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Abstract 1 

Geostationary Environment Monitoring Spectrometer (GEMS), launched in 2020, 2 

provides both temporally and spatially continuous air quality data from geostationary 3 

Earth orbit (GEO). In this study, we analyzed seasonal characteristics of GEMS 4 

tropospheric NO2 vertical column density (NO2 TropVCD) diurnal patterns and impacts 5 

of a priori data from diverse chemical transport model (CTM) simulations over the 6 

Seoul Metropolitan Area (SMA), using the GEMS products retrieved by the IUP 7 

algorithm. We found that both the amounts of NO2 TropVCD and the peak time vary 8 

according to the season – the maximum value occurs earlier in July (10 KST) compared 9 

to other months (12 KST), with relatively lower value (8.53 – 9.81 × 1015 molec. cm-2). 10 

In wintertime, the decrease in NO2 TropVCD over time was relatively slower than in 11 

summertime. Also, we examined the impact of changes in a priori data on the GEMS 12 

NO2 TropVCD. When we compare GEMS NO2 data retrieved with default NOx 13 

emissions and uniformly 20%-reduced NOx emissions, there are no notable 14 

discrepancies as simulated NO2 profiles from CTM are nearly identical over the SMA. 15 

However, when the vertical profile at 06:45 UTC (13:45 KST) was applied for retrievals 16 

at all times, there are 11.9 – 16.1% lower values before 13:45 KST and up to 4.9% 17 

higher values after 13:45 KST compared to the control run case. Our study highlighted 18 

two key findings: (1) GEMS NO2 products describe distinct seasonal features, including 19 

the absolute values (highest in January and lowest in July) and diurnal patterns 20 

(persisting longer in January and declining rapidly in July), (2) changes of a priori data 21 

have the impacts of up to 19.2% on the GEMS NO2 TropVCD. 22 
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1. Introduction 1 

Nitrogen dioxide (NO2) is one of the most important trace gases involved in 2 

photochemical reactions related to tropospheric ozone chemistry (Milford et al., 1989). 3 

In recent decades, environmental satellites such as GOME, OMI, SCIAMACHY, and 4 

TROPOMI have observed tropospheric NO2 vertical column densities (TropVCDs) 5 

from space (Burrows et al., 1999, Levelt et al., 2006, Bovensmann et al., 1999, Veefkind 6 

et al., 2012), which have been extensively utilized for detection of various nitrogen 7 

oxides sources, emissions estimates, and probing related chemistry across the globe. 8 

While these low Earth orbit (LEO) satellites provide spatially continuous data, 9 

observations are obtained only once or twice per day. The Geostationary Environment 10 

Monitoring Spectrometer (GEMS), launched in 2020, produces not only spatially but 11 

also temporally continuous air quality data over Asia from the geostationary Earth orbit 12 

(GEO) (J. Kim et al., 2020). GEMS provides diurnal variations of NO2 TropVCD, 13 

enabling analysis of seasonal changes not only in pollutant concentration but also in 14 

temporal characteristics such as peak times and processes of accumulation and loss, 15 

which vary by season. 16 

In the process of NO2 data retrieval, air mass factors (AMF) are used to convert slant 17 

column density (SCD) to VCD (Palmer et al., 2001). Lorente et al. (2017) reported that 18 

AMF calculation is the largest source of uncertainty in NO2 satellite retrievals, 19 

especially with varying ancillary data such as surface albedo, terrain height, cloud 20 

parameters, and trace gas profiles. Therefore, selecting appropriate a priori data is 21 

necessary to accurately retrieve VCDs from satellite observations. 22 

This study investigates two aspects of GEMS NO2 TropVCD data over the Seoul 23 

Metropolitan Area (SMA): (1) seasonal variations and (2) the impact of a priori profiles 24 

on the retrieved GEMS NO2 TropVCDs. In Section 3.1, we utilized two chemical 25 

transport models (CTM) – Weather Research and Forecast model combined with 26 

Chemistry (WRF-Chem) and the global chemistry transport model TM5 (Tracer Model 27 
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5) to analyze both seasonal variations and a priori data impacts. Changes in values and 1 

peak times according to the seasons were analyzed. Differences in spatial distributions 2 

of NO2 TropVCD between the two GEMS datasets that utilized different a priori data 3 

were identified for each season and time. In Section 3.2, we compared three GEMS 4 

datasets retrieved with different a priori data from the WRF-Chem model. This study 5 

includes the impacts of both NOx emission inventories and vertical distributions on NO2 6 

