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Abstract

The Geostationary Environment Monitoring Spectrometer (GEMS), launched in 2020,
provides both temporally and spatially continuous air quality data from geostationary
Earth orbit (GEO). This study first investigates the seasonal variations and diurnal
behaviorpatterns of nitrogen dioxide (NOz) tropospheric vertical column densities
(TropVCDs) over the Seoul Metropolitan Area (SMA) using GEMS data, retrieved by
the IUP-UB algorithm. We findeund that-beth the_magnitude of the-ameuntsef NO>

TropVCDs and itstheir diurnal behavior patterns—have significant seasonal

dependenceselearly—vary—aceording—to—the—seasons. —In January, the highest NO,

TropVCD values in the rangeef 27.5 — 28.9 x 10 molec. cm? duringareng the four
seasons were observedappear at 15:00 local time (LT), and NO, TropVCD with

increases from the first retrieved values at 10:00 LTeentinuoushyinereasing—divrnal
patterns. On the other hand, we find the lowest values (7.4 — 8.8 x 10> molec. cm™?) are
found-at ~14:00 LT in July. The VCD values in July are-increasing—unti—10-LF

diminishing-untl-14-LF-and-thenreboundingincreased up to 10:00 LT, then decreased
until 14:00 LT, bu then began to increase again-after. Theseese-distinguishing different

diurnal_behaviors of patteras the TropVCDs in theaeress differentthe seasons

reflectimply the differences in ef-photochemical and meteorological conditions as well

as the emissions of NOx. Photochemical transformations are typically more—mestly
rapidaetive in July and slower in January. We-alse-investigated-therole-of-horizontal
wind-en-the- NO»TropVVCDs-The absolute values and diurnal behaviorpatterns of NO2

TropVCDs are significantly influenced byehanged-by-setting-different the wind speed
fiter, except in July. MEspecialhy,-moderate (wind speed > 3m/s) or strong wind (wind

speed > 5m/s) reduced the magnitude of the-makes diurnal behaviorpatteras in January

flattened, implying thatpeicating the NO2 plumes were transported te-the-downwind

regions. Finallylasthy, we investigatecompared the retrieved NO2 TropVCDs with that
retrieved using different varieus a priori NOp data simulated by frem-TM5 and WRF-

Chem,_calculated using-with the most recentlatest emission inventoriesy. Although
simulated VCDs from WRF-Chem and TM5 show differencesserepancies of up to—_a

-2-
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factor 2.75-times, retrieved NO2 TropVCDs using each a priori data have almost

identical values and—_diurnal behaviorspatterns, except in July. Notably, the diurnal

behaviorpatterns of the retrieved NO, TropVCDs are independent of with-those from /,,/—/[A-Iél

: oay Hx}

the two chemical transport models, indicating that observations of slant column

densities are the_dominant factor in—main determining theants—of diurnal behavior

patterns-of NO2 TropVCDs. Changes of the model horizontal resolution and volatile
organic compounds (VOC) emission inventory do not affect significantly the retrieved

NO2 TropVCDs in this study. However, when the a priori NO, vertical profile was fixed ;*""/[*1‘4 X|™eh 22 7|2z ge
as the values at 13:45 LT, the diurnal patterns of NO, TropVCDs shewshowed (M4 R 220129 g8, ot BX
Mo XEE: 2571298 s

significant —meantngfut-changes with differences of up to -18.3%.
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1. Introduction

Nitrogen dioxide (NO>) is one of the most important trace gases—_ininvelved-in the

photochemical mechanisms, which reactions-determine the tropospheric distributions

of related-te-trepospheric-ozone and secondary aerosol ehemistry-(Milford et al., 1989).

Beginning with the launch of the passive remote sensing instrument GOME om ESA

ERS-2 (Burrows et al., 1999) in 1995, then followed by SCIAMACHY —+reecent

decades; on ESA Envisat in 2002 (Burrows et al., 1995 and Bovensmann et all., 1999),

OMI on NASA AURA (Levelt et al., 20046), GOME-2 on ESA EUMETSAT Metop A,

B and C (Callies et al., 2000, Munro et al., 2016), and TropROPOMI on the ESA

Sentinel 5 Precursor in 2018 (Veefkind et al., 2012), the amounts and distributions of

stratospheric and environmental-satellites-such-as- GOME, OMI,- SCIAMACHY, and
FROPOMI-have-observed-tropospheric NO2 vertical column densities (TropVCDs)

have been retrieved at increasing spatial resolutions from these instruments, which all

fly in sun-synchronous low earth orbit (LEO). By —frem-space{Burrows-etak—1999;

extensivelyudsing the retrieved NOp, TropVVCDs from the LEO instruments, have-the

| MA mme oty Ht

wtilized-fortropospheric —detection-of-various-nitrogen exides-oxide sources_have been

identified and their; NOx emissionss have been estimateds, and the chemistry of the t;

and-probeing-troposphereie-related-chemistry hasve been studied form the local to the
global scaleaeross-the-globe. While instruments on board—_these-tew-Earth-orbit{LEO)}

satellites provide spatially continuous data, observations are obtained only once or

twice per day. It was recognized in the late 1990s that instruments similar to

SCIAMACHY in geostationary orbit (GEO) would potentially deliver the diurnal

variations of key trace gases (see the GeoTrepeROPE concept in Burrows et al., 2004

and references therein). The measurements at the top of the atmosphere of the

Geostationary Environment Monitoring Spectrometer (GEMS), launched in 2020, yield
the first preduees-not only spatially but also temporally continuous air quality data over

