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Outline 

• Satellite data analysis 

• Emission estimates from satellite data 

• Global SO2 sources 

• Applications for Canada, oil sands 

• Validation of satellite data, Pandora 

spectrometer 



Mean SO2 from OMI near Thompson, Manitoba 

(55N, 98 W).   

Wind direction 

Downwind decay of pollutants can be studied using a rotation scheme in which 

the locations of all observation are adjusted so that the have a common wind-

direction 

Merging satellite data and meteorology 

The Thompson smelter 

The same data after rotation of all pixels around 

the source in a upwind-downwind direction. 
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The fitting algorithm: OMISO2 = a f(x,y) g(y,w) 

OMI PCA data: 
 

a. Mean total column SO2 (in DU) near Norilsk 

(69°N, 88°E) after rotation of all pixels in a 

upwind-downwind direction for 2005-2013 

stratified by the wind speed. The axis show the 

distance from the source in km.  

 

b. Mean total column SO2 near Norilsk for 

different wind speed groups for the area within 

±50 km across the wind direction (the white 

rectangle in (a)) as a function of the distance 

from the source (negative for the downwind), 

after rotation of all pixels in a upwind-downwind 

direction.  

 

Fitting results: 
 

c. Exponentially modified Gaussian function 

g(y, w), where y is the distance from the source 

and w is the wind speed that represents the 

best fit to Norilsk data on the left.  

  

 

d. The fitting results for different wind speeds 

as indicated on the plot. 
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f(x, y)  - Gaussian function, g(y, w) - Exponentially modified Gaussian function; 

y 

x 

Wind direction 



The fitting algorithm: OMISO2 = a f(x,y) g(y,w) 

f(x, y)  - Gaussian function, g(y, w) - Exponentially modified Gaussian function; 

y 

x 

Wind direction 
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Parameters σ, λ, and a, were estimated from the fit 
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Emissions: E=a/τ, where (1) τ is prescribed or (2) estimated as 1/ λ 

x, y are the coordinates, w is the wind speed 

It is assumed that SO2 concentrations (emitted from a 

point source) decline with time (t) as exp(-λt), i.e., 

with a constant decay rate (τ=1/λ) 
σ  represents the spread due to diffusion 



Estimation of emissions from US major sources using 

OMI PCA data 

(left) Scatter plots of annual SO2 emission from the largest 

US sources in 2005 vs. emissions calculated from OMI 

data for 2005-2007 assuming a constant the decay time 

(τ=6 hours) estimated from the best fit of the reported 

emissions 

 

(right) The same plot but with emissions calculated from 

OMI data with both parameters estimated from the fit.  

Emissions are given in kt y-1 calculated assuming a 

constant emission rate.   

 
The error bars represent the one sigma confidence intervals. Different colors 

indicate estimated decay times (τ =1/λ). 

The mean column SO2 values (in DU) for 2005-2007 near the 

largest US SO2 source (Bowen power plant in Georgia, 

170 kt y-1 in 2005) located in the center of each plot.  The data are 

stratified by the wind speed. The right column demonstrates the 

fitting results for different wind speeds as indicated on the plot. 
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τ is prescribed  τ =1/ λ 



OMI SO2 “catalogue” 

Industrial 

• The detectability levels about 70 kt per year for the old OMI PBL data and ~30 kt per 

year for OMI PCA data 

• >200 sources can be detected 

• emissions to be derived, some not currently in inventories 

… still work in progress 



OMI, 2005-2007  

SCIAMACHY and GOME 2 are less sensitive than OMI.  
They can only see ~30 individual sources out of ~200 seen by OMI. Case study: Megalopolis, Greece, one of the 

largest SO2 emission sources in Europe (230 kT/y in 2007), in on the border of their sensitivity 

  

Mean SO2 distribution over Megalopolis power plants, 

Greece, in DU. (left panel) SO2 values in DU and (right 

panel) the rations between the mean SO2 and the standard 

error of the mean are shown. No statistically significant 

signal appears in SCIAMACHY and GOME-2 DLR data, 

while OMI and GOME-2 SAO data show significantly 

elevated  SO2 values in the vicinity of the power plants.  
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City 

Power plant(s) 

Oil sands 

Smelter 

NO2 SO2 

OMI view of Central Canada 

Alberta   

Manitoba  

Saskatchewan Alberta   

Manitoba  

Saskatchewan 

2005-2007 



Oil sands monitoring 

• Oil sands refers to a type of petroleum deposit in which the oil is very thick and 

sticky (called “bitumen”) and mixed with sand, water, and clay  

• Canada has a proven reserve of ~170 billion barrels with production increase 

from 0.7 mBPD (2000), 1.8 mBPD (2010), to 3.8 mBPD (2020)  

