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• Learn to estimate PM2.5 mass concentration at surface level 
(µgm-3) while using satellite derived Aerosol Optical Depth 
(AOD) at visible wavelengths 

Objective 
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Spatial Gaps 

What are we looking for? Why?  
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MODIS-Terra True Color Images 

May 11, 2007 May 12, 2007 May 13, 2007 

May 14, 2007 May 15, 2007 May 16, 2007 
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MODIS-Terra Aerosol Optical Thickness 

May 11, 2007 May 12, 2007 May 13, 2007 

May 14, 2007 May 15, 2007 May 16, 2007 



AOD (or AOT) to PM 
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What do satellites provide?  

Ozone 

Aerosols 

Column 
measurement 

10km 

Water vapor + other 
gases (absorption) 

Rayleigh 
Scattering 

Surface 
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What do satellites provide?  

Ozone 

Aerosols 

Column 
measurement 

10km 

Water vapor + other 
gases (absorption) 

Rayleigh 
Scattering 

• AOT(τ)= ∫βext dz 
– particle size 
– composition 
– water update 
– vertical distribution 

 

• There are satellite retrieval 
issues: inversion (e.g. 
aerosol model, background) 
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What do satellites provide?  

Ozone 

Aerosols 

Column 
measurement 

10km 

Water vapor + other 
gases (absorption) 

Rayleigh 
Scattering 

• Seven MODIS bands are 
utilized to derive aerosol 
properties 
– 0.47 µm 
– 0.55 µm 
– 0.65 µm 
– 0.86 µm 
– 1.24 µm 
– 1.64 µm 
– 2.13 µm 

• 10x10 km2 resolution 
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Satellite vs Ground Observation 

Top of the Atmosphere 

10 km2 Vertical 
Column  

Earth Surface 

Surface Layer 

PM2.5 mass concentration 
(µgm-3)  -- Dry Mass 

Aerosol Optical Depth 

AOD – Column integrated value (top of the atmosphere 
to surface) - Optical measurement of aerosol loading – 
unitless. AOD is function of shape, size, type and 
number concentration of aerosols 

PM2.5 – Mass per unit volume of 
aerosol particles less than 2.5 µm 
in aerodynamic diameter at 
surface (measurement height) 
level 
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• Current satellite AOD is 
sensitive to PM2.5  
– Kahn et al. 1998 

• Polar-orbing satellites can 
represent at least daytime 
average aerosol loadings 
– Kaufman et al. 2000 
 

• Missing data due to cloud 
cover appear random in 
general 
– Christopher and Gupta 2010 

Support for AOD-PM2.5 Linkage 

 2              4              6              8              10          12 
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• ρ: particle density 

• Q: extinction coefficient 

• re: effective radius 

• ƒPBL: % AOD in PBL 

• HPBL: mixing height 

Composition 

AOD – PM Relationship 

AOD(λ)= ∫ βext, ρ (λ, z) dz 
top-of-atmosphere 

0 
surface 

C=   ×     × AOD 
4ρre 

3Q 

ƒPBL 

HPBL 

Size distribution 

Vertical Profile 
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Simple Models from Early Days 

Source: Chu et al., 2003 Source: Wang et al., 2003 
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AOD-PM2.5 Relationship 

Source: Gupta, 2008 
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Predictor: AOD Predictor: AOD + Meteorology 

Multi-Variable Method 

TVM 

Linear correlation coefficient between observed and estimated PM2.5 

Source: Gupta, 2008 
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Time Series Examples of Results from ANN 

Source: Gupta, 2009 
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TVM 

TVM vs. MVM vs. Artificial Intelligence 

ANN MVM 

Source: Gupta, 2009 
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Two Variable 
Method 

Multivariable 
Method 

Artificial 
Intelligence 

MSC 

PM2.5 Estimation: Popular Methods 

AOT 

P
M

2.
5 Y=mX + c 

m 

n=1 
PM2.5 = β0 + α × τ + ∑   (βn×Mn)  

Difficulty Level 
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• Basic idea: 
– Let an atmospheric chemistry model decide the conversion 

from AOD to PM2.5  
– Satellite AOD is used to calibrate the absolute value of the 

model-generated conversion ratio 

• Satellite-derived PM2.5  =  

Scaling Approach 

× satellite AOD 
PM2.5 
AOD (     ) 

Model 

Source: Liu et al., 2006 
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Annual Mean PM2.5 from Satellite Observations 

van Donkelaar et al., 2006, 2009 
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• How accurate are these estimates?  

