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Abstract. Atmospheric S@ has a significant impact on the urban environment and on global climate. Remote sensing
provides an unprecedented tool for the continuous andime@lmonitoring of atmospheric S&om volcanic eruptions and
anthropogenic emissions. The Ozone MonitoriBgite (OMS) onboard the Chinese FENGY3R (FY-3F) satellite
launched in August 2023 is a new hyperspectrak\JS instrument in the F¥3 family of satellites, aiming to obtain
information about atmospheric trace gases. In this study, we use the OMS (Q&t8N) top-of-atmosphere (TOA)
measurements and Differential Optical Absorption Spectroscopy (DOAS) inversion to for the first time ghtiied&0,

columns from these measuremermtased on the characteristics of the OMS instrument and the perfarogits L1 data,

specific schemes including solar spectrum selection, spectral soft calibration, and background offset correction were
developed to effectively reduce aloetrgck stripes and acrossmck asymmetry found in the initial OMS Strievals.The

accuracy of FY3F/OMS SQ retrievals was evaluated by comparing them with the DOAS and COvabasesl Retrieval
Algorithm (COBRA) SQ products from the TROPOspheric Monitoring Instrument (TROPOMI) onboard Copernicus
Sentinel5 Precursor (Sentin&lP) over three typical areas: clean oceanic regions, volcanic eruption regions, and
anthropogenic emission regions. The results indicate that the OM$e8®valsexhibit good stability over clean oceanic
regions, successfully capture volcanic §flumes, and effectively detect the elevated SElumns from anthropogenic
emissions in regions such as the Middle East, Eastern India, and Northern Russia. Air mass factor (AMF) uncertainty
remains the primary error source of this first version of OMS 1@@ievds. This study is the first to present S@trievals

from FY3F/ OMS observations, which is cruci al ,fetievala ¢ o mp

1 Introduction

Sulfur dioxide (SQ) is a shorived trace gas in the atmospherettatfiects regional air quality and global climate change.
SO is primarily released by anthropogenic activities (e.g., smelting of sulfur ore, combustion of coal, the oil and gas
industry, emissions of motor vehicles) and natural phenomena (e.g., vacaniological processeffinlaysonPitts and

Pitts Jr, 1999; Cullis and Hirschler, 1980; Seinfeld and Pandis, 280s)njection from a volcanic eruption can reach up to
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the upper troposphere/lower stratosphere, not only affecting global climatesbuyiading a threat to aviation, along with
volcanic ash. Through reaction with hydroxide and water, atmosphegsica@0be rapidly converted into sulfate aerosols.
These aerosols both scatter and absorb solar and terrestrial radiation, affecting tkon rhdiance of the atmosphere
(cooling or warming effectjTwomey, 1977) Sulfate particleformedfrom anthropogenic S£&emissions not only influence
atmospheric visibility in the boundary layer but also contribute to acid rain which in turn damages$eznssy

Satellite remote sensing offers the advantages of near global coveragdershgperiodic observation capabilities, and
continuous spatial coverage. Due to the strong absorption characteristicsinftB®ultraviolet (UV) spectrum, especially

in the 300400 nm wavelength range, atmospheric; $@ormation can be obtained from the reflected TOA radiance
spectrum. Since the first Uldased satellite observation of large amounts of f&fn the El Chichd volcanic eruption in

1982 by TOMSKrueger,1983) hyperspectral UV satellite instruments have been used to quantitatively monitor the spatial
and temporal distribution of S@oncentrations and diffusion trends before and after volcanic eruptions. This compensates
for the limitations of groundbasel measurements, such as the high cost of dersituinbservation networks and instrument
maintenancéKrueger, 1983; Carn et al., 2005; Carn et al., 2007; Carn et al.,.2009)

With the launch of a series of hyperspectral UV detection instruments, inglth#nGlobal Ozone Monitoring Experiment
(GOME) (Burrows et al., 1999; Khokhar et al., 2005; Eisinger and Burrows, 1998)Scanning Imaging Absorption
Spectrometer for Atmospheric Cartography (SCIAMACHW®@ottwald and Bovensmann, 2010; Richter et &006), the

Ozone Monitoring Instrument (OMILevelt et al., 2006)the Global Ozone Monitoring Experimeat{GOME2) (Heue et

al., 2010; Munro et al., 2006; Richter, 2008, Ozone Mapping and Profiler Suite (OMR®%ang et al., 2013; Flynn et al.,
2006) TROPOMI (Theys et al., 2019; Voors et al.,, 2017; Veefkind et al., 20&48) the Environmental Trace Gas
Monitoring Instrument (EMIYChen et al., 2021; Zhao et al., 2020; Yan et al., 2024tellite detection has been widely
applied to monitor global @, variations and to support research on climate change, atmospheric chemistry, and the
atmospheric environment.

FY3F/OMS is a newly launched Chinese WAS hyperspectrasensorthat provides global observations with 7 kn7 km

spatial resolution at nadand a morning overpass time. For a thorough understanding of the OM@&IDct, this study
presents OMS S retrievals by using the OMS measurements and DOAS inversion, and compares them with TROPOMI
DOAS and TROPOMI COBRA SfOproducts over clean oceaniegions, volcanic eruption regions, and anthropogenic
emission regions. This paper is organized as follows. Section 2 gives a brief introduction to the FY3F/OMS instrument.
Section 3 describes the detailed procedures used to retrieve tloel8@ns fromFY3F/OMS observations, including solar
spectrum selection, spectral soft calibration, Skant column density (SCD) retrieval, background offset correction, and the
simplified approach for AMF calculation used. Section 4 provides the OMS&0MN resus, followed by comparisons

with the TROPOMI DOAS and TROPOMI COBRA g$@roducts. Section 5 discusses error sources of OMSed(evals,
including the instrumentelated errors anBOAS SCD spectral fitting errors in OMS0, SCD retrievals, errors intraded

by the simplified AMF approach taken, and the residual errors after background offset correction. The last section

summarizes the main results and offers conclusions, along with suggestions for future improvements.
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2 The FY3F/OMS Instrument

The FY-3Fsat el | i t e,

t he

21st in Chinads FengYun series; was

synchronous orbit at an altitude of 836 km, with a descending node equatorial overpass time of 10:00 AM. Equipped with 10

advanced atmospherimstruments, FY3F is designed to provide higtuality data for weather forecasting, climate

monitoring, and environmental research, contributing significantly to global meteorological and environmental observations.

The Ozone Monitoring Suite (OMS) onbddfY-3F satellite is a new instrument in the BYfamily of satellites. It has two
observation modes: Nadir (OM$) and Limb (OMSL) (Wang et al., 2024)While OMSL provides information on the

vertical distribution of @ OMS-N is mainly used tmbtaincdumn information on trace gases such asND,, SO, and

HCHO, and aerosols, as well as vertical profiles of@MSN operates using a pusinoom observation technique to obtain

daily global measurements, with a wide Field of View (FOV) of°1I@vering three spectral bands: UV1 (Z5ID nm),
UV2 (300320 nm), and VIS (33493 nm). To enhance the sig#ainoise ratio (SNR) of the original detector rows, sets of

16 pixels are averaged to yield 58 spatial rows in the UV1 band, and four pxelgeanged to acquire 238 spatial rows in
the UV2 and VIS bands, respectivéliyang et al., 2024)The OMSN VIS band (307493 nm) was used for the retrieval of

OMS SQ columns in this study. It has a high spatial resolution of 7 km x 7 km at the nadir widh a spectral resolution

of  0.50.6 nm (Table 1).

