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Small satellites are efficient at performing Earth science from space due to their
limited cost and size. Small satellites (cubesats) achieve much with limited power
production/storage, heat dissipation, data storage, and ground contact points/
bandwidth. As such it is beneficial to offload as much as possible to ground
support systems. Consider the HyperAngular Rainbow Polarimeter (HARP)
Cubesat. Its goals were to serve as a technical demonstration prior to the
development of HARP2 aboard the NASA Plankton Aerosol Cloud and ocean
Ecosystem (PACE) mission and to serve as an Earth viewing remote sensing
platform which measured the characteristics of clouds and aerosols. HARP
cubesat was limited to taking 5-minute capture sequences once every 24 h. It
took approximately 10 such captures before it needed to perform data downlink
and have itsmemory cleared for continued use. A ground station at NASAWallops
supported HARP with approximately three points of contact each day. To
maximize the value of each capture, ground support software was developed
leveraging public data to inform the schedule of each capture. In this paper, we
review the algorithms and data sources that allowed us to: 1; predict the HARP
orbital track a week in advance, 2; predict also the location of other remote
sensing satellites and ground stations relative to HARP, 3; predict the ground view
geometry of the instrument along its orbital track, 4; compare global
climatological data products of clouds and aerosols along the predicted
orbital tracks, and 5; identify and integrate important ground target locations
based on remote sensing literature and ongoing natural phenomena. This HARP
Orbital Prediction System (HOPS) made HARP into a successful technical
demonstration which also offered significant science value. The HOPS system
presents a valuable methodology for small satellites to operate efficiently despite
their limited capabilities. HOPS is also a useful testbed for studying the sensitivity
of scene geometry. Using HOPS, we show that for a wide field-of-view (FOV)
instrument, like HARP, latitude/longitude geolocation varies by approximately
0.1+ at a height of 8–10 km. Scattering angles vary less than 0.01+ at similar
heights, with the worst performance near direct backscatter (180+).
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1 Introduction

The HyperAngular Rainbow Polarimeter (HARP) Cubesat is an
example of a science-quality payload designed to perform passive
polarimetric measurements of Earth’s surface in a small, efficient 3U
cubesat package (Martins et al., 2018). The payload was designed
similarly to AirHARP, which was deployed and tested in two field
campaigns, which proved the HARP concept for retrievals of cloud
and aerosol microphysics (Puthukkudy et al., 2020; McBride
et al., 2020).

HARP Cubesat was the first demonstration of the HARP
concept in space and the first time HARP would fly
autonomously without benefit from the careful daily flight
planning of a field experiment. HARP Cubesat had no means of
propulsion and was injected into orbit from the International Space
Station (ISS) at around 400 km above the Earth’s surface, which
subjected it to slow orbital decay and a 2-year limited lifespan.
Further, HARP lacked a thermal control system and relied on its
own small solar array for power and, as such, was much more
operationally limited than payloads flown on larger platforms. For
reference, the heritage polarimeter, Polarization and Directionality
of the Earth’s Reflectances (POLDER; Deschamps et al., 1994)
imaged the entire globe once every 48 h, whereas HARP could
only acquire one 5-minute capture (With a swath-size on the order
of 1,000 km2) once every 24 h at most. Capture frequency was
further limited by the fact that HARP was limited to a single Ultra
High Frequency (UHF) antenna station at NASA Wallops, VA,
which underwent extended mechanical repairs between 2020 and
2022 when HARP was in orbit. Compared to a typical NASA
mission such as Terra, Aqua or Aura that have several ground
stations all around the world, HARP Cubesat data transmissions
would be severely limited. HARP had data storage space for
approximately 10 captures before it needed to have its memory
read and cleared. Pass opportunities were limited to between 2 and
4 a day and were only minutes long which had to include downlink
as well as uplink of future command actions.

