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Abstract. In this study, wedevelopan advanced retrieval algorithm for tropospheritogen dioxide NO) from the
geostationary satellitestrumentsandapplyit to Geostationary Environment Monitoring Spectrometer (GEdMSErvations
Overall, the algorithm follows previous heritage five polar orbiting satellites GOME-2 and TROPOMI but several
improvenents are implemented to account for specific features of geostationary satellites.

The DLR GEMSNO:; retrieval employs an extended fittimgndow compared téhe current fitting window used in GEMS
operationalv2.0 NO; retrieval, which results in improdespectral fit quality and lower uncertainti€r the stratosphere
troposphere separation in GEMS measuremawts,methods are developed aedaluated (1) STRatospheric Estimation
Algorithm from Mainz (STREAM)as used in the DLR TROPONNO: retrieval and adaptedo GEMS,and(2) estimation of
stratospheritNO. columns from the Copernicus Atmosphere Monitoring Service (CAMS) forecast Cy48R1 mogdethilctia
introduce full stratospheric chemisiag it will beused in the operational SentifeNO. retrieval While STREAM provides

hourly estimates of stratospheN©, it has limitations in describing smaitale variations and exhibits systemaiases near

the boundary othe field of view. In this respectthe use of estimated stratosphé¥i©. columns from the CAMS forecast
model profile demonstrates better applicability by describing not only diurnal variation but alssca@Nariations.

For the improved air mass factor (AMF) calculation, sensitivity tests are performed using diffeo¢dita. lrouralgorithm,

cloud fractions retrieved from the Optical Cloud Recognition Algorithm (OCRA) adapted to GEMS level 1 data are applied
instead of GEMS v2.0 cloud fractio®CRA is used operatioriglin TROPOMI and Sentine4. Compared to GEMS:hvel 2

cloud fraction which is typically set to around 0.1 for cleky scenes, OCRA sets cloud fractions close or at 0. The ©CRA
based cloud corrections result in increased tropospheric AMFs and decreased tropb&pheeitical columns, leading to

beter agreement with results from existing TROPOMI observations. The effects of surface albedo on GEMS tropospheric
NO; retrievals are assessed by comparing the GEMS v2.0 background surface reflectance (BSR) and TROPOMI Lambertian
equivalent reflectivity (LR) climatology v2.0 product. The differences between the two surface albedo products and their

impact on tropospheric AMF are particularly pronounced over snow/ice scenes during winter. N@siprofiles from the



CAMS forecast model, applied in the DLR GEMS algorithm, effectively capture variatidé.iconcentrations throughout
the day with high spatial resolution and advanced chemical mechanism, which demonstrates its suitability for geostationary
satellite meaurements.

The retrieved DLR GEMS tropospheiNO, columnsshow good capability to captutetspot signalat the scale ofity
clustes anddescribespatial gradients from city centers to surrounding areas. Divanialtionsof tropospheridNO, columns
over Asia are well describalroughhourly sampling of GEMSEvaluation o DLR GEMS tropospheriblO, columnsagainst
TROPOMI v24 and GEMS v2.0 operational producthow overall good agreementThe uncertainty of DLR GEMS
tropospheridNO; vertical columnsvaries based on observation scenariosegionswith low pollution levels such as open
ocean and remote rurateasretrieval uncertainties typically range from %0to 30%, primarily due to uncertainties in slant
columns. For heavily pollutegégions uncertainties in troposphefO, columns are mainly driven by errors in tropospheric
AMF calculationsNotably,the total uncertainty iGEMStropospheridNO, columns is most significaim winter, particularly
over heavily polluted regions with Ielevel clouds below or near ti¢O, peak.

1 Introduction

Nitrogen oxides (NG, the sum of nitrogen dioxideNQ2) and nitrogen oxide (NO), play an important role in many
atmospheric chemistry processes in both the stratosphere and troposphere. In the estraté€phis involved in
photochemical reactions with ozone by acting as a catalyst for ozone depletion while also restraining ozone destrigttion throu
the formation of chlorine and bromine reservoir species (Solomon, $&@8¥eld and Pandis, 2006n the tropospheré\ Oy

serves as essential precursors for ozone formation in the presence of volatile organic compounds (VOCS), influencing the
concentrations of hydroxyl radicals (OH) and thereby the lifetime of mett@itiman et al., 1990 Additionally, NOy
contributes to secondary aerosol formation throughtggarticle conversion (Shindell et al., 2009). Troposphaii,
responsible for both ozone and aerosol production, has significant impacts on air quality, human health, radiativedorcing, a
global climate change. Given its critical role, monitoring the concentratibi©efn the atmosphere is important.

Over thepast few decade$JO, column measurements have been provided from polaswurhronous lovearthorbiting

(LEO) satellite instruments, including the Global Ozone Monitoring Experiment (GOME), SCanning Imaging Absorption
SpectroMeter for Atmospheric CHagiaphY (SCIAMACHY) (Bovensmann et al., 1999), Ozone Monitoring Instrument
(OMI) (Levelt et al., 2006), Global Ozone Monitoring Experimi{tGOME-2) (Callies et al., 2000; Munro et al., 2016), and
Tropospheric Monitoring Instrument (TROPOMI) (Veefkind &t 2012). These spad®orne remote sensing measurements
have contributed to our understanding of the global distribution of tropospti€xidevels, their changes over time and
estimates of emissions. However, the LEO instruments only obsEDyeonce a dy at a specific local time, which has
limitations in monitoring of diurnal variations NO, due to variations in emissions and chemical reactions throughout the
day. Grounebased measurements offer higher temporal sampling of atmospheric compositidmsawliay, but are limited

in terms of spatial coverage. To address the shortcomings of the current atmospheric composition monitoring system, the
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Geostationary Air Quality (GeAQ) constellation mission, consisting of three geostationary satellite serisars
Geostationary Environment Monitoring Spectrometer (GEMS) for Asia, Tropospheric Emissions: Monitoring of Pollution
(TEMPO) for North America, and Sentirél(S4) for Europe, was coordinated by the Committee on Earth Observation
Satellites (CEOS)Zoogmanet al., 2017; Kim et al., 2020).

The GEMS instrument on board the Geostationary Korea Multpose Satellit2B (GECGKOMPSAT-2B), launched in
February 2020, is the first geostationary satellite to monitor air quality at an unprecedented spatiaparal resolution and

has been provide continuous hourly observations over Asia (Kim et al., 2020). GEMS isadsgre U\visible imaging
spectrometer, which combines a scan mirror with a{ousbm design. As the mirror scans from east to wesapitures light

from a narrow strip on Earth oriented in the north to south direction, reflecting it into the telescope. The spectral abverag
GEMS is 308500 nm wavelength range with a spectral resolution of 0.6 nm. The imaging process takes 30follputed

by a transmission time of 30 minutes. The field of v{ie®@V) of GEMS covers the East and Southeast Asia (A%°N, 75

- 145 °E). The nominal spatial resolution is 7 km x 8 km at a reference location, specifically Seoul, South Korea., lHowever
is important to note that the spatial sampling distance varies across the geographic coverage area due to projection ar
curvature effectsNO, measurements from GEMS can be beneficially used for grtauadl concentration estimates and
emission stregths. In particular, the hourly sampling with a high spatial resolution allows for a detailed analysis of the diurnal
evolution of NO, and local distribution of emission sources over Asia, where air quality monitoring has emerged as an
important issue dut rapid economic development and urbanization in past decades, for the first time from space.

