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ABSTRACT

The CloudCT project is a mission that aims to demonstrate 3D volumetric scattering tomography of clouds. A
formation of ten nanosatellites will simultaneously image cloud fields from multiple directions, at ~ 20m nadir
ground resolution. Based on this data, scattering tomography will seek the 3D volumetric distribution of cloud
properties. We quantitatively compare visible polarized imagers to other imagers considered for the mission.
We investigated specifically visible light and short-wave infra-red imagers. Each possibility was considered using
Large Eddy Simulation clouds. Major consideration criteria are tomographic quality in the face of sensor and
photon noise, calibration errors and stray light. We check the sensitivity to unknown stray light and uncertainty
in gain calibration.
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1. INTRODUCTION

Global space-born observations of earth are critically significant to prediction, tracking, and analysis of climate
change.

Currently, pressing questions of earth observation are concerned with the uncertainty of climate change.!>?
One contribution to the uncertainty is due to the modeling of cloud radiation transfer. Cloud coverage accounts
for approximately two thirds of the earth system albedo. However, current modeling of cloud radiative transfer
has deficiencies, especially regarding small warm clouds. Most atmospheric radiative transfer models applied
today rely on the assumption of a 1D plane-parallel atmosphere. This assumption works well enough for atmo-
spheric conditions that are relatively homogeneous laterally. However, clouds, especially small ones, introduce
high horizontal inhomogeneity. 3D modeling, as planned for the CloudCT mission, is required.® "

The CloudCT project, funded by the ERC, is a mission that aims to demonstrate 3D volumetric scattering
tomography of clouds. A formation of ten cooperating nano-satellites is planned. These will image cloud fields
simultaneously from multiple directions, at about 20m nadir resolution. The images will be used in passive
3D scattering computed tomography (CT), based on a 3D radiative transfer model.* Retrieval is based on
optimization, fitting modeled images of the cloud to the measurements.® 14

We are motivated by previous works in the field of remote sensing of aerosols and clouds. Levis et al.® show
cloud microphysics retrieval with the AirMSPI instrument,'® using visible and near-infrared channels. Polarized
remote sensing 17 show advantage both to aerosol retrieval'® and clouds.'® 2! Joint and simultaneous imaging
with visible, near-infrared and SWIR channels is also used to retrieve cloud optical properties (based on 1D
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Figure 1. The CloudCT satellite setup for scattering computed tomography.

atmosphere assumption). This idea was first developed by 22 and is currently used for cloud retrieval by the
MODIS instrument.??

The choice of an imager is of importance. We present considerations regarding polarized visible (POL),
unpolarized visible (VIS), and unpolarized short-wave infra-red (SWIR) imagers. We present simulation results
for overall retrieval quality, comparing a few practical imager setup configurations. These take into account
the limitations of the different imagers. We also present a comparison of the effect of uncertainties on retrieval
quality. We consider uncertain stray light and random gain.

2. IMAGER CONSIDERATIONS

Here we point out some of the considerations:

1. Volume: The platforms used in the formation are 3U CubeSat satellites (= 10 x 10 x 30 [cm®]). The
volume dedicated to the imager payload must be smaller than a liter.

2. Signal to noise ratio (SNR): For reasonably high SNR, pixels should have sufficient full well and the camera
dark noise should be reasonably low. These two issues are discussed here. Regarding the full well, the
signal gathered by a pixel is proportional to the pixel area, exposure time, spectral waveband and squared
lens diameter. The limited volume constrains the lens diameter, and in turn, the resolvable features in
the atmosphere. The exposure time and spectral waveband width need to be wide, while meeting other
constraints that we detail. The second issue is the camera noise, particularly dark current noise. It
depends on the type of sensor, exposure time, and the temperature of the sensor. SWIR sensors can
generate significantly more dark current noise than modern silicon-based VIS sensors. To have a high
SNR, the SWIR sensor should be cooled and thermally stabilized. Thus, it requires on-board cooling. This
is a complication, due to the limited resources of our platforms.

3. Calibration: Due to the limited volume dedicated to the payload, in-orbit calibration is restricted to
vicarious methods. In addition to standard calibration required for remote sensing, POL imagers require
additional polarimetric calibration.

4. Resolution: High spatial resolution is required for analysis of small clouds. The prefered Ground Sampling
Distance (GSD) is &~ 20 [m] at Nadir. Due to diffraction, longer wavelengths require larger optics. In
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addition, large pixels also require large optics. Current SWIR sensors which have space heritage are of
pixels no smaller than ~ 15 x 15 [pm2]. Thus, the GSD of a SWIR imager is limited by our volume
constraint. In spite of our preference, in SWIR simulations the GSD is restricted to 50 [m] at Nadir.

