2.25 µm and the temperature of 381 
the fire. Dual gains can be implemented in the future to reduce and potentially eliminate 382 
saturated pixels. 383 

Figure 8 presents calibrated radiance from the St Lucie Nuclear Power Plant on the 384 
east coast of Florida (Case N) on 19 January 2021. As expected, radiance is higher at 3.75 385 
µm due to higher reflectivity at that wavelength than at 4.05 µm. The overall scene con- 386 
trast at 3.75 µm is larger because of greater reflectivity and higher quantum efficiency at 387 
that band than at 4.05 µm. Temperature differences indicated by differences in radiance 388 
for waters near the power plant are quite visible at both wavelengths, particularly for a 389 
single wide warm-water outlet and two narrow cold-water inlets in Figure 8. Warming 390 
of the ocean waters adjacent to the St Lucie nuclear power plant is indicated by the line 391 
of enhanced radiance extending horizontally from the warm water outlet. Cooler tem- 392 
peratures of the Atlantic Ocean are also clearly evident at the top of the image. 393 

  394 
Figure 8. Calibrated radiance for Case N from the St. Lucie Nuclear Power Plant (27.35° N, 80.24° 395 
W) on the east coast of Florida during Science Flight #2 on 19 Jan 2021. Radiance from (a) 4.05 µm, 396 

(a) (b)

4.05 µm 3.75 µm

Warm water outlet
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(b) 3.75 µm (nadir) are presented. Notice the warm-water outlet and cold-water inlet flowing from 397 
and to the nuclear facility, respectively. 398 
 399 

The radiance of earth includes roughly equal contributions from reflected and emit- 400 
ted radiation in the MWIR. At night, MWIR bands have sufficient signal to directly esti- 401 
mate temperature for such terrestrial features as clouds, ocean, and terrain. During the 402 
day, temperature can still be extracted, but the retrieval requires a method to remove 403 
reflected solar radiance [7]. 404 

3.2 Ground Point Validation 405 
The Hold F flight contains mostly clear-sky land pixels over farmland in the vicinity 406 

of Durham, NC during the day.  This case offers the opportunity to validate against 407 
static targets (i.e., terrain) with known altitudes. The aircraft made two passes over the 408 
collection area, but a readout error affected imagery from the first pass (Hold F1), ren- 409 
dering only the second (F2) useable.   410 

The ground sampling for this case is 12.2 m (AT) x 22.8 m (XT) per pixel and the 411 
time difference between forward-nadir and aft-nadir looks is a nearly constant ±19 s.  412 
Feature templates of 16 x 16 pixels were used to obtain disparity matches at 20373 sites.  413 
The retrieval model solved for height and velocity with prior AT velocity set at zero, as 414 
it should be for the ground. 415 

Figure 9a features radiance measurements from the 3.75-µm nadir stripe where the 416 
aircraft route of flight was from left to right.  The radiance across the left 2/3 of the im- 417 
age is fairly uniform due to flat terrain, as indicated by the zero-wind heights shown in 418 
Figure 9b.  The radiances in the right 1/3 of the image are higher due to the high reflec- 419 
tivity of clouds in the MWIR. Under the assumption of zero AT winds, the XT winds 420 
(Figure 9c) were retrieved with values for this case ranging between -3.0 and 2.4 m/s.  421 
The bias-corrected XT winds are very close to zero in the no-cloud region (i.e. the terrain 422 
is not moving) as they should be. We also note that patterns of what appears to be mass 423 
divergence with positive XT winds adjacent to negative XT winds in the cloudy region 424 
(Figure 9c). Figure 9d presents the zero-wind heights only for heights below 400 m in 425 
order to facilitate comparison with digital elevation map (DEM) heights (Figure 9e). The 426 
white area in Figure 9d (i.e. no data) is the region obscured by clouds. Comparison be- 427 
tween Figure 9d and Figure 9e shows that the CMIS stereo retrieval replicates the small 428 
50- to 100-m variations in terrain height well. 429 
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 430 

Figure 9. Analysis of hold F2 on 27 Jan 2021 for (a) CMIS calibrated radiance; (b) CMIS zero-wind 431 
stereo height; (c) CMIS XT winds, (d) zero-wind heights with color contouring to highlight surface 432 
elevation differences, and (e) surface height from a digital elevation model (DEM). The direction of 433 
flight is from left to right, which is toward the northwest near Durham, NC.  434 

 435 
Figure 10 shows a histogram of all retrievals passing the quality criteria. The clouds 436 

clearly separate from the clear-sky ground-points, which can be classified by their re- 437 
trieved height (< 500 m) and speed (< 5 m/s). The ground-point class consists of 16518 438 
sites also meeting the retrieval quality criteria. The retrieved heights of ground points 439 
are then compared to the USGS one-arc-second Digital Elevation Model (DEM) and re- 440 
trieved XT velocity is compared to zero.   441 
 442 
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 443 
Figure 10. Histogram of retrieved XT wind and height shows low clouds with small XT velocities 444 
and a larger population of clear-sky ground retrievals.  445 