TropVCDs. 7 

 8 

2. Data and methods 9 

2.1. GEMS products 10 

GEMS is an ultraviolet-visible (UV-VIS) instrument with the spectral coverage of 300 11 

– 500 nm with 0.6 nm spectral resolution (J. Kim et al., 2020). The nominal spatial 12 

resolution is 3.5 km × 7.7 km for gases including NO2. The overall field of regard (FOR) 13 

of GEMS covers 75° – 145°E longitude and 5°S – 45°N latitude. GEMS measures 14 

hourly during the daytime. The number of observations varies depending on the months 15 

– for South Korea, observations are least frequent in January, with six observations per 16 

day, and most frequent from April to September, with ten observations per day. We 17 

utilized GEMS NO2 TropVCD data with the IUP algorithm (GEMS IUP products) in 18 

January, April, July, and October 2021 – detailed explanations of GEMS IUP products 19 

are shown in Section 2.1.1. 20 

 21 

2.1.1. GEMS IUP products 22 

The GEMS NO2 vertical columns used in this study are from the scientific data product 23 

of the University of Bremen, version 0.9. This is an early version of the product 24 

described in Richter et al., 2024 which was still without cloud correction. NO2 slant 25 

columns are retrieved in the large fitting window 405 – 485nm to reduce noise. In 26 
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addition to the cross-sections of other absorbing species (O3, O4, H2O and liquid water) 1 

pseudo cross-sections for the Ring effect, for GEMS instrument polarization sensitivity 2 

and the effects of scene inhomogeneity are included. The stratospheric correction is 3 

performed using a variant of the algorithm described in Beirle et al., 2016 called 4 

STREAM-B. Conversion to vertical tropospheric columns is based on look-up tables 5 

of altitude dependent air mass factors calculated with the radiative transfer model 6 

SCIATRAN (Rozanov et al., 2014) using LER surface reflection values from the OMI 7 

minimum reflectivity data base (Kleipool et al., 2008). The temperature dependence of 8 

the NO2 absorption is corrected in the air mass factor calculation as proposed in 9 

Boersma et al., 2004. The NO2 a priori data used varies between the different runs as 10 

described below.  11 

 12 

2.2. a priori data 13 

2.2.1. WRF-Chem 14 

We utilized WRF-Chem v4.4, developed by the National Oceanic and Atmospheric 15 

Administration (NOAA) and National Center for Atmospheric Research (NCAR), to 16 

generate a priori data for this study (Grell et al., 2005, Skamarock et al., 2021). The 17 

chemistry scheme is selected to the Regional Atmospheric Chemistry Mechanism 18 

(RACM) with Secondary Organic Aerosol-Volatility Basis Set (SOA-VBS) option 19 

(chem_opt = 108) (Ahmadov et al., 2012). The horizontal resolution of WRF-Chem 20 

simulation is 28 km × 28 km, with 59 customized vertical layers. Detailed model 21 

configuration is described in Kim et al. (2023). To cover the stratospheric vertical 22 

profiles, the Whole Atmosphere Community Climate Model (WACCM) model outputs 23 

were combined to the WRF-Chem data (ACOM/NCAR/UCAR, 2020, last access: 05 24 

Dec 2022). The combined data comprises a total of 113 vertical layers. For the emission 25 

inventory, EDGAR-HTAP v3 (Crippa et al., 2023) was utilized for all WRF-Chem 26 

model simulations in this study. A diurnal factor was applied to EDGAR-HTAP v3, 27 
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shifting the values obtained from the Los Angeles Basin in Kim et al. (2016) by one 1 

