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Data Sets
• NO2: DOMINO version 2.0 monthly mean from temis.nl 

• HCHO: monthly provided by Isabelle De Smedt from BIRA 

• OMI TOA reflectances 

• AOD: MODIS Aqua collection 5.1, MISR 

• AOD fine mode: POLDER Parasol 

!

• Time period: 2005-2013 

• Regridded to 1x1 degree lat-lon grid



Trend Analysis

• 198 cities ranging in population from 2 to 34 million 

• For each of the cities time series are extracted from 
the Level 3 datasets 

• The time series are fitted using the following formula: 

!

• P-value to check the statistical significance. 

c(t) = a0 + a1t+ a2 sin(2πt) + a3 cos(2πt) + a4 sin(4πt) + a5 sin(4πt) 



Trend Analysis

• 198 cities ranging in population from 2 to 34 million 

• For each of the cities time series are extracted from 
the Level 3 datasets 

• The time series are fitted using the following formula: 

!

• P-value to check the statistical significance. 

c(t) = a0 + a1t+ a2 sin(2πt) + a3 cos(2πt) + a4 sin(4πt) + a5 sin(4πt) 











~1000 km; otherwise inhomogeneity in ozone distribution
could interfere with SO2 retrievals, thus assuring that bias
will vary within R. A value of 700 km was used for
Figures 10 and 11. The selection of the parameters for the
filtration procedure R, r, as well as the use of tenth percentile
are rather subjective, and more validation should be done in
order to find the “optimal” values, but as our main goal here
is to show that data from different satellite instruments pro-
duce similar results if they are processed in the same way,
this lies beyond the scope of this work.
[46] The corrected data are shown in Figure 10, and the

background values or the difference between the original
and corrected data are in Figure 11. The filtration procedure
largely removes the differences between the four data prod-
ucts. The corrected data also show a decline in SO2 between
2005–2008 and 2007–2010 reported in the literature [Li
et al., 2010a, 2010b]. This is further illustrated in
Figure 12, which shows the annual mean values calculated
from all SO2 measurements (with data filtering applied as de-
scribed in section 2) over an area (34°N–38°N, 112°E–118°
E) with some of the highest SO2 levels in China. While four
data sets show a maximum in 2007, the absolute values are
very different, with 1.7DU from OMI and about 2.5DU

from SCIAMACHY and GOME-2. This difference is largely
caused by difference and variations of background levels.
They are relatively small for OMI, but they are as large as
0.7DU for the two other instruments.
[47] The patterns and absolute levels of the background

values (Figure 11) are nearly identical for the two intervals
for OMI but different for the three other data products.
Large negative values in GOME-2 DLR background values
are located in the areas of high elevation (Tibet) and are likely
related to the problems in the retrieval algorithm since other
satellite data sets do not display the same behavior. The
OMI background values (Figure 11) show a clear step change
at 30°N related to the change of a priori ozone profiles in the
current SO2 algorithm. If a priori ozone profiles have such
large impact on background levels, it can be expected that ac-
tual variation in the vertical ozone distribution also affect the
retrieved SO2. China is located in the region of a very strong
latitudinal gradient in total ozone, particularly in spring [e.g.,
Fioletov, 2008], and therefore there is a large variability in
the ozone distribution. Difference in the ozone profile sensi-
tivity of the retrieval algorithms between OMI and the two
other instruments may explain the observed difference in
the background values between them. However, we were
not able to establish a link between ozone variations and
background SO2. Figure 11 also shows that significant longi-
tudinal structure exists in these biases, confirming the suspi-
cion from Lee et al. [2009] that a simple latitude-based bias
correction may be insufficient.

5. Summary and Discussion

[48] Averaging a large number of individual satellite pixels
together with a local bias correction (i.e., low and high spatial
frequency filtration) was applied to OMI, SCIAMACHY,
and GOME-2 satellite SO2 measurements to detect and study
long-term changes in natural and anthropogenic SO2 sources.
About 30 continuously emitting, localized sources, detect-
able by all three instruments, were found. Some of these
sources, e.g., Norilsk, Russia, were previously detected in
satellite data; the others, e.g., the oil fields in the Gulf of
Mexico, were reported from satellite SO2 measurements for
the first time. Moreover, detailed or recent emission informa-
tion is not always available for some of these sources.
Therefore, their detection and estimate of their emissions rep-
resents a significant practical application of satellite
SO2 measurements.
[49] All four data products also demonstrate high regional