Asia from the geostationary orbit Earth-erbit{GEO} (-see J-Kim et al., 2020).
-4 -
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Mathematical inversion of the GEMS observations provides diurnal variationS%ff{ MAQlg: SofmT|: K

of the NO2 TropVCD. These data products enable -erabling-the analysis-of-seasonal

changes not only in pollutant concentration but also in temporal characteristics, such as

the times of the maxima and minima—peak—times and the sources and sinks of

NOpprecesses-efaceumulation-and-loss, which vary by diurnally and seasonally, to be

| Ma xme: oty Ht

studied for the first time from space.-

As part of the differential optical absorption spectroscopy (DOAS) retrieval of

Inr-the—proeess—of NO, TropVCD data-retrieval, air mass factors (AMF) are used to

convert slant column density (SCD) to VCD. The assumptions used in the AMF

calculation are explained in —{ Richter and Burrows —(2002;) and Palmer et al&— -

(2001)). In agreement with other studies, Lorente et al. (2017) reported that the AMF

calculation is the largest source of error or uncertainty in NO. satellite retrievals. This

is because of the assumption used to determine the -especiathwith-several-ancitlary

ancillary or prior data used in the AMF calculation, such as surface albedo, terrain

height, cloud parameters, and trace gas profiles. Consequently, Thereforeselecting-the

selection of optimal and appropriate a priori data is essentialnecessary to accurately

retrieve NO, TropVCDs from the observations of any nadir-sounding —satellite

o Ma xme oty Ht

spectrometerebservations. This is in addition to the need to separate upper atmospheric

NO, ferrom that in the troposphere.

MM R oty ARt

In thisFhis study we investigates two important issues using the aspeets—6f f*{ MAl 9l2: SojM7|: K = 141 cm

GEMS NO2 TropVCD data over the Seoul Metropolitan Area (SMA): (1) seasonat
vartations-and-{2)-the influenceimpact of a priori profiles on the retrieved GEMS NO>

TropVCDs and (2) the seasonal variation of the GEMS NO, TropVCD.- In section 2 we

describe the methods and data used.

Prior to our geophysical interpretation of the NO, TropVCD, in —Section 3 we

compared three GEMS datasets, retrieved with different a priori data from the WRF- /{Aw X|&gh 22 7|2

_{ MA xEe ot Ht

Chem model. Thereby we investigated the influence of the inventories of the emissions

-5-
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of NOx, defined as the sum of nitrogen monoxide (NO) and nitrogen dioxide (NOy) in /[Aw X| &k ofalf Mt

an air mass, on the simulated and retrieved NO, TropVCD. /[A'Iél X| Mgtk of2f & Xt

In Section 43, we utilized two chemical transport models (CTM), the— Weather
Research and Forecast model combined with Chemistry (WRF-Chem) and the global

chemistry transport model TM5 (Tracer Model 5) to analyze both the seasonal

variations and the influence of a priori NO._profilesdata—impacts. The seasonal //{Aw X| &8k of2l M A}

changesChanges in the magnitudes valueand the time of the maxima of the diurnal NO, /[ MAl x| ™Sk o2 A}

TropVCD, which we define as the s-and-peak times, were investigated. —aceording-te

the—seasons—were—analyzed—The dbifferences in the spatial distributions of NO2
TropVCD between the WRF-Chem- and TM5-based GEMS datasets_using —that

wtilized-different a priori data, were identified for each season and peak time. We also
analyzedanalyzed the influence of wind speed seasenal-on the variations in the

magnitude values-and diurnal behavior-patterns of the retrieved NO, TropVCDs.-based /{ MAl X"k ofgl M

(MY U8 S0 R E 141 am

2. Data and methods <« (Mus: =

A

2.1. GEMS products

GEMS is an ultraviolet-visible (UV-VIS) instrument, measuring contiguously the

spectral range —with-the-spectral-coverage-from of 300 to —500 nm at a spectral
resolution of ~with 0.6 nm spectral-reselution-(-Kim et al., 2020). The nominal spatial

resolution is 3.5 km x 7.7 km for gases including NO2 data products. The overall field

of regard (FOR) of GEMS covers 75° — 145°E longitude and 5°S — 45°N latitude.
-6 -
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GEMS measures hourly during the daytime. The number of observations varies

depending on the month,s as a result of the length of the day and the measurement

strateqy. For—fer South Korea, observations are least frequent in January, with six
observations per day, and most frequent from April to September, with ten observations
per day. We utilized GEMS NO: TropVCD data with the IUP-UB algorithm (GEMS
IUP-UB products) in January, April, July, and October 2021 — detailed explanations of

GEMS IUP-UB products are shown in Section 2.1.1.