Due to the limited capabilities of a small platform like HARP, a
great deal of ground support was important for the success of the
project. While HARP was budgeted as a technical demonstration,
there was widespread scientific interest in the polarimetric data as
the last NASA spaceborne polarimeter failed to reach orbit after a
launch failure in 2011 (Dubovik et al., 2019), and no instrument with
publicly available data took its place in the intervening period
between the end of the 3rd POLDER mission in 2013 and 2020,
when HARP Cubesat launched. Ground support for HARP
consisted primarily of forward planning for the acquisitions done
each day to maximize possible scientific or engineering data content
of the precious few images we could acquire. While ground-station
interrupts prevented HARP from working at its maximum rate of
one capture every day, captures were still prepared with the
assumption that once every 24 h a capture would be attempted
and therefore software and field expertise had to be employed.

The primary science interests of HARP data were to image the
Earth’s atmosphere and, through polarimetric retrieval techniques,
provide information about the type, quantity, and size of aerosols as
well as the size distribution and phase of cloud droplets. Aerosols,
clouds, and the interaction between them remains the largest
uncertainty in global climate models (National Academies of

Sciences, Engineering, and Medicine, 2018). Polarization provides
a large increase in the information content of passive remote sensing
data (Remer et al., 2019; Li et al., 2022), as compared to the heritage
passive radiometers like the Moderate Resolution Image
Spectroradiometer (MODIS) aboard the Aqua satellite (Xiong
and Butler, 2020). It is expected that MultiAngle Polarimeter
(MAP) data can improve estimates of climate forcing by a factor
of 2 (Chen et al., 2022). Additionally, as a technical precursor to
HARP2, recently launched aboard the Plankton, Aerosol, Cloud,
ocean Ecosystems (PACE) mission, we had interest in using HARP
Cubesat to evaluate static surface targets for their candidacy as
vicarious calibration targets for the much longer (3+ years) PACE
mission. Both atmosphere and surface targets can be of increased
interest in this regard if they exist close to a ground station of the
Aerosol Robotic Network (AERONET; Holben et al., 1998; Giles
et al., 2012) as these stations also perform aerosol retrievals and
therefore can serve as atmospheric correction for viewing ground
targets and/or validation data for aerosol retrievals. There also exist
other ground-based remote sensing stations such as the European
Aerosol Research Lidar Network (EARLIENT) (Pappalardo et al.,
2014) and the NASA Micro-Pulse Lidar Network (MPLNET) (Lolli
et al., 2019) which provide height-resolved lidar measurements of
the atmosphere, unlike AERONET’s passive column-integrated
measurements.

Further, there were several other active Earth remote sensing
satellites in orbit at the same time as HARP Cubesat. It has been
shown that bringing multiple instruments to bear on the same target
can also improve retrieval information content (Dubovik et al.,
2021); this concept informed the A-Train satellite constellation
(Kelly and Macie, 2003) which has multiple instruments of
differing design following one another in their orbit such that
they can measure the same target with only a short time delay.
Additionally, collocated captures such as these allow instruments to
intercompare their raw measurements if they have design overlap in
some regime (e.g., the same spectral band). This improves long term
calibration monitoring and enables calibration transfer should one
instrument drift. While no other public polarimeter data existed for
HARP to readily compare to, radiometric measurements of intensity
did overlap with the likes of MODIS and other heritage radiometers.
Likewise, retrieval products can be intercompared regardless of
instrument specific characteristics (Puthukkudy et al., 2020).

Finally, we note that retrievals from a passive imager such as
HARP Cubesat, especially with polarization, depend heavily on
scattering angle (Mishchenko, 2013; Li et al., 2022). Scattering
angle is a function of the instrument’s viewing geometry as well
as the solar illumination angle (dependent on time and location of
the target). The polarimetric “cloudbow” is a good example of the
importance of measuring a particular scattering angle range to be
able to retrieve the mean size and size distribution range of liquid
water droplets (Xu et al., 2018; McBride et al., 2020). Cloudbows are
highly dependent on scattering angle and can only be seen in clouds
with liquid water droplets in the upper layers. Not all of HARP
Cubesat’s potential images supported cloudbow retrievals, and thus
it became a serious effort on the ground to schedule HARP Cubesat
captures when the geometry was favorable and liquid clouds likely to
occur. Likeliness of liquid cloud droplets was a matter of
climatology, as developed from long term level 3 cloud fraction
and cloud thermodynamic phase measurements from MODIS
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(Pincus et al., 2023). Similar level 3 products exist for aerosol
products (Gupta et al., 2020). These products were reviewed and
provided overlays in HOPS and informed operator usage.