hour. We set three different cases, WRF-Chem v2, f2, and v3, to analyze impacts of a 2 

priori data on NO2 TropVCD retrievals – Table 1 lists the cases defined. WRF-Chem 3 

v2 served as the control run, using EDGAR-HTAP v3. The model outputs of WRF-4 

Chem f2 case is as same as WRF-Chem v2, but only 04:45 UTC (13:45 KST) data are 5 

used for calculating air mass factor. WRF-Chem v3 used EDGAR-HTAP v3, but NOx 6 

emissions are reduced by 20% for whole domain. The comparison between WRF-Chem 7 

v2 and v3 will explore the impact of NOx emissions on NO2 TropVCDs, while the 8 

comparison between WRF-Chem v2 and f2 will reveal the changes resulting from the 9 

different vertical profiles. 10 

 11 

2.2.2. TM5 12 

TM5 is a global three-dimensional atmospheric chemistry transport model (Huijnen et 13 

al., 2010), evolved from the original TM2 model (Heimann et al., 1988). The 14 

meteorological data for TM5 simulations are obtained from the European Centre for 15 

Medium-Range Weather Forecasts (ECMWF) operational forecast data. TM5 model 16 

outputs have the horizontal resolution of 1° × 1°, and 34 vertical layers. We used NO2 17 

profiles from the TM5-MP chemistry transport model (Huijnen et al., 2010; Williams 18 

et al., 2017) run performed for the TROPOMI operational product. The data are 19 

available at 30 minutes time resolution. 20 

 21 

3. Diurnal profiles of GEMS NO2 TropVCD 22 

3.1. Seasonal variations 23 

Figure 1 displays diurnal profiles of NO2 TropVCD from GEMS products with a priori 24 

data from WRF-Chem v3 and TM5 for January, April, July, and October 2021 over the 25 

SMA (126.5° – 127.3°E, 37.2° – 37.8°N). Both products exhibit similar diurnal 26 
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variations across all months, with increasing trends observed during the morning 1 

followed by a decrease in VCDs. The peak time is earliest in July (10 KST), while for 2 

other months, the daily maximum values occur at 12 KST. Daily mean and maximum 3 

concentrations are highest in January (17.02 – 19.36 × 1015 molec. cm-2), October 4 

(13.20 – 15.47 × 1015 molec. cm-2), April (12.59 – 13.59 × 1015 molec. cm-2), and July 5 

(8.53 – 9.81 × 1015 molec. cm-2) in that order. Differences in photochemical reaction 6 

rates may affect changes in NO2 TropVCD for each month. Shah et al. (2020) 7 

mentioned that the lifetime of NOx in the boundary layer mainly determines seasonal 8 

variation of NO2 columns. Longer lifetime can also affect the time when the maximum 9 

value appears – since NOx loss processes occur more slowly in winter, NO2 accumulates 10 

for a longer period, therefore the peak time appears later than in summer; Yang et al. 11 

(2023) also reported that the diurnal pattern of total NO2 column is mainly driven by 12 

chemistry in summer. 13 

 14 

VCD differences between the two GEMS products appeared as similar values 15 

throughout the observation period. The largest difference between the two retrievals is 16 

found in January (2.05 – 2.75 × 1015 molec. cm-2, 13.3 – 18.0%), while the smallest 17 

difference occurs in July (0.25 – 1.40 × 1015 molec. cm-2, 4.3 – 19.2%). Spatial maps 18 

for differences of NO2 TropVCD retrieved between the two products are shown in 19 

Figure 2. For the whole times, GEMS NO2 TropVCDs with WRF-Chem v3 data are 20 

retrieved higher than those with TM5 data over SMA (pink box) and its downwind 21 

region (southeast of SMA). The coarser horizontal resolution of the TM5 model would 22 

be one of the reasons why these differences occur – NO2 profiles over polluted urban 23 

areas are diluted with relatively clean rural conditions in the large horizontal grids. 24 

