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Background and Motivation

SO2 plays an important role in global/regional environment:
• A designated air pollutant.
• A precursor to sulfate aerosols (haze/acid deposition/climate).
• Helps to track volcanic plumes for aviation safety.

Hourly, high resolution measurements by TEMPO will greatly 
enhance capabilities of SO2 monitoring over North America.

But there are also challenges:
• Anthropogenic SO2 emissions from the U.S. have seen 

substantial reductions – requires algorithms with good 
sensitivity.

• TEMPO data volume > 10x larger than OMI – necessitates fast 
algorithms, especially for near-real-time (NRT) applications. 

OMI SO2 2005

OMI SO2 2017

Featured in 2018 EPA Air Trends Report



I(λ)/I0(λ), can be modeled with the weak absorption Beer-
Lambert law [e.g., Platt and Stutz, 2008] as
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where I(λ) and I0(λ) are the Earthshine radiance and solar
irradiance at TOA, respectively, Sg is the number density
of gas g along the optical path (slant column density, SCD),
P(λ) is a polynomial term representing broadband effects in-
cluding atmospheric Rayleigh and aerosol/cloud Mie scatter-
ing and surface reflectance, and RRS(λ) is a term to account
for the rotational-Raman scattering (also known as the Ring
effect). Sg can be estimated through least squares fitting that
minimizes the differences between the measured and
modeled radiance spectra (i.e., left- and right-hand sides of
equation (1)). It may then be converted to a vertical column
density (Ωg or VCD) with an estimate of the air mass factor
(AMF). The AMF is typically calculated at a single wave-
length based on a prescribed vertical profile of gas g along
with other assumptions.
[6] Uncertainties in the DOAS fitting can arise from inaccu-

rate modeling of the various physical processes in equation (1)
as well as artifacts in the radiance measurements (e.g., stray
light). For example, the rotational-Raman effect is very diffi-
cult to model accurately in the SO2-relevant spectral window
since it involves the filling-in of both telluric and solar lines
and is sensitive to cloud properties. The measurement artifacts
often require the addition of an effective absorber term in the
fitting, but modeling of them can also be quite complicated
and may or may not fit the formulation in equation (1). As with
the DOAS method, the BRD and ISF algorithms also rely on
empirical, instrument-specific corrections to the radiance data
in order to reduce retrieval noise and biases.
[7] Instead of attempting to model all these various factors,

we propose to replace them with characteristic features
derived directly from the measured Sun-normalized radi-
ances. In this algorithm, the PCA technique is applied to
the radiance data to extract a set of PCs that capture most of
measurement-to-measurement variation of the radiances
(in the absence of the signal of interest). For our problem,
we may use data from a region presumed free of SO2 (e.g.,
the equatorial Pacific). Then, the derived PCs will capture
physical and measurement details other than those associated
with SO2 absorption. The PCs are ordered so that the first PC
explains the most of variance, the second PC explains the
second most of variance, and so on. A set of nν PCs (νi) can
be used along with the sensitivity of the radiances to the SO2
column (SO2 Jacobians, ∂N=∂ΩSO2) to form a forward model:
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whereN is a measuredN value spectrum (N(λ) =$100& log10
(I(λ)/I0(λ)). For polluted regions with actual SO2 signals, the
forward model can be inverted through standard least squares
fitting to simultaneously retrieve the VCD of SO2 (ΩSO2) and
the coefficients of the PCs (ω). Note that an assumption here is
that a linear combination of PCs calculated from SO2-free re-
gions can well describe the non-SO2 affected radiances in
SO2-polluted areas. In most cases this assumption should hold
true given the relatively weak absorption by SO2 outside of

polluted regions. The use of SO2 Jacobians for the entire fitting
window also removes the step for converting SCD to VCD
using an AMF.

2.2. Application to the OMI Instrument
[8] OMI level 1B (L1B) radiance and irradiance data in the

spectral window of 310.5–340 nmwere used in this study, to-
gether with the VCD of O3 (ΩO3) from the L2 OMTO3 product
[Bhartia and Wellemeyer, 2002]. This spectral window
includes the strong SO2 absorption band at 310.8 nm
and minimizes potential interferences due to stray light
at shorter wavelengths. Our experiments also showed that
the inclusion of wavelengths> 340 nm had no discernible
impacts on retrievals. To better account for the orbit-to-
orbit measurement artifacts, we analyzed data from one
orbit at a time. Because the 60 cross-track positions
(rows) of OMI are individual detectors (and essentially
different instruments), we also treated each row of each
orbit separately and filtered out pixels with slant column
O3 (SO3)> 1500 DU (Dobson unit, 1 DU = 2.69& 1016

molecules/cm2); large SO3 can diminish the measurement
sensitivity to SO2. SO3 was calculated from ΩO3, the solar
zenith angle (θ0), and the viewing zenith angle (θ),

SO3 ¼ ΩO3 sec θ0ð Þ þ sec θð Þð Þ: (3)

