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Work/Data Flow & Approaches"

Black: datasets & model already in place; green: existing model capability and 
data flow that will be improved; red: the data and data flow will be created 



National Ambient Air Quality Standards  
NAAQS as of Oct. 2011"

12 μg/m3, "
FR, 15 Jan. 2013"



Existing PM2.5 ground monitoring in continental U.S."
20 June 2013" 21 June 2013"

Blue: ~1000 stations using Federal Reference Method (FRM) as part of Air Quality 
System (AQS). Measure daily PM2.5 at daily, every 3rd or 6th day frequency. !
!
Red: ~600 stations using a variety of techniques to provide continuous (hourly 
resolution) PM2.5 mass, in support of the AIRNow program.!
!
Still, many areas remain unmonitored.  "



Use	
  of	
  EPA	
  Remote	
  Sensing	
  Informa4on	
  Gateway	
  
	
  to	
  deliver	
  VIIRS	
  AOD/PM2.5	
  data	
  products 


•  Current	
  satellite	
  WCS:	
  
Ø  MODIS	
  C6	
  (10	
  km,	
  3	
  km,	
  DB)	
  
Ø  CALIOP,	
  GASP	
  (GOES	
  AOD)	
  
Ø  Prototype	
  NOAA-­‐VIIRS	
  

•  Establish	
  OGC	
  compliant	
  Web	
  
Coverage	
  Service	
  (WCS	
  )	
  between	
  
PEATE	
  and	
  RSIG	
  to	
  add	
  NASA-­‐	
  VIIRS	
  
data	
  (This	
  project).	
  

•  GEOS-­‐Chem	
  scaling	
  factors	
  used	
  to	
  
create	
  a	
  daily	
  Look-­‐Up-­‐Table	
  (LUT)	
  
of	
  the	
  spa4al	
  varying	
  rela4on	
  of	
  
AOD	
  and	
  PM2.5	
  (van	
  Donkelaar	
  	
  et.	
  
al.,	
  2012,	
  ES&T)	
  .	
  

•  Prototype	
  use	
  of	
  AOD-­‐to-­‐PM2.5	
  
scaling	
  factors	
  via	
  regional	
  models	
  
(WRF-­‐CMAQ	
  &	
  WRF-­‐CHEM)	
  and	
  
explore	
  ensemble	
  type	
  approach	
  	
  
(This	
  project).	
  http://ofmpub.epa.gov/rsig/rsigserver?index.html"
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Abstract-The aerosol optical thickness over land is derived from satellite measurements of the radiance of 
scattered sunlight. These data are used to estimate the columnar mass density of particulate sulfur on a day 
with a large amount of sulfur. The horizontal transport of the particulate sulfur is calculated using wind 
vectors measured with rawins. 

Key w&d index: Satellite observations, aerosol optical thickness air pollution, remote sensing. 

1. INTRODUCTION 

Air pollution studies involving the total particulate 
mass, or one of its constituents, in a vertical column 
rely on surface measurements of the mass. The fine 
particle mass density (FPM, diameter < 3pm) is 
linearly proportional to the scattering coefficient of 
light (Waggoner et al., 1981). Using this fact and the 
fact that the surface visibility and aerosol optical 
thickness are uncorrelated, because of the variable 
profiles of extinction coefficient, when the visibility 
range is 5-16 km (Kaufman and Fraser, 1983), one can 
conclude that the aerosol columnar and surface den- 
sities are uncorrelated for this range ofvisibilities. Such 
a range corresponds to FPM between 40 and 
130 c(g rnm3. The FPM frequently falls in this range 
during the summer over the Eastern United States, 
since the average visibility is less than 16 km (Husar 
et al., 1981; Trijonis, 1982). Therefore, the surface 
concentration of aerosol mass is a poor estimator for 
columnar mass on many occasions, especially during 
air pollution episodes. 