FY3F/OMS

data can be downloaded from the website

http://data.nsmc.org.cn/DataPortal/en/home/index.html

Tablel. The main characteristics of the FY3F/OMSN instrument

Parameter

Nadir columnmeasurement Nadir profile measurement

Spectral range

Spectral resolution
Spectral accuracy

Spatial resolution at nadir poin

Atmosphericgproducts

Field of view
Orbit observation
Orbit altitude
Equator crossing time
Duty Cycle
Revisit Time:

UV1:250~300nm
UVv2: 300~320nm

VIS: 307~493nm

0.5~0.6nm Uvi1: ~1.0nm
uv2: ~0.5nm
0.01nm 0.05nm
2 ki x 7 kam UV1: 21 km x 28 km

UV2: 7 km x 7 km
Os, NO2, SO, HCHO, AOD, )
cloudfraction and pressure Os profile
112°
polar sun synchronous morning orbit
836 km
10:00 AM
Daytimeonly
24 hours
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3 SO; column retrievals from FY3F/OMS

The SQ retrieval from FY3F/OMS mainly involvethe following steps(1) Firstly, the OMSN L1 earth radiance is
normalized to the EartBun distance of 1AU, while the solar irradiance is obtained by convolving the Total and Spectral
Solar Irradiance Sensor (TSIS) Hybrid Solar Reference Spectrum (HER8Jington et al., 2021(See section 3.1 for
more information) with the Instrument Spectral Response Function (ISRF) ofNDN® Secondly, the 31326 nm region

is chosen as the retrieval fitting window of the OMS 8@lumn.(3) Thirdly, spectral soft calibration is performed using the
absorption peaks and valleys of the solar reference speddyfourthly, the cross sections of $énd Q in 312326 nm

are convolved with the ISRK5) Fifthly, the Ring spectrum is calculateding the SCIATRAN Radiative Transfer Model
(Rozanov et al., 2005§6) Sixthly, SQ, Os and Ring crossections together with a thiatder polynomial are used in the
DOAS fitting process to obtain the SCD of OMS S(@) Seventhly, the AMF is applied tcegvertical column density
(VCD). (8) Finally, a specific correction scheme for OMS background offset is applied to effectively reducdradng
stripes and acrogsack asymmetries in the initial OMS SQ@etrievals. It should be noted that, due to therent
unavailability of synchronized and reliable OMS cloud and aerosol products, the effects of clouds and aerosol on SO
retrievals were not considered in this study. For the OMgpB@uct, it is recommended to use retrieval results with a solar
zenith angle smaller than 707 nearadir and cloudree pixels.

3.1Solar irradiance

Using the satellite measured solar irradiance for the DOASr&@eval can effectively reduce instrumentated errors.
However, due to the degradation and fumiformity of the diffuser plate of OMS, the OMS L1 irradiance measurements
experienced increasing errors after launch, especially in the shortwave UV region (for more information see section 5.1).
Therefore, in this study the TSIS HSRS hybrid solar reference spe@@oddington et al., 2024yas used for OMS SO
retrievals instead of OMS daily measured solar irradiance. The TSIS HSRS hybrid solar reference spectrum was develope
by normalizing high spectral resolution solar datasets to the absolute irradiancefsteleT8IS1 Spectral Irradiance
Monitor (SIM) and the CubeSat Compact SIM (CSIM). The high spectral resolution solar data are sourced from the Air
Force Geophysical Laboratory (AFGL) ultraviolet solar irradiance balloon observations, the -gemetd Quély
Assurance of Spectral Ultraviolet Measurements in Europe Fourier Transform Spectrometer (QASUMEFTS) solar irradiance
observations, the Kitt Peak National Observatory (KPNO) solar transmittance atlas, and teengiitél Solar Pseudo
Transmittance Sgrtrum (SPTS) atlas. The TSISHSRS spans 202730 nm at 0.01 t®0.001 nm spectral resolution with
uncertainties of 0.3% between 460 and 2365 nm and 1.3% at wavelengths outside ti{@&addiggton et al., 2021)

The TSIS HSRS hybrid solar referengestrum was convolved with the OMSISRF to match the spectral characteristics

of OMS radiance. The FY3F/OMBS ISRF was determined using tunable laser scanning with a step size of 0.02 nm,
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providing the relative response of each detector pixel on thé ptange arrays to monochromatic illuminatibvang et al.,

2024) It varies in both the spectral and spatial dimensions of the two large array detectors. The shape of the FM3F/OMS
ISRF exhibits a flat top in the central peaks because QMBopts a steoscopic slit observation mod#&/ang et al., 2024)

The TSIS HSRS hybrid solar reference spectrum provides high accuracy solar irradiances, but as it was not measured wit
the OMSN instrument, any calibration issues in the radiances do not cancel in th8 BxDieval. Therefore, its use may

lead to systematic overestimation or underestimation in the retrieved¢dh@nns, as well as alortgack stripes, which

cannot be fully corrected through pgmbcessing algorithms.

3.2 Spectral soft calibration

Before the DOAS fitting retrieval, spectral soft calibration was applied to the FY3F/OMS radiance data. Spectral soft
calibration can correct wavelength shifts caused by factors such as instrument drift, temperature fluctuations, radiation
effects, and nonlineagffects, using known absorption features to adjust the initial L1 data. The spectral soft calibration
process ensures the accuracy and consistency of the OMS radiances, which is essential for agoetatv&@nd for
minimizing the impact of calibration errors on the 3€trieval.

The spectral soft calibration is performed using the peaks and valleys of the TSIS HSRS hybrid solar reference spectrun
(Van Geffen and Van Oss, 2003; Coddington et 8213 The detailed process includes: 1) Selecting the-réghlution

hybrid solar reference spectrui@oddington et al., 2021 and convolving the reference spectrum with the slit function of

the FY3F/OMS instrument; 2) Fitting the ratio of the solaemefice spectrum to the observed radiance spectrum with-a low
order polynomial to enhance the observed radiance spectrum; 3) For each observed radiance spectrum fittittee SO
window, Gaussian pedinding is performed to match the peak position oftao§&raunhofer lines with their corresponding
wavelengths. A leastquares method is used to fit the spectral line wavelengths and the peak position humber data with a
third-order polynomial, generating a spectral calibration equation for each obsexeedlpien the spectral soft calibration

of the FY3F/OMS radiance realized by using the above spectral calibration equation.

3.3DOAS SCD retrieval
3.3.1S0x: fitting window

The selection of the retrieval fitting window is crucial for the accuracy of CGB@&retrievals, which significantly affect

OMS capability in monitoring SE&from volcanic and anthropogenic sourcessuitablefitting window helps to reduce the

impact of interfering gases £) to enhance the SOnformation content in the satellite sig and to obtain reliable SO

results. In this study, the 31326 nm fitting windowwas chosen for the SfOretrieval from OMS observations. This is

mainly based on the following considerations:

(1) Firstly, in the wavelength range 33380 nm, although Sfhas stronger absorption at shorter wavelendtlgs 1) which

would make it preferable, satellite measurements at shorter wavelengths have lower SNR, and in the case of wolcanic SC
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emission, the TOA reflected radiances are prone to saturatich Veads to underestimation of volcanic SOherefore, it

is not appropriate to select the fitting window with the strongestaB€orption for S@retrieval.

(2) Secondly, longer UV wavelengths, due to the weaker absorptionpfe®@ to introduce nte noise into the retrieval of

the SQ column. This is because the weaker absorption may make it more difficult to accurately distinguish the SO
absorption information from background noise and interference ab&brption, especially in the case of I8@, emissions

from anthropogenic sources.

(3) Thirdly, selecting the 31326 nm fitting window makes the OMS %@roduct consistent with the widely used
TROPOMI SQ product(Theys et al., 2017)However, in this study, we did not adopt a strategy withtipial fitting
windows for different S@concentration conditions as is used in the TROPOMI product.

(4) Finally, in order to demonstrate the advantage of the3262nm fitting window for OMS Sg@retrievals, comparisons

were conducted between S@trievds from different fitting windows over the Sundhnkur volcano and its surrounding
clean region for August 23, 202Fi¢s. 2, 3, and4). Note that negative values often appear in 8ffrievals, and small
negative values can indicate low S&missions in clean areas. In this study, alb $€rievals greater tharl0 DU are
selected for comparison to exclude obvious outliehg detailsof the comparisonare described below.

The main fitting windows and retrieval algorithms used in the literature fer&@@evals based on ultraviolet hyperspectral
satellite measurementsealisted in Table 2. The OMS S@olumns retrieved using these different fitting windows are
shown inFigs. 2, 3, and4. Note that due to the DOAS algorithm generally usirgpatinuous UV fitting window for S©
retrieval, the OMS Séresults from BRD four discrete wavelengths (310.8, 311.9, 313.2, and 314.4 nm) at absorption peak
and valley(Krotkov et al., 2006are not included in this study. It also should be noted that, since the OMS VIS spectral band
starts from 307 nm and the OMS UV2 spectral range from 300 nm to 320 nm requires further calibration38 r8@0

fitting window used by the EISF algorithm svaot tested in this section.