 446 
The next step is to evaluate the statistical performance of CMIS retrievals for Hold 447 

F. Figures 11a, b and c show a point-by-point comparison between the initially retrieved 448 
stereo heights and the DEM from Figure 9e. Since the DEM represents height above the 449 
geoid, we subtracted the geoid height above the WGS-84 ellipsoid, which is equal to -32 450 
m at the center of the collection, to represent the terrain height above the ellipsoid.  Fi- 451 
nally, the DEM is averaged to a comparable scale as the templates.  452 

 453 
Figure 11. Statistical comparisons for (a) stereo-DEM height difference vs XT pixel; (b) DEM height 454 
vs uncorrected stereo height; (c) DEM height vs corrected stereo height; (d) XT velocity vs XT pixel; 455 
(e) uncorrected XT velocity vs probability distribution function (PDF); (f) corrected XT velocity vs 456 
PDF. 457 

Figure 11a and d show the XT residuals for the initial stereo heights and XT winds, 458 
respectively. These are a systematic bias that can be determined empirically as a function 459 
of the XT pixel number and removed from the initial stereo height and XT wind retriev- 460 
als. We see in Figure 11b and e that the biases for the uncorrected CTH and XT winds 461 
are ~-11 m and 0.23 m s-1, respectively, which affects their overall accuracy. When the 462 
biases are corrected, the standard deviations reduce to 20.0 m and 0.27 m s-1 (Figures 11c 463 

a) b) c) 

d) e) f) 
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and f) for the CTH and XT winds, respectively. Thus, systematic error compensation is 464 
needed to achieve the best results for this case. 465 

The leading hypothesis for the origin of the systematic errors is imperfect optical 466 
calibration initially done in the laboratory and adjusted in flight using mapped features 467 
such as roads. Our analysis of differences between stereo and DEM heights for ground 468 
points demonstrates a methodology that can be used in future space flights for geomet- 469 
ric calibration or validation.   470 
 471 

 472 
Figure 12. Analysis of Hold F2 for (a) scatter plot of XT wind vs zero-wind height; (b) XT winds and 473 
heights as a function of row pixel #; and (c) wind-corrected height. The red line is a transect along 474 
which the data in (b) are plotted. The open and closed diamonds depict XT winds for surface pixels 475 
and cloudy pixels, respectively. For cases in which the pixels are cloudy, the red and blue triangles 476 
depict zero-wind heights and wind-corrected heights. When the AT winds are assumed to be zero 477 
(i.e. zero wind), an anomalous correlation between XT winds and zero-wind heights appears. When 478 
more realistic AT winds are assumed as described below, the correlation largely disappears. 479 

 480 
A scatterplot of XT wind vs zero-wind height (Figure 12a) reveals an apparent cor- 481 

relation between the two fields. When the data are plotted along the transect shown in 482 
Figure 12c, an interesting pattern emerges. The XT winds in the cloudy regions (closed 483 
black diamonds) are well correlated (Figure 12b) with the zero-wind cloud-top height 484 
(CTH; red triangles). As discussed by Mueller et al. [10], if a platform making stereo ob- 485 
servations where the AT wind is not negligible, the errors of retrieved zero-wind stereo 486 
CTH and unaccounted AT wind are highly correlated. If the CMIS flight maintains a 487 
fixed angle with respect to wind direction and the wind direction does not vary, the 488 
wind speed variation would result in a significant AT wind component that induces a 489 
stereo CTH error. Since the AT and XT winds are correlated under the fixed directional 490 
flight, the AT-CTH error correlation manifests itself as the XT-CTH correlation as seen in 491 
Figure 12(a,b).   492 

The magnitude of AT winds can be assumed based on the value required to mini- 493 
mize the change in altitude of the cloud-top height. When that assumption was applied 494 
for this case (Vat = 2.5 m/s), the XT-CTH correlation disappeared, as shown with the blue- 495 

a) b) 

c) 
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triangle symbols for the wind-corrected heights and XT winds in Figure 12b. The geome- 496 
try for this situation is illustrated in Figure 13. 497 

 498 
Figure 13. Geometry of stereo calculation to calculate wind-corrected height. The factor 56 (m per 499 
m/s) is the time elapsed between observations. 500 

3.2 CALIPSO Under-Flight 501 
The Hold D flight path covers a nearly homogenous cloud field above Western 502 

Pennsylvania nearly simultaneously with an overpass by CALIPSO approximately at 503 
19:00Z on 27 January 2021.  For this case, we constrain the wind height using CALIPSO 504 
and solve for both wind vector components.  This case provides a good example of the 505 
synergy between simultaneous aerosol-cloud LiDAR and stereo observations. Figure 14 506 
shows the CMIS retrieval sites for Hold D1 with collocated CALIPSO vertical profiles. 507 

 508 

  

