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Abstract

Commonly-occurring stratification and synoptic tendencies lead to liquid clouds and warm precipitation processes in the PBL

over large portions of the globe. The climate is so sensitive to these low-level clouds that they are identified in IPCC reports

as major uncertainty sources for climate prediction; their representation in GCMs thus needs improvement. PBL clouds have

therefore been scrutinized in numerous field campaigns over both ocean and land. The main method for measuring clouds in field

campaigns is in-situ airborne probing and, though these data are invaluable, it is widely recognized that spatial and temporal

sampling is innately poor. We then turn to remote sensing as a way of drastically improving spatial sampling since it delivers

cloud properties over more than a line-of-flight through 3+1D space. The obvious tradeoff is, however, generally complicated

connections between remotely-measured radiances and inherent cloud properties of real interest to cloud process modelers.

Active remote sensing from below or above the clouds improves vastly over in-situ sampling, but its outcome remains confined

to a “ribbon” of vertical profiles ordered in time (from below) or space (from above). Passive imaging has the complimentary

problem of delivering a potentially wide horizontal swath of cloud properties, but integrated along the vertical. At least that is

the conventional wisdom when it comes to the solar spectrum, where observed radiances from clouds are dominated by multiple

scattering. Based on recent results from AirMSPI imaging at 20 km altitude, we challenge the perceived limitation of passive

shortwave radiometry to deliver only column-integrated properties. We demonstrate that multi-pixel exploitation of multi-angle

spectro-polarimteric imaging at solar wavelengths can be used to extract not only maps of microphysical properties but also

3D cloud structure for both PBL-topped stratiform layers and vertically-developed 3D clouds in convective regimes. A key

realization is: airborne and space-based sensors offer radically different spatial and angular sampling opportunities with unique

advantages in both cases. We look forward to future PBL-specific missions in space for their global reach. At the same time,

there is a clear case for deploying high-altitude imagers in all future campaigns.
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Summary
The atmospheric boundary layer—where, by definition, 
surface fluxes are strongly felt—is host to some of the 
most common types of cloud: horizontally-extended 
stratus layers, and vertically-developed cumulus driven by 
convection.  Due to their frequent occurrence, future 
climate predictions are highly sensitive to how these low-
level clouds are represented in the models.  Accordingly, 
recent IPCC assessments press hard for the need to 
improve our understanding of them, preferably by a 
quantum leap.  Consequently, there have been a plethora 
of extensive field campaigns focused on improving our 
comprehension of boundary layer clouds.  Such field 
campaigns are predicated on in-situ airborne probing of 
cloud properties, which is certainly a golden standard for 
cloud characterization, but is also innately limited in terms 
of spatial and temporal sampling.  Cloud remote sensing 
comes to the rescue with two modalities to offer: 
1) active probing of a "ribbon" of vertical profiles, and
2) passive imaging of vertically-integrated cloud 

properties.  
With multi-angle spectro-polarimteric imaging, we 
challenge the conventional wisdom that passive sensing 
yields only column-integrals, and arrive at another choice: 
high-altitude aircraft or satellites?  We want both: 
exquisite spatial resolution and directional control from 
airborne, global coverage from space.