Therefore, the primary goals of the ground support designed for
HARP involved: 1) the ability to predict when HARP would overfly
ground targets of differing scientific potential, 2) the ability to
predict events where HARP would be collocated in space and
time with other remote sensing platforms in space or on the
ground, and 3) the ability to assess the science validity of a target
scene based on HARP’s measurement characteristics, viewing
geometry and known, global climatological probabilities. The
ground support system that performed these three needs for
HARP, with the help of operator expertise, came to be known as
the HARP Orbital Prediction System (HOPS). Broadly, it provides a
framework that can support other small form-factor satellite
imaging systems whose onboard capabilities are necessarily
limited for the sake of efficiency. As cubesats carrying Earth-
viewing sensors become more common place, the value of
adapting HOPS to other nano satellites increases. The collection
of algorithms within HOPS also provides the ability to assess the
sensitivity of remote sensing measurements to orbital characteristics
and instrument optical design.

For this article, Section 2 will review the theoretical basis for
orbital prediction techniques, as well as the scattering angle and
geolocation algorithms in common use and a summary of the
external datasets used. In Section 3 results are shown, consisting
primarily of selected collocation events for HARP Cubesat as well as
a summary of the capture dataset for the entire HARP flight period.
Section 3 will show the more generalized capabilities of HOPS by
performing a sensitivity study of scattering angle with respect to
ground projection height. In Section 4, there is a summary of the
results of the overall HARP Cubesat technical demonstration and
discussion of how HOPS may be improved and adapted for other
uses. Section 5 contains conclusions derived from the construction
of HOPS and the HARP Cubesat project overall.

2 Methodology

The HOPS system combines well established orbital prediction
technologies with a geolocation algorithm developed for the aircraft
instrument, AirHARP, and later used for HARP2 aboard PACE. It is
based on simulations of the HARP optics and external data products
of the Earth surface characteristics. Orbital prediction is handled by
orbital propagators that take as input the state information of an
orbiting body (e.g., position, speed, time of measurement) and
applies basic Newtonian mechanics to predict its future state.
Orbiting bodies are tracked by government entities, such as the
North American Aerospace Defense Command (NORAD), and
their state information is therefore publicly available. The data is
posted online in a standardized Two-Line-Element (TLE) format
which concisely provides everything a propagator needs to make its
predictions. The Simplified General Perturbation (SGP4)
propagator is a widely used open-source propagator which
interfaces directly with TLE data and has been shown to
propagate orbits accurately within 100 m for at least 10 days into
the future (Vallado and Cefola, 2012), depending on the strength of
atmospheric drag the object is experiencing and/or its own thrusters

altering its state, both of which would diminish this accuracy
window. Therefore, for HOPS we chose to limit predictions to be
generated on weekly intervals from a given TLE of HARP Cubesat,
whose orbit was constantly decaying due to atmospheric drag.

Table 1 provides a list of several major Earth remote sensing
platforms, their associated TLE numerical identification codes, and a
list of the instruments which they carry. These do not include the
platforms which exist beyond Low-Earth Orbit (LEO), such as
geostationary platforms like Himawari (Bessho et al., 2016),
GOES-R (Castellanos et al., 2018), or the Deep Space Climate
Observatory (DSCOVR) at the Lagrangian point between Earth
and the Sun (Marshak et al., 2018), but by their very nature these
platforms have static views of the Earth or are in orbit about the Sun
and do not require orbital prediction to track the geographical extent
of their Field of View (FOV).

There are also publicly available records of the locations of
ground stations for AERONET, EARLINET, and MPLNET. Some
stations are no-longer maintained, but public databases record a list
of active and inactive sites to make sorting these out easy. What is
not readily available are whether, at a particular time, these ground
stations will have data as that depends on local conditions. Also of
interest, Earth surface targets such as desert sites or solar reflection
off of the ocean can be used for vicarious calibration of remote
sensing platforms via stable natural phenomena (Dinguirard and
Slater, 1999; Toubbé et al., 1999). Databases exist for remote sensing
surface properties allowing seasonal variability of surface targets to
be considered (Maignan et al., 2009). These well understood sites
were used by operators to finalize targets fitting other criteria of
interest via HOPS.