As shown inFigs.2 and3, the retrieval results of S@olumns from the 31827 nm, 326335 nm, 360390 nm, 317.8333

nm, and 316326 nm fitting windows are first excluded due to the large errors observed in the clean regions (e.g., OMS
crosstrack positims 1150). The retrieval results from the 3@33 nm fitting window are also excluded because the results
are relatively lower in the volcanic region than those from the other fitting windows. Finally, according to the retrieval
results of S@columns inFig. 4, the retrieval results from the 31226 nm and 312330 nm fitting windows show higher

and similar values in the volcanic region. Additidpaln the clean regions (crossack positions 4150), both 312326 nm

and 312330 nm fitting windows exhibit lower and similar standard deviations and mean values. Therefore, considering all
the above reasons atwlbe consistent with the TROPOMI DOAS S@oduct, the 312326 nm fitting window was selected

for OMS SQ retrieval in this study.
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Table 2. Retrieval algorithmsand fitting windows used for SQ retrieval from UV -VIS hyperspectral satellite

measurements
Instruments Retrieval algorithms Fitting windows
SCIAMACHY DOAS 315 327 nm(Platt and Stutz, 2008; Richter et al., 2006
Principal Component Analysis ]
310.5 340 nm(Li et al., 2013)
(PCA)
Iterative Spectral Fitting (ISF) 317.8 333 nm(Yang et al., 2009)
oMl
Extended Iterative Spectral
o 300 335 nm(Yang et al., 2010)
Fitting (EISF)
) ) Four discrete wavelengths (310.8, 311.9, 313.2, and 31
Band Residual Difference (BRD
nm) (Krotkov et al., 2006)
Optimal Estimation (OE) 312 330 nm(Nowlan et al., 2011)
GOME-2
DOAS 3153 2 6 (Fioketov et al., 2013)
OMPS Iterative Spectral Fitting (ISF) 308 333 nm(Yang et al.2013)
312326 nm, 3256335 nm, and 36890 nm(Theys et al.,
DOAS
2017)
TROPOMI

COBRA 310.5 326 nm(Theys et al., 2021)
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windows.

3.3.2The Ring effect

The Ring effect refers to the phenomenon that the Fraunhofer lines present in the solar spectrum from absorption in the sole
at mosphere by el ements such as potassium and calcium ar
atmogphere(Grainger and Ring, 1962For the Ring effect in satelli@bserved spectra, the primary source is the rotational
Raman scattering of Nand Q molecules in the atmosphere, which redistributes photon energy and leads to thanfitling
Fraunhoferand atmospheric absorption linéSioris and Evans, 1999; Fish and Jones, 1995; Chance and Spurr, 1997;
Vountas et al., 1998)For OMS SQ column retrievals using the DOAS method, the Ring effect is an important factor

influencing the accuracy of retrieval results due to the strong Ring spectrum in the UV wavelengtfidd)dTaking the

10
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OMS 20240823_1036 orbit as an example, after including the Ring spectrum into the DOAS retrieval, the spectral fitting
residual RMSE for most OMS pixels decreases by approximately 0.004 to 0.01.

In this study, during the OMS SOOAS retrieval, the Ring effect is considered as a psabdorption effect, and the Ring
spectrum calculated using the SCIATRAN radiative transfer m@igtanov et al., 20053 included as a pseudsorber

in the spetral fitting process, as shown in Equation (1).

|l ——— £ 1 3#$ K 1 3#$ K 1 # 01 %) (Eq.1)

Where) 1 and&1 are the satellit®bserved radiance and the solar reference spectrum convoledheiOMS ISRF,

SZA is the Solar Zenith Anglé, 1 andA 1 are the absorption crosgction of S@and Q,3 # $ and3 # $ are

the slant column density of SGnd Q, A } is the Ring spectrum calculated using the SCIATRAN model and
convolved vith the OMS ISRF# is the Ring absorption coefficient determined by the fitthhg, is a loworder
polynomial, and%?} is the error term. Note that in this study the SCIATRAN Ring spectrum for typical atmospheric
conditions and observational geomef8ZA=3C, Viewing Zenith Angle (VZAF0°, Relative Azimuth Angle (RAA30°,
surface reflectance (ASD.05, surface height above sea level (HS) (also referred to as terrain height)=0 km, ozone
column=275 DUclear sky)is used in the DOAS fitting for all OMS measurements, without considering the variations of the

Ring spectrum due to different atmospheric conditions and viewing geometries.

0.25 T T T T T T
——No convolution, wavelength step=0.2nm
—— Convolved with OMS nadir ISRF function

0.2 N

0.15 7

0.1 1

0.05

Ring spectrum (unitless)

-0.05 I I L I I 1 I I
300 310 320 330 340 350 360 370 380 390

Wavelength(nm)

Figure 5: Ring spectrum calculated with the SCIATRAN model, convolved with the OMS ISRF.SCIATRAN forward settings are
SZA=305 VZA=0; RAA=0? Surface alb edo=0.05, Ozone column=25 DU, Clear sky.
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3.3.3Spectral fitting

The retrieval of the FY3F/OMSQ, SCD is primarily based on the classical DOAS thg@fgatt and Stutz, 2008)t utilizes
BeerLambertdéds | aw and the satellite hyperspectra$o3Codi an
along the entire photon path. First, the absorption esesson ofSO, andOs, measured under sgific laboratory conditions

with a higher spectral resolution and different sampling points than those of OMS observations, are convolved with the OMS
ISRF to match the spectral resolution of the OMS instrument. Secondly, atmospheric extinction is idigidiab
components: a fastarying part with wavelength, typically associated with narrow absorption featu8 @indOs, and a
slowvarying part with wavelength, related to broad spectral features of absorption and atmospheric scattering processe:
such as Rayleigh and Mie scattering. A lmrder polynomial is used to remove the steavying components, while
preserving the fastarying part related t&0O, and Os absorption. Finally, the slowarying part of satellitebserved TOA
reflectance (the ratimf L1 radiance to irradiance data) are removed by subtracting #rev polynomial, and the
atmospheriSQG, SCD is obtained through leasquares fitting.

Table 3. Parameter settings for the retrieval of FY3F/OMS S©@SCD

Parameter FY3F/OMS SQ DOAS setings

Retrieval fitting window 312 326 nm

Solar irradiance TSIS HSRS hybrid solar reference spect(@uoddington et
al., 2021)

Crosssections SG 273K (Bogumil et al., 2003)

03223K (Bogumil et al., 2003)
Ring effect Ring spectrum calculated using tBEIATRAN model at
SZA=3(C, VZA=0°, RAA=0°, AS=0.05, Clear sky
(Rozanov et al., 2005)
Polynomial 3" order

Background offset correction Iterative and sliding correction scheme

12
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3.4Background offset correction

The retrievalaccuracyof SO, columns from satellite measurements is usually affected by spectral and radiometric
calibration errors, which are difficult to remove from L1 radiance data and result in systematic biases in the retiisyal resu
such as alorgrack stripes and crogsack asymmetry(Boersma et al., 2004)in addition, due to the low SNR of
measurements in the fitting window, the wea® absorption information included in the TOA reflected radiance, and the
interference from strong{&bsorption in the fitting window, the OMS Se&trievals tend to be systematically overestimated

or underestimated over the whole orbit. These systematic biases in the retrieval reSGftsafimns are mixed with the
absorption information 060, and limit the applicability of the OMSSGO; product. Therefore, it is necessary to apply a
background offset correction to reduce these systematic biases in the red@vealumns. The reference region method
(Khokhar et al., 2005; Richter et al., 2008as sed to correct the background offsets, which are latitiggeendent and
related to the crodsack position. This method selects retrieval values over a reference region (e.g., clean oceanic Pacific
regions, assumed to be areas withS@) as the backgrowd area. Th&Q;, retrievals are then adjusted by subtracting the
background offsets of the same latitude over the ocean. Yang proposed the sliding median correctiof areghetdal.,
2007)and applied it to the OMBO; product. This method performs asged sampling within a sliding window centered on

the pixel (selecting pixels with values less than 2 DU) to get background offsets for each row of pixels. With the sliding

window method, the crogsack and alongrack biases varying with time and locatioan be effectively eliminated.

For OMS SG; retrievals, based on the above background offset correction metieddeveloped an improved iterative
sliding correction scheme to avoid seam problemnsto discontinuous integration times within the samatofithe details

of the background offset correction used for OMS 8frievals are as follows.

(1) Firstly, based on the integration time of FY3F/OMS L1 data, the orbital data is divided into several data blocks
corresponding to different integration timeFor each data block, the mean vector (VO) at each-texds position is
estimated using all valid pixels within the block (i.e., pixels with normal L1 data, as indicated by the L1 QA quality flag).
Each scan line within the data block is processedutjracting VO from th&GQ; retrievals of each scan line to obtain the

initially correctedSQO, columns.