Those differences develop during the morning and diminish after noon. In January and 25 

October, differences over SMA regions remain until 15 ~ 16 KST, while the differences 26 

almost disappeared after 15 KST in July. 27 
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 1 

However, the differences in GEMS NO2 TropVCD caused by a priori data are much 2 

smaller than the differences in model TropVCD themselves. Figure 3 represents diurnal 3 

profiles of model-simulated NO2 TropVCD for the same period and location of Figure 4 

1. Unlike the GEMS products, there are huge differences between the two model 5 

products, not only concerning their absolute values but also their diurnal patterns. For 6 

all four months, WRF-Chem v3 shows overall increasing trends of TropVCD while 7 

TM5 simulates opposite patterns. Curtain plots of model vertical NO2 profiles from 8 

WRF-Chem v3 and TM5 over SMA are shown in Figure 4. In WRF-Chem v3 (upper 9 

figures), high NO2 concentrations remain during the afternoon, although vertical 10 

mixing occurred up to the 750 hPa level in July, transporting abundant amounts of NO2 11 

aloft. In TM5, on the other hand, NO2 concentration was dropped below 5 ~ 10 ppbv in 12 

the afternoon. Therefore, the differences between WRF-Chem v3 and TM5 increase 13 

during the day (Figure 3), but in the GEMS data, there are no substantial differences 14 

between the two products (Figure 1). 15 

 16 

3.2. Sensitivity to a priori data 17 

Figure 5 compares the diurnal profiles of GEMS NO2 TropVCD with a priori data from 18 

WRF-Chem v2, f2, and v3 during October 25 – 28, 2021 over the SMA. All three data 19 

sets exhibit identical diurnal patterns, similar to those shown in Figure 1. Although 20 

WRF-Chem v2 and v3 have 20% differences in NOx emissions, the two GEMS data 21 

show minimal differences (0.15 – 0.59 × 1015 molec. cm-2) throughout the observations, 22 

as the model NO2 TropVCDs from WRF-Chem v2 and v3 are nearly identical (Figure 23 

6). However, a comparison of WRF-Chem v2 and f2 reveals substantial disparities – 24 

WRF-Chem f2 shows lower VCDs before 14 KST and higher VCDs after 14 KST. 25 

Figure 7 displays diurnal variations of AMF from WRF-Chem v2, f2, and v3. Since 26 

WRF-Chem f2 utilized a priori values from WRF-Chem v2 at 04:45 UTC (13:45 KST) 27 
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to calculate AMF for all times, WRF-Chem f2 shows almost no temporal variations in 1 

AMF. Conversely, air mass factors from WRF-Chem v2 and v3 show lower values than 2 

those from WRF-Chem f2 during the morning time and higher values after 14 KST. 3 

Therefore, NO2 TropVCDs calculated using WRF-Chem f2 show 11.9 – 16.5% lower 4 

values before 13:45 KST and up to 4.9% higher values after 13:45 KST compared to 5 

those using WRF-Chem v2. Notably, despite the diverse diurnal variations in a priori 6 

data, the retrieved columns based on different a priori data exhibited similar diurnal 7 

patterns that do not align with any specific a priori data, as shown in Section 3.1 8 

(Figure 1 and Figure 3). Although WRF-Chem v3 shows up to 12.6 times higher NO2 9 

TropVCD than TM5 in July, the differences in AMF between WRF-Chem v3 and TM5 10 

for July are 5.5 – 16.4% (Figure 8). 11 

 12 

4. Conclusions 13 

In this study, we analyzed seasonal variations of retrieved GEMS NO2 TropVCDs using 14 

the IUP algorithm and the impacts of a priori profiles on the NO2 VCD retrievals. 15 