2.1.1. GEMS IUP-UB products v1.0

The GEMS NO: vertical columns used in this study are from the scientific data product
of the University of Bremen, version 1.0 (Lange et al., 2024, Richter et al., in
preparation). NO2 slant columns are retrieved in the large fitting window 405 — 485nm
to reduce noise. In addition to the cross-sections of other absorbing species (O3, Oa,
H20 and liquid water) pseudo cross-sections for the Ring effect, for GEMS instrument
polarization sensitivity and the effects of scene inhomogeneity are included. The
stratospheric correction is performed using the STRatospheric Estimation Algorithm
from Mainz (STREAM) (Beirle et al., 2016). Conversion to vertical tropospheric
columns is based on look-up tables of altitude dependent air mass factors calculated
with the radiative transfer model SCIATRAN (Rozanov et al., 2014) using Lambertian
equivalent reflectivity (LER) surface reflection values from the TROPOMI climatology
(Tilstra et al., 2023). To apply the cloud correction, adjusted cloud fractions and
pressure from the GEMS L2 cloud product were usedadepted. Further information

about IUP-UB products is described in [Richter etal. (in preparation). The NO; a priori

data are different varin y-between-the different model simulations, which we call runs,

as explaineddeseribed below.

— | M= Z8[JP1]: This will probably have to be at least
submitted to be referenced.
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2.2. Experiment designs

To analyze the spatiotemporal characteristics of GEMS NO. VCDs and the impacts of

different a priori data on the retrieved values, we undertookset five experiments, called

—TM5, CTRL, CONST, FINE, and MIXED.

The TM5 experimentease appliesutitizes the standard GEMS IUP-UB products+—— { A

v1.0, which use thes TM5 model, as their a priori data (Huijnen et al., 2010, Williams

et al., 2017). The meteorological data for TM5 simulations are obtained from the
European Centre for Medium-Range Weather Forecasts (ECMWF) operational forecast
data. For the anthropogenic NOx emission inventory of TM5, the MACCity emission
estimates are adopted (Granier et al., 2011), which have no diurnal variationehanges of
NOx emissions. The outputs from TM5 model have athe horizontal resolution of 1° x

1° and 34 vertical layers.

For the other four numerical experimentseases (CTRL, CONST, FINE, and

MIXED), WRF-Chem version 4.4 was usedtiized to generate a priori data (Grell et al.,
2005, Skamarock et al., 2021). The chemistry scheme follows the Regional
Atmospheric Chemistry Mechanism (RACM) with Secondary Organic Aerosol-
\olatility Basis Set (SOA-VBS) option (chem_opt = 108) (Ahmadov et al., 2012). The

horizontal resolution of WRF-Chem simulation is 28 km x 28 km, except for the FINE
easerun (12 km x 12 km). All simulations have 59 customized vertical layers. To
account foreever the stratospheric vertical profiles, the Whole Atmosphere Community
Climate Model (WACCM) model outputs were combined with the WRF-Chem data
(ACOM/NCAR/UCAR, 2020, last access: 05 Dec 2022). The combined data comprises
a total of 113 vertical layers. Detailed model configuration is described in Kim et al.
(20232024). For the anthropogenic emission inventories, the Air Quality in Northeast
Asia (AQNEA) emission inventory version 2 was adopted. Since the reference year of
AQNEA version 2 is 2019, the anthropogenic NOx emissions decreased by 20% to
account for the eensider-decreasing trends of NOx emissions from 2019 to 2021. We

-8-
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applied the normalized diurnal variabilities of NOx emissions obtained from the Los

Angeles Basin in Kim et al. (2016), but shifting the values by-ene-hour{Figure-1y—For

replaced-the-one hour earlier (Figure 1). For the CONST run, only the a priori profiles

at 13:45 LT were used to retrieve the NOp TropVCD. To investigate the impact on the /{Aw x| &h: ofzf Xt

volatile organic compounds (VOC) emissions of the anthropogenic VOC emissions we

usedby the KORUS emission inventory version 5 (Jang et al., 2020, Woo et al., 2012)
in the MIXED easerun. We retrieved four months (January, April, July, and October
2021) for the TM5 and CTRL easeruns, and one month (July 2021) for the other

easeruns. The experimental designs are summarized in Table 1.

—
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The-maximum-values-of retrieved TropV/CDs-inJanuaryare 27.5-x- 10" molec—em™
(FM5)-and-28-9(CTRL) 10" molec—cm 2-at-15 LT while the-apriori-NO> TropV/CDs
show-maximum-values-of 112 x 10%° molec—em?(TM5)-and-21.9-x-10'°-molec—em™?
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34. Impacts of different a priori data on the retrieved NO2 TropVCDs

in Section 3. : 3 ; ine i
apriori-data-although-the same retrieval-algerithm-was-utilized-We In-this-section-we

-12 -
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compared retrieved NO2 TropVCDs from the five different simulations, or easeruns, to

studyanahyze the impacts of a priori data used in AMF calculations on the retrieved ed

NO, TropVCDwals. We-alse-investigated-the-vertical-struetures-of-NO,—from-each-a

34.1. Comparison between the CTRL and TM5 easeruns

Retrieved NO2 TropVCDs from the CTRL and TM5 easeruns exhibit similar diurnalk*{ M

patterns, which are independent of the diurnal patterns of shewn-by-their respective a

priori data (Figure 2). This suggests that the observed slant column density (SCD)

e

plays a more decisive role in the diurnal pattern of TropVCD than the influence of —a

priori used to determine the AMFdata. Nevertheless, differences in NO2 TropVCDs

between the two easeruns were-freguently observed, and arewith particularly noticeable

differences in July.