(2) Secondly, based on the initially correc®@, columrs, the predefine®0; threshold (2 DU), and the sliding window,
the mean vector V1 for crogsack positions within each sliding window is estimated. The initially corre8@dcolumns

are then processed by subtracting V1 to obtain the dabtectedSO, columns. Note that the size of the sliding window
varies with t he utoralntis dtudy, ferdhe FYSRH@MSiwihinadir resolatibn of 7 kmx7 km, the sliding
window is set to 200 scan lines. It is worth noting that there is a-trifidetween the size of the sliding window and the
effectiveness of the offset correction: tbigy a window might result in poor offset correction, while too small a sliding

window might lead to reduction of tt®0; information contained in the satellite measurements.
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(3) Finally, based on the doubterrectedSGO; results, the predefine8G; threshold, and the sliding window, an iterative
procedure is performed until the relative deviation between the results of the two consecutive corrections is lessutilan or eq
to 5%.

3.5 AMF

The reflected radiance detected by the satellite instrumenginerinformation of trace gases integrated along the slant
observation path. From the reflected radiance and above DOAS spectral fitting,.tB€B@an be derived; however, the

SCD is not suitable for the application of sateltierived SQ in monitoring global climate change and air pollution, as it
represents the S@olumn along the slant path, which is influenced by the observation geometry and atmospheric conditions.
The SCD can be converted to VCD using AMF=SCD/VEalmer et al., 2001Wwhich repesents the relative length of the

mean slant path at a certain wavelength for photons interacting with a certain absorber in the atmosphere relative to th
vertical path(Lorente et al., 2017)

The AMFis typically computed as the weighted average dludik-dependent BoXAMFs (equivalent to scattering weights)

across all layers, with the weights determined by theds€ribution in each layer (E®) (Chen et al., 2009; Wagner et al.,

2007; Palmer et al., 2001; Boersma et al., 2004)

|- & B" i-BMF % (Eq.2)

WhereA representshe SO, numberdensity inthei-th layer, andYE denotes the thickness of that lay@ox-AMFs quantify
the contribution of each atmospheric layer to the total AMF and allows for flexible updates of AMF with a@rofies,
eliminating the procedure of rebuilding the AMF lookup table.

However, due tdhe difficulty in obtaining accurate and sateH#tgnchronized globab O, profiles, we adopted a simplified
approach that uses two constant AMF values representative for typical conditions for the @dE&Dsion from SCD to
VCD in this study. One is WMF=1 for clean regions and néce/snowcovered areas influenced by anthropogenic sources
and volcaniceruptiors, while the other is AMF=2 for the ice/snamvered areasThese two AMF constants are
approximate values derived using the SCIATRAN BOWF and a 5 DU anthropogenic SOprofile under typical
atmospheric and surface conditions (SZA = 32.9; VZA = 07 RAA = 07 AS = 0.@8d 0.5 HS = 0 km, wavelength = 320
nm, a 365 DU midlatitude ozone profi{8innhuber et al., 2009and with the assumption efirface reflectance as isotropic
Lambertian equivalent reflector (LER)). Section 5.2 of this study provides adetaieddescription of BoxAMF and an

error analysis of the AMF.

4 Comparison of OMS SQ columns with TROPOMI observations

Based on the FY3BMS L1 measurements and the retrieval scheme outlined in section 3, globabl8@ns from

FY3F/OMS were retrieved and applied to monitor the 8@issions from volcanic and anthropogenic activities. Evaluating
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the accuracy of OMS SQetrievals is challenging, as it is difficult to obtain synchronous anddpgitity groundbased or
airborne measurements for the validation of OMS &@ievals. Therefore, in this study, due to its high spatial and spectral
resolution in the UWIS band and its common use in global S@onitoring, the TROPOMI Sg£total column product was
selected as reference to evaluate the accuracy of OMSef®t@vals(Theys et al., 2019; Wang et al., 2022; Theys et al.,
2017; Cofano et al., 2021; Corradino et 2024; Fioletov et al., 2020}t should be noted that, in the comparison between
OMS and TROPOMI S@results, no filtering for cloud darge SZA was applied to the OMS $S@ata; instead, alDMS

SO retrievals greater thari0 DU were selected for the roparison.

TROPOMI has a local overpass time of 13:30, a spatial resolution of 5.8.knkm for SQ and provides daily global
coverage with ~14 orbits per day. TROPOMI ;S@oducts from two algorithms are used for comparison: one is the
TROPOMI offline L2 orbital SQ product from the DOAS algorithm (hereafter referred to as TROPOMI DOAS) (Data
source: https://browser.dataspace.copernicus.eu/), and the other is the TROPOMI L3 grid Planetary Boundary Layer (PBL]
and 7km S@product from the COBRA algorithm éheafter referred to as TROPOMI COBRA) (Data source: https://data
portal.s5ppal.com/products/Sfbr.html). The TROPOMI COBRA S{product was developed by Royal Belgian Institute

for Space Aeronomy (BIRA), and reduces significantly both the noise andshpassent in the current TROPOMI
operational DOAS S@retrievals(Theys et al., 2021)The TROPOMI COBRA L3 grid product (0.0220.022°equal
latitudelongitude grid) was generated using the HARP gridding tool from L2 data applying a Quality Assurandit€fA)
(QA>0.5) to remove low quality dat@he quality filtering leads to some gaps in the COBRA data

Figure 6 shows the 18ays averaged global 3@CDs from OMS DOAS and TROPOMI DOAS from November 1st to
15th, 2024. The OMS DOAS SGCDs were averageagsing pixels with S@column greater tharl0 DU, whereas the
TROPOMI DOAS SQ SCDs were averaged using pixels with QA > 0.5. It is worth noting that since negative values often
appear in S@retrievals, and small negative values can indicate lowe$ssons in clean areas, in this study OMS;SO
retrievals greater tharl0 DU are selected for comparison. As shown in 6jghe OMS and TROPOMI DOAS $@CDs

exhibit generally consistent spatial distributions, both clearly identifying the major globar&i€sion hotspots. However,
there are slight differences between the OMS and TROPOMI DOASSE0s, which may be attributed to differences in
observational geometry, overpass time, and algorithmic processing. Further comparisons between OMS, TROPOMI DOAS
and TROPOMI COBRA S®columns based on individual orbits are discussed in Sections 4.1, 4.2, and 4.3. The
effectiveness of OMS SQetrievals was evaluated by comparing them with TROPOMI over clean oceanic regions, volcanic

eruption regions, and anthropadgeemission regions as shown in Fig
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Figure 7: Regions selected for theamparison of OMSand TROPOMI SO; columns
4.1 Comparison over clean oceanic regions

Ideally, the retrieved SOvalues from satellite observations in cleanioag should be close to zero. The scatter of SO
columns in clean regions can reflect the reliability and stability of the satellite data and the retrieval alg@dtkov et al.,
2008) In this study, two clean oceanic regions, where 8Rissions are extremely low and assumed to be zero, were
selected as the case studies to compare and evaluate the precision of FY3F/OtdBies@ls. One is the area of latitude
from 5JS to SN and longitude from 3BV to 2Q0W (OceaRrAreal), and the othes the area of latitude fromlS to SN and
longitude from 133W to 125W (OcearArea2). Due to the geolocation differences between OMS and TROPOMI orbits,
the orbital pixels of OMS and TROPOMI DOAS and TROPOMI COBRA $fdduct over the two clean oceamiegions
were resampled to 0.150.15°%qual latitudelongitude grid for comparison. As suggested in the TROPOMI README file,
only pixels with QA > 0.5 were used for the TROPOMI DOAS,S®oduct. For the cases of clean oceanic regions,
TROPOMI COBRA L3 gid PBL SQ products were used instead of the COBRA 7km product. For OMSe®t@vals, all
pixels with SQ column greater thafl0 DU are selected for comparison.