In this study, we presentNO, retrieval algorithm designed for geostationary satellites using GEMS measuremem$. Rl he
GEMS NO:; retrieval algorithm is baseon a heritage oNO; retrieval from previous LEO satellites, following a common
approach consisting of three key stef3:tie spectral retrieval of totllO, slant columns, (2) the separation of slant columns
into stratospheric and tropospheric contribog, and (3) the conversion of tropospheric slant columns to tropospheric vertical
columns using air mass factors (AMFs). However, to account for the characteristics of the geostationary satellite, such a:
hourly sampling, limited geographical coveraged darger zenith angles, we develop and implement a number of
improvements in the DLR GEMBO; retrieval algorithm. To estimate the stratospheric contribution and describe the diurnal
variation of stratospheric fields, an improved stratosphr@m@osphereeparation approach using the Copernicus Atmosphere
Monitoring Service (CAMS) global forecast model data is developed and evaluated by comparing it with the results obtained
from an existing refined spatial filtering method. For the improved troposphéuiiEe galculation, sensitivity tests are
performed using differeninput datasets regarding cloud properties, surface albedo and aN®@ipprofiles A detailed
description of the DLRO; retrieval algorithm for the GEMS instrument is provided in Sech 3elct. 3, we present examples

of applying the retrieval algorithm to GEMS measurements, highlighting its capability in monitoring of diurnal variability
Also, DLR GEMS tropospheritlO; retrievals are evaluated comparison withthe operationalTROPOMIv2.4 and GEMS

v2.0 L2NO; products Section 4 contains a summary and conclusions.



2. DLR GEMS NO: retrieval algorithm

Independent from the operational processingstientificNO. retrieval algorithm for GEMS instrument is developed at DLR.

The DLR GEMSNO:; retrieval algorithm mainly follows a classical thrsep scheme used in the previous satellites, with
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several improvements to account for specific aspects of GEMS geostationary institinsgnthe retrieval of a totdlO.

slant column density (SCD)om the level 1 radiance and irradiance spectra measured by GEMS using a Differential Optical

Absorption Spectroscopy (DOAS) technig{ilatt and Stutz, 2008Yo determine the tropospheidO; slant column, the

stratospheric contribution is estimatedlaemoved from the total slant column, after which both total and tropospheric slant

columndensitiesare converted to vertical colunadensities (VCDspy the application of AMFsTable 1 summarizes the key

105

algorithm Each step of the DLR GEMISO; retrieval algorithm is described in detail in the sections below.

Table 1. Overview of the GEMS tropospheric NQ retrievals from the DLR (this work) and GEMS operational v2 algorithm

DLR GEMS (this work)

GEMS operational v2.0
Park et al., 2020)

Spectral fit settings for Fitting window

42571 480 nm

432-450 nm

slant column retrievals Reference spectrum

Daily solar irradiance

Daily solar irradiance

Absorption cross
sections

NO2, Oz, H2Ovap, H20iig, Oa4

NO2, Gz, H2Ovap, Os

Pseudo absorbers

Ring, Polarization sensitivity

Ring

Polynomial

Fourth order

Second order

Stratospher¢roposphere separation

Stratospheric N@estimation based ol

Approach based on Bucsela et al.

the CAMS forecast IFS Cy48R1
profile (detailed in Sect. 2.2.2)

(2013)

Auxiliary input Cloud parameter
parameters for AMF
calculations

Cloud fraction: OCRA adapted to

Cloud fraction and pressure from

GEMS (detailed in Sect. 2.3.1.2)
Cloud pressure: GEMS cloud v2.0

(Kim et al., 2024)

GEMS cloud v2.0

Surface albedo

GEMS BSR v2.0 (Sim et al., 2024)

GEMS BSR v2.0

A priori NO2 profile

CAMS forecast IFS Cy48R1 (Eskes

Monthly mean hourly N@profiles

al., 2024)

simulated from GEO£hem v13

110 2.1 DOAS slant column retrieval

TheNO:; slant column is retrieved usitiige DOAS method@Platt and Stutz, 2008), which quantifies the amouMN@©{ along

the atmospheric light path basedonBeea mber t 6 s | The

aw.

mai n concept

of

parameters and approaches for GEMS troposphea@icrBirievals from the DLR (this study) and GEMS operational v2.0

DOA:¢

absorption signal into two components: the high frequency structures of absorption cross sections used for the netoeval of t

gases and the low frequency part arising from scattering by molecules and particles, as well as reflection at theatadace, tr
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as a closure term that is fitted by a towder polynomial. From the backscattered spectra measured by the instrument, the
DOAS retrieval is performed by a leasjuares fit from the following equatioh)(
4 é"O= "é "QQI_Q0o v, Y. b @
(0]

The measuremeittased term is defined as the natural logarithm of the measured earthshine si@ctdinvidedby the daily
solar irradiance spectrui® _ . An intensity offset correctiof "Q"Qi_Qisfitted as an additional linear term to correct issues
related to incomplete removal of straylight in the spectrometer, inelastic scattering in the oceamd/atak aurrent in the
level 1 spectrum (Paltt and Stutz, 2008; Richter et al., 20hE) effect of the intensity offset correction on GEMS N@nt

column retrievals is described in more detail in Appendix Al.

In this study, the fitting window foNO: is extendedrom 425 to 480 nmcompared to the fitting window of 43%50 nm
currently used in the operational GEMS vRIO; retrieval. The use of a large fitting intervgkenerally leads to a reduction in
noise on the slant column retrievals. However, ifiicant improvements can kachieved only if the level 1 spectra maintain
homogeneous quality over the spectral fitting rar§@ce saturation effects over bright clouds are detected at shorter
wavelengthsand absorptiosby NO, becomerelativelyless significant improvementgith extension to shorter wavelengths
below 425 nn{Richter et al.2011), the lower limit of the fitting windovior GEMSNO: is determineds 425 nm. In addition,
the upper limit is set at 480 nm due to systematic spectilrs observed in DOAS fitting at wavelengths abo¢80 nm.
The spectral effect from the absorption of species g is characterised by the fitted slant columritiandityie associated
absorption cross sectign:

- NO; absorption at 220 K from Valaele et al. (2002)

- Osabsorption at 243 K from Serdyuchenko et al. (2014)

- Water vapor (HOvap) absorption at 293 K from Rothman et al. (201), rescaled as in Lampel et al. (2015)

- Oxygen dimer (@) absorption at 293 K from Thalman and Volkamer (2013)

- Liguied water (HOiq) absorption at 297 K from Pope and Fry (1997), smoothed as in Peters et al. (2014)

- Pseudo crossection formpolarizationcorrection
High-resolution absorption crosectionsarepre onv ol ved wi t h t he Gredddhseifuncion.rGivene nt 6
the relative smoothness of these convolved esestions, interpolation to the radiance wavelength grid is performed through
spline interpolation. The second term on the Hggmd side of Eq. (1) is Ring reference spectiim with the Ring scaling
parameter to describe the fillingn effect of Fraunhofer lines by inelastic rotational Raman scattering, Ring effect. The last
term is the closure polynomial approximatsda fourthorder polynomiaD _ .
In the NO, slant columrretrieval, a singleNO, crosssection reference spectrum measured at a fixed temperature 243 K is
used as a convenient approach. However, as the amplitude of the differentisdectoss features shows a temperature
dependence, a posteriori temperatcoerection for the difference between the atmospheric temperature and the reference

crosssection temperature is performed in the air mass factor calculation to account for the temperature senki@yity of
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based on Boersma et al. (2004) addition to he trace gas absorption cross sectianpseudo crossection is added in the
DOAS fit to correct for remaining polarization correction probldmsnd in the GEMS radiance spectrum.