For further discussion on the nature of the SGP4 orbital
propagator see (Vallado and Paul, 2008), and for a database of
TLE records visit (Space-Track, 2024).

2.1 Geolocation and geometry

In general, geolocation of HARP image data occurs in a series of
discrete, independent steps for each individual pixel in the image
sensor. 1) identify the pointing vector in 3-D space with respect to
the instrument optical axis using optical simulation and lab
measurements, 2) rotate that pointing vector to the instrument
body frame via the empirically derived “offset” angles, 3) rotate again
using the instrument orbital attitude information to get the vector in
an Earth-Centered reference frame, 4) extrapolate the pointing
vector from the instrument to the Earth’s center and find the
intercept point with the Earth’s surface, and 5) apply topography
correction to the region around the intercept point to account for
surface height variability of the planet intercepting the ray drawn
from satellite to ground before it crosses the Earth ellipse.
Additionally, once the intercept point is found we can use the
pointing vector from the ground location back up to the
instrument to calculate the viewing geometry angles and the time
information to get the solar angles for the calculation of
scattering angle.

The geolocation calculation is one of the most computationally
expensive parts of the HARP Image Processing Pipeline (HIPP) that
takes raw Level 0 data and produces calibrated and geolocated Level
1b data. HOPS avoids much of that computational expense by
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applying a simplified geolocation process that 1) reduces the
resolution of the sensor because the scattering angle and its
components are smoothly varying functions, so high resolution is
not necessary for a summary view, and 2) ignores the instrument
body offset rotation and topographic search algorithm; these are
required for high accuracy in the satellite remote sensing data
product but are not necessary for a summary view in the HOPS
software. Topographic height can still be utilized in the base
algorithm as a single valued height increase from the Earth
ellipse for the entire image. This is done in Section 4 for
sensitivity of scattering geometry to ground projection height.
Here we are only ignoring the pixel-by-pixel topography changes
for the sake of simplification.

The parts of the geolocation process that remain in HOPS will be
described here. First off, the pointing vector of the instrument optics
was determined via optical ray-tracing simulation. The HARP
concept is based on wide field-of-view optics spanning
114+ × 94+ (along/cross-track) that uses a spherical front lens
with a series of secondary lenses to create a telecentric beam.
More on the HARP design is available in (McBride et al., 2024).
The zenith angle from the optical center and the azimuth angle from
the along-track direction can be calculated for each pixel by an
empirically derived function determined from the ray-tracing.

θHARP � ar4 + br3 + cr2 + dr + e (1)
θHARP represents the instrument body-frame, pixel-resolved,
zenith angle which is calculated as a polynomial of the pixel’s
radial distance (in number of pixels), r, from the optical center.
The polynomial coefficients as shown in Equation 1 come
from the optical simulation of HARP. For an example, the
order of magnitude of HARP’s coefficients are: a ≈ 104, b ≈ −
103, c ≈ 102, d ≈ 101, e ≈ 10−3 where the exact coefficients depend
not only on the optical system, but on the size of each pixel in the
detector. By adjusting these parameters, different kinds of

instruments can be easily implemented inside of HOPS. The
pixel-azimuth (ϕharp) angle is even easier to calculate because of
HARP’s spherical lens:

ϕHARP � tan−1 y

x
( ) (2)

Where y represents the along-track pixel coordinate, and x the
cross-track pixel coordinate, in number of pixels, with the origin at
the instrument optical center. Assuming unit length, these two
angles (Equations 1, 2) are sufficient to construct a cartesian
vector of the view direction of each pixel in HARP using simple
spherical coordinate transformations. The next step in the
geolocation is to take this cartesian vector and rotate it to an
intermediate local North-East-Down reference (NED) frame via
Euler angle rotation. From that frame, we can rotate to the standard
Earth-Centered-Earth-Fixed (ECEF) reference frame using an
additional rotation matrix, both of which are described in
Guowei et al. (2011). The ECEF frame is defined such that the
x-axis extends out from the planet center through the geodetic
latitude/longitude origin, and that the z-axis points along the
rotational axis of the planet via the right-hand-rule, which also
defines the y-axis.

