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L2 aerosol products:
R.A. Kahn 

(now at NASA-GSFC), 
D.J. Diner, 
J.V. Martonchik, 
O.V. Kalashnikova,
M.J. Garay, 
M.L. Witek,
et al.

Multi-angle Imaging Spectro-Radiometer 
(MISR) with MODIS, on Terra
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• push-broom acquisiCon, ~400 km swath
• 4 spectral channels, all VNIR
• 9 views, 275 m pixels (always in red-channel used here)
• ≈7 minutes from most forward to most aT-word

L2 cloud products:
R. Davies 
(now at U of Auckland), 
D.J. Diner, 
V.M. Jovanovic, 
C.M. Moroney, 
M.J. Garay, 
K.J. Mueller,
et al.
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3D cloud tomography: Demonstrated

• Levis et al. (2015): red channel, 9 views, 20-m (≈AirMSPI) resolution
– 46,656 unknowns & 315,018 unknowns, 2-step iteration scheme (1st linearized) using SHDOM

• Levis et al. (2017): VNIR multi-spectral
– basic (profile-only) microphysics (re,ve) w/o SWIR (à la MODIS) nor polarization (à la MSPI)

• Levis et al. (2020): VNIR multi-spectral/multi-polarimetric
– potential for a full 3D microphysics (Ne, re, ve) retrieval using polarization [I,Q,U]
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Ground truth ReconstrucCon
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Op=cal distance
! = ∫!

"$#$% %′ '%′,
s: line of sight

MODIS, off-nadir, or MISR

The “veiled core” of opaque clouds

• Problem: ≈20 m pixels from airborne sensors 
à ≈250 & 500 m pixels from space (MISR + MODIS)
à SHDOM issues: opaque, internally variable pixels
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Reference vs. modified center
MODIS, 9o off-nadir
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The “veiled core” of opaque clouds

• Problem: ≈20 m pixels from airborne sensors
à ≈250 & 500 m pixels from space (MISR + MODIS)
à SHDOM issues: opaque, internally variable pixels

5

manipulated 

area

L. Forster, A. B. Davis, B. Mayer, and D. J. Diner (2020), Toward Convective Cloud Tomography 
from Space using MISR and MODIS: Locating the “Veiled Core” in Opaque Convective Clouds, 
J. Atmos. Sci. (in press). http://arxiv.org/abs/1910.00077

http://arxiv.org/abs/1910.00077
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(a) Free-Path Distribution

0

0.01

0.02

0.03

0

20

40

60

80

100

120

140

-180 -120 -60 0 60 120 180

p
d

f

h
is

to
g

r
a
m

 (7
x
1
6
=

1
1
2
 e

v
e
n

ts
)

scattering angle, T

Prob(dT) = [(1�g2)/(1+g2�2gcosT)] (dT/360)
for asymmetry factor g = E(cosT) = 5/6

Prob{-20<T 20}
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(b) Scattering Phase Function
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Mean-free-path
A = E(s) = 1

(c)Characteris*c *me:

N* = 1/ln(1/g) ≈ (1/g–1)–1

N* ≈ 6 for g ≈ 0.85

Cloud image forma=on in VNIR+SWIR: 
A story of two diffusions

6

Diffusion process #1:
• random walk is on the

sphere (direc1on space)
• in the outer shell
• gradual loss of

direc1onal memory

... explains empirical (≈5) 
threshold for definition of 
veiled core in optical distance  



jpl.nasa.gov

Cloud image forma=on in VNIR+SWIR: 
A story of two diffusions
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Diffusion process #2:
• random walk is in 

3D physical space 
• in the veiled core
• gradual loss of 

positional memory
Characteris*c scale:

ROSES 2018  RST 
NRA NNH18ZDA001N  Fast 3D RTM for Satellite Remote Sensing 

1-13 
Use or disclosure of information contained on this sheet is subject to the restriction on the Cover Page of this proposal. 

know the truncated SH expansion of I(x,Ω) that defines the DA; this 2-term expansion is the up-
per equation in the pair labeled as (DA) where F(x) = ∫4π I(x,Ω)ΩdΩ is the net flux vector.  We 
also show the DA-defining expansion of the scattering phase function that shows the asymmetry 
factor g as the Legendre coefficient of the 1st-order SH.  For completeness, we have added the 
resulting DA expression for source function J(x,Ω) and the constitutive relation that relates vec-
tor F(x) and scalar r(x) fluxes, namely, Fick’s law in Eq. (FL) where D = !t/3 = (3(1–g)!̅)–1 is 
the radiative diffusivity coefficient. Note that (FL) needs to be modified when q(x) ≠ 0 in (PDE). 