© 2019 All rights reserved.
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angular displacement of the interference fringes due to change in the ratio of droplet size to wavelength, and
to a lesser degree by the difference in droplet refractive index as a function of wavelength (van de Hulst,
1981). Following Step 3 of the retrieval procedure (cf. section 4.1.4), Figure 5b shows the resulting COD
map. The COD values in five bins, including τc < 5, 5 < τc < 8, 8 < τc < 11, 11 < τc < 14, and τc > 14, are
assigned blue, cyan, green, yellow, and orange colors, respectively. The contour lines on top of the COD
map indicate a set of scattering angles. Collecting the Q signals in different COD bins, five curves of Q
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Figure 5. (a) AirMSPI stratocumulus cloud imagery color composites from spectral combinations of 470, 660, and 865 nm
bands (upper image: radiance; lower image: DOLP) acquired on 22 September 2016 at 14:15 UTC off the coast of Namibia.
(b) Step-sequential color scheme of retrieved pixel-scale COD. Its values in five bins, including τc< 5, 5< τc< 8, 8< τc< 11,
11< τc< 14, and τc> 14 are assigned blue, cyan, green, yellow, and orange colors, respectively. The contour lines on top of
the COD map indicate a set of scattering angles. (c) AirMSPI Q in the 470, 660, and 865 nm spectral bands, plotted as a
function of scattering angle. Q signals of cloudbows in 130°< θsca< 165° are sampled from the five COD ranges marked in
different colors in Figure 5b. (d) Retrieved droplet size distribution (number weighted and normalized) using Q signals in
five COD bins as indicated in the legend. (e) Retrieved relation between effective radius of droplet size distribution (reff)
andmean CODwithin each bin. (f) Retrieved relation between effective variance of droplet size distribution andmean COD
within each bin.
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Figure 5. (a) AirMSPI stratocumulus cloud imagery color composites from spectral combinations of 470, 660, and 865 nm
bands (upper image: radiance; lower image: DOLP) acquired on 22 September 2016 at 14:15 UTC off the coast of Namibia.
(b) Step-sequential color scheme of retrieved pixel-scale COD. Its values in five bins, including τc< 5, 5< τc< 8, 8< τc< 11,
11< τc< 14, and τc> 14 are assigned blue, cyan, green, yellow, and orange colors, respectively. The contour lines on top of
the COD map indicate a set of scattering angles. (c) AirMSPI Q in the 470, 660, and 865 nm spectral bands, plotted as a
function of scattering angle. Q signals of cloudbows in 130°< θsca< 165° are sampled from the five COD ranges marked in
different colors in Figure 5b. (d) Retrieved droplet size distribution (number weighted and normalized) using Q signals in
five COD bins as indicated in the legend. (e) Retrieved relation between effective radius of droplet size distribution (reff)
andmean CODwithin each bin. (f) Retrieved relation between effective variance of droplet size distribution andmean COD
within each bin.
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Figure 5. (a) AirMSPI stratocumulus cloud imagery color composites from spectral combinations of 470, 660, and 865 nm
bands (upper image: radiance; lower image: DOLP) acquired on 22 September 2016 at 14:15 UTC off the coast of Namibia.
(b) Step-sequential color scheme of retrieved pixel-scale COD. Its values in five bins, including τc< 5, 5< τc< 8, 8< τc< 11,
11< τc< 14, and τc> 14 are assigned blue, cyan, green, yellow, and orange colors, respectively. The contour lines on top of
the COD map indicate a set of scattering angles. (c) AirMSPI Q in the 470, 660, and 865 nm spectral bands, plotted as a
function of scattering angle. Q signals of cloudbows in 130°< θsca< 165° are sampled from the five COD ranges marked in
different colors in Figure 5b. (d) Retrieved droplet size distribution (number weighted and normalized) using Q signals in
five COD bins as indicated in the legend. (e) Retrieved relation between effective radius of droplet size distribution (reff)
andmean CODwithin each bin. (f) Retrieved relation between effective variance of droplet size distribution andmean COD
within each bin.

Journal of Geophysical Research: Atmospheres 10.1002/2017JD027926

XU ET AL. 3184

angular displacement of the interference fringes due to change in the ratio of droplet size to wavelength, and
to a lesser degree by the difference in droplet refractive index as a function of wavelength (van de Hulst,
1981). Following Step 3 of the retrieval procedure (cf. section 4.1.4), Figure 5b shows the resulting COD
map. The COD values in five bins, including τc < 5, 5 < τc < 8, 8 < τc < 11, 11 < τc < 14, and τc > 14, are
assigned blue, cyan, green, yellow, and orange colors, respectively. The contour lines on top of the COD
map indicate a set of scattering angles. Collecting the Q signals in different COD bins, five curves of Q

(c) (d)

(e) (f)

135 140 145 150 155 160 165
-0.6

-0.3

0

Q

470 nm

(c1)

cld
<5

5<
cld

<8
8<

cld
<11

11<
cld

<14

cld
>14

135 140 145 150 155 160 165
-0.6

-0.3

0

Q

660 nm

(c2)

135 140 145 150 155 160 165

Scattering Angle (Deg)

-0.6

-0.3

0

Q

865 nm

(c3)

2 4 6 8 10 12 14 16 18 20
Radius ( m)

0

0.1

0.2

0.3

0.4

0.5

dn
(r)

/d
r

cld
 < 5

5 < 
cld

 < 8
8 < 

cld
 < 11

11 < 
cld

 <14

cld
 > 14

0 5 10 15 20

Cloud Optical Depth

8.5

9

9.5

10

10.5

11

r ef
f (

m
)

0 5 10 15 20

Cloud Optical Depth

0

0.01

0.02

0.03

0.04

v ef
f

(a) (b)

