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Abstract we validate formaldehyde (HCHO) vertical column densities (VCDs) from Ozone Mapping

and Profiler Suite Nadir Mapper (OMPS-NM) instruments onboard the Suomi National Polar-orbiting
Partnership (Suomi NPP) satellite for 2012-2020 and National Oceanic and Atmospheric Administration-20
(NOAA-20) satellite for 2018-2020, hereafter referred to as OMPS-NPP and OMPS-N20, with ground-based
Fourier-Transform Infrared (FTIR) observations of the Network for the Detection of Atmospheric Composition
Change (NDACC). OMPS-NPP/N20 HCHO products reproduce seasonal variability at 24 FTIR sites. Monthly
variability of OMPS-NPP/N20 has a very good agreement with FTIR, showing correlation coefficients of 0.83
and 0.88, respectively. OMPS-NPP (N20) biases averaged over all sites are —0.9 (4) + 3 (6)%. However, at
clean sites (with VCDs < 4.0 X 10" molecules cm™2), positive biases of 20 (32) + 6 (18)% occur for OMPS-
NPP (N20). At sites with HCHO VCDs > 4.0 X 10! molecules cm™2, negative biases of —15% + 4% appear
for OMPS-NPP, but OMPS-N20 shows smaller bias of 0.5% =+ 6% due to its smaller ground pixel footprints.
Therefore, smaller satellite footprint sizes are important in distinguishing small-scale plumes. In addition,

we discuss a bias correction and provide lower limit for the monthly uncertainty of OMPS-NPP/N20 HCHO
products. The total uncertainty for OMPS-NPP (N20) at clean sites is 0.7 (0.8) x 10> molecules cm~2,
corresponding to a relative uncertainty of 32 (30)%. In the case of HCHO VCDs > 4.0 x 10'> molecules cm™2,
however, the relative uncertainty in HCHO VCDs for OMPS-NPP (N20) decreases to 31 (18)%.

Plain Language Summary Formaldehyde is a proxy for nonmethane volatile organic compounds
(NMVOCs). Formaldehyde observations from satellites have been widely used to investigate NMVOC
emissions, ozone production regime with NO,, and the production of secondary organic aerosols. We
validate new publicly available satellite formaldehyde observations from two Ozone Mapping and Profiler
Suite (OMPS) instruments onboard Suomi NPP and NOAA-20 satellites, called OMPS-NPP and OMPS-
N20 hereafter, with ground-based Fourier-Transform Infrared (FTIR) observations. OMPS-NPP/N20
products show good correlation coefficients of 0.83 and 0.88 compared to FTIR and also capture seasonal
variability at 24 sites. However, OMPS products have a bias depending on formaldehyde concentrations. In
low formaldehyde concentrations, positive biases of 20 (32) + 6 (18)% occur for OMPS-NPP (N20). In high
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concentrations, negative biases of —15% + 6% appear for OMPS-NPP, but OMPS-N20 products have a smaller
bias of 0.5% + 6% due to its smaller ground pixel footprints. This implies that smaller satellite footprint sizes
are important in distinguishing small-scale plumes. In addition, we provide a lower limit for the monthly
uncertainty of OMPS-NPP/N20 formaldehyde products.

1. Introduction

Ambient atmospheric formaldehyde (HCHO), produced by the oxidation of nonmethane volatile organic
compounds (NMVOC:s), is one of the most useful trace gases for investigating NMVOC emissions, ozone chem-
istry with NO_, and the production of secondary organic aerosols (Liao et al., 2019; Marais et al., 2016; Schroeder
et al., 2017; Souri et al., 2020; Travis et al., 2022). Such studies have used HCHO measured by in situ and remote
sensing techniques and from various platforms such as satellites, aircraft, ships, and ground-based sites. HCHO
satellite observations have been used to estimate NMVOC emissions in global and regional domains such as Asia,
Europe, and the Americas, as Low Earth Orbit (LEO) satellites can cover the entire globe (Cao et al., 2018; Choi
etal., 2022; Kaiser et al., 2018; Souri et al., 2021; Stavrakou et al., 2015). HCHO airborne observations have been
used to focus on local NMVOCs emissions (Fried et al., 2020; Kwon et al., 2021), and ship-based observations
have been used to examine outflows from continents (Behrens et al., 2019). Ground-based observations such
as Fourier-Transform Infrared (FTIR) and multiaxis differential optical absorption spectroscopy (MAX-DOAS)
can be used to monitor pollution levels and trends and to validate satellite observations (De Smedt et al., 2021;
Vigouroux et al., 2018, 2020).