The final step for geolocation is simply the intercept between the
pixel pointing vector in the ECEF frame, and surface of the planet.
This requires that we know the shape of the planet, for which
standardized models exist such as the World Geodetic System 84
(WGS84). This provides radii measurements of the planetary
ellipsoid, allowing us to construct a parameterized equation of
the intercept.

P � tV + P0 (3)
Where P represents the ECEF coordinate vector of the generalized
Earth surface, t is an unknown parameter which scales the ECEF
pixel pointing vector found above, V , to the surface from the known
coordinate of the spacecraft position vector in the ECEF frame, P0.

TABLE 1 Table of NORAD IDs for earth remote sensing satellites and their instrumentation.

Common name NORAD ID Launch year Instruments on board

AURA 28376 2004 HIRDLS, MLS, OMI, TES

AQUA 27424 2002 AIRS, AMSU-A, HSB, AMSR-E, MODIS, CERES

CALIPSO 29108 2006 ASTER, CERES, MISR, MODIS, MOPITT

NOAA 18 28654 2008 AMSU-A, AVHRR3, HIRS4, MHS, S&RSAT, SBUV2 DCS2, SEM-MEPED, SEM-TED

NOAA 19 33591 2009 A-DCS, AMSU-A, AVHRR3, HIRS4, MHS, S&RSAT, SBUV2, SEM-MEPED, SEM-TED

NOAA 20 43013 2017 ATMS, CrIS, OMPS-nadir, VIIRS, CERES

NOAA 21 54234 2022 ATMS, CrIS, OMPS-nadir, OMPS-limb, VIIRS

PACE 58928 2024 OCI, HARP2, SPEXone

SENTINEL-3A 41335 2016 DORIS, MWR, OLCI, SLSTR, SRAL

SENTINEL-3B 43437 2018 DORIS, MWR, OLCI, SLSTR, SRAL

SENTINEL-5P 42969 2017 TROPOMI

SUOMI-NPP 37849 2011 ATMS, CrIS, OMPS-nadir, OMPS-limb, VIIRS

TERRA 25994 1999 ASTER, CERES, MISR, MODIS, MOPITT
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The vector components of P can be found readily via the 3-D
equation of an ellipse with the radii from the WGS84 representation
of the planet. When solved for t, Equation 3 allows us to acquire our
geolocation of a given pixel. Note that P can be adjusted from the
WGS84 Ellipse by an additive scalar to account for our ground
projection height as mentioned previously.

Finally, we convert back from the ECEF coordinate to the
geodetic coordinate system to obtain our latitude and longitude.
Additionally, the ground view-zenith and view-azimuth angles can
be found from the construction of the local North-East-Up (NEU)
coordinate system at that geodetic position and the vector pointing
to the satellite in that frame, which follow directly from spherical
coordinate transform equations. The NEU frame transformation is
again available from Guowei et al. (2011).

This methodology ignores inaccuracies due to the optical
refraction of the light path from the instrument to the surface
point as well as the previously mentioned instrument mounting
offset parameters and the finely resolved ground topography, which
are assumed to be negligible for general use. External information of
local topography, such as from the Shuttle Radar Topography
Mission (Farr et al., 2007), is needed alongside a search
algorithm to see if a peak or valley near that expected point will
be the actual endpoint of the projection ray. For the sake of
simplicity HOPS does not account for these details as the search
algorithm is very computationally expensive. Still, we retain the

ability to raise the entire projection area by any amount we desire
without implementation of a topographic search, such as to a cloud
height of several kilometers (See Section 4). We could even prescribe
a different height, without searching, to differing pixels if we knew
the scene to have a significant FOV-dependent change in ground
topography. Without an iterative search algorithm this addition
would still not be fully accurate, nor does complex ground
topography have much meaning at the resolution scale used for
speedy HOPS evaluation (approximately 1/20 of the true HARP
resolution in both along/cross-track dimensions).