The particulate mass can be derived from satellite 
measurements of the radiance of sunlight scattered by 
the earth’s atmosphere. Such a method is most success- 
ful where the surface reflection is weak and fairly 
uniform, as for oceans. Many investigators have been 
involved in making measurements of aerosol optical 
thickness (Griggs, 1975, 1979; Mekler et ol., 1977; 
Charlson, 1979; Koepke and Quenzel, 1979; Kaufman 
and Joseph, 1982)and mass (Fraser, 1976) over oceans. 
Attempts to make such measurements over land do not 

seem to have been reported. Satellite measurements of 
aerosol optical thickness over land and estimates of the 
mass of particulate S and its transport are presented 
here. 

Measurements from the Geostationary Operational 
Environmental Satellite (GOES) by the Visible 
Infrared Spin-Scan Radiometer (VISSR) are used. 
Since VISSR is not calibrated after launch, a post- 
launch calibration method was developed and is 
presented. A discussion of the algorithm follows for 
deriving the aerosol optical thickness and particulate 
sulfur mass over land. Values of the optical thickness 
measured from the ground and satellite are compared. 
Then the transport of particulate sulfur during an air 
pollution incident is given. 

2. CALIBRATION 

GOES stationed near 75”W longitude provides radiance 
measurements of Eastern United States and the Atlantic 
Ocean every f h. The effective wave-length of the visible light 
channels is 610 nm. Radiances are measured in eight channels, 
each with a nadir spatial resolution of about 1 km. 
Unfortunately, VISSR is uncalibrated after launch. 
Furthermore, the gains of the eight channels are changed 
aperiodically to reduce striping that appears in images of the 
earth. Hence, a procedure was developed to calibrate VISSR 
on each day that its observations were used for measuring 
aerosol properties. 

The calibration procedure is based on using the atmos- 
pheric molecular scattering as a calibration source. The 
VISSR voltage counts were collected from many cloud-free 
regions of an Atlantic Ocean image for a day of interest. These. 
counts were related to radiances computed for models of the 
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Fig. 3. Algorithm for deriving aerosol properties from satellite observations. 

transfer model. The last box on the right indicates 
derived aerosol properties that are well correlated with 
the radiance of scattered sunlight and on properties 
that can be calculated with additional data, such as 
winds, which are not derived from satellite 
observations. 

A somewhat different radiative transfer model was 
developed for Eastern United States than for maritime 
regions. The ground was assumed to reflect light 
according to Lambert’s law with a reflectance value 
derived from VISSR observations. The atmospheric 
model was the same as described previously, except for 
the aerosol properties. The size distribution was given 
by Whitby (1978) for the accumulation mode, which is 
the strongly dominant mode for aerosol optical pro- 
perties in the visible spectrum. It is a log normal 
function with a mean and standard deviation of the 
logarithm of the diameter in micrometers of -2.40 
and 0.693, respectively. The index of refraction of the 
assumed spherical particles was 1.43-0.0035 i, resulting 
in an albedo of single scattering of 0.96. Tables of 
radiance are calculated for this model as a function 
of the coordinates of the sun, satellite, and points of 
observation, the surface reflectance, and the aerosol 
optical thickness. 