Global HCHO satellite observations made from different platforms continue the data record that began with the
Global Ozone Monitoring Experiment (GOME) on the ERS-2 LEO satellite in 1995 (Chance et al., 2000). The
follow-on LEO satellite instruments Scanning Imaging Absorption Spectrometer for Atmospheric Chartogra-
phy (SCIAMACHY), GOME-2A, GOME-2B, and GOME-2C have provided global HCHO data with morning
overpass times at various spatial resolutions (De Smedt et al., 2008, 2012; Wittrock et al., 2006). Afternoon
measurements began with observations from the Ozone Monitoring Instrument (OMI), launched in 2004 into an
orbit with an equator crossing of ~13:30 local time, and with a finer spatial resolution of 13 km X 24 km at nadir
than previous instruments (De Smedt et al., 2015; Gonzélez Abad et al., 2015). The Tropospheric Monitoring
Instrument (TROPOMI) has collected HCHO observations with much finer spatial resolutions of 7 km X 3.5 km
since 2018 (5.5 km X 3.5 km since August 2019; De Smedt et al., 2018, 2021). The Environmental Monitoring
Instrument on the Chinese GaoFen-5 satellite launched in May 2018 has provided additional HCHO observations
in the afternoon (Su et al., 2022). Geostationary satellites can measure hourly variations of HCHO and fill a gap
between morning and afternoon measurements from LEO satellites. The Geostationary Environment Monitoring
Spectrometer, the first geostationary mission for trace gases, was launched in February 2020 and began meas-
uring HCHO vertical columns ~8 times per day, together with cloud properties, ozone, nitrogen dioxide, sulfur
dioxide, aerosols, and health information such as ultraviolet (UV) index and vitamin D index (Bak et al., 2019;
Go et al., 2020; Kang et al., 2020, 2022; G. Kim et al., 2021; J. Kim et al., 2020; M. Kim et al., 2018; Kwon
et al., 2019; Park et al., 2021).

The Ozone Mapping and Profiler Suite Nadir Mapper (OMPS-NM) instruments onboard the Suomi National
Polar-orbiting Partnership (Suomi NPP) and National Oceanic and Atmospheric Administration-20 (NOAA-20)
satellites were launched in October 2011 and November 2017. Li et al. (2015) and Gonzalez Abad et al. (2016)
retrieved HCHO total columns from OMPS-NM observations onboard Suomi NPP with principal component anal-
ysis and hyperspectral direct fitting methods, respectively. Recently, we have developed updated, multiyear, and
publicly availably OMPS-NM HCHO products using hyperspectral direct fitting (Gonzéalez Abad, 2022a, 2022b;
Nowlan et al., 2022). These OMPS-NM HCHO products can play an important role in augmenting and extending
long-term HCHO data sets from OMLI, since all three products share algorithms. Unfortunately, OMI has been
affected by the row anomaly since 2008, reducing the frequency at which it achieves total coverage of the globe
(Torres et al., 2018). OMPS-NM products can make up for a loss of pixels in OMI, allowing us to construct
afternoon HCHO climatological data sets from 2004 until now with daily global coverage. Furthermore, NOAA
plans to launch OMPS-NM instruments in successive operational satellites, which can provide a consistent set
of HCHO observations starting in 2012 and extending to the 2030s. It is also worth considering that when
TROPOMI is decommissioned NOAA OMPS-NM instruments will be the main source of HCHO observations
in the afternoon overpass.
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HCHO products of OMPS-NM onboard Suomi NPP produced by Gonzélez Abad et al. (2016) have been validated
using a model and aircraft observations. Souri et al. (2020) and Choi et al. (2022) found low biases of 20% and
37.5% in the OMPS-NM products, respectively, compared to model simulations during the Korea—United States Air
Quality (KORUS-AQ) campaign. These studies focused only on South Korea and indirectly validated OMPS HCHO
products using a model intercomparison platform, which corrects model concentrations by comparing observations
from aircraft campaigns and uses the corrected model results to validate satellite observations (Zhu et al., 2020). Zhu
et al. (2016) validated OMPS-NM HCHO measurements made over the southeast U.S. during the 2013 SEAC*RS
(Studies of Emissions, Atmospheric Composition, Clouds and Climate Coupling by Regional Surveys) campaign
and found OMPS-NM HCHO underestimated aircraft-corrected GEOS-Chem model columns by 34%.