(a) Collocated Retrievals (b) CALIOP Layer-1 Heights 

Figure 14. (a) CMIS retrieval sites for Hold D1 are collocated in space and time with those of CALIOP and (b) CALIOP 509 
layer-1 cloud tops and bottoms show nearly constant CTHs in the curtain over the collect. A feature template is centered 510 
at each retrieval site indicated by the blue dots. CALIOP heights from the 333-m cloud-layer product have been referenced 511 
to the WGS-84 ellipsoid by adding the geoid height of -33 m at the center of the collect. 512 

Typically, CALIOP detects clouds and aerosols at lower optical depths than passive 513 
imaging, and so CALIOP heights may be higher than those detected with stereo 514 
methods [11]. Fixing the mean height for the CMIS wind field at 1400 m, we retrieve 515 
CMIS AT and XT winds over the collect with distributions as shown in Figure 15.  516 
These are rotated into U (+East) and V (+North) vector components to show mean wind 517 
vector values of (3.38, -4.39) m/s. 518 

 519 
 520 
 521 
 522 

 523 
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(a) AT-XT Winds and Height 524 

 525 
(b) U-V Winds and Height 526 

 527 
Figure 15:  CMIS winds over Hold D1 where the mean wind height is constrained to approximate 528 
the CALIOP layer-1 top are shown with (a) winds resolved AT-XT and (b) U-V. 529 

The Hold-D1 collection has an Aqua overpass approximately an hour earlier at 530 
17:55Z that was used for MODIS and GOES-16 stereo winds to corroborate the CMIS 531 
results.  A larger domain (41.25±1°, -79.05±1°) is considered since the density of satellite 532 
retrievals is much less than those from CMIS and there is approximately a one-hour time 533 
mismatch.  The distribution of MODIS-GOES stereo winds within this domain is shown 534 
in Figure 16. The mean CMIS retrieval of (3.38, -4.39) m/s falls near the most probable 535 
satellite U-V winds and its 5.54 m/s speed and mean height of 1400 m also falls near the 536 
most probable speed-height combinations. 537 

(a) U-V Wind Distribution 

 

(b) Speed-Height Distribution 

 

Figure 16: (a) Joint distribution of U-V winds and (b) speed-height from the MODIS-GOES stereo run corroborate the 538 
CMIS winds. 539 

3.2 Aeolus Under-Flight 540 
The Hold J flight was designed to fly along the track of Aeolus on 8 February 2021 at 541 

night.  The Atmospheric Dynamics Mission (ADM-Aeolus) Doppler Wind Lidar (DWL) 542 
measures the atmospheric wind profile in a horizontal line-of-sight (HLOS) direction 35º 543 
from nadir and 90º from the spacecraft velocity. Therefore, the Aeolus measurements are 544 
single-component wind profiles along the HLOS. Because of the 35º slant view, each 545 
height level of the HLOS wind profile corresponds to a different geographic location, with 546 
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the higher levels closer to the satellite ground track. This height-dependent geolocation of 547 
HLOS winds is evident in Figures 17-18.  548 

The Hold J flight is also within the coverage of both GOES-16 and -17.   We use the 549 
stereo winds from GOES-16 and -17 [1] to set the a priori value of the AT wind for the 550 
CMIS retrievals and compare against Aeolus.  The first pass (J1) was the most simultane- 551 
ous to the Aeolus Mie wind retrievals.  CMIS was 5 minutes ahead of Aeolus over Hold 552 
J, which was completely cloud covered. Sites for the three sets of retrievals are shown in 553 
Figure 17.  The sampling scales are quite different, with CMIS densely sampling over a 554 
very small patch due to the low altitude of the aircraft (compared to satellites). The GOES 555 
stereo winds used a triplet of CONUS scenes centered on 23:36Z from GOES-16 and a 556 
doublet of contemporaneous Full Disk scenes from GOES-17. The GOES stereo winds as 557 
shown in Figure 17 reveal a cloud layer at 4813 m median height and with median winds 558 
resolved along and across the direction of the CMIS flight of 2.76 m/s (AT) and -35.07 m/s 559 
(XT). We use 2.76 m/s for the prior value of the AT wind in the CMIS retrieval code and 560 
solve for XT wind and CTH at each CMIS retrieval site. 561 

 562 
Figure 17. Retrieval sites for Aeolus, GOES stereo, and CMIS wind retrievals are indicated, show- 563 
ing a vast difference in sampling densities between the aircraft and satellite observations. GOES 564 
stereo wind statistics are computed over a larger domain (1.5° latitude x 1° longitude) containing 565 
32 GOES stereo retrievals, compared to several thousand CMIS retrievals. 566 