 

 
Figure 1-6. Complete description of the geometry and mathematical physics of the 

hybrid 3D RT/DA model that we will develop, encode, verify and validate.  See text for 
the definitions of various terms, and a detailed description of the implementation plan. 
It is not sufficient to know how to solve numerically the RT and DA problems independently 

in their respective domains, Mrt and Mda.  To complete the hybrid 3D RT/DA model, we need to 
couple these solutions in the global iterative procedure.  That coupling, through fluxes crossing 
the interface ∂Mda in both directions, is expressed in the rose-colored box in Fig. 1-6 with blue- 
and green-colored terms identified in the RT and DA equation-sets respectively. 

In the computational linear transport literature, use of a sharp interface between the RT (a.k.a. 
meso-scale) and DA (a.k.a. macro-scale) transport regions is known as “domain decomposition.” 
Several “multi-scale” options have recent been proposed where a smoother transition is enacted 
[Tarvainen et al. 2005, Roger and Crouseilles 2013, Roger et al. 2014, Coelho et al. 2016]. 
Higher accuracy can thus be achieved at the cost of more complex coding and, without ruling out 
these concepts, we save them for consideration after the present investigation sets the basic limits 
of the accuracy-efficiency trade-space of hybrid RT/DA modeling in cloud RS. 
1.4.4.2 Practical implementation of hybrid 3D RT/DA model 

As an example of a synthetic LES cloud that is too big to be reconstructed with the Levis et al. 
[2015, 2017] methods, consider the large cloud mass in the lower/left-hand corner of Fig. 1-1, 
which is known to be producing significant levels of warm precipitation.  Being roughly an or-
der-of-magnitude larger than the smaller clouds reconstructed by Levis et al. [2015], this cloud 
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Tomography initialization: 
Outer cloud shape … quickly!
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camera Df -70.5 deg, image
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camera Cf -60 deg, image
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camera Bf -45.6 deg, image
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camera Af -26.1 deg, image
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camera An 0 deg, image
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camera Aa 26.1 deg, image
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camera Ba 45.6 deg, image
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camera Ca 60 deg, image
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Progress in 3D Tomographic Cloud Reconstruction, Part 2*:
Efficient determination of outer shapes of convective clouds from 
MISR data using radiosity

Objective & Results
Tomographic reconstruction of 3D convective clouds is a large and challenging inverse 
problem that can benefit from a reasonably good initial guess.  In this study, we use 
synthetic and real MISR data to demonstrate a robust and highly efficient determination 
of the effective outer shape of a 3D cloud, one slice at a time.  Although time will tell, we 
believe this will constitute a viable initial guess for the full 3D cloud tomography.

In our methodology, the outer boundary of a 2D slice from a 3D cloud along any 
convenient direction (say N-S) is represented as an irregular n-sided off-grid polygon 
with the lowest facet (i.e., cloud base) being constrained to remain horizontal.  
Radiance emerging from each facet (except the base) is modeled with a radiosity-type 
angular distribution inspired by asymptotic radiative transfer theory; this function has at 
most two free parameters.  In total, 2n-1+2(n-1) = 4n-3 parameters need to be 
determined by fit to the MISR data.  We found that n = 8 is a reasonable balance for a 
wide range of cloud sizes, in view of the coarse nature of the cloud boundary model.  
Thus, a nonlinear minimization problem is solved to estimate the 29 parameters per 2D 
slice, 15 of which will be used in the subsequent full 3D cloud tomographic 
reconstruction to construct an initial guess.  This preliminary fitting problem also calls for 
an initial guess that we distill out of cloud masks for the nadir and most oblique views.

* Part 1 is Linda Forster’s oral presentation on Wednesday PM.

Two-parameter (ai,ti) radiosity model:
I(Ω0, Ωv, ni; ai, ti) = ai x (Ωv·ni) x max(–Ω0·ni,ti)
where: Ω0 is solar incidence direction;

Ωv is viewing direction;
ni is the outward normal of the ith facet;
ai > 0 is an albedo-like parameter;
ti > 0 is a diffuse Lambertian background.