In this study, we validate the updated OMPS-NM HCHO products with ground-based FTIR HCHO observations from
the Network for the Detection of Atmospheric Composition Change (NDACC; De Maziere et al., 2018). Henceforth,
we refer to OMPS-NM onboard Suomi NPP and NOAA-20 as OMPS-NPP and OMPS-N20, respectively. Section 2
describes OMPS-NPP/N20 HCHO products and FTIR HCHO products. The method for the comparison between
OMPS-NPP/N20 and FTIR HCHO products is also described in this section. In Section 3, OMPS-NPP/N20 are
validated with FTIR observations, and the importance of spatial pixel sizes is discussed for validation in heterogene-
ous scenes. OMPS-NPP/N20 uncertainties and biases as compared to FTIR observations are estimated in Section 4.

2. Data and Method
2.1. OMPS-NPP/N20 HCHO Observations

OMPS-NPP/N20 nadir mapper instruments measure backscattered radiances in the UV spectral range of 300-380
(420 for OMPS-N20) nm with a spectral resolution of ~1 nm and a sampling of ~0.42 nm, with a local overpass
time of ~13:30. OMPS-NPP has a nadir pixel size of 50 km X 50 km, and OMPS-N20 has a finer pixel size of
17 km x 17 km, which is subsequently improved to 12 km X 17 km (since 13 February 2019) by trading off
signal-to-noise ratio performance. The OMPS nadir mappers have been used to measure the global distribution
and vertical profiles of ozone (Bak et al., 2017; Kramarova et al., 2014), sulfur dioxide (Li et al., 2017; Yang
et al., 2013), nitrogen dioxide (Yang et al., 2014), and UV aerosol index (Torres, 2019).

OMPS-NPP/N20 HCHO vertical columns are obtained using the Smithsonian Astrophysical Observatory (SAO)
retrieval algorithm (Gonzélez Abad et al., 2016; Nowlan et al., 2022). The SAO algorithm was originally applied to
GOME and has since been used to retrieve trace gases from OMI (Gonzélez Abad et al., 2015). The algorithm also
forms the basis for trace gas retrievals from the upcoming North American geostationary mission, Tropospheric
Emissions: Monitoring of Pollution (TEMPO; Zoogman et al., 2017). It consists of spectral radiance fitting, an air
mass factor (AMF) calculation, and bias/reference sector corrections. The radiance fitting derives differential slant
column densities using direct intensity fitting, sometimes referred to as a basic optical absorption spectroscopy
approach. AMFs are calculated using online radiative transfer calculations performed with VLIDORT version 2.8
(Spurr & Christi, 2019). The radiative transfer calculations use the Moderate Resolution Imaging Spectroradiome-
ter bidirectional reflectance distribution function to determine surface reflectance and GEOS-Chem monthly mean
climatological profiles, at the time of satellite overpass, for atmospheric composition. As a clean radiance refer-
ence over the remote Pacific is used as a reference spectrum in the radiance fitting, a reference sector correction
(also called a background correction) is also conducted. A further bias correction is also conducted to correct for
latitudinally dependent spectral correlations for ozone and bromine monoxide (BrO) distributions or other poorly
understood latitudinally correlated artifacts that can be significant at low light levels. Nowlan et al. (2022) describe
in detail the fitting parameters and retrieval steps used to derive OMPS-NPP and OMPS-N20 HCHO products.

In this study, OMPS-NPP/N20 HCHO products are used during 2012-2020/2018-2020, respectively, and only
pixels with the following conditions are considered (Table 1): main data quality flag of zero, cloud fractions less
than 0.4, solar zenith angle less than 70°, and snow/ice fraction of zero. Additionally, the median and median
absolute deviation of the root mean square of fitting residuals are used to filter out outlier pixels, where the radi-
ance fitting converges but fitting residuals are anomalously high.