Figure 38 displays spatial distributions of AMF differences between the CTRL+—— { M

and TM5 easeruns in January, April, July, and October 2021. In urban areas, the AMF
in the CTRL easerun was generally lower (blue) than in the TM5 easerun, but higher
values (red) were observed in the northern and eastern regions of Seoul. As a result, the
average values across the SMA domain were similar between CTRL and TM5 — the
diurnal patterns of averaged air mass factor over the SMA are shown in Figure 49. In
July, however, lower values in the CTRL easerun were observed throughout Seoul and
its surrounding areas, leading to lower average AMF values for the SMA region during
most of the day. As a result, the TropVVCD values in July were higher in the CTRL

easerun (Figure 2c).

In Figure 510, we compare NO2 vertical profiles at 08, 10, 12, 14, and 16 LT

from the CTRL and TM5 easeruns. NO2 values in the lower atmosphere in the CTRL

easerun are much higher than those in the TM5 easerun in July, which leads to lower

-13 -
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AMF -and thus ¢higher NO2 TropVCDeslumns).

34.2. Comparisons between the CTRL and CONST, FINE, and MIXED easeruns

In Figure 6,21 theplets-theis diurnal patterns of retrieved and a priori NO, TropVCDs

in July 2021 over the SMA region from the CTRL easerun and the CONST, FINE, and

MIXED easeruns, are shown. Despite some changes in model resolution and VOC

emissions, the FINE and MIXED easeruns did not show significant differences
compared to the CTRL easerun. In particular, the MIXED easerun resulted in almosthae
almest no difference in the a priori TropVCD wvalues, resulting in nearly identical
retrieved NO, TropVCD-values.

On the other hand, the CONST easerun, which used only the a priori vertical
profile fromat 13:45 LT in the retrieval process, exhibited clear differences to frem-the
CTRL easerun. Specifically it had-H-shewed lower values than the CTRL easerun before
~14:00 LT, but higher values after-+4-F. Theese differences arecan-be explained by
comparisons of vertical profiles from each easeruns, which are displayed in Figure 742
The vertical profile_shapes s-of the CTRL, FINE, and MIXED easeruns are identical,
indicating that AMF of each easeruns have similar values. On the other hand, clear

differences of vertical profile shape sare apparent-ean-be-feund between the CTRL and

CONST easeruns. Before 14:004 LT, the CTRL easerun showed lower sensitivity in the

upper layers: —compared to the CONST easerun. This ;resulting-inindicates a smaller

AMF and thus higher VCD values. In contrast, after 14:00 LT, the CTRL easerun

exhibited higher sensitivity toin NO, in the upper layers of the troposphere, leading to

a larger AMF and consequently lower VCD values compared to the CONST easerun.
These differences in the vertical profile arise from effectsfactors such as the

development of the mixing layer and variations in emissions throughout the day. This

-14 -
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implies that -indicating-that-providing optimal time-dependentvarying a priori data for
the AMF calculation plays-a-erueialrole-in-shaping-the-divrnal-pattern-will improve the

accuracy ofef the retrieved NO, TropVCD. /{A-Iél X| ™t of2f Mt

ojo
jn

oM R ZE: 141 cm

——{Mag

4. Spatiotemporal characteristics of GEMS NO2 TropVCD

We report on our investigation of the spatiotemporal characteristics of GEMS NO;

TropVCD. We use the retrieved NO, TropVVCD and those simulated by the TM5 and /{Aw X| ™ & otz ®A

CTRL runs to assess two geophysically important influences on the NO, TropVCD the /{wq X| Mg of2f & Xt

SMA region (126.5 — 127.3°E, 37.2 — 37.8°N) in 2021: —(1) the identification,

guantification and origin of the seasonal changes; and: (2) advection and convection of

air masses, /{klél ek 2E: A4 US

4.1. Seasonal variations

Figure 2 displays diurnal patterns of retrieved and a priori NO2 TropVCDs during

weekdays in January, April, July, and October 2021 over the SMA region from the TM5

and CTRL runs. The scenes with wind speed faster than 3m/s are excluded to remove

the transport impacts. The effects of transport on NO2 columns are analyzed in Section

4.2.

In January, NO2 TropVCDs continuously increase from 10:00 local time (LT) 4’4[)\114 2 SMT|: AZ: 0 cm, A B: 141 cm

to 15:00 LT. During the winter, NO2 in the urban region accumulates

particularly in particular-the boundary layer. Qualitatively, this is explained as follows.

