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Stowe et al., 1997

AOD from AVHRR22 years ago…



The retrieval has very large uncertainties 

Stowe et al., 1997



MODIS Collect-6 AOD @ 550 nm

R. Levy et al., 2013



Validation of AOD

Levy et al., 2013



A renewed interest in polarimetric remote sensing
Hansen and Hovenier, 1974, 

“Interpretation of the polarization of Venus”

Glory

POLDER, 1996

PARASSAL
PACE
MAIA
3MI
A-CCP
…
…

APOLO - 2017
APOLO - 2019Glory, 2011

Launch failed

Multiple/hyperspectral spectral
multiple angle, polarization 



A numerical testbed for aerosol/cloud remote sensing
• Needs to 

– Develop a systematic approach to quantify the information content for a sensor 
concept. 

• More is not necessarily better if the benefits are marginal….
– Develop theoretical basis for the algorithm design
– Set the ideal limit or back-of-the envelope on what we can or can not achieve
– Provide a foundation for strawman’s analysis and objective decision of 

architectural design
• Requirements

– Be versatile 
• Thorough treatment of polarization, gas absorption, particle shape and 

scattering, surface BRDF and BPDF
• Compute Jacobians of satellite measurable w.r.t. in situ measurable and/or 

desired deliverables 
• Post-analysis of information content

– Be validated/calibrated 
– Be shared with the community



• Particle size distribution 
(PSD) function

• Aerosol profile
• Refractive index
• Total aerosol 

concentration and fmf

Aerosol model
• Lambertian albedo

• BRDF model

Surface model
• Input set: 

• Linearized inputs:

Linearized 
vector RTM

• Stokes vector: 

• Weighting functions (Jacobians):

𝜕{𝐼, 𝑄, 𝑈, 𝑉}
𝜕𝜉

Stokes vector and 
Jacobians

UNified and Linearized Vector Radiative Transfer Model
UNL-VRTM Testbed (Wang, Xu, et al., 2014, JQSRT)



UNL-VRTM Features www.unl-vrtm.org

Well-maintained 
user guide

http://www.unl-vrtm.org/


User Community

• Being used for remote sensing of aerosol, gas, cloud, and surface 
• User feedbacks are important sources to improve the model
• Routinely maintained by Dr. Xiaoguang Xu, UMBC and research team in U. Iowa.

Xiaoguang Xu



User friendly interface
for undergraduate &
graduate students

Jacobian Menu

Aerosol Menu



Validation for scattering calculations

Coulson (1988)UNL-VRTM
Rayleigh-o           Atmos. Aerosol-only atmosphere

Hawaii Theory 



H2O O3CO2 N2O

CO CH4 O2 NO

SO2 NO2 NH3 HNO3

OH HF HCl HBr

HI ClO OCS H2CO

HOCl N2

LBL + HITRAN for gas absorption calculation

0.2 µm             à 20 µm



Validation for gas absorption calculations

MODTRAN5 simulations are performed by 
Dr. Xiuhong Chen (U Michigan)

Shortwave Longwave



Applications

JGR, 120, 7079–7098, 2015 
JGR, 120, 7059–7078, 2015. 
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ALH-./012 =
∑5678 𝛽:;<,5 𝑍5
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Xu et al., 2019, AMT

Aerosol layer height retrieval from O2-B band on EPIC



Implication to Surface PM2.5 Air Quality Assessment

(c)

(d)

(g)

(h)

Location later affected 
by high AOD and 
descending layer of 
smoke

High surface PM2.5

Location later affected 
by high AOD and 
lofted layer of smoke

Low surface PM2.5

08/25 08/262017

ALH

AOD

Obs.
PM2.5



Other OSSE studies and algorithm design…

JGR, 122, 8233-8254, 2017

Weizhen Hou



- Instrument  
configuration

- Atmospheric 
profiles

- Aerosol/cloud
sizes, 

refractive
indices, and  
volumes

- Surface 
properties

Rayleigh scattering & 
gaseous absorption 

(HITRAN & CKD 
continuum)

Linearized 
radiative 
transfer 

(VLIDORT):