To assess the uncertainty estimates of GBMIB slant columns, we perforea a statistical analysis by quantifying the spatial
slant column variability over the pristine tropical Pacific region (Boersma et al., 2007; Zara et al., 2018). This ckraerefe
region(5 °Si 5 °N and 80 130 °E) is divided into small boxes (¥1°), ensuring statistically robust sampling and minimizing
contributions from other pollutions and geophysical variability. We assume that variability within the box is attributed to
random uncertainty originating from noise in the level 1 data and impierfsdn the spectral fitting retrieval. It is notable
that measurements with relative geometric AMF variability exceed#bgabe excluded to mitigate the influence of variability

in viewing geometry on the results. In practice, slant columns in eachrbosbserved under similar viewing geometries.
Figurel shows the distribution of the deviation MO, slant columns from the corresponding box mean vidu¢he DLR
GEMSand GEMS v2.0 L2 product. The distribution of slant column deviation is a neary Gauan s hape, and
of the Gaussian function fitted to the distribution can be used as an indicator of the statistical uncertainty estiméadéh The
of the Gaussian is about 0.9 10'® and 1.4} x 10 molec cn? for the DLR GEMS andhe GEMS operationa¥2.0retrieval,
respectively, which suggests a better quality of spectral fitting resuhe DLR GEMS given the use of GEME1 v1.2.4
spectra. TRimprovedNO; slant column retrieval with lower uncertaintiesiieDLR GEMS ismainlyattributed teemploying

a larger fittingwindow, which includesnore spectral points amaovidesrelevant absorption cross sectiohkeuse of pseudo

crosssection for polarization correctidrasa-ninereffect-on-th&lO - fit-quality (~=0-02 %)} eadngto-a-slight improvement

insystematic-biasesnproves the quality of Ngfitting, particularly over the oceamhere specular reflection occuresulting

in a more homogenous spatial distribution of Ngant columns. Additionally, the impact of polatiba correction varies

with the time of day, being more pronounced during sunrise andtsuhse the solar zenith angle is higher, compared to

noon. A more detailed analysis is provided in Appendix A2.
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Figure 1: Gaussian fitsfor the deviation of GEMSNO:2 slant columns fromcorresponding (I x 1°) box mean values in the equatorial
reference sector (5 °S 5 °N; 8071 130 °E) for March 2023 fromthe DLR GEMS (black) and GEMS operational v2.0 algorithms
(blue). The width of the Gaussian provides an estimag of the slant column uncertainty 4 4, 1 4 0.903 + 0.003 x2@molec cni?,
Q, 44 s = 1.436 £ 0.009 x1&molec cm?).

2.2 Stratosphere-troposphere separation

The slant column retrieved by the DOAS fit containd\#ll; absorption alog the atmospheric light path including batie
stratosphere and troposphere. To determine the tropospt@sicolumn, which is of primary relevance for air quality, a
separation ofhestratospheric and tropospheric contributions from the total columerigial step. A variety of stratosphere
troposphere separation methods have been developed for glotsirsimonous instruments. However, to be applietién
geostationarysatellite instrument, there are following points that need to be resolved in existing stratospheric separation
methods. First of all, GEMS samples diurnal variability and requires hourly estimates of stratospheric columns during daytime
which differs from the LEGnstrumentsThe diurnal variability oNO; in thestratospheric field derived by chemical reactions

and dynamics should be accurately describéke geostationary stratosphdreposphere separatiowhich demands detailed
stratospheric chemistry schesmé&econdly, the number of unpolluted clean pixels in the GEMS for each hour is very
limited, which makes ithallengingo employ a reference sector method using hourly GEMS measurements. Third, as GEMS
measurements cover only a portion of the glakssimilation approaches where model predictions of stratosple&ric
columns are adjusted towards the observed satdltecolumns have limitations in accounting for the effects of atmospheric

transport across the domain boundaries. Therefore, thesgihat@troposphere separation approachsed in polar orbiting



satellites should be modified and further develofmeduit the GEMS geostationary instrument this section, we describe
and evaluate two different approaches for stratospinepesphereeparation for GEMS measurements.
190

2.2.1 STREAM adapted to GEMS measurements

The STRatospheric Estimation Algorithm from Mainz (STEAM) is an advanced reference sector method ushi@total
column measurements over clean, remote regions as well asavaedIscenes with negligible troposphéi@, abundance
(Beirle et al., 2016). STREAM calculates weighting factors for each satellite pixel by assigning a high weight to cloudy

195 observations and a low weight to polluted observations, and the weightsthez adjusted in the case of large biases in the
tropospheric residues. Based on these weighting factors, stratodg@efields are derived through a weighted convolution
of total columns using convolution kernels, which are designed to be wider atl&itiedes to account for the low zonal
variability assumption of stratospheNE, and narrower at higher latitudes to reflect the stronger natural variations. STREAM
has been successfully adapted to the polar orbiting satellites and utilized as anmmhptethe stratospheteposphere

200 separation based on datssimilation used ithe TROPOMI operationaklgorithmwith the advantage of requiring no model
input (Beirle et al., 2016; Song et al., 2021).

While STREAMdemonstrategood performances inrstospheric correction for LEO instruments,dfplicabilityto GEMS
observations should be evaluated since geostationary instruments, unlike LEO instruments, have to predict hourly stratospher
fields over a limited geographic domain. Here,applythe STREAM to GEMS measurements and evalitafgerformance.

205 The STREAM settings for GEMS closely resemble those used in TROPOMI measurements, except for the a priori removal of
the overall latitude dependency in the reference sector. This adjustnrmecessary due to the unavailabilitytbé Pacific
reference sector from GEMS measurements. Additionallygptienizedthe definition of the spatial convolution kernekiait
GEMS observation conditions. A pollution weight, representing the potentialsfppbpric contribution to the total column, is
based on our a priori knowledgé the mean spatial distribution of troposphe¥©, columrs derived from three years of

210 TROPOMI measurements (202820). Based on the pollution weight, as well as the cloughweind tropospheric weight,
STREAM estimates stratospheric fields for the hourly scans through a weighted convolutioh»0.829rid pixels.

