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 Climate & Environment Satellite Programs in 
China  High resolution (GF) program : 7 civil satellites  

 Space Infrastructure (SI) program: 50+ satellites 
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 Satellite instruments for polarimetric
remote sensing

APS/Glory, NASA/USA 3MI, EUMETSAT/EU

MAIA/OTB-2, NASA/USA

HARP2/PACE, UMBC/USA

DPC/GF-5, China

Dubovik, O. & Li, Z., et al. (2019), Polarimetric remote sensing of atmospheric aerosols: 
Instruments, methodologies, results, and perspectives, JQSRT, 224, 474-511



 Airborne instruments for polarimetric RS
RSP, NASA/USA Airborne DPC, China

SMAC, China

AirMSPI-2, NASA/USA

AMPR, China

AirHARP, UMBC/USA

Dubovik, O. & Li, Z., et al. (2019), Polarimetric remote sensing of atmospheric aerosols: 
Instruments, methodologies, results, and perspectives, JQSRT, 224, 474-511



 GF-5 satellite

Sensor Full Name

AHSI Advanced Hyperspectral 
Imager

VIMS Visual and Infrared 
Multispectral Sensor

AIUS Atmospheric Infrared Ultra-
spectral Sensor

EMI Environment Monitoring 
Instrument

GMI Greenhouse-gases 
Monitoring Instrument

DPC Directional Polarization 
Camera

Li, Z., et al. (2018), Directional Polarimetric Camera (DPC): Monitoring aerosol spectral 
optical properties over land from satellite observation, JQSRT, 218, 21-37
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 GF-5 satellite



 Directional Polarimetric Camera (DPC)

Band & polarization configurationOptical head of DPC/GF-5

Li, Z., et al. (2018), Directional Polarimetric Camera (DPC): Monitoring aerosol spectral 
optical properties over land from satellite observation, JQSRT, 218, 21-37



Parameter Value Parameter Value
Instrument 

FOV ±50° Polarized angle 0°, 60°, 120°

Spatial res. 
(km) 3.3 Stokes I, Q, U

Swath width
(km) 1850 Rad. Cal. Error ≤ 5%

Multi-angle ≥ 9 Pol. Cal. Error ≤ 0.02

Image
pixels 512ൈ512 Band width 20, 20, 20, 20,

10, 40, 40, 20 nm

Spectral
band

443, 490(P), 565, 670(P), 763,765, 865(P), 910
nm (P for polarization)

 The DPC is the first Chinese multi-angle polarized earth observation satellite 
sensor, which is the type of POLDER polarimetric imager

 Directional Polarimetric Camera (DPC)



MODIS_2018-06-12-05:30
(Intensity)

DPC_2018-06-12-04:40
(Intensity)

DPC_2018-06-12-04:40
(Polarization)

MODIS

 Intensity and polarization measurements

DPC/GF-5
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 Multi-angle measurements of DPC

 By taking the measurements with 9 viewing angles as an example, the 
multi-angle observation principle and the description of measurement 
dataset of DPC are described. 



If number of y elements < that of x: ill-conditioning problem

: Observation vector
: State vector (unknowns, aerosol & surface parameters to 

be retrieved)
𝐱 ∈ 𝑉଴

୤, 𝑉଴
ୡ, 𝑓 λ , 𝑘ଵ, 𝑘ଶ, 𝐶, 𝑟 ୤୤

୤ , 𝑣ୣ୤୤
୤ , 𝑟 ୤୤

ୡ , 𝑣ୣ୤୤
ୡ , 𝑚୰

୤ 𝜆 , 𝑚୧
୤ 𝜆 , 𝑚୰

ୡ 𝜆 , 𝑚୧
ୡ 𝜆  

்

Case of DPC/GF-5: No. of bands (λ) is 5            No. of x elements is 34!

So many 
unknowns to 
be retrieved!

