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Strategy for Retrieval Algorithm!
•  Algorithm development strategy!

–  Forward thinking: the GOES+TEMPO synergy algorithm is for 
aerosol science 5-8 years from now. !

–  Holistic thinking: aerosol will affect O3 and other gas retrieval in 
UV + Vis gas retrieval algorithm; likewise, gas affects aerosol 
retrieval.!

–  Think about users: !
•  satellite data are valuable but can not provide all information 

users needed. !
•  Getting the data is not a key question; the key is the 

uncertainty associated with each retrieval and how does that 
help what users already have, in places where obs. data is 
not available. !

•  A big community to use these data will modelers and data 
assimilation folks. !

–  Think about validation: link retrieval to what can be measured.!
–  Think about STM: climate or air pollution?!
–  Start with theory, then real data!

! slide from 2014 GEO-CAPE meeting!



The retrieval framework has been tested with  
AERONET multiple spectral and polarization data!



Progress for TEMPO Retrieval Algorithm!
•  What we have been developed so far:!

–  A inversion/optimization framework that is consistent with what 
TEMPO’s gas retrieval framework!

–  Seek  to provide uncertainty for each individual retrievals.!
–  State-of-the-art treatment of gas absorption!
–  Tested with AERONET sky radiance so far; Put physically-based 

constraints to ensure retrieval smoothness and reduce unphysical 
outliers.!

–  Tested with synthetic data and GEO-TASO data!

•  Decision has not been made; some can not be answered without further 
studies:!
–  Treatment of surface (there were multi-ways to do it, discuss later)!
–  The role of priori knowledge for the retrieval: e.g., aerosol climatology 

from models, ground-based network, and existing satellite products.!
–  What to retrieve and what not? Trying to pushing the limits, while still 

maintaining good accuracy. Fine-mode AOD, surface reflectance?!

!



JQSRT, 2014!

JQSRT, 2016!

GOES+TEMPO!

TEMPO/GEO-TASO!



GOES-R  
to be launched in 2016?!

ABI: Advanced Baseline Imager !

from Schmit et al., 2005. !



Joint retrieval reduces AOD and fine-mode AOD uncertainties respectively from 30% to 
10% and from 40% to 20%.!
!
The improvement of AOD is especially evident for cases when either TEMPO or GOES-R  
(but not both) are located close to the direction of the Sun (solar azimuth).!



Brief History of Geo. Weather 
Satellite!

1st geo., launched in 02/14/1963,  !
a communication sat., NASA!

Syncom I!

GOES-A/1!

1st  geo for environment!
GOES-1, launched 10/16/1975, NASA !

Himawari-8!
Latest geo weather, JAXA!
Launched 10/7/2014!

Spin Scan Radiometer (VISSR)!
0.55-0.75 μm, 1 km !
10.5-12.6 μm, 9 km!
!

Advanced Himawari !
Imager (AHI)!
16 bands!
3 vis. , 1 km & .5 km!
4 NIR, 2 km!
9 TIR, 2 km.!
10 minutes/full disk!
 !



Brief History of Geo. Aerosol/Air  
 Pollution Satellite!

Satellite measurements of aerosol mass and transport 2581 

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 
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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 

Fraser, Kaufman, Mahoney, 1984, AE !

GOES-2!

MSG, 8/28/2002!
12 channels!
2 visible!

GOCI!
6/10/2010I! Lahoz et al., 2012!

Fishman et al., 2012 !

Launch 2018?!
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ocean-atmosphere system (Ahmad and Fraser, 1982). The 
regions for calibration were far removed from the bright 
glitter pattern of the sun. In such regions the radiance was 
insensitive to the sea state, which depended on the surface 
wind speed. The radiance changed by only one per cent for a 
likely range of wind speeds between 2 and 10 m se I, An 
additional weak reflectance of 0.005 accounts for the light 
scattered from below the ocean surface. 