The adaptation of STREAM to GEMS data successfully yields hourly stratospheric estimates with reasaresale stabwn
in Fig. 2. The overall diurnal variability, as well as latitudinal and longitudinal dependemceslearly reflected in the
stratospheric fields retrieved by STREAMowever, its application to GEMS causes systematic biases near the lwfrders

215 FOV due to the broader effects of weighted convolutimer thelimited spatial domain compared to global application.
Additionally, STREAM hadimitations in estimating smab#cale stratospheric featuresused by stratospheric dynamics and
chemistry such as freg¢ropospheric intrusions dflO,, due torelatively widespatial convolutiorand a lack of supporting

information.
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Figure 2: Diurnal variation of estimated stratosphericNO2z columns from STREAM adapted tothe DLR GEMS NO: retrieval

algorithm (described in Sect. 2.2.19pn 10 June2023. The scan houspansfrom 9 June 202322:45 UTC (10 June2023 07:45 Korea
Standard Time) to 10 June202307:45 UTC (10 June2023 16:45 KST).

2.2.2 Estimation of stratospheridNO2 using the CAMS forecast model data

While the application of STR&EM to GEMS stratosphereoposphere separation offers advantages, such as not requiring any

inputs fromchemical transport modelandproviding gradients of stratospheO, within general uncertainties, it is not

9



accurate enough to capture the diurnal variability of the stratospi€dcmn smaliscales. Therefore, we developed and
evaluatecan advanced approach for the stratosph®mosphere separation method for geostetiy satellite observations of
230 NO; columnsutilizing the NO- profile data from thehemicaltransportmodelthatincorporates comprehensive stratospheric
chemistry.
The ECMWFO&s I ntegrated Forecast System AMSEBBSPrpvide analysihamd gl o
forecast of atmospheric compositions including reactive trace gases, greenhouse gases andEekddtHs 2023.
Currently, the CAMS global model includaschemistry scheme based on a CBfésed carbebond mechanism with the
235 option to couple with stratospheric chemidigm the Belgian Assimilation System for Chemical ObsErvati@sSCOB
system The first operational versiocombiningthe BASCOE modulebecameavailable in the CAMS globatmospheric
composition forecastygem following the upgrade to cycle £4 since Jun®7,2023(Chabrillat et al.2023 Eskes et al.,
2024. Thisupgradeao CAMS IFSCy48R1 (referred to aBCAMS forecash throughout this study) introducedmprehensive
stratospheric chemistry based on RASCOE chemistry schemenabling the representation tife diurnal cycle of
240 stratospheritNO,. With a high spatial resolution 00.4° x 0.4° and 137 vertical layers, tHeAMS forecast modek suitable
for applicationin GEMS observationg.he current tire step of the CAMS forecast output is 3 hobitg,this can be improved
further in the futureThe upgrade of CAMS global forecast model system to Cy48R1 was validated using a number of
independent measurement datag@&skes et al., 2023lEskes etal., 2024) Validation results demonstrate significant
improvements in the ozone profile in the loweiddle stratosphere and stratospheMi®, due to the inclusion of full
245 stratospheric chemistryn particular,an evaluation of monthly mean stratospheN©, columns from the CAMS forecast
modelagainsthose retrieved using TROPOMI observations based on the STREAM nsfibvddgood agreement iterms
of absolute amountgonal distributios and temporal variations of stratospheN©.. The CAMS forecast modekell
represerdthe stratospheriblO, column amounts within ~1% deviationrangefrom TROPOMI stratospheric columns and
reproducsthe general increase in stratosph&@;, at high latitudes in the summer hemisphgyeeflecting the stratospheric
250 chemigry and dynamig¢Eskes et al., 2024)
Based on the good validation results of CAMS stratospDig; we estimate the stratospheN©, columnfor GEMSusing
the CAMS model forecasts of stratospheéMi©; profiles. Although the CAMS global forecast system realistically describes
the variability of stratospheridO. fields over time and region, theegist a bias between the model estimates and satellite
observationsHence it is essential to analyse sg@dtand temporal bias patterns and apply bias corrections to the -model

255 estimated stratosphedO, columnsto adapt the model data to the stratospiemgosphere separation in satellite retrieval

algorithms To calculate the model bias patterns, synthatt@l (geometrickotal NO, columnsw arefirst calculatedas
follows:
Y @ 0
@ = = 2
5 5 @

Modelled NO; total slant columnsY are based on the total vertical columas from the CAMS forecast model

profile with interpolation to match the GEMS centre pixel coordinate and measurementTotaé. AMFs 0 and

10
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stratospheric AMF$ are derivectonsideringsurface properties and cloutformationfor GEMS orbital data and with
CAMS forecast a priorNO. profiles for the whole atmosphere and between the tropopause beiglie top of the
atmosphere, respectively. FiglBand 4preentthe observed initial totdllO, columns from GEMSa), the simulated initial

total NO, columns derived from the CAMS forecast proffl®, anddifferences between thmodel synthetic and satellite
observed initial columng) on 10 Decembe2022 and10 June 2023, respectivelWhile both the model simulated and the
satelliteobserved initial columns show similar spatial distributions and value rangé®.imolumns, biases are apparent,
particularly with larger biases over polluted regions, as illustrated in the difference map.

To investigate the patterns of model biaseshe stratospheret is necessaryo focus on pixels where the tropospheric
contribution to the slant column is minimdtere, we apply a selection rule based on the weighting factor approach used in
the STREAM to find pixels with dominant stratospheric contributi@fig. 3d and 4d) Clouded or clean background pixels,
where tropospherimfluence is minimal andirect estimates of the stratospheric field are provided, are assigned high weights.
Conversely, polluted pixeldominated by the influence dfopospheric sourceare assigned low weights close toThe
weighted model biases adetermined by applying the weighting facttmsmodel biasesi .., the modelled columns minus

the observed columnsyhich allows forthe analysis of the impact of model biases on the stratospheric Askisningthat

model biasef the stratospherifield depend onatitude and observation time (local time of day), the weightedelbiases

for respective pixelare fitted with a loworderbivariatepolynomial as a function datitudehese-variablefor each GEMS

scan hour(seeFig. 5). This polynomial fit formodel bias correction acts as a {pass filter, ensuring zonal smoothness and

mitigating artifacts that may arise from unfiltered troposphegontributions.Model bias patterns arealculated and
parameterizedn adaly basis and newbias patterns are appliadcordingly In Fig. 6, themodelledstratospheritNO; vertical
columns &, 9 and the biagorrected modelled stratospheN©, columns(b, d) are depictedt 04:45 UTC (13:4KST) on
exampledaysin December and JuneespectivelyHere, the biagorrected modelled stratospheric Ndlumns arealculated
by subtracting the model bias correction teabtined through parameterization (Figfrom the modelled stratospheric NO
columns.Therefore thebiascorrected mdel stratospheriblO, columns(Fig. 6b and 6dysed in the stratosphet®posphere
separation in the GEMBO:; retrieval algorithm aremallercompared to the original modelled stratospheric colufiigs 6a
and 6¢) Seasonal variabilitys also evidentlepending on stratospheric chemistry, with the stratospN€ricolumn lower in
winter than in summeat the same scan time.