[9] After data screening, about 900–1300 pixels of various
cloud fractions remained in each row for the PCA. We tested
a few different sets of input spectra for generating the PCs:
(1) the N value spectra, (2) the N value spectra normalized
against 340 nm, and (3) the N value spectra after a fitted sec-
ond-order polynomial were subtracted from each spectrum.
As the retrievals of SO2 were generally very similar for these
different PCAs, hereafter we focus on the first method.
[10] Given the presence of transient SO2 plumes, one

challenge is how to differentiate between SO2-free and
SO2-polluted regions. We note that for the vast majority
of pixels, SO2 absorption is normally not strong enough to
cause significant changes in the radiances. It is thus unlikely
for the PC(s) associated with or affected by SO2 absorption
(vSO2) to be among the first few leading PCs, even if PCA is
conducted on an entire row without first screening out pol-
luted scenes. As long as nv is sufficiently small to exclude
vSO2 from equation (2), reasonable initial estimates of
SO2 (ΩSO2_ini) can be obtained. A second step PCA can then
be applied to pixels with small ΩSO2_ini (in this study the
threshold was set at ±1.5 standard deviations for each
orbit/row) to extract a new set of PCs to update equation
(2), followed by updated retrievals of SO2. This step can be
repeated. We found that the changes in the retrieved SO2 gen-
erally became very small within two iterations. We conducted
the second step PCA and retrievals for three segments of each
row: a “tropical” region with SO3< 100 DU+min(SO3), and
two regions north and south of it. The resulting PCs for each
segment more closely matched the measurements than the
PCs acquired using the entire row. The use of these regionally
derived PCs reduced retrieval biases.
[11] Another important consideration is how to determine

nv, the number of PCs to use in equation (2). Too few PCs
will lead to large biases in SO2 while too many may cause
over fitting. Our test results indicated that in most cases, at
least 20–30 PCs were necessary, while occasionally in the
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GSFC Principal Component Analysis (PCA) Spectral Fitting Algorithm

Measured Sun-normalized 
radiance spectrum

PCs from SO2-free regions associated with processes (O3
absorption, surface reflectance, RRS, measurement artifacts, 
etc.) other than SO2 absorption

Pre-calculated SO2 Jacobians (with 
assumed/retrieved O3 profile, cloud 
fraction/pressure, surface reflectivity, 
etc.)

SO2 column amount

Fitting of the right hand side to the spectrum on the left hand side -> SO2 column amount and 
coefficients of PCs (see [Li et al., 2013; 2017; 2020] for details).

The data-driven PCA spectral fitting algorithm:
• A PCA technique is applied to the measured radiance spectra to extract spectral features 

(principal components, PCs);.
• The PCs represent various interfering geophysical processes and instrumental factors.
• They are used in spectral fitting to reduce the interferences in SO2 retrievals.



Evolution of the Operational OMI Anthropogenic SO2 Product

(a) Early version, before PCA (b) PCA, fixed Jacobians (c) Latest PCA, updated Jacobians

Public Release: 2014 Public Release: 2020 (PCA-based volcanic SO2
product released in 2017)

The PCA-based algorithm significantly improves the quality of the operational OMI SO2 product.
Highly efficient – spectral fitting takes ~3-4 min for an entire OMI orbit (single CPU).
Straightforward implementation – easily adapted for different sensors:
ü Current operational algorithm for OMI and SNPP/OMPS (a variant also implemented by the GEMS team ).
ü NRT and direct readout implementations with OMI/OMPS.
ü Demonstrated for TOMS, GOME, SCIAMACHY, TROPOMI, N20/JPSS-1/OMPS. 

(Circles: points sources > 70 kt/year)
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Consistent Retrievals between OMI and SNPP/OMPS

SNPP/OMPS Annual Mean SO2 for 2020 OMI/OMPS Daily SO2 Mass over N China and NE India

Data source: Version 2 OMI and SNPP/OMPS standard SO2 products publicly released in 2020.

*Coverage gap due to cloud cover during the Indian summer monsoon

(a) (b)
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Domain c



Implementation with TEMPO: Plan and Preliminary Results
• Each row (cross-scan-position) of the spatial (north – south) dimension of the detector processed separately.
• Retrievals limited to SZA < 75° and VZA < 80° for now.
• Can process data on a granule-to-granule basis or process the entire hourly scan at once (processing time: ~20 min).
• A table lookup approach similar to that for OMI/OMPS algorithms will be employed for Jacobian/AMF calculations.

TEMPO SO2 SCDs retrieved 
from synthetic radiance data 
for 07/01/2013.



Preliminary Results: Ohio River Valley and W Pennsylvania

Blue circles: sources > 30 kt/year based on OMI estimates between 2012 and 2015.



Preliminary Results: Standard Deviation of SO2 SCDs

• Standard deviation calculated for blocks of 30 × 32 pixels.
• Dependence on SZAs and VZAs. 
• For most of the CONUS, standard deviation is ~0.2-0.3 DU, greater than that of OMI over the Pacific (~0.15-

0.3 DU), but TEMPO has much finer spatial resolution.



Next Steps and Potential Applications

• Next Steps:
• Finalize prototype algorithm for slant column densities, including 

input/output and data format.
• Adapt OMI/OMPS lookup tables and schemes for TEMPO Jacobian/AMF 

calculations.
• Further testing of TEMPO algorithm using GEMS data.

• Potential Applications
• Emissions – expect further improvement in source detection due to enhanced 

spatial and temporal resolution.
• Diurnal changes in SO2 sources.
• Near-real-time volcanic hazard monitoring.
• Synergy between LEO and GEO, for example, for transboundary transport.