Figure 18 compares AMVs and CTHs from GOES and CMIS against Aeolus Mie 567 
winds. There is broad agreement for all three estimates, although Aeolus wind retrievals 568 
are biased about 5 ms-1 lower than those retrieved using GOES and CMIS. The XT winds 569 
for CMIS match fairly well with G16-G17 stereo winds. We see a local minimum (in mag- 570 
nitude) for both GOES and CMIS near 42.6° N.  A similar local minimum appears for 571 
Aeolus near 42.7° N.  The height retrievals for CMIS (Figure 18b) match the overall shape 572 
of those for G16-G17 stereo.  We see decreasing CTH between 42.3° and 42.5° for both 573 
GOES and CMIS, although the decrease is steeper for CMIS. This may be due to the very 574 
fine GSD for the CMIS aircraft payload. CMIS demonstrated good sensitivity to small- 575 
scale variability.   576 

                  577 
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Figure 18. Comparison between Aeolus, G16-G17 stereo, and CMIS stereo for (a) XT winds and (b) 578 
stereo heights over Michigan on 8 Feb 2021. 579 

The retrieval histograms are shown in Figure 19. The XT wind distribution is quite 580 
narrow, and its median value of -35.83 m/s is a good match with the median GOES stereo 581 
wind of -35.07 m/s (XT). The distribution of CMIS heights is broader, but the GOES stereo- 582 
wind median is in the range toward the upper end. 583 

 584 
 585 

Figure 19: Histograms show the wind retrievals passing the quality criteria.  The AT winds are very 586 
close to the prior value used. 587 

 588 
There are six Aeolus Mie winds in the relevant atmospheric layer. Because the flight 589 

line was nearly parallel to the Aeolus track, Aeolus HLOS wind components are opposite 590 
in direction to the XT winds from CMIS. Aeolus and CMIS winds are similar but not as 591 
well matched as the GOES stereo winds. None of the datasets compared are perfectly 592 
aligned in time, location, or scale. 593 

4. Discussion 594 
The CMIS instrument provides three angular views at 3.75 µm, wide-swath coverage 595 

and day-night sensing compatible with a compact 6U-CubeSat design to enable global 596 
coverage of the winds and cloud heights in the free troposphere and PBL. Stereo sensing 597 
at a wavelength of 3.75 µm permits 24/7 day/night sensing to observe diurnal variation of 598 
PBL structures. However, when the clouds are moving in the direction of the spacecraft 599 
velocity vector, the stereo technique applied to a single LEO satellite suffers from an ali- 600 
asing problem in which errors in AT wind and CTH are highly correlated as is known 601 
from MISR [10] and now discussed here. To resolve this ambiguity, stereo imaging re- 602 
quires independent observations from multiple platforms (i.e. joint retrievals). This joint 603 
technique can be applied to LEO-LEO platforms or LEO-GEO platforms. It would also be 604 
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most relevant for a series of CubeSats in a leader-follower configuration (i.e. pearls on a 605 
string). 606 

The stereo methodology applied to LEO-LEO satellites is particularly valuable for 607 
the polar regions where detection of low-level clouds and semi-transparent clouds is a 608 
major challenge for satellite remote sensing. The most accurate method for retrievals at 609 
high latitudes could potentially be leader-follower satellites if favorable viewing geome- 610 
tries and optimized spacecraft separation times are maintained. The airborne flights pre- 611 
sented here proved the sensitivity of CMIS to detect patterns in PBL clouds for stereo re- 612 
trievals in the mid-latitudes. Provided sufficient variability in cloud radiance exists for 613 
pattern matching, this technique should also work well in the Arctic and Antarctic. Due 614 
to frequent turbulence and course corrections, retrievals from an aircraft are much more 615 
difficult to do accurately than from space. 616 

4.1 Implications for Notional Spaceflight 617 
The following subsection presents a simple analysis to estimate the accuracy of the re- 618 
trievals for a spaceflight. These results are then be used to specify general requirements 619 
for a CubeSat to host a stereo wind sensing mission. 620 
Accuracy 621 

Some very simple geometric relationships can help us estimate stereo wind 622 
retrieval accuracies and scale them from an airplane to a spacecraft (our retrieval 623 
software using a full fidelity and nonlinear model). Such estimates can be confirmed 624 
from the retrieval process, which outputs the three retrieval states (two horizontal wind 625 
vector components and the height) along with their 3x3 covariance matrix.  The latter 626 
can be interpreted as representing the uncertainties in the states with modeled errors in 627 
the input disparities. Figure 20 shows an idealized configuration with a single CMIS 628 
flying over the locally flat Earth surface (or a tangent plane to the WGS-84 ellipsoid).  629 
We assume that CMIS flies at a constant altitude 𝐻 and ground speed 𝑉 along the x 630 
axis.  The three stereo line arrays are perpendicular to the direction of motion and 631 
parallel to the y axis (into the paper).  Consider only those points directly under the 632 
flight track (𝑦 = 0). A cloud feature seen by each line array is assigned apparent 633 
geographic coordinates (𝑥!, 	𝑦!) in each of the three looks (𝑛 = forward, nadir, aft) at 634 
acquisition times 𝑡!. The angle 𝛼 is fixed by the CMIS camera design.   635 