The stratospheridlO; column derived from the CAMS forecast stratospheric model pradeoutlinedabove exhibitsa
pronouncd diurnal variation(Fig. 7). After sunrise, there is a decrease in the stratospR&iaolumn due to the process of
NO; photolysis into NO, followed by a qudsiear increase as sunset approadibeksenet al., 2A1). Also, a meridional
gradient of stratospherMO, is well describeddepending on the solar zenith an@gMhile gratospheric fields estimated from
the CAMS forecast model approach shamoverall similar range and spatial distributiond®, columnswith those fom
STREAM (Fig. 2), this methochotablycapturessmallscale stratospheric variatior@Given that the stratosphet®posphere
separation method utilizing the CAMS forecast model profile effectively describes thessalallvariations of stratospheric

NO; over time, which is required for GEMS observations with high spatial and temporal resolution, this approach is selected

11



295

300

as the baseline in the DLR GEMSO; retrieval algorithmlt is important to note that CAMS will be the baseline for the
Sentinel4 NO; retrieval algorithm.

(a) GEMS initial NO, column (b) Model simulated initial NO, column
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Figure 3: Maps of the (a) observed initial total NO2 columns from GEMS, (b) simulated initial total NO2z columns derived from the
CAMS forecastmodel profile, (c) differences between the model simulated and satellite observimitial columns (b-ain this figure),
and (d) weighting factorsindicating dominant stratospheric contributions for 10 December 2022 at 04:45 UTC. lthe tropospheric
NO:2 contribution is significant, the weighting factor (d) is assigned close to 0, and tterresponding pixel is excluded from the
sample data for calculatingstratospheric model biases
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Figure 4: Same as Fig3, but for 10 June 2023 at 04:45 UTC.
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(a) Simulated model stratospheric NO, column (b) Model bias corrected stratospheric NO, column
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Figure 6: Simulated model stratospheric NO: vertical columns by CAMS forecast (a, ¢) and the biascorrected modelled
stratospheric NO2 vertical columns (b, d)on 10 December 2022 (a, b) and 10 June 2023 (c, d).
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Figure 7: Diurnal variation of estimated stratospheric NO2 columns based on the approach utilizing the CAMS forecast mode
profile data (described in Sect. 2.2.2pn 10 June 2023.
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2.3 Air mass factor calculation

The conversion of the slant column into the vertical column is performed by dividing an(MMFGiven the small optical
depth ofNO,, AMF can be derived as

. B a @b

" Te ©
whered denotes the beAMFs in layer |,0 is the partial column density, addlis the correction term for the temperature
dependency of thBlO, cross section (Boersma et al., 2004; Bucsela et al., 2018)epends on retrieval (forward model)
input parameters i, including the GEMS viewing geometry, surface albedo, surface pressure, cloud fraction and cloud pressure
The boxAMF & values are calculated at 452.5 nm, the-péht wavelength of the spectiitting window 425480 nm,
using the radiative transfer model VLIDORT version 2.7 (Spurr, 2006). Thé\btis are stored in a loelp table (LUT) as
a function of solar zenith angle, viewing zenith angle, relative azimuth angle, surface albedo, sesface and atmospheric
pressure. Pixetpecific box AMFs are obtained by using the best estimates for forward model input parameters and a 6D linear
interpolation. The light path in the troposphere is affected by scattering on air molecules as wetl asctl@erosol particles.
Therefore, the tropospheric AMF calculation should consider the surface albedo, al@kipriofiles, and cloud properties.

The impacts of main parameters on the A be discussed in detail in the following sections.

2.3.1 Qoud correction

The retrieval of tropospherMO; is influencedby the cloud parametenshich derivevariatiorsin scene albedo and the photon
path redistribution in the troposphehethe presence of clouds,account for clougtontaminated pixelshe AMF calculation
adopts the independent pixel approximatiwhich expressethe AMF as a linear combination of a cloudy AMF ( ) and a
clearsky AMF (0 ) (Cahalan et al.,199Martin et al., 2002

0 10 p 10 (4)
with] the radiance weighted cloud fraction derived from the effective cloud fracijin (

®'0
p 0 ®O )

where’'O andO representhe radiancefomthe cloudy and clear pamf the pixel, respectivelyl he valies of O andO

depend on GEMS viewing geometries, surface albedo and assumed cloud albedo.

2.3.1.1 GEMS L2 cloud fraction and cloud pressure

The operational GEMS cloud algoritimetrievesthe effective cloud fraction and cloud centroid pues$ased on a LUT that
utilizes the G-O; absorption band similar ttne OMI cloud retrieval algorithmKim et al., 202). This cloud model assumes
an optically thick Lambertian cloud with a fixed albeafd).8. In the first step, the absorption crgestion spectrum dd,-
O is fitted in the 460485 nm range based ¢ime DOAS method yielding the slant column densityGefO, Y together
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with the continuum reflectan¢€ . The Q crosssection spctrum is included in thepectral fit as it overlaps with th@,-O,
spectrum. In the next step, LUT is used to convert the retrieved quaifities and’Y into cloud altitude and effective cloud
350 fraction. The altitude is transformed into the puesdevel with the profile used by the forward model calculatidrdetailed
descriptionof the GEMS operational cloud algorithm can be found in Kim et al. (2024).GEMS L2 cloud product
parameters, specifically the effective cloud fraction and clemtraid pressure, retrieved by the processer versicaréuded

and evaluated for the impaaifcloud correction on GEMSIO; retrieval.

355 2.3.12 OCRA cloud fraction adapted to GEMS
Optical Cloud Recognition Algorithm (OCRA) is the algorithm that provides operati@dibmetric cloud fraction
information forthe Europearsatellite missions dedicated to air quality and trace gas monitanicigding GOME/ERS2,
SCIAMACHY/Envisat, GOME-2/MetOpABC and TROPOMI/S5PLEyola 1998; Lutz et al., 2016; Loyola et &018)as
well as the NASA EPIC/DSCOVROCRA will also be applied to the operational L2 cloud product of the upcoming Sentinel

360 4 mission(Loyola et al., 2018 OCRA retrieves theloud fractionby analysing thecolour of the scenausing integrated
radiances in UWis rangesseparating the sensor measurements into two componentsfigdeuzhckground and a remainder
expressing the influence of cloau@ivenits flexibility and vesatile design, OCRA&an be easilpdapted and implemented to
other missions and instrumenksere, we applythe OCRA GEMS cloud fraction which s retrieved by adaptinthe OCRA
algorithm directly to the GEMS level 1 radiance and irradiance datacomplement of the operatioG#MS cloud fraction.

365 The adaptation of OCRA to the GEMS L1 data includes the followorgponentsFor the cleaisky backgroundwe use
composite maps generated with the EPIC/DSCOVR instrument. See Molina Garciaf(2@2gils about the generation of
those mapsOCRA also includes a pgrocessing step which intends to minimateud fraction overestimation at extreme
viewing geometries. An empirical correction scheme for the GEMS L1 reflectance windows used bys@GRALted based
on four full months of GEMS L1 data to cover all the seasons. The correction for each OCRA fitting window is then based on

370 a polynomial fit to monthly mean reflectance data as a function of the viewing zenith angle. The final calditlad @CRA
GEMS radiometric cloud fraction is then performed based on the viewing angle dependency corrected reSecisiticity
tests of GEMS tropospherO, vertical column retrieval depending on different cloud fractioheach product will be

described in the following section 2.3.1.3.