Waveband: Basic considerations for waveband choice are signal contrast and intensity. In VIS, molecular
scattering biases the cloud signal (of both intensity and polarization). This increases photon noise, without
increasing the signal of interest. This effect increases at shorter wavelengths. On the other hand, solar
irradiance and quantum efficiency (QE) decrease at long wavelengths. As a midway between these effects,
the visible waveband in the current simulations is between 620 [nm] and 670 [nm]. In SWIR, sensitivity to
microphysics increases at longer wavelengths.?? However, in an InGaAs sensor, the typical QE is restricted
to ~ 1700 [nm]. In addition, a sufficient signal to noise ratio requires high atmospheric transmittance. Due
to these considerations, the SWIR waveband considered is between 1628 [nm] and 1658 [nm].

. Field Of View (FOV): The FOV should allow a coverage of cloud fields yielding significant statistical

information. In addition, for multi-view imaging, the FOV must be wide enough to ensure a significant
overlap between the images, despite random errors in the attitude settings of the platforms. The FOV of
the VIS is ~ 49 x 41 [kmz} on the ground at nadir. However, in current simulations which retrieve single
clouds, the rendered field is less than ~ 1 x 1 [km?].

Ezposure time: Let S be the velocity of the satellites. To avoid motion blur of more than a pixel GSD, it
is important that the exposure time At satisfy:
GSD
At < ——. 1
<% (1)
For example, at orbital altitude of ~500 [km], the velocity is ~7.612 [km/sec]. Thus At < 222 ~ 2.6
[msec].

. Space compatibility: Off-the-shelf space-suitable imagers for CubeSats have significant advantages, partic-

ularly in low-budget missions having a short time-scale for planning. There are several VIS cameras having
space heritage, which may be suitable for the mission requirements. Currently, though there are SWIR
and POL cameras for CubeSats,?*2° they do not fulfill the requirements. Suitable cameras will need to be
hardened for the space environment.

. Retrieval quality: The retrieval quality resulting from different setups, within the constraints of the mission,

are assessed by simulations. A comparison is presented in this paper, showing an advantage of POL imagers.

Susceptibility to uncertainties: The retrieval quality is further assessed, under conditions of random gain
uncertainty and effects of stray light. A comparison is presented in this paper, showing an advantage of
POL imagers.

We found that the constraints limiting SWIR imagers are significant, while the performance does not clearly
justify the investment. Therefor, from here on, we present only comparisons of VIS and POL setups.

3. IMAGER SETUP

The satellites’ configuration is constant in all demonstrations. Ten satellites are assumed to be in a trailing
formation (string of pearls), moving northward consecutively. The orbit altitude is 500 [km]. The uniform
distance between each pair of nearest-neighbor satellites is 100 [km] (on orbit arc). The span of the satellites’
viewing angles is 85°, with the middle satellite near nadir. The simulated pose of the Sun is to the east, 25° from
the zenith. We considered three cases of imager setups.

1. VIS: Each satellite has a single VIS imager.

2.

POL: Each satellite has a single POL imager.



3. POL + scan: Each satellite has a single POL imager. The scattering angles between 135° and 165° are
known as the cloudbow. In this region, the polarization of scattered light is highly sensitive to the cloud
microphysics.'®26:27 In this setup, an additional cloudbow scan of eight views is acquired by one of
the imagers. The acquisition time depends on the viewing angle of the imager and may reach 30 [sec].
Considering cloud dynamics, this can be an acceptable time scale.!?

Each imager used for the current demonstrations is simulated according to its specifications. The POL camera
is simulated using specifications of the Sony IMX250MZR sensor.?® The sensor has grid-wire polarizing filters
which are formed on the chip. Each block of four pixels has four filter axes [0°,45°,90°,135°], relative to the
sensor’s horizontal axis (See Fig. 2). Using such imagers, the Stokes vector is calculated either per block, or per
pixel by means of demosaicing. In the latter, the missing information in each pixel is estimated by interpolation.
For this demonstration, we assume ideal demosaicing.

4. RETRIEVAL METHOD

The retrieval uses the pySHDOM?? method developed by Levis et al.”!! These works introduce 3D scattering
computed tomography, based on the Spherical Harmonic Discrete Ordinate Method (SHDOM) for radiative-
transfer.?? The method retrieves cloud properties by optimization, fitting multi-view images to a physics based
forward-model. This is a generalization of CT to recover scatterers by passive sensing, relying only on the Sun as
an illumination source. The method was further developed using vSHDOM,?! for vectorized radiative-transfer,
allowing consideration of polarization. In this method, cloud properties are retrieved by fitting Stokes vectors.