 636 
Figure 20. Simplified CMIS configuration allows linear design rules to be derived using elemen- 637 
tary geometry.  Non-simultaneous forward, nadir, and aft looks are shown for a single camera.  638 
Forward and aft coordinates for a cloud feature seen in the nadir look are given at the matched 639 
locations in the forward- and aft-looks. 640 
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∠𝐴𝐵′𝐶′ as shown in Figure 20 allows for the solution for the acquisition time 641 
difference, which is substituted into the tangent formula for ∠𝐴𝐵𝐶. In a spacecraft 642 
application, the wind speed and height are typically much less than the ground speed 643 
and altitude of the spacecraft (i.e., ℎ ≪ 𝐻 and 𝑣" ≪ 𝑉), which leads to an approximately 644 
linear relationship between the states: 645 

!𝑥! − 𝑥"$ = 𝑣# ∙
$
%
𝑡𝑎𝑛(𝛼) + ℎ ∙ 𝑡𝑎𝑛(𝛼).    (1) 646 

A nearly identical formula applies to the aft-nadir combination.  Since it has the 647 
same coefficients as Equation (1), the height ℎ and AT velocity 𝑣" cannot be decoupled 648 
and an assumption must be made about one of these states; however, using the aft-nadir 649 
combination does reduce the uncertainty in the retrieval.  If the AT velocity is assumed 650 
zero (“zero wind” retrieval) when it is not, we can see that this will bias the retrieved 651 
height by 652 

Δℎ = $
%
𝑣#.        (2) 653 

The XT wind 𝑣# can be similarly written as a linear function of only the XT 654 
coordinate difference by eliminating the time difference in the same manner: 655 

!𝑦! − 𝑦"$ = 𝑣& ∙
$
%
𝑡𝑎𝑛(𝛼).      (3) 656 

A second acquisition of the tracked feature from another platform will provide the 657 
additional information to allow the decoupling of ℎ and 𝑣".  This could be an 658 
acquisition from a geostationary (GEO) satellite or another low-Earth orbiter (LEO).  659 
The GEO-LEO combination has been extensively discussed in Carr et al. [4] and 660 
demonstrated with MISR and GOES-R to achieve better than 200 m height and 0.5 m/s 661 
retrieval accuracies. It offers the advantage of allowing the effective transfer of Image 662 
Navigation and Registration (INR) – or geolocation – knowledge from the presumably 663 
high accuracy GEO to the more modest accuracy LEO using a “bundle adjustment”.  664 
The bundle adjustment is possible because of the overdetermination of the dual-satellite 665 
retrievals.   666 

Of particular interest for this paper is the case where a second CMIS follows the 667 
first. Matches would be made from the nadir look of the leading satellite into up to five 668 
other looks (leader-forward, leader-aft, follower-forward, follower-nadir, and follower- 669 
aft). This configuration enables a constellation of CMIS sensors to cover areas without 670 
GEO coverage, including the poles, for a full global capability.  Supposing that the 671 
leader-follower time separation is 𝑇, we consider the nadir looks as shown in Figure 21.  672 
The acquisition time difference can be solved for using the spacecraft (S/C) equation to 673 
eliminate it in the other, and after linearizing in the variable 𝑣" and similarly for 𝑣#: 674 

(𝑥"' − 𝑥"() = 𝑣# ∙ 𝑇.       (4a) 675 

(𝑦"' − 𝑦"() = 𝑣& ∙ 𝑇.       (4b) 676 
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 677 
Figure 21. Leader-follower matches enable unambiguous determination of the AT winds.  Con- 678 
secutive nadir acquisitions are shown, which is the simplest case. 679 

Equations (1), (3), and (4) can be used to calculate, for example, 5𝑥$% − 𝑥!&7 = 680 
5𝑥$% − 𝑥!%7 + (𝑥!% − 𝑥!&).  The full systems of equations for the states (ℎ, 𝑣") and 𝑣# 681 
are therefore: 682 
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 685 
We can now estimate retrieval accuracy considering the geolocation accuracy 686 

expected from a low-cost CubeSat system flying at an International Space Station (ISS) 687 
altitude 𝐻 = 410 km with 𝑉 = 7.7 km/s.  We will also assume 𝛼 = 20° and a XT field 688 
of view of ±25°, which is similar to the optical configuration of the air campaign.  Using 689 
GPS allows for very accurate positioning of the spacecraft (~4 m) and time tagging of 690 
observations; therefore, attitude knowledge and calibration of the optics are likely the 691 
drivers in terms of geolocation accuracy.  A pixel count of 1280 provides for a ground 692 
footprint of 150 m.  At this resolution, pointing knowledge of 0.005° that is obtainable 693 
in a CubeSat translates to ~40 m on the ground, which is about a quarter of a pixel. 694 
Matching also suffers from some uncertainty, which from our experience with GEO-LEO 695 
and GEO-GEO stereo winds can be expected to be ~0.5 pixels.  Therefore, a good design 696 
goal for the uncertainties in each 𝛥𝑥 and 𝛥𝑦 would be 𝜎 = √2 ∙ 0.25% + 0. 5%	~	0.6 697 
pixel (i.e., 100 m).  Equations (5) are overdetermined, so they should be solved by least- 698 
squares.  Designating the coefficient matrices in Equations (5) as 𝑀" and 𝑀#, and 699 
assuming the uncertainties in each 𝛥𝑥 and 𝛥𝑦 are independent from each other 700 
enables an estimate of the retrieval accuracy. The covariances for the states are: 701 