For OcearAreal, both OMS and TROPOMI show low S@lues, and the standard deviations M®& TROPOMI DOAS

and TROPOMI COBRA S@columns over OceaAreal are 0.2117 DU, 0.2468 DU and 0.1156 DU (resampling to
0.15° 0.15°equal latitudelongitude grid) on August 23, 2024, and 0.2154 DU, 0.4134 DU and 0.1865 DU (resampling to
0.15° 0.15°%qual laftude-longitude grid) on November 15, 2024, respectively. For Odéean2, the standard deviations of

17



340

OMS, TROPOMI DOAS and TROPOMI COBRA $©olumns are 0.2160 DU, 0.2324 DU and 0.1035 DU (resampling to
0.15° 0.15°equal latitudelongitude grid) on Augus?23, 2024, and 0.2358 DU, 0.3127 DU and 0.1615 DU (resampling to

0.15° 0.15°%qual latitudelongitude grid) on November 15, 2024, respectively.
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As shown inFigs.8, 9, 10, and11, both the S@values of OMS and TROPOMI over OceAreal and OceaArea? follow
approximately a normal distribution centered around 0, with most values concentrated bat®eeand 2 DU. Hwever,

there are small differences between OMS and TROPOMI08€r clean oceanic regions, which become larger as the pixels
approach the edge of the orbit. The differences between OMS and TROPQMbIS@ANs may be related to differences in
local overpassime, observation angles, L1 and L2 processing algorithms. Compared with TROPOMI DQASSSIEs,
TROPOMI COBRA SQresults and OMS DOAS SQesults have a lower standard deviation and are closer to zero over
OceanrAreal and OceaArea2. The standard dietion of TROPOMI COBRA S@results over the clean oceanic region is
lower than that of OMS DOAS SQesults, mainly due to the different retrieval schemes and retrieval fitting windows. As
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shown inFig. 4, TROPOMI COBRA uses a fitting window of 31036 nm, where the Sfabsorption is relatively strong,

but the signal tends to be saturated under high volcanic&@entrations.
The comparisonf results from different dates and different clean oceanic regions show that FY3F/OM&r&Wals have

a reliable precision over low S@mission regions, and the data quality of OMS &fxievals is relatively stable over time.

It is worth noting thatthe retrieval errors for both OMS and TROPOMI are relatively large at the edges of the orbit.

Therefore, the pixels near the edges of the orbit need to be used with caution.
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4.2 Comparison over volcanic eruptions

The massive amounts of S@&leased over a short period during volcanic eruptions, as well as thedi&tagce transport
and the subsequent formation of sulfate aerosols, not only influence the global radiative energy(ldalzoreeick et al.,
1995) but also pose risks to aviam in the tropopause or stratosphéMiller and Casadevall, 2000)Through the

365 comparison in volcanic regions, the capability of OMS, &frievals at large columns can be evaluated. In this section, we
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took the eruptions of Sundhnikur volcano and Nyaagira volcano as case studies for comparing FY3F/OMSvB0
TROPOMI DOAS and TROPOMI COBRA 7km S@esults. To present the s@aps of OMS and TROPOMI DOAS more
clearly, the resampling scheme in section 4.1 was not used in section 4.2. For TROPOMMZQA8d all pixels from the
TROPOMI DOAS SQ@product instead of applying QA > 0.5 to filter the higimality pixels when comparing with the OMS

SO results. The reason is that after applying the QA > 0.5 filter, a lot of higipi®€ls in TROPOMI DOAS owevolcanic

regions would be missing, making it difficult to compare with OMS &3ults. In this section, TROPOMI COBRA L3 grid

7km SQ products were used instead of COBRA PBL products.

The Sundhndkur volcano is the first case study for comparing FY3F/@@swith TROPOMI DOAS and TROPOMI
COBRA 7km SQresults over a volcanic eruption. On August 22, 2024, Sundhnikur volcano within the Reykjanes volcanic
system began erupting and continued to emit f8©approximately 14 days (https://volcano.si.edu/). €hgtion created a
fissure approximately 3.9 km long, with lava and smoke reaching a height of about 1 km. The region of latitude from 55N
to 65N and longitude from 30W to 5W was selected as the study area for the Sundhndkur volcano. There are two OMS
orbits (20240823 1036 and 20240823_1217) (Format: YYYYMMDD_HHMM, UTC time of the first scan line) overpassing
the Sundhnikur volcano region on August 23, 2024. For the OMS orbit 20240823_1217, most of the pixels covering the
volcanic region are near thelge of the orbit where the measurement noise tends to be higher. For TROPOMI DOAS,
although two orbits (20240823T125304 and 20240823T111134) (Format: YYYYMMDDTHHMMSS, observation start
UTC time) passed over the Sundhnikur volcano area, only orbit 2024088304 is presented because most of its pixels
over the Sundhnikur volcano region were near the nadir of the orbit where the data quality is higher. As shigwiRjn

both OMS and TROPOMI successfully captured the high @8ribution around the Sundhnikur volcano on August 23,
2024. The spatial distributions of OMS, TROPOMI DOAS and TROPOMI COBRA &@r Sundhnikur volcano are
similar, but differ at the edge of the g@lume. Compared with OMS orbit 20240823 1036, orbit 20240823 1217 has a
local overpass time closer to that of TROPOMI orbit 20240823T125304 in the volcanic region, making tesuBOof

OMS orbit 20240823_1217 more consistent with those of TROPOMI orbit 20240823T125304. The correlation between
OMS and TROPOMI DOAS reaches ~0.87 over the Sundhnikur volcano on August 23, 2024, while the correlation between
OMS and TROPOMI COBRA reacke-0.76.

However, when Sg@values exceed 50 DU, OMS Setrievals are significantly lower than those of TROPOMI DOAS over

the Sundhnlkur volcano region on August 23, 2024. Moreover, the relative biases between OMS and TROPOMI DOAS
increase with increasing0, columns. This may be attributed to the reason that the OMS$e8{@val uses the 31326 nm

fitting window, where S@has strong absorption and is prone to saturation in the case of higloi®@ntrations, leading to

an underestimation of S@olumrs. In order to mitigate the risk of saturation, TROPOMI DOAS uses two additional fitting
windows (325335 nm and 36890 nm) (S5MBIRA-L2-ATBD-400E) for volcanic eruption cases. In addition, the different
overpass time of OMS and TROPOMI, along with vagyirolcanic eruption strength and meteorological conditions, may
also be major contributors to the differences in 8@umns of OMS and TROPOMI DOAS. The TROPOMI COBRA,;SO
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results retrieved from the 310326 nm window are also lower than those from TROROIDAS, but are more consistent
400 with those from OMS.
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Figure 12: SO; retrievals over Sundhntkur volcano on August 23, 2024. (a, b, c, d) Spatial distribution of FY3F/OMSTROPOMI
DOAS and TROPOMI COBRA 7km SO columns over Sundhnikur volcano; (e, f) Scatter plos of OMS 20240823 _1217and
TROPOMI over Sundhntkur volcano on August 23, 2024, where pixels with S@columns greater than 1DU were selected and
TROPOMI is resampled to the latitude-longitude grid of OMS. The missing pixels in kgure a are the gap between the twoOMS
orbits, and the missing pixels in Figure @re due toquality filtering applied to TROPOMI COBRA data .
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The Nyamuragira volcano is the second case study for comparing FY3F/OM&itBRO'ROPOMI DOAS and TROPOM
COBRA 7km SQresults over a volcanic eruption. Nyamuraga i s Afri cads mo spotasaiant basalt
shield volcano located in the eastern part of the Democratic Republic of the Congo, approximately 25 km north of L
and 13 km nortinorthwest of the Nyiragongo volcano (https://volecanedu/). Based on the Volcanic Explosivity Index (VI
classification(Newhall and Self, 1982and eruptive history reports of Nyamuragira from the Global Volcanism Pro
(GVP), the magnitude of Nyamur agi rmafl 0 mederat@ Adcarding to tha GV
weekly reports, Nyamuragira had continuing eruptive activities in November 2024. In this section, the region of latitL
105 to 10N and longitude from 15E to 35E was selected as the study area for the Nyagimarasolcano. The spatie
distribution maps Kig. 13) show that OMS, TROPOMI DOAS, and TROPOMI COBRA results clearly detected the
concentron SQ plume from the Nyamuragira eruption, although the shape of theplb@e differs due to differences i
overpass time and observation angles. However, as shdwg. itd, most of OMS SQretrievals over the Nyamuragira regic
are higher than the TROPOMI DOAS and TROPOMI COBRA results, which differs from the results for the Sunc
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volcano mentioned abov&he reason may be attributed to factors such as the different retrieval fitting window anc
strategies used by OMS §O'ROPOMI DOAS and TROPOMI COBRA 7km $Qt is worth noting that irFig. 14, SG

column results from OMS and TROPOMI DOAS and TROPOMI COBRA were resampled to 0.15°equal latitude

longitude grid, and only SQretrievals greater than 1 DU within the Nyamuragira volcano regiere selected and summe
For the case of the Nyamuragira volcano, which is located near the equator (unlike ilagitoidds Sundhndkur volcano), it i
difficult to find OMS and TROPOMI orbits with close overpass times. As a result of the overpagdiffarences betweel
OMS and TROPOMI, the plume positions changed between the two measurements making direct comparison difficult
From the above comparisons between FY3F/OMS &@ TROPOMI DOAS and TROPOMI COBRA 7km Sf@sults, we
can see that FY3F/OMBas the capability to monitor volcanic activities, and with high spatial resolution of 7 kmx7 km
local overpass time different from TROPOMI, FY3F/OMS can contribute to a more effective satelligrd8iOct for the