2.2. FTIR HCHO Observations

We use harmonized NDACC FTIR HCHO observations. To minimize possible biases between the various sites,
NDACC FTIR enforces the harmonized retrieval settings including a consistent spectroscopic database and
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Table 1
Summary of OMPS-NPP/N20 Data Filtering and Matching Criteria to Build Comparable Data Sets

OMPS-NPP/N20 data filtering criteria

Main data quality flag =0

Cloud fraction <0.4

Solar zenith angle <70

Root mean square (RMS) of fitting residuals <Median(RMS) + MAD(RMS)
Matching criteria to build comparable data sets

The minimum number of pixels for OMPS-NPP and N20 10 and 90

A sampling spatial grid (°) 0.5

A sampling time window (hr) +3

Note. MAD is the median absolute deviation converted to 1o standard deviation for normal distributions with a factor of
k = 1.4826.

fitting window (Vigouroux et al., 2018). NDACC FTIR groups use two retrieval codes: SFIT4 and PROFFIT,
and the two codes produce very consistent retrieval products according to a previous comparison study by Hase
et al. (2004). The details of the harmonized retrievals for FTIR are given in Vigouroux et al. (2018).

Table 2 summarizes NDACC FTIR locations, retrieval codes, institutes of the principal investigators, observation
periods, and geographical region. Three Arctic sites (Eureka, Ny-l&lesund, and Thule) are excluded in our analy-
sis, as compared to Vigouroux et al. (2020). Current cloud fraction information used in OMPS-NPP/N20 products
is invalid over snow and ice and set at a value of either 0 or 1. Therefore, most satellite pixels over those Arctic
sites are filtered out due to unrealistic cloud information over snow and ice. If future OMPS-NPP/N20 algorithms
implement improved cloud retrievals over snow and ice, OMPS-NPP/N20 can be validated in Arctic regions. Two
sites (Karlsruhe and Saint-Denis on the island of Réunion) have been included in the harmonized NDACC FTIR
HCHO network since Vigouroux et al. (2020).

Figure 1 shows NDACC FTIR sites over a global map of OMPS-NPP HCHO vertical column densities (VCDs).
NDACC FTIR locations cover a range of HCHO columns, from clean oceanic regions to polluted regions influ-
enced by biogenic and anthropogenic sources of VOCs, and from the Northern to the Southern Hemisphere.
Therefore, NDACC FTIR observations provide the opportunity to examine and validate satellite observations
over a variety of regions and conditions.

2.3. Construction of Comparable Data Sets

To compare satellite and ground-based observations, we need to collect high-quality data and then build compa-
rable pairs, which are spatially and temporally collocated. First, we collect OMPS-NPP/N20 pixels with the
quality control conditions mentioned in Section 2.1. Then, satellite and ground-based observations need to be
spatially and temporally collocated. For OMPS-NPP, the median of the fitting uncertainties is ~3.5 X 10'> mole-
cules cm~2 over the reference sector in June 2018, and several pixels need to be averaged to reduce noise and
match the precision of the ground-based observations. Vigouroux et al. (2020) showed that the median uncer-
tainty related to random components for FTIR observations was 2.3 X 10 molecules cm~2, which is ~10 times
lower than that of OMPS-NPP. Therefore, at least 100 OMPS-NPP pixels ideally need to be combined to bring
OMPS-NPP precision to FTIR levels.

For this study, we take monthly averaged pairs for the comparison between satellites and ground-based observa-
tions to reduce noise of satellite observations but still keep monthly temporal resolution for long-term time series.
Although OMPS-NPP monthly means have lower precision than FTIR measurements due to fewer sampling
pixels than 100 on average (~40 sampling pixels per a pair), we can validate the performance of satellite monthly
means, which have been used in application studies. However, given OMPS-NPP pixel sizes and coincident obser-
vations between OMPS and FTIR, some cases can occur where only a few pixels are used for a monthly mean.
In consequence, to ensure robust statistics, we use comparable pairs where at least 10 pixels from OMPS-NPP

KWON ET AL.

4 of 21

85UB01 7 SUOWIWIOD dAE8.D 3(edt|dde ayy Aq peusenob e sajoiie YO 8sN JO S9Nl 1o ARIq1T8UIIUO AB]IA UO (SUOIPUCO-PUR-SLLBIALI0O"AB| 1M AReIq 1 BUI[UO//STIY) SUORIPUOD Pue WS 18U} 88S *[£202/90/02] Uo Afeiqiauiiuo Ae|im ‘a1Bojouyoe L 4 Ul Bunsie Aq 82/200Va2202/620T OT/I0p/Lod Ao M Atelqijeul|uo sqndnBe//sdny Wwo.j pepeolumod ' ‘£202 ‘YB0SEEEZ