For a non-illuminated facet (Ω0·ni > 0) or a grazing sun (–Ω0·ni < ti), 
aiti combines into a single free parameter.

a single MISR Ca ground pixel

facet partia
lly contained in pixel

facet entire
ly contained in pixel

facet partia
lly contained in pixel

Algorithm:
• Select one MISR view angle (Ωv).
• Browse 7 up-looking facets, one-by-one.
• Is facet in view (Ωv·n > 0)?  If not, skip.  If so …
• Find what pixel or pixels contain the end points.
• Distribute radiance according to:
- relative orientation to sun;
- relative orientation to view;
- projected facet area.
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MYSTIC simulated MISR data, 
and residuals:

Pixels were registered at z = 6 km, 
not ground, hence wrong altitude.

Estimate of outer shape
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ß N-S transects 
for 9 cameras

Seiz, G., and R. Davies (2006). Reconstruction of cloud geometry from multi-view satellite images. Remote Sens. Environ., 100, 
143-149.

Bal, G., J. Chen, and A. B. Davis (2018). Reconstruction of cloud geometry from high-resolution multi-angle images. Inv. Prob. 
Imaging, 12, 261-280. © 2019. California Institute of Technology. Government sponsorship acknowledged.

from Lee et al. (2018). Three-
dimensional cloud volume 
reconstruction from MISR. 
Remote Sensing, 10, 1858.

True perspective for Da

Anthony B. Davis, JPL / Caltech, Pasadena, Ca, USA
Guillaume Bal, University of Chicago, Chicago, Il, USA
Céline Cornet, Laboratoire d’Optique Atmosphérique, Lille, France
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Exact diffusion theory:

R/T = (1–g)tdiam/2c

1D: segments (c = 1)
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Tomography initialization: 
Mean extinction … quickly!
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collaborator-parCcipants at LMU: Linda Forster & Bernhard Mayer

EUREC4A (ElUcidating the Role of 
Clouds-Circulation Coupling in 

ClimAte) field campaign

10

10

Barbados, 1/20-2/20, 2020

MODIS true-color RGB
February 5th, 2020

HA
LO

specMACS
polariza2on 
resolving
stereo camera

MISR-nadir RGB

Terra under-flight deployment
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EUREC4A (ElUcidating the Role of 
Clouds-Circulation Coupling in 

ClimAte) field campaign

11

Cloud top height [m]
MISR cloud top height [m]

à Opportunity to compare with 
opera*onal MISR & MODIS 
cloud products

Apart from a hyperspectral imager, 
aircraT has lidar and radar.
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Cloud, Aerosol and Monsoon 
Processes Philippines Experiment 

(CAMP2Ex) 
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collaborator-parCcipants at UI–UC: Jesse Loveridge & Larry di Girolamo
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From 3D-TRACE to CloudCT, and beyond 
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University of Illinois – Urbana Champaign

Wurzenberg: Zentrum für TelemaCk
Munich: Ludwig-Maximilians-Universität

Haifa: Technion – IIT

Rehovot: Weizmann Institute

Pasadena:
- JPL
- Caltech

3D-TRACE: Three-Dimensional Tomographic ReconstrucCon of the Aerosol-Cloud Environment
… ESTO/AIST (~FY13), then ESD/RST (2013–2015) seed funds for JPL

CloudCT: Cloud Computed Tomography … 14M€ ERC Horizon 2020 grant (~10 cubesat mission)  

DRAFT
Fig. 1. Artist’s illustration of the CloudCT (48) mission: a distributed multi-view system of 10 pico-satellites orbiting the Earth in formation. Measurements acquired by the
formation will enable tomographic retrievals of cloud properties.