To complete our full understanding of the geolocation point we
must then also calculate the solar geometry at the given geolocation
point, given the time of measurement. From there, we can define via
spherical geometry the scattering angle of a HARP measurement at
that location.

cos Θ( ) � −cos θv( ) cos θs( ) + sin θv( ) sin θs( ) cos ϕs − ϕv − π( ) (4)
Where the scattering angle (Θ) is defined as a function of the prior
described viewing zenith and azimuth angles, θv and ϕv, as well as
the solar zenith and azimuth angles, θs and ϕs, all in radians.
Calculation of the solar angles as a function of time, latitude, and
longitude is handled by a standard library (Reda and Afshin, 2004).
The view angles follow from spherical geometry transformations of
the vector pointing from the ground point to the satellite.

The “glint angle” differs from scattering angle only by the sign of
the view-zenith cosine term, equivalent to taking π − θs.
Conceptually this corresponds to viewing the sunlight as
“leaving” the water surface directly to the sensor (see Figure 1)
and thereby provides a measurement of whether or not our satellite
would be viewing the image of the sun on the ocean’s surface (the
sunglint). It is widely used in satellite remote sensing when sunglint
is of interest (Giglio et al., 2003).

cos Θg( ) � cos θv( ) cos θs( ) + sin θv( ) sin θs( ) cos ϕs − ϕv − π( ) (5)

Equation 5 shows the glint angle, Θg, as a function of the solar
and viewing angles and it trends towards 0 with increasing sunglint
signal, though the actual spread of relevant glint angles depends on
the surface geometry, such as the sea surface perturbations from
wind. A visualization of the scattering and glint geometry is
provided in Figure 1.

3 Results

The primary result of the HOPS is an information-rich
animation that simulates HARP Cubesat’s orbital track along
with orbital tracks of other sensors with ground stations of
interest marked. Figure 2 shows a single frame of one of the
versions of the animation. HARP Cubesat is shown as a red
marker with black lines indicating the along-track and cross-
track extent of the FOV on the ground. The position of many
remote sensing platforms is shown for the same timestamp, and
ground stations are marked with different colored dots and/or
numbers. The FOV of the Advanced Baseline Imager (ABI)
instrument on GOES-R is also drawn. As the animation runs, the
user can identify the times when HARP Cubesat is collocated with
other sensors or when HARP Cubesat overflies an important ground

FIGURE 1
Scattering geometry visualization between satellite view (a),
solar (b), and anti-solar (c) rays. The satellite view zenith angle a is
defined as ∠Za � θv , the sun view zenith angle is defined as ∠Zb � θs ,
and the anti-sun vector is the supplementary angle to the solar
zenith angle as cos(θ) � −cos(π − θ). The view azimuth and zenith
angles (ϕv and ϕs, respectively) are measured as the angle from the
x-axis, but this selection is arbitrary as in both glint and scattering angle
calculations only the difference between these angles matters, and
the cosine function is an even function. Pictorially, the scattering angle
is defined as Θ � ∠ab and the glint angle is defined as Θg � ∠ac. The
shaded color planes represent slices of the view meridional plane
(blue), the solar meridional plane (orange), and the anti-solar
meridional plane (green) between the principal ray of that plane and
the z � 0 plane shaded in grey.
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target, often determined by operator expertise or Level 3 product
overlays. Because daylight and night sections of the globe are
indicated by shading, the user knows when HARP Cubesat is
able to collect Earth view data. Solar and sensor viewing
geometry are essential components of aerosol and cloud retrieval

algorithms as noted in Section 2. A user planning when to schedule a
capture for HARP Cubesat will want to know the scattering and glint
geometry of the retrieval. This information is summarized by the
scattering angle and the “glint angle” that are shown in the panels to
the right in Figure 2, and these panels change with the

FIGURE 2
Screenshot of the original HARP Orbital Prediction System (HOPS) from January 2022 for a single time instance. HARP is shown as a red dot with
black lines for the along/cross-track FOV extent. Other remote sensing satellites aremarked by a common name, while active ground stations aremarked
by green and yellow markers. The geostationary Advanced Baseline Imager (ABI) aboard GOES-R has its FOV marked. Then, from the geolocation
information, the scattering and glint angles are shown on the right, with the forward along-track view being depicted as the top of each image.