Figure 5. (a) AirMSPI stratocumulus cloud imagery color composites from spectral combinations of 470, 660, and 865 nm
bands (upper image: radiance; lower image: DOLP) acquired on 22 September 2016 at 14:15 UTC off the coast of Namibia.
(b) Step-sequential color scheme of retrieved pixel-scale COD. Its values in five bins, including τc< 5, 5< τc< 8, 8< τc< 11,
11< τc< 14, and τc> 14 are assigned blue, cyan, green, yellow, and orange colors, respectively. The contour lines on top of
the COD map indicate a set of scattering angles. (c) AirMSPI Q in the 470, 660, and 865 nm spectral bands, plotted as a
function of scattering angle. Q signals of cloudbows in 130°< θsca< 165° are sampled from the five COD ranges marked in
different colors in Figure 5b. (d) Retrieved droplet size distribution (number weighted and normalized) using Q signals in
five COD bins as indicated in the legend. (e) Retrieved relation between effective radius of droplet size distribution (reff)
andmean CODwithin each bin. (f) Retrieved relation between effective variance of droplet size distribution andmean COD
within each bin.
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AirMSPI’s Breakthrough in Observation of Fine-Scale 
Cloud Top Dynamics in Backscattered Polarized Light

(MISR STM POSTER SESSION, also invited poster at AGU FM)

Step-and-stare mode in near-backscatter viewing geometry

Color composite: 440 nm (blue), 660 nm (green), and 865 nm (red)
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New extension to bulk cloud properties …
• rn = !�2n (! = 25 m pixel scale), using n = 0, 0.5, 1, 1.5…, 8 (L = 6.4 km)
• S2(rn) = <|I(x+rncosf,y+rnsinf)–I(x,y)|2>f, the 2nd-order structure function
• “Radiative Smoothing” regime: S2(rn) ~ rn2 for ! ≤ rn < h
• “Atmospheric Turbulence” regime: S2(rn) ~ rn2/3 for h < rn ≤ L
• Fit log2S2(rn) = min{aSn+bS, aTn+bT} to data, with aS ≈ 2 and aT ≈ 2/3
• Then h = !�2c, where c = (bT-bs)/(aS-aT), and compute COT = th(x,y)

aS = 2.0081
aT = 0.6841
bS = –22.50
bT = –18.50
c = 3.0179
(h = 202.5 m)
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… now relax the cloud 
microphysics (re,ve):

denominator of all channels (microphysics), may result in a
less accurate recovery.

5. Microphysical Tomography

We dispose of multispectral phenomenological param-
eters βΛ, fΛ(ω·ω′), gΛ etc. Instead, we parameterize
the medium by its microphysical properties, ν, which are
wavelength-independent. With this parameterization, inver-
sion scales as O(NvoxelsNparams). Direct recovery of ν has
been done in 1D plane-parallel media [40,41,43]. We focus
on cases where m is known (Sec. 9 discusses a possible ex-
tension for unknown m). Tomography then seeks the size
distribution parameters ν(x)=[N(x), re(x), ve(x)] in 3D,
based on multiview projections of the scene [2].

Denote x̃ as voxel index. The microphysical vector at
this voxel is νx̃. Define indicator functions for the voxel’s
spatial support Vx̃ and solid angle Vω̃ as

1x̃(x)=

{

1 if x∈Vx̃

0 else
, 1ω̃(ω)=

{

1 if ω∈Vω̃

0 else
, (30)

respectively. The continuous microphysical and radiance
fields can be interpolated as5

ν(x) =
∑

x̃

νx̃1x̃(x), (31)

IΛ (x,ω) =
∑

x̃,ω̃

IΛ
x̃,ω̃1x̃(x)1ω̃(ω). (32)

Denote Ψ and I(Ψ) as vectors that respectively concate-
nate νx̃ and IΛ

x̃,ω̃ , across all voxels. The forward model
renders I(Ψ), given Ψ. Imaging is sampling of the ra-
diance field at specific locations, directions and spectral
bands. Sampling is modeled by an operator M, resulting
in a modeled vector of measurements ymodel

Ψ
=MI(Ψ). On

the other hand, an actual empirical system measures noisy
data, denoted by y. Using y, the inverse problem seeks to
recover an unknown medium Ψ. Generally, the solution
minimizes a cost function

Ψ̂ = argmin
Ψ

[D(y,ymodel
Ψ ) +R(Ψ)], (33)

where R is a regularization term that expresses prior knowl-
edge about Ψ, while D is a data (fidelity) term. The partic-
ular choice of R and D functionals affects the solution and
the minimization speed. Nevertheless, the core ability to
recover Ψ depends on the forward model.

The field Ψ has continuous-valued variables. Moreover,
rendering ymodel

Ψ
depends continuously and smoothly on Ψ.

Hence, for efficient minimization, the gradient with respect
to Ψ can be exploited. An easily differentiable term is

D(y,ymodel
Ψ ) = ∥y −MI(Ψ)∥22. (34)

5Often, more elaborate interpolation schemes are employed [14].