≠ first, at a single wavelength, with predefined cloud microphysics (35), i.e., droplet size distribution; 80

≠ then, using multi-spectral data, with unknown but constrained microphysics (36). 81

Notably, the adopted spectral sampling followed that of the Airborne Multiangle SpectroPolarimetric Imager (AirMSPI) (37) 82

in the visible-NIR (VNIR), and did not contain any shortwave IR (SWIR) channels that are known to have high sensitivity to 83

microphysical properties (38). Here, following (39), we will exploit polarization to gain microphysical sensitivity. 84

Why clouds?. Clouds play a significant role at local and global scales, a�ecting weather, water-cycles, solar power generation 85

and impacting Earth’s energy balance (40). Moreover, uncertainties in global climate models are significantly a�ected by our 86

limited understanding, and therefore modeling, of cloud dynamics and microphysics (41). Thus, understanding, modeling, and 87

predicting cloud properties is a key issue with worldwide socio-economic implications that is in the center of many research 88

studies. Much of the current understanding relies on operational remote sensing of cloud properties. Global coverage from 89

space mandates passive imaging technology for swath and, in practice, pixel-scale retrievals based on the crude approximation 90

that clouds are plane-parallel slabs (38). 91

In recent years, there has been a growing interest in polarimetric imagers for remote sensing of clouds and aerosols (37, 42– 92

45). This is due to information about particle size and type carried in the state of polarization. Nevertheless, operational 93

remote-sensing is hindered by the over-simplified 1D layered model typically adopted. The assumed 1D RT model biases some 94

retrievals (46) while others simply fail (47). Shallow convective clouds are a blind spot, partly due to their unresolved scale in 95

low-resolution sensors and partly due to their 3D nature. The CloudCT (48) mission will have 10 pico-satellites orbiting in 96

formation, thus acquiring unique multi-view measurements of such vertically-developed 3D clouds (Fig. 1). 97

The increased interest in polarimetric sensing capabilities have led to the development of 3D polarized (or “vector”) RT 98

codes (49, 50) with an aim of improving retrieval algorithms. We develop a novel framework for 3D remote sensing of cloud 99

properties using multi-view polarimetric measurements. In contrast with the independent-pixel retrievals used in operational 100

remote sensing (38), we draw inspiration from CT for medical imaging, specifically, ODT. 101

We formulate an inverse problem for cloud tomography utilizing multi-view multi-band polarimetric images. The image 102

formation model is non-linear in the micro-physical and density variables. Our approach therefore seeks an optimal parametric fit 103

to a computational 3D polarized RT forward model, the vector Spherical Harmonics Discrete Ordinates Method (vSHDOM) (34, 104

51). We can therefore generalize our demonstrated iterative inversion approach (35, 36) to suit polarimetric measurements. 105

Outline. In the following sections, we cover the basics of cloud droplet optics using Mie scattering theory as well as the 106

fundamentals of polarized 3D RT with a clear separation between single- and multiply-scattered light that supports the inverse 107

problem at hand. We first lay out our 3D cloud tomography method where we target three basic microphysical properties in 108

every grid cell. Necessary but tedious mathematical details are presented in the Supplementary Material. Subsequently, the 109

new 3D cloud tomographic capability is demonstrated on realistic synthetic clouds from a Large Eddy Simulation (LES) that 110
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precursor mission of three satellites, called TOM - Telematics Earth Observation Mission, as well as our 
high performance dynamics simulator in Würzburg,͟ says Schilling. ͞This project will give us the 
opportunity to see and measure clouds as never before,͟ adds Koren.  ͞We are very pleased that the 
ERC selected the CloudCT project,͟ says Schechner. ͞We can already say that CloudCT is pioneering 
new concepts of Earth observation and the development of sophisticated computational imaging 
algorithms.͟ 

 

 

Click here to video explaining the research  (  https://www.youtube.com/watch?v=_DF-SCbpQi8  ) 

Click here for photo  ( https://www.dropbox.com/sh/3gof6ni57k6bfkk/AABSsAw2N58kUD1Al6LsuWk8a?dl=0  ) 

 
Caption: (L-R) Prof. Ilan Koren, Prof. Yoav Schechner and Prof. Klaus Schilling in front of the precision  
turntables of ZfT to test satellite formation characteristics. 
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Support of A/CCP mission formula=on: 
Tandem StereoCam “delta t” concept 
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Summary & Outlook 
• 2 papers published:
– Levis et al. (2020)

– Forster et al. (2020)

• 2 papers in prepara6on:
– Davis et al. (two diffusion processes)

– Davis et al. (robust tomography iniNalizaNon)

– other projects in progress, for later publicaNons

• 2 field campaigns for valida6on data
– EUREC4A

– CAMP2EX
15