The model atmosphere contained the standard gases, the 
absorbing gas ozone, and aerosols. The maritime aerosol 
model of Shettle and Fenn (1979) at a relative humidity of 80 
percent was used. The size distribution over the optically 
effective range follows a power law 

dn/d log r - r 2.4n, (1) 
where n is the number density of spheres with radius r. Their 
index of refraction was 1.35-1.1 x 1O-8 i. The aerosol optical 
thickness was 0.1. The relative contributions to the radiance 
by the aerosols, surface, and scattering gas were about 20, 15 
and 65 per cent, respectively, for the Atlantic Ocean region. If 
the uncertainty in aerosol optical thickness is + 0.075 (Toon 
and Pollack, 1976). then the radiance uncertainty caused by 
the amount of aerosols is + 12 per cent and another f 10 per 
cent iscaused by all other error sources (Koepkeand Quenzel, 
1979) for a total radiance error of + 16 per cent. 

The radiance L of the earth-atmosphere system at the 
satellite and VISSR voltage counts (C) are related by the 
following equation 

, L = bl (C- -- C;)/(255)‘, (2) 
where a is the gain, Co is the count for zero radiance, and the 
VISSR counts are supplied as an I-bit number. C, is obtained 
by viewing black space beyond the limb of the earth; during 
1980 Co = 8. The gain a is just the slope of a regression line of 
the radiance L on C*. 15-40 pairs of L, C* values were 
obtained for each image of the Atlantic Ocean. The slopes of 
1000 regression lines were calculated with these pairs by a 
bootstrap statistical inference method (Diaconis and Efron, 
1983). The gain a for a particular time is the average slope of 
the 1000 regression lines. The regression values of the gain 
that were computed for a summer of 1980 are given in Fig. 1. 
During 6 weeks the gains for the SMS 2 VISSR changed by 25 
per cent. 

In order to validate the calibration method, values of 
aerosol optical thickness over land derived from VISSR 
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Fig. 1. The mean values of the 
gain a (Equation (2)) for VISSR 
on GOES stationed at 75”W lon- 
gitude. The error bars include 68 
per Cent of the gains calculated by 

Fig. 2. Comparison of satellite and ground-based 
measurements of aerosol optical thickness. The 
error bars represent the range of surface values for 
about one-half hour near 1300 GMT, July and 
August 1980. Thecontinuous line is the mean value 
of the regression lines, and the dashed lines include 
68 per cent of the regression lines calculated by the 
bootstrap method. The squares represent measure- 
ments near Washington, D.C., circles for Miami, 

the bootstrap method. Florida, and triangles for Columbus, Ohio. 

radiances durmg the summer of 1980 are compared with 
values derived from surface measurements of solar trans- 
mission (Fig. 2). The algorithm for utilizing the satellite obser- 
vations will be discussed later. The surface observations were 
made in three regions where the optical properties of the 
aerosols may differ (near Washington, D.C., Columbus, Ohlo, 
and Miami, Florida). The accuracy of the regression line in 
Fig. 2, is estimated by calculating its equation for 1 o(X) sets of 
data according to the bootstrap statistical method (Diaconis 
and Efron, 1983). The dashed lines include 68 per ccnc of the 
regression lines. The mean regression line would pass near the 
origin and be inclined near 45’ from the axes, if the satellite 
and ground-based values of optical thickness were nearly the 
same. The mean regression line, however. is biased 0.07 above 
a 45”~line through the origin. We do not have a reliable 
explanation for this bias. The maximum error in the satellite 
measurements of optical thickness are shown by the upper 
line, which exceeds the values of the 45 -line by 0.09 to 0.19 as 
the optical thickness increases from 0. I to 0.8. 

3. ALGORITHM 

The algorithm tbr deriving aerosol properties is 
given schematically in Fig. 3. The VISSR counts are 
taken for regions that are expected to be free ofclouds. 
Infrared images screen out thin cirrus clouds. These 
operations take place on an interactive Atmospheric 
Oceanic Information Processing System (AOIPS). The 
surface reflectance is derived from VISSR observations 
on days with small amounts of haze. Atmospheric 
optical effects are accounted for with a model with 
aerosol optical thickness of 0.1. The surface reflectance 
on days with larger amounts of haze is assumed to be 
the same as on nearby days with low amounts of haze. 
The aerosol optical thickness is derived from the 
calibrated VISSR radiances by means of a radiative 
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GOES-R!
2016?!