• Is the PM2.5-AOD relationship always linear?  

• How does AOD retrieval uncertainty affect estimation of air 

quality?  

• Does this relationship change in space and time?  

• Does this relationship change with aerosol type?  

• How does meteorology drive this relationship?  

• How does the vertical distribution of aerosols in the 

atmosphere affect these estimates?  

Questions to Ask: Issues 
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Limitation: Vertical Distribution of Aerosols 
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Vertical Distribution: Impact on AOD-PM2.5 

Source: Engel-Cox et al., 2006 
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Vertical Distribution: Impact on AOD-PM2.5 

Source: Al-Saadi et al., 2008 
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When most particles are concentrated and well mixed in the 
boundary layer, satellite AOD contains a strong signal of 
ground-level particle concentrations 
 
 
 

Assumption for Quantitative Analysis 

No textbook solution 
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• Currently for research 
– Spatial trends of PM2.5 on regional to national level 
– Variability of PM2.5 between years 
– Model calibration/validation 
– Exposure assessment for health effect studies 
 

• Near-future research 
– Spatial trends at urban scale 
– Improved coverage and accuracy 
– Fused statistical-deterministic models 
 

• For Regulation?  

Use of Satellite Data 
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Objective: Near real-time product for state 
and local air quality forecasters 
Goal: Improve accuracy of next day 
PM2.5 AQI forecasts during large aerosol 
events 

How Satellite Aerosol Data is Being Used 

Infusing Satellite Data 
Into Environmental 

Applications 

AirNow Satellite Data Processor (ASDP) 



National Aeronautics and Space Administration 33 Applied Remote Sensing Training Program 

Suggested Reading 
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Satellite Remote Sensing of PM2.5 - Summary 

Satellite 
Observations 

Statistical 
Approach Model Scaling Data 

Assimilation 

PM2.5 Mass 
Concentration 

(µgm-3) 
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• What are three differences between AOD and PM2.5 mass 
concentration ? 

• List three advantages of using satellite observations for 
PM2.5 air quality monitoring 

• What are the pros and cons of using scaling approach over 
regression method ? 

 

Questions and Discussion 



National Aeronautics and Space Administration 36 Applied Remote Sensing Training Program 

•  Al-Saadi, J., Szykman, J., Pierce, R. B., Kittaka, C., Neil, D., Chu, D. A., Remer, L., Gumley, L., 
Prins, E., Weinstock, L., Macdonald, C., Wayland, R., Dimmick, F., Fishman, J., Improving 
national air quality forecasts with satellite aerosol observations, Bull. Am. Meteorol. Soc., 86(9), 
1249–1264, 2005. 

•  Gupta, P., Christopher, S. A., Wang, J., Gehrig, R., Lee, Y.C., Kumar, N., Satellite remote sensing 
of particulate matter and air quality over global cities, Atmos. Environ., 40 (30), 5880-5892, 2006. 

•  Gupta, P., and S. A. Christopher, An evaluation of Terra-MODIS sampling for monthly and annual 
particulate matter air quality assessment over the southeastern United States, Atmospheric 
Environment 42, 6465-6471, 2008b.  

•  Liu, Y., J. A. Sarnat, V. Kilaru, D. J. Jacob, and P. Koutrakis, Estimating ground level pm2.5 in the 
eastern united states using satellite remote sensing, Environmental Science & Technology, 39(9), 
3269-3278, 2005.  

•  Wang, J., and S. A. Christopher, Intercomparison between satellite-derived aerosol optical 
thickness and PM2.5 mass: Implications for air quality studies, Geophys. Res. Lett., 30(21), 
2095, doi:10.1029/2003GL018174, 2003. 

•  van Donkelaar, A., R. Martin V.,  Park R. J., Estimating ground-level PM2.5 using aerosol optical 
depth determined from satellite remote sensing. J. Geophys. Res., 111, D21201, doi:
10.1029/2005JD006996, 2006. 

•  van Donkelaar, A., R. V. Martin, M. Brauer and B. L. Boys, Use of Satellite Observations for 
Long-Term Exposure Assessment of Global Concentrations of Fine Particulate Matter, 
Environmental Health Perspectives, 123, 135-143, do:10.1289/ehp.1408646, 2015. 

Suggested References 



Questions 