𝑐𝑜𝑣(ℎ, 𝑣") = 𝜎%(𝑀"
(𝑀"))&,       (6a) 702 

𝑐𝑜𝑣5𝑣#7 = 𝜎%5𝑀#
(𝑀#7

)&.      (6a) 703 
 704 
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Since the time 𝑇 between leader and follower has not been specified, we vary that 705 
parametrically. Figure 22 plots the retrieval uncertainties (square-roots of the diagonal 706 
elements of the covariances) using this model as a function of 𝑇. 707 

 708 

 709 
Figure 22. Leader-Follower retrieval uncertainties as a function of separation between the satel- 710 
lites.  The simplified model includes only random errors. The practical accuracies achieved using 711 
the MISR A cameras and GOES are shown as dashed lines independent of the time separation 712 
between MISR and GOES acquisitions [4].  In practice, the contributing errors are more nuanced 713 
and include, for example, the effect of cloud shape changes that grow with 𝑇. Good results with 714 
operational satellites winds are achieved with 𝑇 = 1, 5, and 10 minutes that are characteristic of 715 
GOES-R MESO, CONUS, and Full Disk repetition rates. As	𝑇grows to 15 minutes and beyond, 716 
cloud shape changes begin to affect matching accuracy and diminish the number of high-quality 717 
matches. 718 

This solution assumes no cloud deformation with time. For certain cloud types such 719 
as small cumulus, the overall lifetime could be less than 10 minutes, so the reduction in 720 
uncertainly for winds may not always be realized for such cases. A trailing satellite 721 
separated by 15 minutes from the leader would be approximately 1/6th of an orbital 722 
period behind (at a 410-km altitude). Given the rapid decrease in retrieval uncertainty 723 
with increased distance between the leader and follower, the optimal separation is likely 724 
to be 5 minutes or less.  725 

For single-camera zero-wind retrievals, Equation (2) provides the systematic error, 726 
and the random error is estimated by coefficient matrices in the reduced system of 727 
equations: 728 

T
𝑥$ − 𝑥!
𝑥' − 𝑥!U = A 𝑡𝑎𝑛(𝛼)−𝑡𝑎𝑛(𝛼)B [ℎ],       (7a) 729 

T
𝑦$ − 𝑦!
𝑦' − 𝑦!U = A (𝐻 𝑉⁄ )𝑡𝑎𝑛(𝛼)

−(𝐻 𝑉⁄ )𝑡𝑎𝑛(𝛼)B C𝑣#D.      (7b) 730 

 731 
The uncertainties in the retrieved zero-wind states 5ℎ, 𝑣#7 are therefore, 732 

𝜎*(,!-.) =
0

√%2'!(3)
	,       (8a) 733 

𝜎," =
4
5

0
√%2'!(3)

	.        (8a) 734 
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The asymptotic value for 𝜎* in Figure 22 turns out to be equal to 𝜎*(,!-.) √2⁄ ; 735 
therefore, the look-ahead/behind angle 𝛼 governs the height retrieval uncertainty in 736 
both the zero-wind and leader-follower configurations. 737 

Relating to the aircraft collections, consider Hold F2, where 𝐻~13.85 km, 𝑉~245 738 
m/s, 𝛼 = 19°, and the ground-sampling distance is ~12.2 m AT and ~22.8 m XT.  The 739 
residual standard error from Figure 11 in the ground retrievals for Hold F2 was 20.2 m, 740 
implying a residual geolocation error of 9.8 m AT or 0.8 sampling distances.  The 741 
residual standard wind velocity error in the Hold F2 ground retrievals was 0.27 m/s, 742 
implying a residual geolocation error of 7.4 m XT or 0.3 sampling distances.  These 743 
implied geolocation errors are in family with the geolocation errors in pixels assumed 744 
for a spacecraft.   745 

If the standard geolocation error were 10 m in each axis in the aircraft flights, then 746 
the covariance matrix from the retrieval process would provide an estimate of the 747 
standard errors for the retrieved states that can be compared with Equations (8). This 748 
comparison is provided in Table 5 to confirm that the simplified model provides a good 749 
estimate of retrieval accuracy and therefore is useful for mission design purposes. 750 

Table 5. Comparison between the simple model of Equations (8) and uncertainties derived from 751 
the retrieval covariance matrix shows good agreement. A 10 m geolocation error was assumed 752 
everywhere within the Hold F2 collection. The covariance model results have a very small de- 753 
pendence on XT position and height above the ellipsoid. 754 