Schmit et al., 2005!

Lee et al., 2010. !
RSE!
6 visible!
2 NIR !



TEMPO 
GOES-R 

Policy-relevant science and environmental services enabled by common observations 
•  Improved emissions, at common confidence levels, over industrialized Northern Hemisphere 
•  Improved air quality forecasts and assimilation systems 
•  Improved assessment, e.g., observations to support the United Nations Convention on Long 

Range Transboundary Air Pollution 

Courtesy Jhoon Kim, 
Andreas Richter 

GEMS 
Himawari 

 

Sentinel-4 
MSG 

Hyperspectral GEO Era is coming! 



Most aerosol algorithms use data from radiometers  
!

Wang et al., 2014, JQSRT!



Past work done using spectral fitting, primarily in 
the infrared spectrum!

ACP, 2013!
(sulfate acid, ammonium sulfate, !
dust, smoke, volcanic ashes) !



Hyperspectral remote sensing of aerosols in the 
shortwave spectrum? !
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Need to characterize the surface spectra.!

AOD=1!



Spectral characteristics of different surface types!



PCA analysis of surface reflectance!



Self-consistent Check!
assuming aerosol properties are well known (such as in field campaigns to 
derive surface reflectance); 1% measurement error.!
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(d)

 ρs
r1: y=0.99x-0.0001, R=0.999, rms=0.001

 ρs
r2: y=1.08x-0.005,  R=0.998, rms=0.001v  Only 6 weight factors of PCA are retrieved to reconstruct surface reflectance. !

v  Error in reconstruction in terms of rms is < 0.003.!

Plant surface case! Rangeland surface case!

Hou et al., 2016, JQSRT!



A numerical test: can we retrieve PCs from 
hyperspectral reflectance measured at TOA?!



The challenge: 
strong coupling between surface & atmosphere !

sfc+atm. coupling!

AOD = 0.2!



TOA spectra, at atmospheric window channels, resonates 
the characteristics of surface reflectance, regardless of AOD!



Evaluation of PC and W derived from TOA spectra 
(after correction of Rayleigh scattering)!



Errors in reconstructed surface spectra from 
different methods!



Total DFS Analysis (TEMPO spectral range) 
!assuming surface spectra is known with uncertainties!



Total DFS Analysis (400-2400 nm ) 
!

AOD = 0.2! AOD = 0.8!

assuming surface spectra is known with uncertainties!



DFS for aerosol parameters as a function of AOD!



DFS for retrieving W!

400-700 nm! 400 - 2400 nm!



DFS for aerosol retrieval parameters!



DFS for retrieving W for PCs!

AOD = 0.2! AOD = 0.8!



If we reconstruct the surface spectra using TOA 
spectra in low-AOD conditions!

DFS for aerosol size parameters!



DFS for aerosol refractive index!

AOD = 0.2! AOD = 0.8!



30!

Ø Segment of picture at each band	  

The aircraft GEO-TASO data in Houston, Sep. 13, 2013 	  

Real Data Analysis!



31!

Ø AOD retrieved from GEO-TASO  	  



32!

Ø AOD validation	  





Summary!

•  TEMPO has strong synergy with GOES-R!

•  TEMPO’s unique offer!
–  Hourly, high spatial resolution (4km),measurements of UV for 

aerosol retrieval  - 1st time of its kind!
–  Hourly Vis spectra contains more information for 

characterizing aerosols, especially fine-mode particles (reff and 
real-part of refractive index) !

–  In line with trop. O3 retrievals that will have a surface spectra 
database, it likely we will had at least two pieces of information 
for aerosols in addition to AOD.!

•  Making good progress with GEO-TASO data!

•  No heritage algorithm, so it takes time to develop…!



400 – 2400 nm!



400 – 2400 nm!



Error in reconstructed surface reflectance!



Thank you.!



ABI Capability  
!

http://www.goes-r.gov/!