FIGURE 3
Footprint of HARP Cubesat using orbital track of AQUA satellite, but with orbital height replaced by a value of 300 km (similar to HARP Cubesat true
orbit). The colors within the footprint indicate a calculation of scattering angle for this timestamp. The scattering angle range is indicative of a possible
cloudbow measurement, pending cloud conditions. A black arrow indicates the direction of the orbit.
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timestamp. Scattering angle is given by Equation 4, and glint angle is
given by Equation 5. Note that when glint angle is near 0 we expect
HARP Cubesat to image the Sun’s reflection off water. The user
would need this information when determining the value of a
particular capture as glint can make aerosol retrieval difficult, or
impossible, but it may otherwise provide a vicarious calibration
target as the distribution of glint is well understood (Cox and Munk,
1954; Zhai et al., 2010).

A newer, open-source form of HOPS will soon be made available
(Fall 2024), which has an interactable GUI and improves this format.
From the newer HOPS, Figure 3 was generated using a recent Aqua
orbital TLE with the orbital height replaced with 300 km to make it
more like HARP Cubesat. The scattering angle is calculated across
the FOV for a given location in the central Atlantic Ocean. This
particular time and location was selected to show the prediction of
the range of scattering angles conducive to the measurement of the
polarized cloudbow. The simulation runtime for this single frame is
about 1 s and uses a ground projection height at sea level.

While HOPS was developed as an essential aide for determining
HARP Cubesat captures, it has also proven to be a useful tool for
understanding the assumptions needed to perform accurate
geolocation for any HARP family sensor. For example, we can
utilize the HOPS as a sandbox to evaluate the sensitivity of the

calculated latitude/longitude and scattering angle as a function of
ground projection height. Ground projection height may be
different from expected due to clouds in a scene; similarly,
aerosol plumes have a height about the surface and both may
produce parallax in Level 1 data products if not accounted for, as
we prove here using HOPS.

For the same scene as depicted in Figure 3, we changed the
ground projection height across steps of 2 km, covering a range of
typical cloud heights to evaluate how improper height projection of
satellite geolocation data may influence cloudbow retrievals; results
are shown in Figures 4, 5. In the former, two rows of images
representing the HARP capture frame indicate the change of
longitude and latitude with ground projection height. Significant
fractions of a degree longitude and a degree latitude are indicated,
which correspond to errors on the order tens of kilometers at the
shown latitude in Figure 3. This would amount to several pixels of
geolocation error for HARP2, with a pixel resolution of about 4 km.
In Figure 5, the sensitivity of scattering angle under the same
conditions is shown. Refer to Figure 3 to see the expected range
of scattering angle in this case as Figure 5 shows only the difference
at each height. Our result here, from HOPS, shows that that
scattering angle is sensitive on the order 0.1+, or less, across
typical water cloud heights, which is not significant for a

FIGURE 4
Difference map (in pixel coordinates) of the geodetic longitude (b) and latitude (a) for different ground projection heights. The HARP geolocation
algorithm was run for differing topographic heights and the geolocation result for each was subtracted from the results with 0 m projection height (sea
level). This demonstrates that projection height is a significant factor in accurate geolocation.

FIGURE 5
Difference map (in pixel coordinates) of the scattering angle for different ground projection heights. The HARP geolocation algorithm was run for
differing heights, the scattering angle calculated from viewing/solar geometry angles, and the result was subtracted from the geolocation results with 0m
projection height. This demonstrates that projection height is a not a significant factor in accurate scattering angle, but that the greatest sensitivity is near
direct backscatter.
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measurement such as the polarimetric cloudbow which smoothly
varies across a range of approximately 40+ (McBride et al., 2020).
The most sensitivity to ground projection height exists for scattering
angles around 180+, the direct backscatter position. This point is also
of negligible importance to cloudbow measurements.