An error budget for satellite measurements of 
aerosol optical thickness is given in Fig. 4. The 
unperturbed model is representative for VISSR 
measurements of Eastern United States during 
summer at mid-morning. A surface reflectance error 
AR of only 0.01 causes an optical thickness error of 
0.04-0.05. The precision AL, of the radiance measure- 
ments was determined by taking the difference in the 
mean pixel counts over an ocean area of 250,000 km2 
on different days when the gain cr(Equation (2)) 
changed only slightly. The bias radiance error AL, is 
difficult to establish. It could have several sources: an 
error in water reflectance, wrong aerosol models, non- 
linear response by VISSR, and computations. An 
estimate of the bias error is 5 per cent of the relative 
radiance, which results in an optical thickness error 
that increases almost linearly with optical thickness. 
The optical thickness errors associated with relative 
humidity and albedo of single scattering also increase 
almost linearly with increasing optical thickness. The 
total error decreases from 50 to 20 per cent as the 
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Fig. 4. Results of a sensitivity study for the effect of 
several error sources on the error in the VISSR 
measurements of aerosol optical thickness (AL 
= O.OOlL, precision in the calibration; AL, = 0.05 I!, 
bias error in the relative radiance; A r.h. = 10 %, error 
in relative humidity; Ao, = 0.01, error in albedo of 
single scattering; AR = 0.01, error in surface reflect- 
ance). The unperturbed model parameters are: 1 
= 550 nm, solar zenith angle = W, observation polar 
angle = 60” and azimuth angle from principal plane 
= 150”, aerosol index of refraction = 1.43-0.0035 i, 
aerosol albedo of single scatter = 0.96, r.h. = 80% 

and surface reflectance R = 0. 

aerosol optical thickness increases from 0.1 to 1.0. The 
corresponding errors (including bias errors) in the 
experimental data are 90 and 25 per cent (Fig. 2). The 
discrepancy at small optical thickness occurs, because 

Atmospheric Environment, 1984. 

Satellite data 
Aerosol Information 

Retrieval algorithm 
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of aerosol S is derived from GOES data taken at 1300 
GMT on 31 July 1980, and compared with in situ 
measurements. This day was chosen because a large 
effort was made by many other experimenters to 
measure and analyze the properties of the air pollution. 
The sun had been shining for 3 h over Eastern U.S. on 
this day at the time of the satellite observations. A weak 
cyclone with accompanying rain was located over Lake 
Michigan. South of this region weak anticyclonic flow, 
which is associated with elevated air pollution, 
prevailed. 

The columnar mass density of aerosol S is calculated 
by means of (11) and given in Fig. 5. The maximum 
concentrations above 0.045 gmm2 occur over the 
Atlantic Lean and West Virginia. No other estimates 
of the columnar mass have been published. A com- 
parison with satellite estimates of particulate S mass 
(Fig. 5) can be based on measurements of sulfate 
concentration at the ground on the same day, but not 

at the same time, however. Three independent 
measurements of particulate sulfate concentration are 
given in Table 1. The sulfate is assumed to be 
uniformly mixed from the surface to 1700 m above sea 
level, since an aircraft profile of the dry scattering 
coefficient in this layer near Baltimore at 1710 GMT 
was nearly constant (Tichler et al., 1981). Hence, the 
thickness of the aerosol layer is assumed to have been 
1400m in Virginia where the ground elevation is 
300 m, and 1700 m over the Chesapeake Bay. The 
columnar mass of particulate sulfur in column 5 of 
Table 1 is obtained by multiplying these heights by the 
surface sulfur concentration, which is one-third the 
sulfate mass of column 4. The last column gives the 
ratio of sulfur masses based on satellite and on surface 
measurements. The satellite values are a factor of 1.2 to 
2.3 too large. The differences between the two sets of 
data can be attributed to the strong spatial and 
temporal gradients (Fig. 5; Ferman et al., 1981; Tichler 

31 JULY 80 
13002 
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97 90 80 70 64 

Fig. 5. The columnar mass density of particulate sulfur. The units are g m-‘. The transport data on 
Fig. 7 is computed through the boarders shown here. 

Table 1. Comparison of columnar masses of sulfur derived from ground-based and satellite observations. The satellite 
observations were made at 13OOGMT on 31 July 1980 

1 
Place 

Virginia 

2 3 4 5 6 7 8 
Latitude Longitude Particulate Columnar Reference Satellite Ratio columns 
(deg. N) (deg. W) sulfate mass sulfur mass sulfur mass 7 and 5 

@g m-“) (pm-*) (g m-‘) 

38.7 78.3 38 0.018 Ferman et 0.040 2.3 

Virginia 38.7 78.3 38 0.018 

Near Baltimore 39.3 76.4 24 0.014 

al. (1981) 
Stevens et 
al. (1984) 
Tichler et 
al. (1981) 

0.040 2.3 

0.017 1.2 
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Atmospheric loading of 
particulate sulfur 
(gm-2) on 31 July 1980. 
 