"j MA Q12 S0IMT|: 5 B 141 cm, B 1347
= S)

As tropospheric solar UV radiation is low in winter and the atmosphere is coldn’ﬂ MA Qg EAMT|: AZE: 0cm, B & 141 cm

photolysis frequencies are small. Similarly, thelow temperatureresults—in-the rate

coefficients of many reactions are smaller at the lower winter temperatures compared

to those of the other seasons. In winter, the relatively slow loss of NOx occurs through

- 15 -
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CHA31+ OA2A+ M - CHﬁOZ +M —(9) 15718

MY X FE:

e | i |l e

: Times New Roman

MY X FE:

&

: Times New Roman, Of2li & X}

N

MY X HE:
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: Times New Roman
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CH30, + NO — CH30 + NO; —(10) M4&| x|gg: oty HAt

M XIZE: of2f At

M4 X|H & 2E: Times New Roman

ACH30 + OAz = HO2 + HCHO —(11)

M x| ofaf At

MAl Qg E0MT|: Z: 14 cm

OH +VOC +OA2 - nHOAz + aldehydes —(12)

MA| X|"gt: 28 Times New Roman

MAl X1t ot ARt

MA| X8t 23 Times New Roman

OH +CO +0; = HO, +CO, —(13)

MAl RI3t: ot ARt

MA X)HE: 2E: Times New Roman

MA| x|F&: 25 Times New Roman, Of2f &Xt

HO2 + NO — OH + NO, —(14)

MA X" otz HXt

MA X|™E: 2E: Times New Roman

MA| X8t 28 Times New Roman, OF2l & Xt

. . - . . MA| x|t of2l M
Overall at low solar insolation, the low levels of actinic radiation result in ~ = =

MA| x1e 9 "ot HAlE

smaller amounts of OH and HO,. The oxidation process is slow and HOp and OH MA x| ™8k ofgf Hx

chemistry are coupled with NOx chemistry and controlled by rate of oxidation of VOC MY | E8: 3E: Times New Roman

M4 Xg&: 25 Times New Roman, Otz HXt

and CHz and the rate of HO, to OH through the rate of reaction (14) and the rate of loss

M4 X|H & 2E: Times New Roman

MA| x| & 25 Times New Roman, 9| &X}/otzf
xS

of HeOx and NOXx for example through reaction (1).

MM QQUZ: SOMI: H E 141 cm

=~ /N

In January the maximum values of retrieved TropVVCDs inJanuary-are 27.5 x

M R ot At

14

15

16

17

18

19

20

21

22

23

o A A A 0 JC A A A A A A A L

10% molec. cm™ (TM5) and 28.9 —x 10% molec. cm™ (CTRL) at 15:00 LT, whereas MA| KM ofay M
the a priori NO, TropVCDs have maxima of 11.2 x 10 molec. cm (TM5) and 21.9 M4 xIget of2Y HAt
M4 X8 otzf Hxt
x 10" molec. cm™ (CTRL) at the same time. These higher values of retrieved NO,
TropVCDs relative to the model NO, TropVCDs are explained by the following
inadequate knowledge of the bottom-up diurnal NOx emissions in January and/or the
dilution during the transport of plumes, which is dependent on the model horizontal
resolution.
2 of2l M}

For other months, the maxima of NO, TropVVCDs occur at earlier times of the;<% MAl K| &8t

MM QUZ: SOMI: A E: 141 cm

day wis—in April at 12:00 {L T, in July at 10:00 {L T and in October at 11:00 {LT). There

is also a second maximum at 15:00 £L.TY in October. —The behavior of NO2 TropVVCD

in April, July and October, when compared to that in January, is explained by the
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following effects: i) faster tropospheric photolysis frequencies, as a result of higher

levels of tropospheric solar insolation and actinic radiation accelerating the

photochemical oxidation of CHy and VOC in April, July and October compared to /{Aw X| &3t of2l Mt

January; ii) generally faster reaction rate coefficients of the free radical reactions at the

higher temperatures, the rate coefficient of reaction (4) being an exception; —iii) the

different diurnal emissions of NOx compared to those in January.

Figure 8 shows the diurnal variations of OH concentrations averaged across /[Aw XMsh 23 27|

boundary layer height in each month, calculated by the CTRL model run. The OH

concentration in January is about an order of magnitude smaller than that in July.

In April, NO> TropVCDs increased until 12:00 LT. It then maintains similar

levels until 17:00 —LT. The maximum NO> TropVCD occurred at 12:00 LT for the

CTRL run (21.4 x 10% molec. cm?). The maximum NO, TropVCD for the TM5 run

appeared at 17:00 —LT-, being 21.9 x 10 molec. cm. However, the retrieved NO;_/{ MAl x|t of2f ARt

TropVCDs from the TM5 and CTRL runs have almost identical behavior up to 15:00

LT. There is a difference of 1.6 x 10'®> molec. cm(8.1%) between the two runs at 17:00

LT, when a priori NO, TropVVCD value sharply increased from the CTRL run. /[Aw X| &gt ofgf A X}

In July, both the TM5 (12.2 x 10%® molec. cm™) and CTRL (13.9 x 10 molec.

cm) runs show maxima at 10:00 LT, i.e. the earliest for the four months investigated.