 Ill-conditioning in inversion



 Radiative transfer simulation

Unified Linearized Vector Radiative Transfer Model

(Wang et al., JQSRT, 2015; Xu & Wang, JGR, 2015)

www.unl-vrtm.org



 Cost function (optimized): 

 Gradient vector (iteration):

 Forward model
(Rodgers, 2000):
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Size distribution for
fine & coarse

Refractive indices parameters for
fine & coarse

𝐛 ൌ 𝑟 ୤୤
୤ ,  𝑣ୣ୤୤

୤ ,  𝑟 ୤୤
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ୡ ,  𝑚୰
୤ 𝜆 ,  𝑚୧

୤ 𝜆 ,  𝑚୰
ୡ 𝜆 ,  𝑚୧

ୡ 𝜆  
்

𝐲 ൌ 𝐅 𝐱 ൅ 𝛆

Aerosol volume
concentration

BPDF parameter

𝐱 ൌ 𝑉଴
୤,  𝑉଴

ୡ , 𝑓 𝜆ଵ , ⋯ , 𝑓 𝜆ହ , 𝑘ଵ, 𝑘ଶ , 𝐶
்

Improve BRDF
parameter State vector 

(retrieval parameters): 

 Aerosol model 
(a priori):

𝐽ሺ𝐱ሻ ൌ ଵ
ଶ

ሾ𝐲 െ 𝐅ሺ𝐱ሻሿ் 𝐒஫
ିଵ ሾ𝐲 െ 𝐅ሺ𝐱ሻሿ ൅ ଵ

ଶ
ሺ𝐱 െ 𝐱ୟሻ் 𝐒ୟ

ିଵ ሺ𝐱 െ 𝐱ୟሻ

 Inversion framework
UNL-VRTM

𝛻𝐱 𝐽ሺ𝐱ሻ ൌ െ𝐊் 𝐒஫
ିଵ ሾ𝐲 െ 𝐅ሺ𝐱ሻሿ ൅ 𝐒ୟ

ିଵ ሺ𝐱 െ 𝐱ୟሻ, 𝐊௝,௜ ൌ డ௬ೕ

డ௫೔
, ሺ𝑖 ൌ 1, ⋯ 𝑛; 𝑗 ൌ 1, ⋯ , 𝑚ሻ

Jacobians by UNL-VRTM



 Surface reflectance matrix (Dubovik et al., 2011):

𝑹 𝜃଴, 𝜃୴, 𝜑, 𝜆

ൌ 𝜌௦

1 0
0 0

0 0
0 0

0 0
0 0

0 0
0 0

 ൅
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 BPDF model (Maignan et al., 2009):

𝑅௣
௦ 𝜃଴, 𝜃୴, 𝜑 ൌ  𝜌୑ୟ୧୥୬ୟ୬ 𝐹௣ 𝛾, 𝑛௜ ൌ ஼ ୣ୶୮ ୲ୟ୬ ఊ  ୣ୶୮ ே஽௏ூ

ୡ୭ୱ ఏబ ାୡ୭ୱ ఏ౬
 𝐹௣ 𝛾, 𝑛௜

 Improved BRDF model (Litvinov et al., 2011):

𝑟ఒሺ𝜇଴, 𝜇௩, 𝜙ሻ ൌ 𝑓ሺ𝜆ሻሾ1 ൅ 𝑘ଵ𝑓୥ୣ୭୫ሺ𝜇଴, 𝜇௩, 𝜙ሻ ൅ 𝑘ଶ𝑓୴୭୪ሺ𝜇଴, 𝜇௩, 𝜙ሻ൧

 Inversion framework



𝜏ୟ 𝜆  ൌ 𝜏ୟ
୤ 𝜆  ൅ 𝜏ୟ
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 Spectral aerosol optical depth (AOD):

 Angstrom exponent ሺ𝛼)

 Fine-mode fraction (FMF):

 Inversion framework



 Multi-viewing observation geometries 
for forward simulations 

 4 multi-viewing observation geometries are considered with the combinations 
of different solar zenith angles (𝜃଴), viewing zenith angles (𝜃୴) and relative 
azimuth angles (𝜙) to represent the typical observations in different location. 