375 2.3.1.3Evaluation of cloud corrections
In this section we evaluate the influence of cloud correction on the tropospN&ijccolumn retrieval using two different
cloud fraction datasstdescribed in S&2.3.1.1 and 2.3.1.Eigure 8 comparethe cloud fraction from the OCRA applied to
GEMSL1 dataand the GEM%.2 cloudv2.0productfor the same scan time on the same @aerall, here isgood agreement
in boththe cloud structureand value rangdsetween the two dataselhe correlatiorbetween the GEMS L2 effective cloud
380 fraction and the OCRA cloud fraction approximately0.97.However,thereareclear spatial patterns théte OCRA cloud

fraction issmallerby about0.1for clearsky sceneswhereas larger for fully cloudy scenes compareithédGEMS L2 cloud
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fraction as identified inhe difference mag{Fig. 8c). The high biasn the GEMSv2.0 cloud fraction compared the OCRA

cloud fraction for cleasky scenes might be attributedtim different treatments of surface albedo in cloud retrievals. The

GEMS v2.0 cloudetrieval algorithm uses monthly surface reflectance from OMI as input (Kim et al., 2024), whereas OCRA

uses a cleasky climatology based on the EPIC/DSCOVER instrumvi. found that surface features from OMilased

surface LER climatologypatticulady for bright surfacesget translated into the operational GEMS v2.0 cloud fraction

producs as shown in Fig. SAlso, regions with extreme observation geometries, i.e. wigelaolar zenith angle and viewing

zenith angle, differences between the OCRA and GEMS cloud fraction is detected. At zenith angles roughly’abiwve 60
GEMS cloud fraction shows a constant background sighath is less pronounced the OCRA cloud fretion due to the
application of viewing zenith angle correction.

Figure 9 shows the tropospheN©. columnsretrieved usindpoththe OCRA and GEMS L2 cloud fractidor the same scan
time, demonstratinghe impactof cloud correctionsvith different cloudproducts In many cases of cloudy scent® cloud
top isgenerallyabove theNO, pollution presenin the boundary layer, and the enhanced tropospNé&icolumns cannot be
detected bgatellite instruments if the clouds are optically thick. Therefore, tropospti@sicolumrs aredisplayedor GEMS
observations with the cloud fraction less than @.ghould be noted that the altitudependent AMF for a partly cloudy pixel
implicitly includes a correction for tHeO, columrs lying below the cloud, referrettd as ghost coluns) via the cloudysky
AMF 0  (whered = 0 for layers below the cloud top pressuis.indicated in the difference mdpig. 9c) the use of
OCRA cloud factionresults inareductionin tropospheridNO, columns particularlyin polluted regions, by up to 2.0 x %0
molec cn¥. To examine the case in more detail, we zoomed in and displayed the cloud fraction and tropg€pltetionns
including TROPOMI productsthat overpassedhe study domain within onkour of the GEMS scaifFig. 10). The cross
comparison of cloud fractions using the TROPOMI operational praguetledthat OCRA cloud fraction values are closer
to TROPOMI cloud fraction in cleasky scenesshowingbetter agreement compared to GEMS L2 cloud fracédtiough

the GEMS L2 cloud fractioeshowssmall values around 0.1, these scenes seem to be identified afrel(ii@. cloud fraction

is set to O¥or almost cleassky conditiors with the retrieved cloud height very close to the surface height in both the OCRA
and TROPOMI cloud produst

Figure 11 shows an example of thox-AMFs derived using the OCRA and GEMS L2 cldualction for clearsky scenes
over Shanghai (32.22N, 121.37°E) and Qingdao 85.05°N, 119.57°E) in eastern China on Meh 14,2023 The cloud
fractiors and the calculated tropospheric AMFs are also indicai@inpared to the cloud correction using the GEMS
operational cloud fractioremployingOCRA cloud correctionncreases the tropospheric AMF by8%s, while concurrently
reducingthe tropospheritNO, column by ~22 %Notably, underclearsky conditions the GEMS L2 cloud fraction of 0.1
makes the retrieval less sensitiva\l®, below the cloudhan theOCRA-based bud correctionwherethe cloud fraction is

at orclose t00. This effect isparticularly pronounceth polluted urban areas whestevated levels dllO, arelocated in the
boundary layer, resulting in larger differesde retrieved tropospheriO, columns due to cloud correctiomsth different

cloud fraction values.
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Figure 8: Maps of doud fractions from (a) OCRA adapted to GEMS level 1 dataand (b) GEMS L2 v2.0 cloud product for 14 March
2023 at 04:45 UTC. (cpifferencesin cloud fractions (OCRA i GEMS L2 v2.0; a1 b in this figure) for the corresponding scene

(ag Troposgher'\o NQ, column with OCRA CF (b) Tropospheric NO, column with GEMS L2 CF (c) Difference in tropospheric NO
0 0 100 120 140 60 80 foo 120 140 60 80 100 120 146
h : : v : = —_—
OR. .. BECS vy A s Ly AT Py
=T (=]
=10 . B, [
N (=]
ol [=]
A : ! : . ! . A
20 60 80 100 120 80 100 120 140
NO, column density [10" molec/cm’] Difference [10" molec/cm’]
i .
420 0.0 4.0 8.0 12.0 16.0 -1.8 -1.0 0.5 0.0 05 1.0 1.6

Figure 9: Tropospheric NO2 columns retrieved using(a) OCRA cloud fractions (displayed in Fig. 8a), and (b) GEMS L2 v2.0 cloud
fractions (displayed in Fig. 8b) for 14 March 2023 at 04:45 UTC. (c) Differences in tropospheri¢O2 columnsapplying the OCRA-
based cloud correctiols and GEMS L2 O,-O2 based cloud correctiors (ai b in this figure). Only measurements with cloud fraction
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Figure 10: Zoomed maps for cloud fractions from (a) OCRA adapted to GEMS level 1 data, (b) GEMS L2 v2.0 cloud product, and
(c) TROPOMI L2 v2.4 cloud product over polluted areas including eastern China and Korea peninsula for 14 March 2023 a4 @5
UTC. GEMS tropospheric NOz vertical columns retrieved using (d) OCRA cloud fractiongdisplayedin Fig. 10a)and (e) GEMS L2
v2.0 cloud fractions(displayedin Fig. 10b). (f) TROPOMI L2 v2. 5 tropospheric NOz columns for the corresponding scene.
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Figure 11: Comparisons of boxAMFs derived using the OCRA and GEMS L2 cloud fraction for clearsky scenes over Shanghai
(32.22 °N, 121.37 °E) and Qingdao (35.05 °N, 119.57 °E) in eastern ChinaldnMarch 2023 at 04:45 UTC Cloud fractions and
calculated ropospheric AMFs for each case are denoted.