GEMS NO2 products exhibit notable changes in the amounts and peak times of NO2 16 

columns over different times and seasons. Higher concentrations of NO2, with peak 17 

times occurring later, are observed in January compared to July, with gradual declines 18 

during the afternoon. This finding is consistent with previous studies based on surface 19 

observations and modeling, such as H. C. Kim et al. (2020). Distinct diurnal patterns 20 

observed according to the season suggest variations in NOx lifetime due to different 21 

photochemical conditions. Further research is required to estimate NOx emissions and 22 

lifetimes using satellite products. However, different a priori profiles with varying NOx 23 

emissions and vertical profiles have only a minimal impact on NO2 TropVCD retrievals; 24 

there are negligible changes in the retrieved columns when NOx emissions are reduced 25 

by 20% over the entire domain, and decreases of up to 16.5% in the columns when 26 

vertical profiles are fixed to a single profile at 04:45 UTC (13:45 KST). Retrieved NO2 27 
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TropVCD diurnal patterns are not heavily influenced by the a priori data – despite their 1 

a priori data exhibiting contrasting diurnal patterns, the diurnal variations of the three 2 

different retrievals showed similar patterns. Therefore, uncertainties arising not only 3 

from a priori NO2 profiles but also other factors such as cloud screening, aerosol 4 

impacts, and geometric information should be considered in satellite retrievals, as 5 

emphasized by previous studies such as Lorente et al. (2017) or Hong et al. (2017), 6 

which highlight the importance of cloud parameters, aerosol characteristics, and surface 7 

albedo. 8 

 9 
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Table 1. Experimental settings of WRF-Chem model simulations. 1 

Case name Description 

WRF-Chem v2 EDGAR-HTAP v3 

WRF-Chem f2 
EDGAR-HTAP v3, using profiles of 04:45 UTC 

(13:45 KST) only 

WRF-Chem v3 
EDGAR-HTAP v3 with 20% reduced NOx emissions 

for whole domain 
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Figure 1. Diurnal variations of GEMS NO2 TropVCD in January, April, July, and 2 

October 2021 with a priori data of WRF-Chem v3 (red solid) and TM5 (blue solid) 3 

over SMA. Shades indicate 1-sigma (σ) bound from each of the mean values. 4 
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Figure 2. Spatial maps for differences of GEMS NO2 TropVCD between using a priori 2 

data of WRF-Chem v3 and TM5 on January, April, July, and October. The pink box 3 

shown in the upper-left figure indicates the SMA domain. 4 
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Figure 3. Diurnal variations of model-simulated NO2 TropVCD in January, April, July, 2 

and October 2021 from WRF-Chem v3 (red solid) and TM5 (blue solid) over SMA. 3 

Shades indicate 1-sigma (σ) bound from each of the mean values. 4 
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Figure 4. Curtain plots of model vertical NO2 profiles from WRF-Chem v3 (upper row) 2 

and TM5 (lower row) in January, April, July, and October 2021 over SMA. 3 
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Figure 5. Diurnal variations of GEMS NO2 TropVCD with a priori data of WRF-Chem 2 

v2 (red solid), WRF-Chem f2 (yellow solid), and WRF-Chem v3 (blue solid) during 3 

October 25 – 28, 2021 over SMA. Shades indicate 1-sigma (σ) bound from each of the 4 

mean values. 5 
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 1 

Figure 6. Diurnal variations of model-simulated NO2 TropVCD from WRF-Chem v2 2 

(red solid), WRF-Chem f2 (yellow solid), and WRF-Chem v3 (blue solid) during 3 

October 25 – 28, 2021 over SMA. Shades indicate 1-sigma (σ) bound from each mean 4 

values. 5 
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 1 

Figure 7. Diurnal variations of air mass factors from WRF-Chem v2 (red solid), WRF-2 

Chem f2 (yellow solid), and WRF-Chem v3 (blue solid) during October 25 – 28, 2021 3 

over SMA. 4 
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 1 

Figure 8. Diurnal variations of air mass factors on January, April, July, and October 2 

2021 from WRF-Chem v3 (red solid) and TM5 (blue solid) over SMA. 3 

 4 
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