SO2 values over industrial regions of China. However these
large values are partially caused by local biases. A spatial fil-
tration procedure was developed to separate background SO2
that is largely artificial from small-scale local SO2 enhance-
ments caused by pollutions. The observed SO2 values were
then corrected by removal of the background levels. The
corrected SO2 values show very similar patterns and absolute
values for all four data products, while the removed back-
ground levels and patterns are very different.
[50] The influence of ozone variations of SO2 retrievals

and changes in instrument characteristics cause local biases
in the retrieved SO2 values from satellite instruments. Such
local biases persist over vast (on a scale of thousands of
kilometers) areas; therefore, great care should be taken before
these data are utilized, for example, by assimilation in air
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Figure 12. (top) The mean SO2 values over an area (34°N–
38°N, 112°E–118°E) from OMI, SCIAMACHY, and
GOME-2 (DLR and SAO), (middle) the mean SO2 values
with local bias removed by the procedure described in the
text, and (bottom) the difference between the two panels.
Values are given in DU.
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[1] Retrievals of sulfur dioxide (SO2) from space-based spectrometers are in a relatively
early stage of development. Factors such as interference between ozone and SO2 in the
retrieval algorithms often lead to errors in the retrieved values. Measurements from the
Ozone Monitoring Instrument (OMI), Scanning Imaging Absorption Spectrometer for
Atmospheric Chartography (SCIAMACHY), and Global Ozone Monitoring Experiment-2
(GOME-2) satellite sensors, averaged over a period of several years, were used to identify
locations with elevated SO2 values and estimate their emission levels. About 30 such
locations, detectable by all three sensors and linked to volcanic and anthropogenic sources,
were found after applying low and high spatial frequency filtration designed to reduce noise
and bias and to enhance weak signals to SO2 data from each instrument. Quantitatively, the
mean amount of SO2 in the vicinity of the sources, estimated from the three instruments, is
in general agreement. However, its better spatial resolution makes it possible for OMI to
detect smaller sources and with additional detail as compared to the other two instruments.
Over some regions of China, SCIAMACHY and GOME-2 data show mean SO2 values that
are almost 1.5 times higher than those from OMI, but the suggested spatial filtration
technique largely reconciles these differences.

Citation: Fioletov, V. E., et al. (2013), Application of OMI, SCIAMACHY, and GOME-2 satellite SO2 retrievals for
detection of large emission sources, J. Geophys. Res. Atmos., 118, 11,399–11,418, doi:10.1002/jgrd.50826.

1. Introduction

[2] Sulfur dioxide (SO2) plays an important role in the
Earth atmosphere. It forms sulfate aerosols that influence
weather and climate [Intergovernmental Panel on Climate
Change, 2001], leads to acid deposition through formation
of sulfuric acid (H2SO4) [e.g., Hutchinson and Whitby,
1977], and poses a direct hazard to public health [e.g., Pope
and Dockery, 2006; Longo et al., 2010]. Satellite SO2

observations have been used to calculate volcanic SO2 bud-
gets and to monitor plumes from volcanic eruptions [e.g.,
Krueger et al., 2000; Carn et al., 2003; Rix et al., 2012]. It
was also demonstrated that satellite instruments can detect
SO2 signals from anthropogenic sources [e.g., Eisinger and
Burrows, 1998; Thomas et al., 2005; Carn et al., 2007;
Georgoulias et al., 2009; de Foy et al., 2009; Lee et al.,
2011; Nowlan et al., 2011; McLinden et al., 2012] and even
monitor changes in emission from these sources [Fioletov
et al., 2011]. Likewise, satellite SO2 data were employed to
study the evolution of emissions from China [Witte et al.,
2009; Li et al., 2010a, 2010b; Jiang et al., 2012].
[3] SO2 can be retrieved from satellite measurements in the

thermal infrared (IR) and ultraviolet (UV) parts of the
spectrum. The former type of measurements employed, for
example, by Infrared Atmospheric Sounding Interferometer
(IASI) instrument, can be used to trace SO2 from volcanic
eruptions [Karagulian et al., 2010; Clarisse et al., 2012]
and transcontinental transport of SO2 pollutions from China
[Clarisse et al., 2011]. Measurements in IR are based on
the temperature contrast between the surface and air, and
therefore they have reduced sensitivity to the boundary layer.
The UV-based measurements are sensitive enough to detect
boundary-layer SO2 [e.g., Krotkov et al., 2006] and therefore
are better suited for monitoring of anthropogenic SO2
sources and non-eruptive gaseous volcanic emissions.
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Emission Scenarios - India
RCP 4.5 - India
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Emission Scenarios - India
RCP 8.5 - India
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Emission Scenarios - China
RCP 4.5 - China
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Emission Scenarios - China
RCP 8.5 - China
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Emission Scenarios - China
RCP 8.5 - China
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Stabilisation of AOD at 2005 levels leads 
to a +5 Wm-2 TOA radiative forcing in 

2020 wrt to the RCP scenarios 



Conclusions
• The OMI/Aura dataset is excellent for trend studies. 

• Over India NO2, formaldehyde and AOD are increasing. 
The increases are in line with the Rcp emission databases. 

• Over NE China NO2 is increasing in line with the Rcp 
database. In disagreement with Rcp, AOD has not been 
increasing from 2005-2013, likely due to air quality 
measures. 

• The absence of a trend in AOD over China leads to an 
additional +5 Wm-2 TOA regional radiative forcing wrt to 
the Rcp database.