- Radiances
-
Polarization
- Analytical

Jacobians

Bayesian 
based optimal 

estimation

- Information 
content 

- Retrieval 
errors

Aerosol/cloud scattering by 
Linearized Mie & 

Linearized T-matrix codes

Surface bi-directional 
reflectance (BRDF)

INPUTS OPTICAL PROPERTIES ANALYSISRADIATIVE TRANSFER

UNified Linearized Vector Radiative Transfer Model

Lunar 
Module

Surface light 
source Module Spectrum-based 

Surface Light Source

Temperature-based 
Surface Light Source

Source: https://unl-vrtm.org. (Wang et al., 2014, Xu and Wang, 2015)

Temperature-based 
Light Source

Wildfire

Modeling of bulb light
total up up down surfaceI I I r= + ×

TOA lunar irradiance at 
any time and any 

location

New development for UNL-VRTM
Non-spherical dust 
scattering database 

https://unl-vrtm.org/


Polarization of Moonlight
“The observed patterns including the positions of 
the Arago and Babinet neutral points of the moonlit 
night sky and sunlit day sky are practically identical 
if the zenith angle of the Moon is the same as that 
of the sun”, Gal et al., 2001, JGR.

“nearly zero polarization at full moon”
< 3-4% polarized, larger in shorter wavelength.
Pellicori, 1971, Appl. Optics.

green



Validation for calculating lunar irradiance 
at Table Mount, CA

Jun. 26, 2018

AOD 0.016

schematic of the spectrometer

Preliminary results. Don’t Cite/Quote
Stanley Sander, Thomas Pongett, JPL

Modeled atmosphere-free

Modeled surface radiance with aerosol

Surface Measurement



AOD retrieval from VIIRS-measured moonlight

Meng Zhou
Ph.D. candidate in 
Geoinformatics
Univ. of Iowa

We had this 22yrs ago…



Nonspherical database: tri-axial ellipsoid model

Two aspect ratios: 
𝜀 ⁄@ A =

𝑎
𝑐

𝜀 ⁄D A =
𝑏
𝑐

(assume 𝑎 ≤ 𝑏 ≤ 𝑐)

Scattering properties of non-spherical 
particles in these dimensions:
Ø Particle shape: two aspect ratios
Ø Refractive index: real and imaginary part
Ø Particle size: size parameter 𝑥 = IJA

K

(Meng et al., 2010)

• Single scattering albedo
• Asymmetry factor
• Particle size

• Cross section, Efficiency
• Phase matrix

Dust single scattering properties:

The size 
parameter range 
is from 0.025 to 
1000.

Both two aspect 
ratios are from 
0.3 to 1.0



Aerosol parameters

Parameters Fine 
mode 

Coarse 
mode

AODa 0.5 0.5
Real part of 
refractive indexa

1.5 1.5

Imaginary part of 
refractive indexa

0.0005 0.0005

rg (µm) 0.031 0.889
𝜎 2.032 1.663
Profile peak height 
(km)

2 2

Profile width (km) 2 2

a These parameters are at 1.61 µm

+

⎼



• When there is less TOA reflectance due 
to less non-spherical dust scattering at 
near back-scattering angles, the XCO2 
will be overestimated.

• XCO2 retrieval systematic bias due to 
dust nonsphericity could be as much 
as 3ppm depending on AOD. 

⎼

+

⎼

⎼

+

+

dust )

Translating to CO2 retrievals 

Satellite missions such as OCO-2 state the required 
accuracy is 1-2 ppm

+3

-3

105      120      135     150    165    180
Scattering angle

0.9          0.6          0.3          0.0
AO

D
 at 1.61 µm

CO2 systematic retrieval bias 



Summary

Thermodynamics: An Engineering Approach 8th Ed.

Springer Series in Light Scattering, 2019

• Produced ~30 publications since 2014.
• Used by ~20 research groups.
• Enabling interdisciplinary research to 

address questions:
• How aerosol (including its shape) 

and trace gases collectively affect 
the retrieval of each other?

• Aerosol plume height retrieval in 
oxygen absorption bands?

• Hyperspectral sensing
• OSSE experiment

• Outlook
• Community support
• Application for future satellite 

missions
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