Then,

∂D

∂Ψ
=2 [MI(Ψ)−y]⊤ M

∂I(Ψ)

∂Ψ
. (35)

Here (·)⊤ denotes transposition. The gradient (35) can en-
able an efficient solution to Eq. (33).

6. Functional Gradients

We express the functional gradients directly on the mi-
crophysical properties vector ν. For a given size distribu-
tion, n(r|ν), Eqs. (22,23) are integrated, yielding an effec-
tive extinction coefficient and scattering function in a voxel

βΛ(ν) = βRayl
Λ +

∫

n(r|ν)σMie
Λ (r|m)dr, (36)

fΛ(µ|ν) = fRayl
Λ (µ) +

∫

n(r|ν)fMie
Λ (µ, r|m)dr. (37)

In the atmosphere, with localized tornadoes as exception,
σRayl
λ and NRayl due to air molecules vary slowly in space

and time. They are mapped over Earth using long estab-
lished systems and are mainly a function of altitude. Three-
dimensional variations to derive are therefore attributed to
variations in ν. The gradients of (36,37) with respect to ν

are thus

∂

∂ν
βΛ(ν) =

∫

∂n(r|ν)

∂ν
σMie
Λ (r|m)dr, (38)

∂

∂ν
fΛ(µ|ν) =

∫

∂n(r|ν)

∂ν
fMie
Λ (µ, r|m)dr. (39)

For a Gamma-distribution (3), the derivatives with respect
to parameters (1,2) are:

∂n(r|ν)

∂N
=Cr(v

−1

e
−3) exp

(

−
r

reve

)

, (40)

∂n(r|ν)

∂re
=
r+2reve−re

r2eve
n(r|ν), (41)

∂n(r|ν)

∂ve
=
ψ( 1

ve
−2)−log r

reve
−1+2ve+rr−1

e

v2e
n(r|ν). (42)

Here ψ=d logΓ(x)/dx is the digamma function. Equations
(40,41,42) are used to compute the integrals of (38,39). We
incorporate these functional gradients (Eqs. 38,39) into the
radiative transfer equations as follows. Define

∂

∂νx̃

TΛ (x1,x2)=−TΛ (x1,x2)

x2
∫

x1

∂βΛ(ν)

∂νx̃

1x̃(s)ds. (43)

Then, using (27,28), the coupled equations describing the
radiance approximate gradient with respect to ν are

∂

∂νx̃

ĪΛ (x,ω) = IBC
Λ (x0,ω)

∂

∂νx̃

TΛ(x,x0) +

x0
∫

x

[

∂J̄Λ(x′,ω)

∂νx̃

TΛ(x,x
′)+J̄Λ(x

′,ω)
∂TΛ(x,x′)

∂νx̃

]

dx′ (44)

6744
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Radiance Domain Comparison

60 m resolution

SHDOM rendered nadirAirMSPI’s nadir

10 m resolution

• Cloud base at ~1.5 km
• Mean-free-path of ~100 m

AirMSPI Data

• 9 view angles: ±66.0o, ±58.9o, ±47.7o, ±29.0o, and 0o

• Pixel resolution: 10 m 

!. #km×'. (km×!. (km

• Extinction grid: 86,688 unknowns (at 60 m resolution)

β = argmin
β

y−F(β) 2

βn+1 = argmin
β

y−F(β | Jn ) 2

F(β | Jn ) = I[β, J(βn )] (formal solution)

Iterative multi-angle/multi-pixel algorithm

!"
Extinction on a 3D grid

Initial guess

"

Surrogate function minimization

b0

b0b

y−F(β) 2

b1b2

∂
∂β
F(β | Jn )

= ✓

Fine-scale cloud tomography

ê “Formal” solution of 3D RTE

é “Ancillary” integral RTE (solved with SHDOM)

Two-level 
iterative solution

LES+SHDOM generated cloud field

Synthetic Data

• Unknown extinction grid: 66x111x43 
(315,018 unknowns) 

Errors: 
30% on total mass; 

±70% on local extinction.

Correlation (R2): 0.76

LES+SHDOM generated cloud field • 9 View angles:

• Pixel resolution: 20m 

• SHDOM + photon & quantization noise

• Unknown extinction grid:  

(46,656 unknowns)

• 9 view angles: 

±70.5o,±60.0o,±45.6o,±26.1o,0o

• Pixel resolution: 20 m 

Errors: 5% on total mass; ±33% on local extinction.

Correlation (R2): 

0.94

Synthetic Data
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Airborne Multi-angle Spectro-Polarimetric Imager (AirMSPI)
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