After the peak, NO, TropVVCDs decrease, most likely due to more rapid photochemical

loss processes e.q. reaction (1) —until 14:00 LT, and then increase. In other seasons, the

minimum values were observed in the morning. However, in July, the minimum

occurred at 14:00 LT. This unigue pattern of behavior is explained by the more rapid

photochemical production and removal reactions in summer. We infer that the chemical

removal becomes relatively more rapid than the emission and production of NO> (see

Figure 8). The two types of run show similar diurnal behavior, but the retrieved NO»

TropVCD of the CTRL runs between 10:00 and 14:00 LT rise to 2.1 x 10* molec. cm"

2 j.e. higher than those of the TM5 runs. The diurnal change of a priori NO, TropVCD /{Aw X| &g ofalf M
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CDs from the CTRL runs shows a similar behavior to fthat of the retrieved NO,

TropVCDs, despite the magnitude of a priori NO, TropVCD being 3.9 — 8.2 x 10%° /[Aw X|&&t: off HX

molec. cm™ higher than those retrieved. On the other hand, the a priori NO, TropVCD

from the TM5 runs decreases between 08:00 and 14:00 LT, reflecting diurnally varying

photochemistry with similar levels of NOx emissions throughout the day.

In October, there are broad maxima of NO2 TropVCD between 12:00 LT and

15:00 LT. Overall diurnal behavior comprises increases up to 12:00 LT, followed by

broad maxima, after which the NO, TropVVCD are similar to those in April.

The highest retrieved values are in the range 25.1 x 10 to 25.5 x 10%° molec.

cm for both the TM5 and CTRL runs. As expected, the NO, TropVCD are the highest

in January and lowest in July.

Figures 9 and 10 show the spatial distributions of retrieved NO2 TropVCDs inﬂ MAl Q2. SE0MT|: A = 141 cm

January, April, July, and October 2021 from the TM5 and CTRL runs, respectively. In

January, a plume over the SMA region developed as a function of time. Consequently,

the suburban areas, which surround the SMA region, experience relatively high NOZL/{ M4 X|g & otz M

TropVCD (> 10 x 10% molec. cm™) compared to that retrieved in the other months. In

April and October, the plumes over the SMA are saturated prior to —12:00 LT and then

decrease. In contrast, the NO, TropVCD of —the surrounding regions are relatrievely /[Aw X| &8 of2l MK}

constant or even increase. In July, the —overall low values cover the SMA and nearby

regions for whole days. The maximum values appear at 10 LT, and then decreased until

14 LT. However, the NO2 VCD rebounded at 16 LT. Figure 11 displays the differences

between the TM5 and CTRL runs — red color indicates the CTRL run has higher values

than the TM5 run; blue means opposite. The CTRL run shows higher VCD values than

the TM5 run for all times in July. The largest differences over the SMA region are found

at 12 LT in July with differences of 2.1 x 10% molec. cm™. In other months, the CTRL

run generally have higher values of VCD than the TM5 run over the Seoul and urban

regions, while there are lower values of VCD from the CTRL run over rural regions.
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4.2. Impacts of horizontal transport

Figure 12 shows the diurnal behavior of the retrieved NO2 TropVVCDs from the CTRL

run for different wind conditions. The black lines indicate calm runs (wind speed lower

than 3m/s), the green line areis a strong-wind runs (wind speed faster than 5m/s), and

the blue lines are the average values with no wind filters. In January (Figure 12a), the

diurnal behavior of the NO, TropVVCDs change significantly with the wind conditions. /{Aw X| &gt ofgf X}

In the calm run (black solid), NO, TropVVCD steadily increases due to a combinbation /[Aw X| &gt ofgf X}

of the emissions increasing and the slow chemical loss in this month. In windy runs,

however, diurnal changes in the retrieved NO, TropVVCD are negligible. /[Aw X| "¢t of2f HXt

Although the chemical loss is slow during wintertime, the accumulation of NO»

was mitigated as strong winds transported large concentrations of NO2 to downwind

regions. The differences between calm and other runs were most significant at 15:00

LT, further indicating that continuous outflow due to transport suppressed the

accumulation. As the wind speed increased, there was a noticeable reduction in NOZL/{ MA| x| ™ o2 MKt

TropVCD values, which indicates a clear inverse relationship between wind speed and

VCDs, as shown in Edwards et al. (2024)s. The values of calm, average (blue solid),

and strong wind (green solid) are 19.0 — 28.9, 17.2 —19.8, and 12.1 — 13.4 x 10" molec.

cm, respectively.

In April (Figure 12b) and October (Figure 12d), the averaged values with no M= ZE[IP2): Please analysis for the influence of

wind filters (blue solid) have different diurnal behaviour, but the maximum NO, Sl oI T ZET Ol A G el e

green lines for these months.

TropVCD appear almost simultaneously with that of the calm low wind speed run. In\( MA| X" & of2l & Xt

July (Figure 7c), however, the diurnal behavior from the calm run and no wind filters

are nearly identical, implying that the wind speeds are overall slow in July.