 Based on climatology analyses of Sun-sky radiometer observation network 
(SONET) measurements, for the polluted and dust aerosols, we assume that 
these 2 aerosol cases are mixed with different relative percentage between the 
fine and coarse modes (Li et al., BAMS, 2018).

 Aerosol model used for simulations
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୤
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 Surface BRDF for simulations

𝑟ఒሺ𝜇଴, 𝜇௩, 𝜙ሻ ൌ 𝑓୧ୱ୭ሺ𝜆ሻ ൅ 𝑘ଵሺ𝜆ሻ𝑓୥ୣ୭୫ሺ𝜇଴, 𝜇௩, 𝜙ሻ ൅ 𝑘ଶሺ𝜆ሻ𝑓୴୭୪ሺ𝜇଴, 𝜇௩, 𝜙൯

Kernel-driven Ross-Li BRDF model:

Improved BRDF model:

𝑟ఒሺ𝜇଴, 𝜇௩, 𝜙ሻ ൌ 𝑓ሺ𝜆ሻሾ1 ൅ 𝑘ଵ𝑓୥ୣ୭୫ሺ𝜇଴, 𝜇௩, 𝜙ሻ ൅ 𝑘ଶ𝑓୴୭୪ሺ𝜇଴, 𝜇௩, 𝜙ሻ൧



Surface BPDF for simulations

𝑅௣
௦ 𝜇଴, 𝜇୴, 𝜑 ൌ  𝜌୑ୟ୧୥୬ୟ୬ 𝐅ଵ,ଶ 𝛾, 𝑛௜

 𝜌୑ୟ୧୥୬ୟ୬ൌ ஼ ୣ୶୮ ୲ୟ୬ ఊ  ୣ୶୮ ୒ୈ୚୍
ସ ఓబାఓ౬

 The surface-polarized reflectance is
regarded as independent on the 
wavelength.



 Simulated TOA reflectance of DPC

The simulations are for polluted case with AOD = 0.6 at 550nm.

22
Li, Z., et al. (2018), Directional Polarimetric Camera (DPC): Monitoring aerosol spectral 
optical properties over land from satellite observation, JQSRT, 218, 21-37
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 Simulated TOA polarized reflectance of DPC

The simulations are for polluted case with AOD = 0.6 at 550nm.

Li, Z., et al. (2018), Directional Polarimetric Camera (DPC): Monitoring aerosol spectral 
optical properties over land from satellite observation, JQSRT, 218, 21-37



 Information content analysis

 To test the retrieval capability from DPC, we introduce the 
averaging kernel matrix:

𝐀 ൌ 𝐊்𝐒஫
ିଵ𝐊 ൅ 𝐒ୟ

ିଵ ିଵ 𝐊்𝐒஫
ିଵ𝐊

 The trace of 𝐀 is equivalent to the number of independent 

pieces of information from the TOA measurements, also called 

the degree of freedom for signal (DFS).

 As long as the DFS result 𝐀௜,௜ ൐ 0.5, we assume that the 

retrieval of parameter x௜ could be carried out.



 Performance of improved BRDF model

25

𝑟ఒሺ𝜇଴, 𝜇௩, 𝜙ሻ
ൌ 𝑓୧ୱ୭ሺ𝜆ሻ ൅ 𝑘ଵሺ𝜆ሻ𝑓୥ୣ୭୫ሺ𝜇଴, 𝜇௩, 𝜙ሻ
൅ 𝑘ଶሺ𝜆ሻ𝑓୴୭୪ሺ𝜇଴, 𝜇௩, 𝜙൯

𝑟ఒሺ𝜇଴, 𝜇௩, 𝜙ሻ
ൌ 𝑓ሺ𝜆ሻሾ1 ൅ 𝑘ଵ𝑓୥ୣ୭୫ሺ𝜇଴, 𝜇௩, 𝜙ሻ
൅ 𝑘ଶ𝑓୴୭୪ሺ𝜇଴, 𝜇௩, 𝜙ሻ൧
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 Performance of improved BRDF model