Cloud properties within the field are defined according to Large-Eddy Simulations (LES)?? based on the
Barbados Oceanographic and Meteorology Experiment (BOMEX). The LES data is pre-computed and serves as
ground-truth for the simulations. In this demonstration, a set of six separate cloud cells are chosen from the
BOMEX data-set. Data acquisition is then simulated. Images are rendered using each imager model, including
photon noise, read noise, dark current noise, and quantization noise.

4.1 Parameter definition

For small warm clouds, we assume spherical droplets. Let a droplet radius be r. Let the droplet size distribution
at a volume element be n(r) {i .
pm  m

defined®?® by:

}. An effective radius r, [pm] and a unitless effective variance v, are

[(7r®)rn(r)dr J (r—rc)2 (7r?)n(r)dr @)
Pe =St Yy =
J(@r2)n(r)dr r2 [(7r2)n(r)dr
The 3D distribution of the liquid water content (LWC) is
_ 4 3 g
LWC = 3TPw /rr n(r)dr [E} , (3)
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Figure 2. Wire-grid polarizing filters in a block of pixels in Sony Polarsens sensor.
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Figure 3. Quantitative comparison of retrieval mean relative errors epwc and €, for the different setups considered.

where py, =1 [ﬁ] is the water density. In the chosen set of simulated clouds, the mean value of 7, per cloud
is between 6.2 [m] and 10 [pm]. LWC values reach up to 2 [-£5]. This demonstration focuses on retrieval of
LWC and r, as in 34. The initialization of the optimization uses parametrized vertical profiles of LWC and re.
The parameters are found by a preliminary optimization process.?® Therefore, the initialization also depends on
the imager setup.

5. RETRIEVAL QUALITY COMPARISON
5.1 Retrieval quality measure
Let LWC and 7, be the ground-truth fields of the estimated 3D fields LWC and #,. The quality of a retrieval
is quantitatively assessed by relative error e:3*
HLWCfLWCHl’ o I¥e —7ells (4)
ILWC, ‘ el

€ELWC =

The mean relative errors of the cloud-set are compared in Fig. 3. The POL setup has a significant advantage
over VIS, particularly for retrieving r.. The cloudbow scan gives an additional advantage to the POL setup.

5.2 Consequences of gain errors and stray light

In order to quantify susceptibility of the different considered imagers, uncertainties are introduced to the cali-
bration. Two random effects are considered: stray light and per-pixel gain uncertainty.

Out of the overall FOV, the pixels comprising a single cloud cell are clustered, where each cluster has rather
a few pixels. Therefore, stray light is considered spatially uniform over the pixels used for tomography of a single
cloud. We consider stray light to be a random value for each imager in the setup. For each imager, the stray
light is randomly sampled from a uniform distribution defined between 0% and 5% of the mean intensity of the
image.

The gain uncertainty is defined per pixel. The relative change in gain is randomly sampled from a normal
distribution with standard deviation of 5%. For the polarized imagers, random gain uncertainty is applied
per sensor pixel, prior to the Stokes vector calculation. Note that the values used for this demonstration are
drastically higher than standard requirements. These are used to simplify the susceptibility comparison of the
considered setups.

Let € be the relative error of a retrieval which is affected by one of these said uncertainties. For each effect,
the consequent change to a cloud retrieval is quantified as:
AeLwc = elLVVC — €ELWC Aere = €;.e — €pe- (5)

As presented in Fig. 4, the change in relative error due to stray light is up to 0.05 for both erwc and e,.,.
The VIS setup is affected much more than the POL setup.
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Figure 4. The change in retrieval relative errors (a) epwc and (b) €., when introducing a uniform uncertain random stray
light. Different colors represent different clouds.
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Figure 5. The change in retrieval relative errors (a) ewc and (b) €., when introducing a uniform uncertain random gain.
Different colors represent different clouds.

The change in relative error due to gain uncertainty is presented in Fig. 5. In the retrieval of the LWC, the
consequence of gain uncertainty is more significant than that of stray light, with a similar effect on both setups.
However, in retrieval of r., the POL setup is much less sensitive to this uncertainty. This finding is significant
and nontrivial. In POL imagers, Stokes vector components are calculated relying on four radiance values (see
Sec. 3). In the simulations, each of these values has a different random and uncertain gain. While in VIS each
pixel is affected individually, in POL the Stokes vectors are affected by a combined uncertainty. Nevertheless,
the POL setup seems numerically more robust than the VIS setup.

We find through this comparison a significant advantage to the use of a POL setup for the CloudCT mission.
Within the constraints of the mission, we find this to be a preferable setup. Even so, we are aware of the
additional complexity included in such a setup, such as in-orbit vicarious calibration.

6. CONCLUSION

We present an overall glance at the process of payload choice for CloudCT. This comprises many constraints
and considerations. We considered VIS, SWIR, and POL imagers. From these, the POL setup appears to be
most suitable within the mission constraints, due to retrieval results and stability to both stray light and gain
uncertainties.
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