Derived from GOES visible 
reflectance are 
•  Aerosol optical thickness 

(AOT)/depth (AOD) 
•  Columnar amount of sulfur  

7/31/1980!



NASA Earth Observation System"

Updated Jan. 2015"

18 Dec. 1999"



Satellite Remote Sensing of Aerosol Transport 

MODIS Aerosol Optical Thickness &  
700mb Geopotential Height 

 
PM2.5 = A*AOD + B 

 
Wang & Christopher, 2003; 
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Past studies on AOD vs. surface PM concentration"
(from Hoff and Christopher, 2009, JAWMA) 

2003 

2009 

multivariate regression, Kriging, neutral network, etc…  "



AOD vs. surface PM is non-linear"

Engel-Cox et al., 2004, JAWMA.  

~200 sites over continental U.S. 

PM vs AOT linear correlation coefficient 

CTM has been used to provide 
ancillary information needed to derive 
surface PM2.5 from AOD.!
(Liu et al., 2004; Wang et al., 2010; 
van Donkelaar et al., 2010).!
!
!



Challenges & Strategies"
•  Challenges: "

•  Vertical distribution, particle size distribution, aerosol composition, 
sampling bias !

•  Cloudy conditions!
•  Strategies:                      !

•  Ensemble modeling using WRF-Chem, WRF-CMAQ, and GEOS-Chem!
•  Spatial & statistical modeling!

!

Satellites"

Surface sites"

Models"

aircraft, ships,"
 sondes, lidars"



Direct Use of Reflectance to constrain CTM Model 

scale the aerosol mass 

τ = τ + ∂ρ/∂ τ × Δρ 

Reflectance 
ρGEOS-chem & 

Jacobian ∂ρ/ ∂τ  
 GEOS-chem 

Harvard 

UNL-VRTM  
surface reflectance  
algorithm (this work) 

ρ MODIS = 
ρGEOS-chem ? 

 

MODIS/Terra 
MODIS/Aqua 

Reflectance 
ρMODIS 

 

MOD04 
MYD04 

Levy et al.  
(2007)  Keep same dark cloud-

free pixels as MOD04. 

AOT(τ) and 3D aerosol mass 

Source, 
Sinks 
Chemical 
reactions 

Wang et al., 2010, RSE. 



Results for April 2008 over China 

Model only" Model + MODIS product"
This work"

Model + MODIS Ref."

Wang et al., 2010!



Surface PM2.5 climatology"

van Donkelaar et al. 2010 !

MODIS & MISR AOD + a CTM (GEOS-Chem)"
PM2.5 averaged during 1/1/2001 – 12/31/2006, 10x10 km2"



 
An ensemble approach  

multiple AOD products + multiple models"

•  Hypothesis: "
–  each satellite AOD product has its unique strengths and 

weaknesses, and a combination of them can yield a better AOD 
product than any individual product"

•  Questions:"
–  if the climatology of PM2.5-AOD ratio can be better represented by 

the ensemble mean of multi-models (instead of one model, GEOS-
Chem, that is currently used); "

–  if the combination of AOD from different sensors and algorithms 
together with PM2.5-AOD ratio from (a) can yield the best estimate 
of PM2.5 than from each individual source of AOD, and "

–  the cost-and-benefits of using hindcast to estimate surface PM2.5 
from AOD. "



JGR, 2007.!
The ensemble PM2.5 forecast, created by combining six separate forecasts 
with equal weighting, is also evaluated and shown to yield the best 
possible forecast in terms of the statistical measures considered. "