~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Earth and Space Science 10.1029/2022EA002778

Table 2

Summary of NDACC FTIR Sites

Station Latitude, longitude  Altitude (km) Code Institute Time coverage Continent/ocean Color in figures®
Kiruna 67.84°N, 20.40°E 0.42 PROFFIT  KIT-ASF; IRF Kiruna 01/2005 to 11/2019  Europe Magenta
Sodankyld® 67.37°N 26.63°E 0.19 SFIT4 FMIL; BIRA 03/2012 to 04/2020  Europe

St. Petersburg 59.88°N, 29.83°E 0.02 SFIT4 SPbU 03/2009 to 08/2019  Europe

Bremen 53.10°N, 8.85°E 0.03 SFIT4 U. of Bremen 10/2004 to 12/2019  Europe

Karlsruhe® 49.10°N, 8.42°E 0.11 PROFFIT  KIT-ASF 02/2018 to 05/2020  Europe

Paris® 48.85°N, 2.36°E 0.06 PROFFIT  Sorbonne U. 03/2011 to 08/2019  Europe

Zugspitze 47.42°N, 10.98°E 2.95 PROFFIT  KIT-IFU 03/1995 to 06/2020  Europe

Jungfraujoch 46.55°N, 7.98°E 3.58 SFIT4 U. of Liege 01/2017 to 01/2020  Europe

Maido 21.08°S, 55.38°E 2.16 SFIT4 BIRA 03/2013 to 12/2019  Africa and Indian Ocean ~ Green
Saint-Denis 20.9°S, 55.49°E 0.85 SFIT4 BIRA 08/2004 to 06/2015  Africa and Indian Ocean

Izana 19.54°N, 155.57°W 2.37 PROFFIT = AEMET; KIT-ASF 01/2005 to 12/2019  Africa

Toronto 43.60°N, 79.36°W 0.174 SFIT4 U. of Toronto 05/2002 to 12/2019  North America Cyan
Boulder 40.04°N, 105.24°W 1.61 SFIT4 NCAR 04/2010 to 12/2019  North America

Mexico City® 19.33°N, 99.18°W 2.26 PROFFIT UNAM 01/2013 to 10/2019  North America

Altzomoni 19.12°N, 98.66°W 3.99 PROFFIT UNAM 09/2012 to 09/2019  North America

Paramaribo 5.81°N, 55.21°W 0.03 SFIT4 U. of Bremen 09/2004 to 05/2020  South America

Porto Velho® 8.77°S, 63.87°W 0.09 SFIT4 BIRA 07/2016 to 12/2019  South America

Rikubetsu 43.46°N, 143.77°E 0.38 SFIT4 Nagoya U.; NIES 05/1995 to 12/2019  Asia Blue
Xianghe® 39.75°N, 116.96°E 0.05 SFIT4 CAS; BIRA 06/2018 to 02/2020  Asia

Tsukuba® 36.05°N, 140.12°E 0.03 SFIT4 NIES; Tohoku U. 05/2001 to 12/2019  Asia

Mauna Loa 19.54°N, 155.57°W 3.40 SFIT4 NCAR 08/1995 to 12/2019  Pacific Ocean Yellow
Palau® 7.34°N, 134.47°E 0.03 SFIT4 U. of Bremen 03/2019 to 05/2020  Oceania

Wollongong 34.41°8S, 150.88°E 0.03 SFIT4 U. of Wollongong 05/1996 to 01/2020  Oceania

Lauder 45.04°S, 169.68°E 0.37 SFIT4 NIWA 10/2001 to 12/2019  Oceania

Figures 2 and 3. PThe sites are not officially affiliated to NDACC.
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Figure 1. A global map of OMPS-NPP HCHO mean vertical column densities at a horizontal resolution of 0.5° X 0.5° in
September 2012. Triangle marks in magenta denote Fourier-Transform Infrared (FTIR) observation sites.
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Figure 2. Scatter plots (a) between OMPS-NPP and Fourier-Transform Infrared (FTIR) data (2012-2020) and (b) between
OMPS-N20 and FTIR data (2018-2020) for monthly mean comparable pairs. Black and red lines are regression lines from
the reduced major axis method not weighted with uncertainties and the bivariate method weighted with uncertainties,
respectively. The slopes and y-intercepts are given in each panel. A correlation coefficient (R), root mean square error
(RMSE), normalized mean bias (NMB), normalized mean error (NME), and the number of pairs (NUM) are given in each
panel. Colors of symbols indicate the region classification of sites shown in Table 2.

can be collected for a monthly mean. Also, sites are considered only if five or more monthly pairs are available
to ensure meaningful statistics.