continuous monitoring of global vadnic activity.
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Figure 13: SOz retrievals of OMS and TROPOMI over the Nyamuragira volcano on November 3, 8, and 15, 2024. The missing pixt
are the gap between the two orbits, or the Nawalues in downloaded TROPOMI COBRA data. (al) OMS SQ columns, orbit
20241103_0739; (b1)TROPOMI DOAS S@columns, orbits 20241103T101246 (east) and 20241103T115416 (wésl)) TROPOMI
COBRA 7km L3 SOz columns, 20241103(a2) OMS SO; columns, orbit 20241108_0743;p2)TROPOMI DOAS SOz columns, orbits
20241108 101829 (east) and 20241108T115958 (weg)2) TROPOMI COBRA 7km L3 SOz columns, 20241108(a3) OMS SO,
columns, orbit 20241115_0709%b3) TROPOMI DOAS SO:2 columns, orbits 20241115T094602 (east) and 20241115T112732 (we
(c3) TROPOMI COBRA 7km L3 SOz cdumns, 20241115.
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Figure 14: Latitude-summed (latitude from 105 to 10N) SOz columns of OMS, TROPOMI DOAS and TROPOMI| COBRA over
Nyamuragira volcano on November 3, 8, and 15, 2024. Only pixels with $€olumns greater than 1 DU were selected.

4.3 Comparison for anthropogenic emissions

Compared to the monitoring of high $&missons from natural sources such as volcanoes, the monitoring of anthropogenic
SO, emissions from satellite observations is more challenging. Firstly, the atmospherifro8Oanthropogenic SO
emissions is generally much lower compared to that of volcanojgtiens. Secondly, Srom anthropogenic emission is

405 primarily concentrated near the surface. However, the sensitivity of satellite measurements in the UV band near the surfac
is relatively low because solar UV radiation is partially absorbed and schtygratmospheric components such as air,

aerosols, and clouds during its transmission. As a result, the weakened UV radiation reaching the boundary layer reduces tt
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sensitivity of satellite instruments to PBL $@nd makes it harder to distinguish S€ignals from background noise,
especially at large solar zenith and satellite viewing angles.

Based on the S{emission sources observed by TROPOMI in 2(HiBletov et al., 202Q)we selected three representative
regionsi the Persian Gulf (oil and gas damtion), Norilsk (smelters), and Eastern India (power plants)compare three

SO column products: OMS SOTROPOMI DOAS S@ and TROPOMI COBRA PBL SO These comparisons aim at
evaluating the capability of OMS in monitoring S€missions from anthr@genic sources. Similar the cases of volcanic
eruptions, we used all pixels from the TROPOMI DOAS, $fdduct instead of applying QA > 0.5 to filter the higimality

pixels because the QA > 0.5 filter would remove many high [BX&ls over anthropogenimission regions. In the case of
anthropogenic emissions, TROPOMI COBRA L3 grid PBL $@ducts were used for comparison instead of the COBRA
7km SQ products.

The Persian Gulf was selected due to its high anthropogenic emissions, includiagdSQ, primarily from oil and gas
extraction and refining industri¢Mardani et al., 2025; Krotkov et al., 2018)his region has a higher probability of clear

sky days and is located in the ldatitude zone, which means relatively high SNR for satellite magens. As shown in
Figs.15and16, OMS effectively detects high S®@alues over the Persian Gulf while maintaining a lower background noise.
Scatter plots from different dates (August 23, 2024, and November 12, 2024) show that (1) The correlation coefficients
between OMS and TROPOMI@AS and TROPOMI COBRA S{remain around 0i%.6; (2) TROPOMI COBRA S®
retrievals are lower than DOAS results over the Persian Gulf; (3) Additionally, the differences among the three datasets
(OMS SQ, TROPOMI DOAS S®@ and TROPOMI COBRA PBL S vary overtime: on August 23, 2024, OMS SO
retrievals were higher than those from both TROPOMI DOAS and TROPOMI COBRA, whereas on November 12, 2024,
OMS SQ retrievals were lower than those of TROPOMI DOAS and TROPOMI COBRA. This may be attributed to the
factors sich as viewing angle, overpass time, local emission variations, and AMF values.

Noril sk in northern Russia within the Arcti c.ebisgionsldee i s
to its massive nickel and metal smelting indugBgauduin et al., 2014)With winter lasting 6 to 9 months and snow
covering the ground for most of the year, the regionods
leading to persistently high S@oncentrations over Norilslkarge SQ emissions cause severe air pollution and acid rain,
which make Norilsk one of the most polluted cities in the world. On May 16, 2024, the orbits of OMS and TROPOMI with
closelocal overpasgimes over Norilsk were selected to reduce the impaenufsion and meteorological differences on the
comparisons of S@columns. As shown ifrig. 17, both OMS and TROPOMI were able to detect the @lOmes over the
Norilsk region. Note that for the OMS S@etrievals over Norilsk on May 16, 2024, the constant AMF=2 was used for the
conversion from SCD to VCD. The $©olumns from OMS and TROPOMI DOAS have a good correlation of-0.93

over the Notlsk region. h the case of Norilsk, OMS SQetrievals are slightly lower than those from TROPOMI DOAS,

with the average relative biases (|JOMIROPOMI| / TROPOMI) of the data from the Norilsk region in OMS orbit
20240516 0334 being approximately 22% (eding outliers with relative biases greater than 200% and ®@mns

smaller than 1 DU), and for OMS orbit 20240516 0516 being approximately 18% (applying the same filtering criteria). The
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TROPOMI COBRA PBL L3 products which have mostly Nan values owerNorilsk region are not presented in this
section.

I ndi aénsssi@®are mainly from coal fired power plants, transportation, and agricultural activities, which are growing
rapidly, increasing by more than 100% from 2005 to 2&Ibtkov et al., 2016Kuttippurath et al., 2022)As shown inFig.

18, OMS also successfully captured the highp pldmes in Eastern India, but most of OMS S€ktrievals ardower than

those from TROPOMI DOAS. This imainly attributed to the simplified strategy of OMS using a constant AMierthe

Indian region. Future work will consider using Indian local, $files to calculate specific AMFs over India in order to
improve theaccuracy of OMS Sgxetrievals over this area. It is worth noting that the ranges of the color teigsii8al-

a3 are different from others to more clearly present the OMS&fievals over Eastern IndiBigure18 alsoshows that due

to different local overpass times, when the, $0Ollution area in India is located at the edge of the TROPOMI orbit where
large retrievakrrors often occur, OMS can provide effective data support to fill thetmoni i ng gaps caused
edgerelated pixels. These comparisons demonstrate that OMS can distinguish the effective dailfoi®@tion from

background noises.
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Figure 15: SOz retrievals over the Persian Gulf on August 23, 2024. (a, b, ¢) Spatial distribution of FY3F/OMS, TROPOMI DOAS
and TROPOMI COBRA PBL SO: columns over Persian Gulf; (d) True Color Image of the Persian Gulf from Terra/MODIS
(Source: https://worldview.earthdata.nasa.gov/); (e, f) Scatter plots of FY3F/OMS, TROPOMI DOAS and TROPOMI COBRA
PBL SOz over the Persian Gulf on August 23, 2024, wherpixels with SQ: columns greater than 1 DU were selected an
TROPOMI is resampled to the latitude-longitude grid of OMS. Note that the missing pixels in Figure c areue to quality filtering
applied to TROPOMI COBRA data.
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Figure 17: SOz retrievals over Norilsk on May 16, 2024. (a®2, b1-2) Spatial distribution of FY3F/OMS and TROPOMI DOAS SOz
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Color Image of Norilsk from Terra/MODIS on May 16, 2024; (e) SQ columns from TROPOMI COBRA PBL over Norilsk on
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from Terra/MODIS on November 4, 5, and 9, 2024. The missing pixels in the Figures-cB are caused bythe quality filtering
applied to TROPOMI COBRA data.