 𝜎," 𝜎*(,!-.) 
Equations (8) 0.36 m/s 20.5 m 

Covariance Model (mean) 0.37 m/s 20.7 m 

Accommodation 755 
Table 6 shows pertinent parameters for CMIS flown at different altitudes. The 756 

swath width is calculated from the XT field of view and number of XT pixels.  For a 757 
nominal altitude of 800 km, the swath width and ground sample distance at nadir are 758 
757 km and 1091 m, respectively, for detector format 640 × 512 pixels. However, with 759 
recent developments in detector technology, we expect to upgrade the detector format 760 
used for the spaceflight version of CMIS to 1280 × 1024 pixels, which would reduce the 761 
GSD to about 545 m for an 800-km orbit and 275 m for a 410-km orbit.  762 

Table 6. Performance parameters for CMIS flown at different orbital altitudes 763 

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) 9.3 40.4 57.5 88.6 103.9 134.4 
 764 

Table 2 presents the requirements to accommodate CMIS on a spacecraft. The size 765 
and power requirements derive from the airborne unit flown on the Gulfstream III.  The 766 
position/attitude requirements derive from the uncertainty analysis presented above. 767 
For two spacecraft in leader-follower formation at an altitude of 410 km, our analysis 768 
suggests that a pointing accuracy of ±0.005° should provide uncertainty to within 180 m 769 
and 0.5 m/s respectively for the cloud top and wind velocity, respectively. A pointing 770 
stability of 36 arc-sec/ 1-sec should enable sufficient steadiness to achieve reasonable pat- 771 
tern matching.  772 

As discussed above, attitude control and knowledge for CubeSats are now 773 
sufficient to produce high-quality stereo products. The primary issue remains data 774 
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return due to available power on a CubeSat. The most likely method of communications 775 
would be via an S-band transceiver, which results in practical limits on the amount of 776 
data that can be downlinked during a given pass. One approach for this limitation is to 777 
increase the number of ground stations that the data can be downlinked. However, this 778 
can rapidly drive up costs and defeats the purpose of employing a low-cost 779 
constellation. A better approach might be to use onboard processing to calculate the 780 
disparities between the three 3.75-µm stripes on each satellite, which would significantly 781 
reduce the volume of data to be downlinked. Thus, onboard processing applied 782 
judiciously could be used to enable the system to collect data 24/7 [12]. 783 

4.2 Complement to active 3D winds 784 
Lidar-derived winds from Aeolus presented in Figure 18 show that the swath 785 

width from an active system is very narrow compared to an EO/IR passive system. The 786 
advantage of lidar is that it has the potential to retrieve winds over clear and cloudy 787 
regions, while CMIS is limited to cloudy regions (at present). The horizontal resolution 788 
for Aeolus data is approximately 90 km for Rayleigh clear-sky winds and 10 km for Mie 789 
cloudy sky winds [13]. CMIS could effectively complement Lidar observations by 790 
providing higher horizontal and vertical resolution datasets over wider swaths. The 791 
GSD as a function of orbit altitude is shown in Table 6 above.   792 

4.3 Planetary Boundary Layer 793 
Previous studies have identified the PBL height (PBLH) as a key length parameter 794 

for modeling cloud/aerosol entrainment, vertical diffusion, turbulence mixing, 795 
convective transport, and atmospheric pollutant deposition [14-17]. As a satellite 796 
observable, CTH serves as a critical observational constraint to PBLH. In the case of 797 
marine boundary layer, stratocumulus clouds are capped by strong temperature 798 
inversion at the top of PBL. Therefore, the MBL CTH is a good measure of PBLH [e.g. 18- 799 
20]. CTH has also been used to infer the PBLH of stratocumulus-topped continental [21] 800 
and Arctic [22] boundary layers. 801 

It has been a great challenge for spaceborne sounding to accurately resolve the 802 
PBLH because it is often too close to the surface. Current observations of PBL depth 803 
from radiosondes remain sparse and a global dataset of PBL depth and its variations is 804 
needed. 805 

Karlsson et al. [23] showed that the stereo CTH from Terra/MISR is able to capture 806 
the PBLH variation in a stratocumulus-to-trade-cumulus transition off the coast of 807 
California. PBL cloud observations from MISR also helped to better characterize Arctic 808 
clouds and their radiative impacts [24; 25]. Thus, a multi-angle and multi-platform 809 
(MAMP) stereo method was developed to overcome the correlated-error problem and 810 
successfully implemented for the MISR-GEO pairing [4]. A pairing between MODIS and 811 
GEO satellites was also developed to extend the coverage to both day and night with a 812 
wider swath [26]. However, Carr et al. [26] also showed that the MODIS-GEO pairing 813 
suffers from stereo blind spots where the look angles for both platforms are parallel. 814 
Stereo blind spots would also occur in a VIIRS-GEO pairing. In contrast, CMIS provides 815 
a single integrated instrument that is well-suited to all of these pairings and without 816 
stereo blind spots. 817 