In summary, the transport effect is maximized in wintertime, changing not only

the absolute values but also diurnal behavior of NO, Trop VCDs;. Consequently, /{Mq X| 4% otz Hxt
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transport must be taken into account when analyzing NO2 TropVVCDs and when

estimating top-down NOx emissions. The role of transport needs to be taken into

account even for cases, where the wind speed is relatively slow during summertime

(Yang et al., 2024).

5. Conclusions \f

In this study, we analyzed the seasonal variations and diurnal behaviorpattern

differences of the retrieved GEMS IUP-UB NO: TropVCD,_using the monthly mean

data in Jaanuanry, April, July and Octotber. —Tthe effects of wind speed, and the impact

of a priori NO2 profiles on the retrieval. Both in the CTRL and TM5 easeruns, the
GEMS NO: product showed significant changes in quantity, diurnal pattern, and peak
time as the seasons changed. In winter, the values were the highest, with a gradual
increase over time, whereas in summer, the values were the lowest, reaching a minimum
in the afternoon. This is consistent with previous studies, which have shown that
atmospheric chemical reactions are more active in summer. Furthermore, we confirmed
that wind-driven transport significantly influences the diurnal patterns, clearly
demonstrating that advection and possibly convection need to be taken into account

when wind-transport-plays-a-crucial-role-in-estimating-top-down NOx ]emissionsm

estimated from an urban agglomeration such as SMA.L

On the other hand, when using different a priori data to calculate VCD values,~—— { A

more complex results emerged. A comparison between the CTRL and TM5 easeruns

revealed that, despite different spatial resolution and emission characteristics, the

retrieved NO, TropVVCDs exhibited similar diurnal patterns, with significant differences

only in July. Additionally, we found that the retrieved NO, TropVCDs had diurnal

behaviors patteras—independent of the a priori data in both easeruns. We infer ;
suggesting—that the observed SCD has a_stronger—mere—decisive influence on the

retrieved diurnal patterns than a priori profiles. Adjusting the horizontal resolution of
-21 -
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the model (FINE easerun) or changing the VOC emissions data (MIXED easerun) also
resulted in no significant differences. However, in the CONST easerun, where only the
vertical profile at 14:00 LT was used in the retrieval process throughout the day, there

were significant differences in both the_NO, Trop VCD values and diurnal patterns.

_{ MA T ok Hxt

This reaffirms that the vertical shape factor of a priori data plays a critical role in NO, [ MAl x| Mg ot HXt

TropVCD retrievals.

Additionally, given that vertical as well as horizontal model resolution can«f*{ws; QA8 SOMI: R B 141 cm

influence retrievals (Liu et al., 26432020), future studies should analyze the results
when thea vertical resolution is adjusted. Furthermore, as highlighted by previous
studies, such as Lorente et al. (2017) and Hong et al. (2017), which emphasized the
importance of cloud parameters, aerosol characteristics, and surface albedo,
uncertainties arising from factors in addition to thebeyond a priori NO2 profile data
should further be investigated also-be—considered-in the retrieval of NO, TropVCD

sateHite-retrievalfor both diurnal GEO observatiosn and those ferom LEO.preeess-
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Figure 1. Diurnal variabilities of normalized NOx emissions for CTRL (black) and

TM5 (gray) easeruns over the SMA region.

Figure 2. Diurnal behaviorpatterns of retrieved (solid) and a priori (dashed) NO>
TropVCDs during weekdays in (a) January, (b) April, (c) July, and (d) October 2021
over the SMA region. Gray lines identifyndicate the TM5 easerun, while black lines
represent-mean the CTRL easerun. The pixels with wind speed faster than 3m/s are

excluded.

Figure 3. Spatial distributions of air mass factor (AMF) differences (CTRL — TM5) in

January, April, July, and October 2021. The pixels with wind speed faster than 3m/s are

excluded.

Figure 4. Diurnal patterns of the air mass factor during weekdays in (a) January, (b)

April, (c) July, and (d) October 2021 over the SMA region. Gray lines indicate the TM5

run, while black lines mean the CTRL run. The pixels with wind speed faster than 3m/s

are excluded.

Figure 5. Vertical profiles of a priori NO2 mixing ratios at 08, 10, 12, 14, and 16 LT

from the TM5 (gray) and CTRL (black) runs in January, April, July, and October 2021

over the SMA region.

Figure 6. Diurnal patterns of retrieved (solid) and a priori (dashed) NO2 TropVCDs in

July 2021 over SMA region from the CTRL run (black) and (a) CONST run (red), (b)

FINE run (pink), and (c) MIXED run (yellow). The pixels with wind speed faster than

3m/s are excluded. Note that diurnal changes of a priori NO» TropVVCDs in the CONST

run occur during calculating domain-averaged values — the location and number of

pixels excluded during the collocation with satellite data vary over time during the day.

Figure 7. Vertical profiles of a priori NO2 mixing ratios at 08, 10, 12, 14, and 16 LT

from the CTRL (black), CONST (red), FINE (pink), and MIXED run (yellow) in
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January, April, July, and October 2021 over the SMA region.

Figure 83. Diurnal patterns of boundary layer mean OH concentrations over the SMA
region in January (black), April (yellow), July (red), and October (blue) 2021 from the

CTRL easerun.