Focusing on June 2012"

 Monthly GEOS-Chem PM2.5 (ug/m3) overlaid with 650 EPA sites

20oN

30oN

40oN

50oN

 120oW 105oW 90oW 75oW 60oW

     0 5 10 15 20

 



A case study"6/26/2012 "



 Bias (ug/m3) of GEOS-Chem Monthly PM2.5: 650 EPA sites
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 Correlation coefficient (one-tailed 5% significance level): 332 EPA sites
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WRF-Chem" GEOS-Chem"

bias"

R"

It appears that WRF-Chem does a better job in simulating surface 
PM2.5 over Texas, albeit its large positive bias over eastern part of U.S.!



 Correlation coefficient (one-tailed 10% significance level): 262 EPA sites
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 Save as above but with Satellite AOD applied: 278 EPA sites

20oN

30oN

40oN

50oN

 120oW 105oW 90oW 75oW 60oW

<      -1.0 -0.5 0.0 0.5 1.0

 

 Correlation coefficient (one-tailed 10% significance level): 262 EPA sites

20oN

30oN

40oN

50oN

 120oW 105oW 90oW 75oW 60oW

<      -1.0 -0.5 0.0 0.5 1.0

 

 Save as above but with Satellite AOD applied: 278 EPA sites

20oN

30oN

40oN

50oN

 120oW 105oW 90oW 75oW 60oW

<      -1.0 -0.5 0.0 0.5 1.0

 

 Correlation coefficient (one-tailed 10% significance level): 262 EPA sites

20oN

30oN

40oN

50oN

 120oW 105oW 90oW 75oW 60oW

<      -1.0 -0.5 0.0 0.5 1.0

 

 Save as above but with Satellite AOD applied: 278 EPA sites

20oN

30oN

40oN

50oN

 120oW 105oW 90oW 75oW 60oW

<      -1.0 -0.5 0.0 0.5 1.0

 R!

R after applying MODIS AOD!



 Change of Bias (ug/m3) by Applying Satellite AOD: 476 EPA sites
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|b2| - |b1|!  Change of Bias (ug/m3) by Applying VIIRS AOD: 420 EPA sites
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Applying MODIS AOD!

Applying MODIS-type VIIRS AOD!

MODIS-type 
VIIRS AOD leads 
to significant 
overestimation"
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Ø  User	
  Interface	
  for	
  
New	
  RSIG	
  3-­‐
Dimensional	
  
applica4on.	
  

Ø  Delivers	
  data/
products	
  to	
  user	
  
via	
  web	
  coverage	
  
services.	
  

Ø  Beta	
  tes4ng	
  to	
  
begin	
  summer	
  
2015.	
  

Use	
  of	
  EPA	
  Remote	
  Sensing	
  Informa4on	
  Gateway	
  
	
  to	
  delivery	
  NASA-­‐VIIRS	
  AOD/PM2.5	
  data	
  products 




Ø  Early	
  morning	
  CALIOP	
  overpass	
  shows	
  extremely	
  high	
  
ex4nc4on	
  (532	
  nm)	
  in	
  the	
  lowest	
  2	
  km	
  associated	
  with	
  
smoke	
  from	
  the	
  RIM	
  fire	
  (Aug	
  2013).	
  



Ø  VIIRS	
  AOD	
  (NOAA-­‐EDR)	
  captures	
  high	
  AOT	
  covering	
  most	
  of	
  MT	
  and	
  moving	
  into	
  the	
  
Dakotas,	
  both	
  areas	
  associated	
  with	
  sparse	
  surface	
  PM2.5	
  monitoring	
  coverage.	
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 Change of Bias (ug/m3) by Applying Satellite AOD: 476 EPA sites
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Applying MODIS AOD reduces biases in GEOS-Chem PM2.5"





 Change of Daily Absolute-Bias (ug/m3) by Applying Satellite AOD: 476 EPA sites
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