The OMPS-N20 instrument is nearly identical to OMPS-NPP but its binned spectra result in ~9 times finer foot-
prints (based on a nadir pixel size of 17 km X 17 km), leading to about 3 times lower precisions of 9.6 X 10'> mole-
cules cm~2. Thus, we use 9 times more pixels (making it at least 90 pixels) for OMPS-N20 owing to its smaller
pixels size and low signal-to-noise ratio to satisfy the same precision with OMPS-NPP in the comparisons.

To collect enough satellite pixels while maintaining spatial coincidence, it is necessary to choose proper spatial
ranges. OMPS-NPP has pixel sizes of roughly 50 km X 50 km across most of the swath, which increase rapidly
to several hundred km in the cross-track direction near the edge of the swath. We test grid sizes of 0.2° and 0.5°
with the center located at the latitude and longitude coordinates of FTIR stations for sampling pixels, considering
FTIR data collected +3 hr from the satellite observation. The selection of both spatial grid and temporal window
has to ensure that enough pixels are collocated. In the case of a 0.2° spatial grid, the numbers of collocated pixels
for OMPS-N20 do not satisfy the minimum number of 90 pixels at half of the sites. Therefore, we choose the grid
size of 0.5° to maximize the information available for both OMPS-NPP and N20 (Table 1).

Vigouroux et al. (2020) noted that FTIR observations occurred with a frequency of 3—-10 per day. Also, they
pointed out that a short time window could reduce the number of comparable pairs and that a longer time window
could exacerbate the effects of the diurnal variation of HCHO. To find an optimal time window, we conduct the

sensitivity test of time windows of +3 and +6 hr with a spatial coadding grid of 0.5°. A time window of +6 hr
increases the number of comparable pairs, but the normalized mean error (NME), W
compared to results using +3 hr. Therefore, to reduce the impact of diurnal cycles on comparable pairs, a time
window of +3 hr is used (Table 1). Keeping in mind that OMPS-NPP/N20 local overpass time is ~13:30 at nadir,

we consider FTIR observations between 10:30 and 16:30 local time.

, rarely changes

We minimize the effects of a priori profiles and averaging kernels (AKs) on the comparison between
OMPS-NPP/N20 and FTIR observations following the Vigouroux et al. (2020) methodology. The OMPS-NPP/N20
products use a priori profiles from GEOS-Chem, while the NDACC FTIR products use a single profile from
the Whole Atmosphere Community Climate Model (WACCM) at each site. For consistency, a priori profiles
from OMPS-NPP/N20 are interpolated to the FTIR vertical grid, considering mass conservation (Langerock
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Figure 3. Biases (%) (a) between OMPS-NPP and Fourier-Transform Infrared (FTIR) data and (b) between OMPS-N20 and FTIR data at each site. Sites with the
number of monthly mean pairs greater than 4 are plotted. The number of the comparable pairs less than 10 is provided at the bottom of the figures. Error bars indicate
the errors of the biases, and colors of symbols indicate the region classification of sites shown in Table 2. Red and gray edges of symbols indicate high-altitude sites and
the number of the comparable pairs less than 10, respectively.

et al., 2015), and then are applied using the method of Rodgers and Connor (2003) and Vigouroux et al. (2020)
to calculate the retrieved FTIR profiles with the a priori profile correction. To directly compare FTIR and OMPS
results, the corrected FTIR profiles are interpolated on OMPS-NPP/N20 vertical grids and smoothed with AKs
from OMPS-NPP/N20 using the approach described in Rodgers and Connor (2003) and Vigouroux et al. (2020).
Also, a scale factor is used to consider surface elevations based on FTIR locations (Vigouroux et al., 2020).

Asmentioned above, we use monthly averaged pairs for satellite- and ground-based observations. For OMPS-NPP/N20,
the weighted mean of individual pixels is calculated using the ratio of the area of a grid cell covered by each
satellite pixel (A) to the area of individual pixels (AP) as a weighting. FTIR observations spatially and temporally
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collocated with OMPS-NPP/N20 pixels are also averaged with the same weights at each OMPS-NPP/N20 pixel. For
the seasonal variability, all OMPS-NPP/N20 pixels are used during the observation periods of each site.