Figure 94. Spatial distributions of retrieved NO» TropVCDs in January, April, July, and

October 2021 taking the a priori data for the AMF form the TM5 run. The scenes with

wind speed faster than 3m/s are excluded to minimize the impact of rapid

transport.Spatial-distributions-of retrieved NO» TropVCDs in-January, April, July,-and

Octobe 0 om-the VW) a) a) na nixea W HRA-WHAE-SBeed a) nan m ke

Figure 105. Same as Figure 9, except that a priori values for the AMF calculation are

taken from the CTRL run.Same-as-Figure-4-execept-from-the CTRE-caserun-

Figure 116. Similar to Figure 9, but for the differences of NO2 TropVCD between

CTRL and TM5 run (CTRL — TMD5).Same-as—Figure—4—exceptfor-the-differences
bebvopn-CiR npd o b enson Lo T e

\Fiqure 12. \Diurnal patterns of retrieved NO2 TropVCDs from the CTRL run in (a)

January, (b) April, (c) July, and (d) October 2021 over the SMA region. Black lines

indicate the NO2 TropVCD values with wind-filtered data; only the scenes with wind

speed lower than 3m/s are utilized. Blue lines are the averaged values without any wind

filters. The green line is for case of strong-wind run with the NO, TropVCD being

selected and averaged for wind speeds faster than 5m/s in January.

= ZBHJP5]: Where are the green lines | do not

see any green lines in April July and Ocotber ???
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Table 1. Description of the experimental designs. MACCity provides hourly-constant

emissions, while the others provide hourly-varying emissions.

GaseRun Model Horizontal Emission
name resolution inventory
TM5 TM5 1°x1° MACCity
CTRL 28 x 28 km? 2021AQNEA
CONST? 28 x 28 km? 2021AQNEA
WRF-Chem
va.4
FINE 12 x 12 km? 2021AQNEA
) (VOC) KORUSV5
MIXED 28 x 28 km (others) 2021 AQNEA

3 CONST easerun uses hourly-varying emission inventory, but only data of 13:45 LT
were utilized to compute AMF.
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2 Figure 1. Diurnal variabilities of normalized NOx emissions for CTRL (black) and

3 TM5 (gray) easeruns over the SMA region.

- 38 -



40- 40
3 = (b) April
® ® (b)Ap
34 34
& 32 32
E a0 E a0
; 28 5 28
13 2% § 26
£ o
2 2 2 2
T T2
= 18 = 18
8 16 8
?% 14 2 14
g 12 2 12
~ 10 10
S e g
6- 6
4 4
2 2
eyl I S S (N SN S S N ol | [\ | |
8 9 10 11 12 13 14 15 16 17 & 9 10 11 12 13 14 15 16 17
Hour [Local Time] Hour [Local Time]
40 40
® (c) July GEMS (TM5) ® (d) October
34 = GEMS (CTRL) 34
ffg ﬁ A priori (TM5) «.-; :3
o - : o
G 28 == Apriori (CTRL) 2 5
5 26 S 2
EF o2 oo
o 22 & 22
T 20 T
= 18 = 18
MLl
S . N rrnaiies et 3 1.
2 14 2 2
2 12 2 12
~10 ™10
S s g
6 6
4 4-
2. 2.
0 0
8 9 10 11 12 13 14 15 16 17 & 9 10 11 12 13 14 15 16 17
Hour [Local Time] Hour [Local Time]

Figure 2. Diurnal behavior of retrieved (solid) and a priori (dashed) NO, TropVCDs

during weekdays in (a) January, (b) April, (c) July, and (d) October 2021 over the SMA

region. Gray lines identify the TM5 run, while black lines represent the CTRL run. The
pixels with wind speed faster than 3m/s are excluded.Diurnal-patterns-ofretrieved{solid)
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excluded.
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Figure 4. Diurnal patterns of the air mass factor during weekdays in (a) January, (b)

April, (c) July, and (d) October 2021 over the SMA region. Gray lines indicate the TM5

run, while black lines mean the CTRL run. The pixels with wind speed faster than 3m/s

are excluded.
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Figure 6. Diurnal patterns of retrieved (solid) and a priori (dashed) NO2 TropVVCDs in

July 2021 over SMA region from the CTRL run (black) and (a) CONST run (red), (b)

FINE run (pink), and (c) MIXED run (yellow). The pixels with wind speed faster than

3m/s are excluded. Note that diurnal changes of a priori NO2 TropVCDs in the CONST

run_occur during calculating domain-averaged values — the location and number of

pixels excluded during the collocation with satellite data vary over time during the day.
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Figure 83. Diurnal patterns of boundary layer mean OH concentrations over the SMA

N

3 region in January (black), April (yellow), July (red), and October (blue) 2021 from the
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Figure 94. Spatial distributions of retrieved NO2 TropVCDs in January, April, July, and
October 2021 taking the a priori data for the AMF form thefrem-the TM5 caserun. The

scenespixels with wind speed faster than 3m/s are excluded to minimisze the impact of

rapid transport.-
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Figure 105. Same as Figure 94, except that a priori values for the AMF calculation are { MAl X| &8

taken from from-the CTRL easerun.
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