4 Discussion

Small form-factor cubesats with limited capabilities can still
carry science-relevant Earth-viewing sensors and fill an important
niche in spaceborne observations. These instruments can be built for
a fraction of the cost of larger space platforms, allowing for
participation of nontraditional players in the space economy that
include universities, countries with developing economies, Non-
Governmental Organizations and the commercial sector (Cristóbal
and Reza Emami, 2019). The inherent limited capabilities of
cubesats require a strategy to maximize their usefulness. Of
foremost concern are limitations in data volume downlinks.
Earth-viewing sensors collect and transmit gigabytes of data that
can challenge even the sophisticated downlinking capability of large
observatories. Consider HARP Cubesat as our example, we note that
after breaking up in the atmosphere in April 2022, HARP Cubesat
had been in autonomous orbit for 777 days but had completed only
62 captures of some scientific merit, each less than 5 minutes in
length. Expected capture frequency should have been close to the
number of active days, but ground station down time limited this.
Without a system such as HOPS enabling careful selection of
captures, HARP Cubesat would have been much less successful.

Given the importance of each capture, having a tool that aides
the quick evaluation of geometrical considerations, collocation
potential and validation potential becomes fundamental to the
overall goal of the mission like HARP. Using the HOPS system
to predict capture times, we could choose wisely when/where science
opportunities were present with a combination of external

information and operator expertise. When such opportunities
were unavailable, we could turn our attention to operational
engineering captures important for the development of
subsequent instruments without sacrificing science. Figure 6
shows a global map of HARP Cubesat captures in intensity using
the red, green, and blue channels centered at 440, 550, and 665 nm
respectively. These captures include water clouds with correct
geometry for microphysical retrievals, dust plumes off the Sahara,
pollution over Asia, smoke in North America, clear sky conditions
over deserts and high-altitude lakes for calibration, and
coccolithophore plumes in the northern Atlantic. These datasets
are publicly available by request to the HARP team at the Earth and
Space Institute housed on the University of Maryland Baltimore
(UMBC) campus.

Evaluations of the HARP Cubesat data informed the process of
HARP2 aboard PACE, expanding the calibration pipeline to account
for variations in wide-FOV polarization characteristics (Sienkiewicz
et al., 2024). Construction of the HIPP system for construction of
HARP Level 1 data products also directly contributed to the same
process for PACE-HARP2. Much of the HARP Cubesat
demonstration data remains to be fully evaluated with dedicated
Level 2 retrieval products.

5 Conclusion

Since 1957 with the launch of the first Earth-orbiting satellites,
space has been the sole domain of major national agencies who have
developed an infrastructure for the building, launching and
operations of their spacecraft. Only recently has the focused
shifted from national agencies and major missions to a wide
variety of space users and small affordable spacecraft. Now we
see highly capable payloads fit for small spacecraft reaching orbit
and producing science-quality data. This trend towards small
spacecraft will continue (Baddock et al., 2021), but the

FIGURE 6
Global map of HARP Cubesat captures. Nadir pushrooms in intensity RGB format across the globe. Each pushroom spans an approximately 5-
minute window spanning approximately 600 images per HARP detector.
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infrastructure for operations of these spacecraft is lagging behind.
HOPS is an important demonstration of the impact a smart tool can
have in the operations and science productivity of a small satellite
mission and the development of future missions.

While HOPS enabled, and doubtlessly enhanced, the HARP
Cubesat mission, it also provides a framework for the evaluation of
orbit sensitivities in Earth science. Measurement sensitivities and
uncertainties remain a major effort in the production of Level
2 retrieval products (Gao et al., 2023). We determined that
ground height projection was negligible (< 0.1+) to the
calculation of scattering angle in scenarios relevant to liquid
water cloudbow droplet retrievals. For the same ground heigh
projections (maximum of 10 km), determination of latitude and
longitude with pixel-level accuracy in a HARP-like system was not
possible as projection accuracy became approximately 0.1+

equivalent to several pixels of error. Final uncertainties for the
PACE mission will depend on estimates such as these.

Here HOPS was used for a single satellite, but there is nothing
preventing the use of HOPS for the evaluation of multiple cubesats
in defining a constellation. Additional domain expertise in aerospace
science to produce potential unique, simulated TLE information for
such experiments is still a needed addition to HOPS. In addition to
providing a service to the operation of small satellite platforms,
HOPS can also help identify collocations of agency-led full-scale
mission datasets as well to teams wishing to utilize colcated satellite
data. HARP Cubesat stands as a successful technical demonstration
of its own hardware as well as for ground support software such as
HOPS. Going forward HOPS will continue to see development with
an eventual open-source release to the community.
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