𝑟ఒሺ𝜇଴, 𝜇௩, 𝜙ሻ
ൌ 𝑓୧ୱ୭ሺ𝜆ሻ ൅ 𝑘ଵሺ𝜆ሻ𝑓୥ୣ୭୫ሺ𝜇଴, 𝜇௩, 𝜙ሻ
൅ 𝑘ଶሺ𝜆ሻ𝑓୴୭୪ሺ𝜇଴, 𝜇௩, 𝜙൯

𝑟ఒሺ𝜇଴, 𝜇௩, 𝜙ሻ
ൌ 𝑓ሺ𝜆ሻሾ1 ൅ 𝑘ଵ𝑓୥ୣ୭୫ሺ𝜇଴, 𝜇௩, 𝜙ሻ
൅ 𝑘ଶ𝑓୴୭୪ሺ𝜇଴, 𝜇௩, 𝜙ሻ൧



Retrieval capability for typical cases 
 For the 2 realistic aerosol types (polluted and dust), the retrieval 

performances are all quite good in most cases.

27𝑟ఒሺ𝜇଴, 𝜇௩, 𝜙ሻ ൌ 𝑓ሺ𝜆ሻሾ1 ൅ 𝑘ଵ𝑓୥ୣ୭୫ሺ𝜇଴, 𝜇௩, 𝜙ሻ ൅ 𝑘ଶ𝑓୴୭୪ሺ𝜇଴, 𝜇௩, 𝜙ሻ൧



Equivalent DFS 
of 𝜏ୟ 𝜆

Vegetation Bare Soil

Fine case 0.99 0.98

Coarse case 0.91 0.88

Polluted case 0.87 0.84

Dust case 0.91 0.89

Retrieval capability for aerosol spectral 
optical properties 

 Over various surface types, the spectral aerosol parameters 𝜏ୟ 𝜆 can 
be well determined (Li et al., JQSRT, 2018).

 The pure fine particles cases can be perfectly determined, while DFS 
of the pure coarse particle cases are relatively lower. 28
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 First global map of DPC/GF-5

 Intensity data at 490, 565, 670 nm



 Polarimetric data at 490, 670, 865 nm



 First global map of fine-mode AOD (AODf)
retrieved from DPC/GF-5



 Comparison of AODf from DPC and
POLDER in Beijing

3.3km of DPC
in Nov. 2018

18.5km of POLDER
in Nov. 2011



3.3km of DPC
in Nov. 2018

18.5km of POLDER
in Nov. 2011

 Comparison of
AODf from DPC and
POLDER in China,
India and Africa



 The polarized Sun-sky radiometer 
network (SONET)
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http://sonet.ac.cn

Observation of polarized sky radiance from 
340 to 1640 nm every 1 hour together with 
aerosol, cloud & water vapor contents at 17 
sites.



 SONET instrument parameters and sites



 SONET data products

Li, Z., et al. (2018), Comprehensive study of optical, physical, chemical and radiative 
properties of total columnar atmospheric aerosols over China: An overview of Sun-sky 
radiometer Observation NETwork (SONET) measurements, BAMS, 99(4), 739–755



 SONET volume particle size distribution

Li, Z., et al. (2018), Comprehensive study of optical, physical, chemical and radiative 
properties of total columnar atmospheric aerosols over China: An overview of Sun-sky 
radiometer Observation NETwork (SONET) measurements, BAMS, 99(4), 739–755



 Validation of AODf from DPC/GF-5

N = 215
y = 0.772*x+0.05
R = 0.908, RSE = 0.028, MAE = 0.009



Thank you！

Aerospace Information Research Institute(AIR)
Chinese Academy of Sciences(CAS)

www.aircas.ac.cn