2.32 Surface albedo

Surface albedo plays an important roiehe accurate retrieval of trace gas columns and cloud properties (Govaerts et al.,
2004). Previous studiegcessinghe accuracy dllO, columns fran satellite measurements show that erroféa retrievals,
particularly over major continental source regions, are dominantly affeceddsgin the air mass factors causedimyprecise
estimates of the surface reflectance (Boersma et al., R€dppl et al., 2008)Given the significant impact of surface albedo

on the sensitivity of backscattered radiance to boundary K@ereven a minor absolute error of 0.01 in surface reflectance
can potentially introduce approximately a%%error in topospheridNO, columns in polluted regions (Boersma et al., 2004).

In many retrieval algorithms for trace gases from sgmree spectrometers, the surface reflectivitydescribed as
Lambertiarequivalent reflectivity (LER)assumingisotropic surface réection. While this simplified approach may be
justified when viewing and solar illumination angles are constrained to a narrow range, it disregards the directionatdepende
of surface reflectivity, which can be described by a bidirectional reflecthisicdoution function (BRDFJTilstra et al., 2017)
Radiative transfer modetwe able to includéhe BRDF for every order of reflection by the model surfacaccount for the

dependence of surface reflectivity on illumination and observation diredtiowever,implementingthe full BRDF is
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computationally intensive in many practical situations, and certain radiative transfer codes may lack proper BRDF handling
capabilitiesGiven these challengesost operational satellid@ased trace gas retrievagatithmshave usedlER climatology
databases, typically constructed on a gridded monthly basis using statistical values derived from multiple years of satellite
observationsRecently, to complement the traditional LER climatology, several nhew databamésoohtain a directional
dependence of the albedo values have developed, such as the gelmpetyent effective Lambertianuivalent reflectivity
(GE_LER) (Loyola et al., 2020), the directionally dependent Lambeeiiguivalent reflectivity (DLER) (T#tra et al., 2023)
The effect on the angular dependence of surface reflectivity should be consideeschrefullyfor the geostationary satellite
due toits hourly sampling, relatively large viewing and solar zenith angled high spatial resolutioG6vaerts et al. 2004

To addresghe atmospheric scattering effects and the anisotropy of the surface reflectance throughout Hee Glal) S
operationalsurface reflectance algorithm operates in two modes, online and offtinsjsting ofthree main sps: (1)
atmospheric correction, (dji-directionalreflectancedistribution function (BRDF) modelling, and (¥)ackground surface
reflectance BSR) retrieval. The atmospheric correction process invob@aputingthe top-of-atmosphere (TOA) radiance
and onverting it totop-of-canopy (TOC) reflectance using t8econd Simulation of the Satellite Signal in the Solar Spectrum
Vector (6SV)radiative transfer modéVermote et al., 2006 Next, the Roujean BRDF model (Roujean et al., 1992), one of
the semiemgprical BRDF modelsis employed for BRDFnodellingto characterizéhe anisotropipropertiesof land surface
Finally, the GEMS BSR iderivedusing the BRDF parameters obtairfeain the land surface arem the precedingday. In

the marine area, wherke same assumptionstasse fodlanddo not apply the minimum of Rayleigicorrected reflectance
within a 15 days period istilized. The BRDF retrieval is performed offline and is applied in the online BSR retriaval.
detailed description of the GEMS BSalgorithm is provided by Sim et al. (2024).

Currently,the GEMS BSR v2.(Qoroductis used as input data for GEMS operational aerosol, cloud, and trace gas retrievals.
this study, ve comparethe GEMS BSRwith the TROPOMI LER climatology v2.0 interpolated linearly in time distance
from the GEMS pixelandevaluatehe impact of surface reflectivity on GEMS troposph&ia; retrievals Figure 2 and 4
show the GEMS BSR at 448 nm, TROPOMI surface LER at 463nd their differences at 04:45 UTC on 9 December 2022
and 10 June 2023, respective@verall,the GEMS BSR valués higher tharthe TROPOMI LERvalueoverland by about
0.1, while it is lower by about 0.05 over the 8&EMS BSR shows larger differerscan surface albedo between the land and
ocean,with a distinct boundaryalong the coastline compared to TROPO&dkfaceLER. In summer, the spatial pattern
remainsgenerallyconsistentwith GEMS BSRshowinghighervaluesover land andower valuesover water. Howevetin
winter, the spatial pattern of differences betwiertwo databases is relatively inconsistantivariesdepending on the region
and observation period. Thigconsistency maype attributed thalfROPOMI LER climatology may diffefrom the actual
surface conditionsespeciallyin snow/ice sceneddditionally, systematic biases in GEMS BSR are mmm@nouncedn
winter due to gagfilling close to Oin casesvhere no data are availabpgrticularlyunderhighviewing zenith angleand solar
zenith angle conditions, suchiasMongolia, northern Tibet and Xinjiang.

The difference in tropospheri¢O, columns depending on surface alb@doductss larger in winter 2.5x10" molec cn?on

average compared tssummer (1.510% molec cnmi? on average(Fig. 13 and 15)Moreover the larger impacof surface
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albedois observedver polluted regions, such as in eastern China and northern $iiie. thesurface BRDF increases with
larger zenith angles toward the northwest of the GEMS durtfaé differences in surface albedo and retrieved tropospheric
NO. columns may increase accordingly. Howeube northwestrn part of thedomain, including Mongolia, Xinjiang and
Tibet, predominantly consists of clean background regions, which results in relativalldifferences in tropospheriO;

column values themselvds. this study, v use the GEMS BSR v2.0, which is provided factescarhouron a daily basis,

in the DLR GEMS NGQ retrieval algorithm to account f@RDF effects. However, current remaining issues in GEMS BSR
v2.0 such as landea discontinuitanduncertainties in TOA reflectanedtributedto GEMS level 1 spectraight cause errors

in GEMS AMF calculationThese issues will be resolved using the improved GEMS BSR v3.0 product which will be released

near future.
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Figure 12: Maps of surface albedo from (a) GEMS BSR v2.0 product, and (b) TROPOMI surface LERIlimatology v2.0 product
spatiotemporally matchedon GEMS pixels for 10 June 2023 at 04:45 UTC. (c) Differensdn surface albedo (GEMS BSR v2.0
TROPOMI surface LER climatology v2.0; ai b in this figure) for the corresponding scene.

(a) Tropospheric NO, column with GEMS BSR (b) Tropospheric NO, column with TROPOMI LER (c) Difference in tropospheric NO.
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Figure 13: Tropospheric NO2 columns retrieved using (a) GEMS BSR v2.0 product (displayed in Fig. 12a), and (b) TROPOMI
surface LER climatology v2.0 (displayed in Fig. 12b) for 10 June 2023 at 04:45 UTC. (c) Differences in troposph&o> columns
applying the GEMS BR v2.0 and TROPOMI surface LER climatology v2.0(ai b in this figure). Only measurements with cloud
fraction O 0.4 are included.
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Figure 14: Same as Fig. 12, but for 9 December 2022 at 04:45 UTC.

c) Difference in tropospheric NC.
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(a) Tropospheric NO, column with GEMS BSR (b) Tropospheric NO, column with TROPOMI LER
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Figure 15: Same as Fig. 13, but for 9 December 2022 @4:45 UTC.
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2.33 A priori NOz profile

To account for the varying sensitivity NfO; at different altitudes, a vertical profile shapeN®, should be considered in the
AMF calculation. The chemistry transport model is regarded as the optimal souareafpriori NO; profile. In this study,
the CAMS forecast model from cycle 48tked in the stratosphet@posphere separatios also applied in theopospheric
515 AMF calculation, which is beneficial to maintain consistency in the G\ retrieval. Tke a priori profile values are
computed at the center of GEMS ground pixel through linear interpolation based on distances tomieggBBdIS forecast
grid centers. Additionally, the model profile values are linearly interpolated with respect to thite salvekrvation time.
Compared to the TMBIP a priori profile with a 1° x 1° spatial resolution usedfROPOMINO:; retrieval the improved

spatial resolution as well as moretgpdate chemistry and emissions for trace gas species in the CAMS foredasentmance
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the capability tacapture locaNO; distributiors, especially in regions with large heterogeneity and varialfttiskes et al.,
20249).