• Surface mining & upgrading processes emit NOx and SO2 into the atmosphere 

  

Mining & Transport Extraction Separation Primary Upgrading Secondary Upgrading 

Steps in Surface Mining from The Oil Sands Process, CNRL 

NOX 

SO2 

surface mining region 



VCD [DU] 

2005-2007 2011-2013 

2005 – 2013 

average 

E(NPRI*) = 100 kt[SO2]/yr E(OMI) = 89±19 kt[SO2]/yr  = 4.3 hours 

 75 kt 
 22 kt 

100 km 

SO2 emissions due to “upgrading” 
(converting bitumen to synthetic 
crude) 
• Only  two significant sources, 
both in southern,       ,mining 
region 
• Northern mines pipe  bitumen 
off-site for upgrading  
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NPRI

OMI

OMI SO2 over the oil sands 

 fixed at 4.3 hours 
to stabilize fits  

*NPRI = National Pollutant Release Inventory 

3-year averages 
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2005-2007 2011-2013 

VCD [1015 cm-2] 

100 km 

OMI NO2 over the oil sands 

NO2 emissions due to “upgrading” (50%) 
(converting bitumen to synthetic crude) 
and large vehicles (50%, more uncertain) 
• Two significant point sources 
(upgraders), both in southern mining 
region,  
• Significant area sources in       and  
• Change in distribution consistent with 
expansion into the north 

Estimated NO2 lifetime is 
about 2.5 hours 
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Trend =  3.3   0.4%/yr
Trend =  5.7   0.8%/yr
Trend =  3.3   0.4%/yr
Trend =  5.7   0.8%/yr

NPRI

OMI
3-year averages National Pollutant Release Inventory 

E and  determined by fitting the 
downwind decay of NO2  [similar to 

Beirle et al., Science, 2011] 

 
NOx / NO2 = 1.35 assumed   

Is this difference real, from missing 
source in NPRI (e.g., construction) ? 



Fort McMurray

Fort McMurrayFort McMurray

Fort McMurray

Fort McMurray

Fort McMurray

2008-2010 

2005 2010 

Landsat Image 

Mean NO2 from  

OMI satellite 

2008-2010 

NO2 over North likely due to 

transportation since no NPRI 

(point source) emissions 

South 

North 

Rapid expansion in North; 

additional mines operational 

NO2 over South due to some 

combination of upgraders 

(point sources) and 

transportation 

2005-2007 

Only mines with large 

on-site upgraders 

Fort McMurrayFort McMurrayFort McMurray

Mean SO2 from  

OMI satellite 

2005-2010 
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Tropospheric  

NO2 
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  Pandora-BoxModel 

In-situ 

SO2 
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  Pandora 

In-situ x 4 
Mean Pandora NO2 and SO2 at Fort 

McKay in 2013 as a function of the wind 

direction. Both Pandora and in-situ data 

shows similar patterns: high SO2 values are 

associated with south-east winds, while 

high NO2 values are observed during south-

east and north winds 

Fort McKay Fort McKay 
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Aerosol Optical Depth at 340 nm 

Pandora 104 
SO2 Vertical Column Density in DU 

(1 DU = 2.69 x 1016 mol cm-2) 

August 23 

is in black 

Different  

colours  

represent  

different days 

Remote Sensing Instruments (CIMEL and Pandora), 

EC site at Fort McKay 

Pollution episode at Fort McKay on August 23, 2013 

 

Pandora spectrometer was 

installed at Fort McKay in 

August 2013. Pandora 

operates in DS DOAS mode 

using spectral range 300 nm-

500 nm to retrieve Ozone, 

SO2 and NO2.   

 

 

CIMEL sunphotometer  

Pandora 104 

Pandora 104 
NO2 Vertical Column Density in DU 
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• New EC AMF based on 15 km x 15 km resolution AQ model (McLinden et al., ACP, 2014) 

• EC AMF increases NO2 and SO2 over the mining area by factors of 2 and 1.4 respectively 

• EC AMFs substantially improves agreement as compared to operational algorithms 
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Pandora

OMI(EC)

OMI(TEMIS)

Pandora-OMI NO2 comparison 

Sept 16? 

After filtering and cloud-screening, 

only 8 coincidences (in ~60 days) 

 

Good quantitative consistency on 5 or 

6 days 
Pandora location 



Possible Canadian ground-based remote-sensing sites for satellite validation 

  
Background: Mean OMI NO2 over North America (Oct 2004 – Aug 2013) NO2 

Saturna 

Stony Plain 

Egbert 

Downsview 

The oil sands region 



Thanks for your attention! 
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