5 Error analysis

The main error sources in the OMS DOAS,3@Irieval include instrumentlated errors, DOAS SCD spectral fitting errors,

AMF uncertainties, and the residual error after background offset correction. Instnataéed errors include spectral and
radiometric calibration errors, degradation of thstrument, stray light contamination and aamformity of the diffuser

plate, which introduce systematic biases in both radiance and irradiance measurements. DOAS SCD spectral fitting error
include uncertainties in the absorption cresstions of S@and O, interference from strongs@bsorption, the Ring effect

caused by inelastic scattering, and the selection of the polynomial order in spectral fitting which may introduce biases if n
appropriately chosen. The AMF, which is crucial for the accutdc§O; retrieval, is affected by the uncertainties in.SO
vertical profile, surface reflectance, clouds and aerosols, and surface height. Moreover, the background offset coyrection ma
introduce additional uncertainties, especially in high 8@as.

Consdering these error sources and assuming that they are independent of each other, the total uncertainty in the retrieve

SO column can be approximated as:

K - - (Eq.3)

whereA is the random error from DOASQO, SCD spectral fitting includingnstrumenirelated noiseA is the
residual systematic error after background offset correction,Aand is the AMF uncertainty which includes two

componentsone is related to the atmospheric scattering weight and the other one is associated witlptbél&6hape.

5.1Errors in SCD retrieval

The errors in OMS irradiance and radiance measurementsarefdhe main error sources of S8CD retrievals. These
errors significantly affect the accuracy of OMS ;S€trievals, and are the main causes of the systematic overestimation or
underestimation of S{retrievals, such as alofitack stripes at specificiewing angles and crogeack asymmetry in SO

SCD retrievalgBoersma et al., 2004'he OMS irradiance and radiance uncertainties mainly depend on viewing angle,
wavelength, and optical degradation. The viewing angle dependence, caused by calitaatioracies, results in unequal
responses for all viewing angles (one viewing angle corresponds to oneraoksposition). With increasing optical
degradation and inaccurate spectral calibration, more errors can be introduced into the irradiandarmedsgttra. This
degradation is difficult tanonitor and calibratebecause no accurate standards over the full OMS wavelength range are
readily available. Meanwhile, these errors in solar irradiance and earth radiance are not constant and cartichiamge wi
and location, making it difficult to correct their impact on.S@trievals. After one year in orbit, the intensity of OMS

irradiance at the shorter wavelength of 317 nm has decreased by about 8.83%, while at the longer wavelength of 331 nm,
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has decreased by about 6.07%. Using the TSIS HSRS hybrid solar reference spectrum instead of the OMS irradiance
measurements can mitigate the impact of viewing angle dependence and degradation on. @& %D However, since

the solar reference spectruines not contain the instrument characteristics, it may introduce systematic overestimation or
underestimation in SOcolumn retrievals. These systematic biases caused by the TSIS HSRS can be partially reduced
through background offset correction but carve fully eliminated.

The temperature dependence and uncertainties of absorptiorseotiss spectra can affect the accuracy of DOAS SCD
spectral fitting. The OMS SOSCD retrieval utilizes the Bogumil S@nd Q absorption crossection spectra at 23 and

223 K for DOAS SCD fitting(Bogumil et al., 2003)However, the S@and Q absorption crossections exhibit strong
temperature dependence, which affects the accuracy of retrieye8CII3 when using the constant 273 K,%@d 223 K

O3 absorption crossections. The S£SCD retrievals increase accordingly as higieenperature absorption cressctions

are usedYan et al., 2014)The differences in SCD retrievals caused by temperaependent absorption cressctions
increase withncreasing S@columns. For example, compared to SCD retrievals using the 203K absorptiosenticss,

the differences in SC5CDs can reach a maximum of ~25 DU (with SCDs around 60 Mah et al., 2014)In addition to

the temperature dependence, theartainty of the S@and Q absorption crossections isalsoone of the error sources in

the SQ SCD retrievals. Systematic errors in slant columns due toc&@ssection uncertainties are estimated to be around
6% in the 312326 nm fitting window(Vandaele et al., 2009)The uncertainty of the SGbsorption crossections from
Bogumil et al. (2003) varies with temperature, being 2.8% at 293 K and 3.0% at lower temperatures. The uncertainty of O
absorption crossections from Bogumil et al. (2003) approximately 3.1% or less. Therefore, to improve the accuracy of
OMS SQ retrievals, it is essential to account for the variations in thg é®orption crossection with temperature and
altitude, especially in cases of volcanic eruptions. Future wdtknebrporate accurate and reahe temperature and SO
profile data to account for temperatutependent effects in OMS S@trievals.

In the UV wavelength band, the Ring effect is a-negligible part of the DOAS SCD fitting process. As showfion 19,

the Ring spectrum convolved with the OMS ISRF varies with SZA, VZAc&@umn and AS within the 31330 nm
wavelength range. The variatiofi the Ring spectrum with RAA is negligible andtleereforenot presented. The mean
percentage change in the Ring spectrum is approximately 27.67% (absolute deviation: 0.0025} esltimenQvaries from

175 DU to 575 DU, 47.34% (absolute deviation: 0&)0ds the AS varies from 0 to 1, 24.18% (absolute deviation: 0.0021)
as the VZA varies from 0°to 759 and 45.29% (absolute deviation: 0.0047) as the SZA varies from 0°t¢180kver, n

this study,a single Ring spectrum simulated with the SCIATRAN model was used to retrieve OMBISA pixels.The

reason is thatldough the Ring spectrum varies significantly with SZA, VZA, @lumn, and AS within the 31830 nm
wavelength rangehe impact of fhg spectrum variabilityon SQ retrievals is relatively smatlue to the weak correlation
between the Ring spectrum and the satellite TOA reflectaagpecially inthe case ofolcanic eruptionsith high SQ
concentrationsMoreover, using Ring spectriat vary with SZA, VZA, Q column, and ASwithin the 310330 nm
wavelength rangeequire constructing a large lookup table, which would significantly increase computational cost for OMS

SO, column retrievals.
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Figure 19: Variation of Ring spectrum with Os, VZA, SZA and surface reflectivity (AS). Ring spectrumwas calculated with the
SCIATRAN model, convolved with the OMS ISRF.The default SCIATRAN settings for the Ring spectrum are as follows:
wavelength st@=0.2 nm,clear sky, HS=0km, O3=275 DU, AS=0.05, SZA=30; VZA=0; RAA=0°.

Additionally, the accuracy of DOAS SCiitting is also influenced by the following factors: (1) Interference from strogc
absorption in the retrieval fitting windovi2ue to the overlap of £and SQ absorption in the UMvavelengthand the fact
that the atmospheric {&bsorption is often much higher than that of,SfBe UV radiation reaching the nesurface (the
primary altitude ofanthropogeni&SO, emissions) is wddned, resulting in a lower SNR. When usingweakenedadiance
and DOAS fitting to simultaneously retrieves @nd SQ, the strong © absorption signal may overshadow the S
absorption information, leading to errors in the DOAS, SCD retrievals. Sensitivity analysis shows that a 1% increa:
O; can lead to approximately a 5% decrease in DOAS ré@ievals(Yan et al., 2017)(2) Selection of retrieval fitting
window. Different retrieval fitting windows have varying s@bsorptbn features, @absorption interference, and SNR. T
scheme using a single retrieval fitting window of B326 nm for OMS S@SCD retrieval may lead to the underestimat

of SO columns in the cases of volcanic eruptions or Hgftectivity surfaces. Haever, employing multiple fitting
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windows may lead to inconsistencies among results from different retrieval fitting windows. ()rtlewpolynomial. In
DOAS retrievals, loworder polynomials are used to remalewvaryingcomponents, such as aerosatsering andoroad
spectral features oébsorption. If the polynomial order is too low, it may fail to effectively remsi@mwvarying
components, while if it is too high, overfitting may occur, leading to partial removal of the trusigs@l. These erre in
SCD propagate into the final OMS $@CD results, degrading the accuracy and applicability of the OMS&duct.