Figure B shows thaliurnal variation in th&€AMS forecast a priofNO; profiles over SeoulSouth Koreg37.53° N, 120.01
°E), for summer (5 June2023) and winter (2 December 2022), respectiveBoth selectedlays are weekday$he CAMS
forecasta prioriprofilesdescribe the diurnal evolution of thED, volume mixing ratig. In the morningtypically commuting
hoursfrom 00:45 to 0145 UTC (09:45 to 10:45 KST)source emissions increase witte elevatedtraffic, leading tothe
highestsurfaceNO, concentration witta shallowboundary layerAs noon approacheblO; concentrations decrease due to
diminished source emissions (lower traffic flow) compared to the mormisgvell as stronger vertical mixidgcilitated by
increased temperature and boundary layer heigtgo, the increased temperature and solar radiation intensity during midday
enhancephotochemicateactions, which consequently increase the chemical Id$©ofAn et al., 2016)TropospheridNO,
columns, which show a minimum during midday, begin to increase again with increased traffic nemtige end ofvork
hours from 06:45 to @:45 UTC (15:45 to 16:45 KSTa patterrwell described in the CAMS forecast a pribi®. profile.

In addition to the diurnal variatiothevertical distribution ofCAMS NO; variesaccording tdhe seasorin winter, highNO-
concentratios are distributed close to the surface levdle to abundaniO, emissionsfrom sourcessuch adraffic and
industry, trappedwithin a shallow boundary laye®n the other hand, in summer, thgher temperature and elevatemindary
layer promote stronger convective activity aimtreasedlilution, while stronger solar radiatiofacilitatesthe photolysis of
NOy. One thing to note is th&@@AMS forecastNO, volume mixing ratics and vertical distributiomay vary depending on
various factos, including meteorological conditions (temperature, wind spaed directionrelative humidity precipitation,

and radiatiohas well asemissionpatterns onweekdays/ersusweekend.
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Figure 16: A priori NO2 profiles from the CAMS forecast model for GEMS each scan hour ovethe Seoul metropolitan area (37.53°
N, 120.01 °E) orl5 June 2023 (left) and 12 December 2022 (right), respectively.
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3.DLR GEMS tropospheric NOz retrieval evaluation
3.1 Examples ofGEMS tropospheric NO2 columns

Figure I shows the monthly mean DLR GEMS troposph&ia, vertical columns for each scan tirfiem 22:45 to 07:45
UTC (07:45 to 16:45 KSTpn a 0.2 x 0.2° grid in June 20230nly measurements with cloud fractions less th@b @re
included.High tropospheridNO; columns aresvidentover urban and industrial regioims eastern China, South Korea and
northern IndiaHotspot signalarealsodetectedhs city cluster scalsuch afBeijing, Tianjin, Hebei,andShanghalocatedin
northrnortheastChina,Chongging and Chengdn southwest Chingshenzherand Guangzhoun south China, and Seoul in
South Korea, Tokyo and Osaka in Japan, Delhikari#latain India. In thesemegacities and surrounding argetsaracterized
by high population densitgnd anthropogenic sources includingtorvehicles power plants anthdustries diurnal variations
in tropospheridNO; areclearly monitoredy the hourlygeostationary satellitebservations

Due toits relatively short chemicdifetime with several hours in the boundary layer during daytthesspatial and temporal
variability of tropospheridNO; is strongly affected by its emissi®from sourcesand meteorologicafactorssuch as wind
speed, temperatureyumidityand illumindion (Beirle et al., 2003 hehighestievelsof tropospheridNO; aremainly observed
in the morning primarily due to abundant emissi®fNOx from commutertraffic. In urban regions located to the eastraf
GEMS domain, such as Tokyo, Seoul and cities in ea&lieima, the highest troposphefiO, columrs arefound between
23:45and01:45 UTC,corresponding taheir local morning time, while in India located in the westhef GEMS domain,
peak levels arebserved between 02:48nd 03:45 UTCdue to time zone differenseDuring middaythe-reontime given
sufficientsolar radiatiopitravieletradiationNO; is photolyzed to produce NO and oxygen atoamsl it is also oxidized by

OH radicalsresulting ina decrease itvopospheridNO: levels. However, thetropospheridNO: level begins tancrease again

in thelater afternoon@7:45 UTCin the eastern part of the GEMS domagpproachinggommuting time due to increased
traffic in cities Overall, GEMStropospheridNO- retrievalsover urban regionexhibitthe highest peak in the local morning
hours, decreasingp aminimum value around noon, and tHaenreasingagain in the afternooi his patternis consistent with
previous stugksthat monitoredhe diurnal variationof tropospheridNO; using grounebasedmeasurementglemonstrating
thatthetemporal variabilityof NO, driven by source emissions and photochemistvgr a large coveragesn beeffectively
monitored by the geostationary satellite instent(Zhao et al., 2018;i et al., 2021)Also, spatial gradients d4O, from city
centes to surrounding areas adetectedrom GEMS observationg.ropospheridNO, columns, which are high within the
megacities due to heavy anthropogenic pollution generated by emissions from a high number of vehicles and industries
decrease with distaness a result othediminishingNOy sources and horizontal transport and smedBeirle et al., 2Q1).
TropospheridNO, columns aresignificantly low over rural and open oceaneas Although elevated levels afropospheric
NO: are detectedlong shipracks such as thosgtarting from Singapor@ndcoastlinesiearports and indusies,most ocean
and rural regiongxhibit background levels of tropospheN©, due to low anthropogenic emissiofis.these pristine areas,
NO; sourcesare primarily from natural emissionsncludingproduction by lightning and microbiological processes in soils

(Weng et al., 202(Li et al., 202}. Hence, the diurnal variation of tropospheMi©. in rural areasliffers from that in polluted
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urban areaswith a gradual increasebservedfrom morning b noon This gradual increase is attributedbimgenic NOx

emissionswhichare affected byegetationfemperature, moisture and radiatigdeng et al., 2020)

580

Figure 17: Diurnal variations of the monthly averagedDLR GEMS tropospheric NO2z columns at each scan hour on 0.1°x 0.1° grid
in June 2023 Only measurementsvi t h ¢l oud fractions O 0.25 are used in the cre

28