5. Conclusions 818 
The results presented in this paper from the CMIS aircraft flights demonstrated the 819 

advanced capability of the instrument for multi-angle, multi-spectral wide-field of view 820 
observations to support earth science.  The accuracy of the airborne stereo observations 821 
of cloud heights and winds confirmed that this technique applied to the CMIS 3.75-µm 822 
bands can be used effectively for spaceflight.  823 
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The CMIS observations with MWIR bands demonstrated that the instrument delivers 824 
scientifically-useful day/night stereo observations for AMVs and their heights. The MWIR 825 
imaging has an advantage over the thermal bands in the dimension of instrument optics 826 
for the same pixel resolution, which allows the compact design of CMIS. Although the 827 
MWIR bands have been flown on LEO and GEO, the key enabling technology is the high- 828 
sensitivity Type-2 Superlattice (T2SL) detector used by CMIS that operates at 150 K. The 829 
high detector operation temperature will significantly lower the instrument power, pro- 830 
long the cooler lifetime, and simplify the system design.  831 

The CMIS test flights proved that its technology and design are ready for spaceflight. 832 
The current detector format for CMIS is 640 × 512 pixels with a 50° field of view. At a 833 
nominal altitude of 550 km, the GSD is approximately 750 m as indicated in Table 2. How- 834 
ever, the technology has subsequently improved so that the detector can now be scaled 835 
up to 1280 × 1024 pixels, which would improve the GSD to 375 m. This provides sufficient 836 
horizontal resolution to observe mesoscale features associated with such features as out- 837 
flow boundaries and PBL structures. 838 

The low SWaP (size, weight, and power) of CMIS makes it a cost-effective solution 839 
to the need for high-resolution spatiotemporal sampling from CubeSat or SmallSat con- 840 
stellations. Its compact design will fit the instrument to a 6U CubeSat or as a hosted pay- 841 
load on a SmallSat, to meet the Earth Science 2017-2027 needs for high-resolution tropo- 842 
spheric and PBL winds. With the improved SWaP, CMIS provides an attractive, affordable 843 
option to fly a satellite constellation of 10-15 satellites for a potential Earth System Ex- 844 
plorer mission to meet requirements for the Atmospheric Winds Targeted Observable 845 
(TO-4 in Appendix C of ESAS 2017) or a potential Earth Venture science mission. If the 846 
objective is to obtain stereo cloud motion vectors only, highly accurate radiometric cali- 847 
bration would not be required. A calibration need only be accurate enough to enable pat- 848 
tern matching between cloud scenes taken within 5-15 minutes of each other.  849 

As demonstrated from the CMIS flights, the instrument also proved its capability for 850 
monitoring fires. The 4.05-µm band provides data in combination with the 2.25-µm band 851 
to estimate temperature and fire radiative power if both bands remain unsaturated. The 852 
CMIS instrument can utilize dual gains to achieve a wider dynamic range so as to avoid 853 
saturation. Depending on wildfire measurement requirements, the instrument can be up- 854 
graded to increase the number of spectral channels to ~10 within the range of 1.8 µm to 5 855 
µm. Accurate radiometric calibration, plus a large dynamic range would be required to 856 
enable sensing of large, hot fires, as well as volcanic plumes. 857 

For a potential future mission, it might also be advisable to include a 2048-pixel visi- 858 
ble band with time-delay integration to serve as a low-light imager. On moonlit nights, it 859 
might be possible to obtain stereo products at better than 250-m and 375-m GSD with a 860 
low-light imager and CMIS, respectively. The high data rates for these imagers would 861 
drive the need for on-board processing to process the datasets into disparities, which are 862 
an intermediate-level stereo product.  The stereo-bit FPGA has already demonstrated the 863 
capability to do this [11]. 864 

Finally, because of the high operating temperature of the FPA, a potential design en- 865 
hancement for CMIS would be to replace its cryocooler with a TE cooler.  The cryocooler 866 
used by CMIS has significant flight heritage, but it introduces vibrations as well as a lim- 867 
ited lifetime. The current state of the art for TE coolers is an operating temperature of 868 
about 180 K, which is about 30° warmer than that needed by CMIS.  TE coolers have the 869 
advantage of no moving parts, plus no significant concerns about lifetime. As HOT detec- 870 
tors and TE coolers continue to improve, it may become possible to eliminate cryocoolers 871 
from the CMIS design. 872 

This paper provided strong evidence that a low-cost constellation of CubeSats is ca- 873 
pable of providing stereo observations needed for accurate, precise retrievals of global 874 
CTHs and AMVs. Despite the challenges associated with turbulence and course correc- 875 
tions for an aircraft, the CMIS instrument demonstrated excellent accuracy for CTHs and 876 
AMVs with standard deviations of 20.2 m and 0.23 m s-1, respectively, for idealized 877 
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collections against stationary terrain. For a case which the Gulfstream-III underflew both 878 
GOES and Aeolus, CMIS provided reasonable results. The success of the aircraft retrievals 879 
suggests that even better results would be achieved from space.   880 
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