5.2 Errors from AMF

The AMF is also one of the primary error sources of OMS BCD retrieval.lt can be calculated by using B&MF from
forward radiative transfer model and local Sfofile (Chen et al., 2009; Wagner et al., 2007; Palmer et al., 2001; Boersma
et al., 2004)n this study, due to the difficulty in obtaining accurate and satslitehronized global S{rofiles, two AMF

535 constants under typical conditions were used to convert the OMSSDto VCD (see section 3.5 for more information).
However, due to the heterogeneity of the global land cover and the variability of atmospheric conditions emisSon
sources, thapproximation using constant AMFs can introduce large uncertainties into the finAl(@Dretrieval. The
AMF value is influenced by multiple factors including wavelength, SZA, VZA, RAA, AS, HS (also referred to as terrain
height), Q column, SQ vertical profile shape, and cloud fraction and altitfdee et al., 2009)To analyze the impact of

540 these factors on AMF calculation, we used the SCIATRAN as forward radiative transfer (Rodahov et al., 2005p
compute BoxAMF under different forwed model settings. BeAMFs corresponding to each set of forward input settings
are stored as a function of altitude, representing the atmospheric contribution from each layer.
Figure 20 illustrates the variation of SCIATRAN Be&AMF with SZA, VZA, RAA, AS, HS, wavelength, ands@olumn.
The forward model settings remain consistent across all cases, except for the variable being analyzed: SZA -A32.9; VZ

545 07 RAA =05 LER AS = 0.05, HS = 0 km, wavelength = 320 nmz©@olumn = 365 DU, clear sky, and with the assumption
of surface reflectance as LER. As showrFigs.20a-b, at lower altitudes, BeAMF is relatively insensitive to changes in
SZA and VZA within the range ofi®0° However, at higher altitudes (e.g., above 5km), the BdkF generally increases
with increasing SZA and VZA due to tlhenger atmospheric path length at larger angles, which enhances the contribution of
each atmospheric layer to the total AMF. Note that when SZA or VZA is greater than 73.5; theMBoXas a significant

550 decrease below altitude 10 km compared to the sati®ther angles. As shownFhig. 20c, the variation of BoAMF with
RAA is negligible. BoxAMF increases as surface reflectance increaB&s 20d) due to higher reflectivity enhancing
atmospheric multiple scattering, which increases the photon path length and thereby rai8ésFBeadues. When LER
surface reflectance changes from 0 to 1, the surfaceAB&ix increases from 0.23 to 4.14, an increase of approximately
1700%. However, the increase of surface reflectance also changes the vertical shapaMfBshifting it from increasig

555 with altitude to decreasing with altitudEig. 20e shows that the BeAMF decreases with increasing terrain height, as
higher surface elevation reduces the atmospheric column above the ground, leading to less scattering and decreas
sensitvity. The variation of BoxAMF with wavelength ranging from 310 nm to 33fhr{Fig. 20f) shows that BoxAMF

increases with increasing wavelengdtihe difference in BoAMF at different wavelengths varies with altitude. For example,
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near the surface, when the wavelength increases from 310 nm to 330 nm, the surfadéFBoxgreases from 0.28 to 0.48,

a rise of 71.13%; At an altitude of 10 km, the BaMF increases from 1.69 to 2.36, a rise of 39.57%. Note that for most
cases in this study, the wavelength 320 nm, which is approximately at the center of te&i&aal window (312326 nm),

was chosen to perform the SCIATRAN B&MF calculation. The vidation of BoxAMF with the G column from 125 DU

to 575 DU Fig. 20g) shows that, compared to other influencing factogsc@umn has a relately weak impact on Bax

AMF, especially for altitudes below 5 km. The BAMF gradually decreases as the®@lumn increases. The differences in
Box-AMF under different @ column conditions are more noticeable between altitudes of 5 km and 25 km. Folesxamp

an altitude of 15 km, BAMF decreases from 2.41 to 2.07 as thec@umn increases from 125 DU to 575 DU, a decrease

of about 14%.

As seen from the above results, compared to other influencing factors, surface reflectance has a relativiehpattoon
Box-AMF, thus affecting the accuracy of AMF calculations, especially in anthropogenic emission regions whé&e SO
concentrated near the surface. The errors of Bk from surface reflectance primarily come from two aspects. One is the
errors in the surface reflectance climatology. In many satellite products, for each pixel, a surface reflectance climatology
(suchas from OMI(Kleipool et al., 2008pr TROPOMI (Tilstra et al., 2029)is interpolated to obtain the corresponding
surface reflectance, which is then used as input to calculate the correspondiAyiBoXhe uncertainties in the surface
reflectance climatiogy and interpolation errors due to the spatial resolution differences between the satellite observations
and surface reflectance climatology can degrade the accuracy of th&MBexalculations. The sensitivity analysis of AS

error on SCIATRAN BoxAMF (Fig. 21), which was conducted by introducing a 1% and 0.01 perturbation in AS values
ranging from 0.01 to 0.90, shows that (1) The uncertairitieBox-AMF due to a 1% and 0.01 AS variation show a
decreasing trend with increasing altitude, meaning that-Adk is more sensitive to AS at lower altitudes. (2) The
uncertainties of BoAMF due to a 1% AS variation increase as the AS increaddfe those due to a 0.01 AS variation
decrease as the AS increases. When AS is small (e.g., AS = 0.01, 0.03, 0.05), a 1% variation in AS can lead to |&8% than a C
change in BoXAMF near the surface. However, when AS ranges from 0.8 to 0.9, the uncertai@msAMF due to a 1%

AS variation can reach up to 1.1%2% near the surface. Another aspect affecting the accuracy eAR&xdue to surface
reflectance is the assumption of surface reflectance as LER during SCIATRANMBxcalculation. Surface refleciiy,

which depends on the surface properties and the geometry of incident and reflected light, is not uniformly distributed in all
directions (i.e., anisotropy). This anisotropy is typically described by the bidirectional reflectance distribution function
(BRDF). However, due to more scattering in the UV, this effect is more relevant at longer wavelengths. Therefore, accurate
AS input is crucial for the accuracy of Bé&MF calculation, especially in regions with high surface reflectance.

Neglecting forwardnodel errorsFigure 22shows the dependenoé AMF on SZA, VZA, AS wavelength, @column, and

SO profiles. The AMFs werealculated with SCIATRAN BoXAMFs usingsix assumed Sgprofiles. Heresix SQ profiles

were constructed, representing clean conditions, low, medium, and high anthropogeriniSgions, volcanic degassing

with plume heights around 2 km, and volcanicptians with plume heights around 6 ks shown inFig. 22, although

AMF values are generally close tb under typical atmospheric and surface conditions -fneisnowcovered), the
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magnitude of biases introduced by the simplified AMF apprdAdhiF=1 for clean regions and néce/snowcovered areas,
while the other is AMF=2 for the ice/snesovered areasj)ariessignificantly withdifferentconditions Surface albdois the
595 major factor affecting AMF accuracior instance, AMFs can differ by up to a factor of three between AS = 0.05 and AS =
0.8. Furthermore, ashownin Eq. 2andFig. 22, the shape of the S@ertical profile is critical for accurate AMF calculation.
In extreme scenarios, such as volcanic eruptions with plume altitudes around 6 kmyantu®@s of 120 DU he use of a
simplified AMF may lead to an overestimation of total .9y a factor of 1.b2. Since the actual vertical distribution of
atmospheric S@is often difficult to get, a priori profiles from models are commonly used in AMF calculations. Forgegion
600 with anthropogenic emissions, atmospheric chemistry models like GEH@8 and TM5 are often used to provide global
SO, profiles for AMF calculationThe uncertainties in these profiles calso propagate into AMF calculationén future
work, we aim tomcorporate higiresolution and satelliteynchronized S@vertical profiles to improve the accuracy of AMF.
Additionally, for SQ retrievals from high spatial resolution satellite observations, it is often necessary to buildABox
lookup table (LUT) byusing radiative transfer model that considers variables such as SZA, VZA, RAA, AS, HS, wavelength,
605 Oz column, and cloud cover. The corresponding BdAF values for each satellite observation pixel are then obtained
through interpolation within the LUT. T$ approach significantly improves the efficiency of retrieval, avoiding excessive
computational time that would result from repeatedly running the radiative transfer model. However, the LUT approach may
introduce new errors into the B&MF results. First LUT are typically constructed based on specific atmospheric
conditions and forward input parameters, which may not accurately represent real atmospheric conditions. Secondly, the

610 interpolation process within the LUT introduces further uncertaintieshet@oxAMF results.

615
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Figure 20: Variation of Box-AMF with SZA, VZA, RAA, AS, HS, wavelength, and & column. The default SCIATRAN settings for
Box-AMF calculation are as follows: wavelength=320 nm, clear sky, HS=0 km, :€275 DU, AS=0.05, SZA=32.9; VZA=0?
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Figure 21: Sensitivity analysis of AS error on SCIATRAN Box-AMF calculation, which was conducted by introducing a 1%left)
and 0.01 (right) perturbation in AS values ranging from 0.01 to 0.90 The other default SCIATRAN settings for Box-AMF
calculation are as follows:wavelength=320 nmglear sky, HS=0 km, O3=275 DU, SZA=32.97 VZA=0; RAA=0° .
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