A standard uncertainty of the weighted mean (o) is calculated with an equation from Gatz and Smith (1995) as
follows:

O-g\/: #(Z (w,-x,-—w_xw)z—ZHZ(w,-—w)(wix,-—w_xw)+E2 (wi—w)z), (1)

(n— 1)("E) i=1 i=1 i=1

where n is the number of comparable pairs, w; and x; are the weighting factor (A;/ Af ) and OMPS-NPP/N20 or
FTIR HCHO VCD of comparable pair i, respectively, w is an arithmetic mean for the weighting factors, and X
is the weighted mean of HCHO VCDs. Gatz and Smith (1995) validated the uncertainty from Equation 1 using a
bootstrapping method, and the uncertainty was almost identical to the one from the bootstrapping method.

3. Results
3.1. OMPS-NPP/N20 Validation With FTIR Observations

To validate OMPS-NPP/N20 HCHO VCDs, we use monthly mean comparable pairs with FTIR data as described
in Section 2.3 and two bivariate least square methods: the reduced major axis (RMA) and a method from York
et al. (2004) (called the York method). While the RMA method does not consider the uncertainty, the York
method is a bivariate method weighted with uncertainties, which is likely a more reasonable approximation of the
slope and y-intercept due to its consideration of uncertainties in both observations.

Figure 2 shows scatter plots between OMPS-NPP/N20 and FTIR observations with their uncertainty in Equa-
tion 1. Jungfraujoch is excluded in the scatter plot for OMPS-NPP because only 1 pair of 15 comparable pairs
satisfied the minimum number of 10 pixels for monthly mean pairs. Likewise, comparable pairs at 13 sites are
plotted for OMPS-N20, which satisfied the minimum number of 90 pixels for OMPS-N20 and five or more
matching monthly mean pairs conditions. Both OMPS-NPP/N20 have good correlation coefficients, R, of 0.83

and 0.88 with FTIR for all sites, respectively. However, OMPS-N20 has better statistics in terms of regression
slopes, y-intercept, root mean square error (RMSE), NME, and normalized mean biases (NMBs), W,
than OMPS-NPP. This suggests that OMPS-N20 can discern heterogeneous spatial patterns due to finer spatial

pixel sizes than OMPS-NPP, as discussed in Section 3.2.

OMPS-NPP/N20 seem to have low biases following the linear relationship shown in Figure 2, but biases depend
on sites and HCHO concentrations. Figure 3 shows OMPS-NPP/N20 biases with their uncertainties at each site.
Bias and its uncertainty are defined following Vigouroux et al. (2020):

@

) 3

Bias = median(—OMPSi — FTIR, >

FTIR;

MAD =k X median<

<OMPS,- — FTIR, ) )
—_— — Bias

FTIR;
_ MAD
s = C)
Jn
UB =2X up (5)

where OMPS; and FTIR; are comparable monthly mean pairs (i = 1,...,n), n is the number of the pairs, MAD
is the median absolute deviation converted to 1o standard deviation for normal distributions with a factor of
k=1/®7'(3/4) ~ 1.4826 (®~!(x) is the inverse of the cumulative distribution function of normal distributions),
and up and Uy are the standard uncertainty of bias and the expanded uncertainty of bias with a coverage factor of
2 having a level of confidence of ~95%, respectively.

In Figure 3a, OMPS-NPP biases are within +50% at most sites except for three sites (Zugspitze, Altzomoni, and
Porto Velho), and the bias at all sites is —0.9% + 3%. However, in most regions with relatively low HCHO VCDs
(<4.0 x 10 molecules cm™2), biases are positive (20% + 6%) and decrease as HCHO VCDs increase. Some
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Figure 4. Oversampled OMPS-NPP HCHO vertical column densities (VCDs) with a horizontal resolution of 0.05° in June—
August (summer; a) and December—February (winter; b) for 2018-2020. Oversampled OMPS-N20 HCHO VCD in summer
(c) and winter (d) in 2018-2020. Circle and triangle marks in magenta are Mexico City and Altzomoni sites, respectively.

sites such as Mauna Loa, Zugspitze, Izaila, Maido, and Altzomoni are located at high altitudes. At those sites,
HCHO VCDs from satellites are higher than those from FTIR. While the FTIR measures the total column above
site locations, total columns from satellites are derived over satellite footprints, and satellite pixels are sampled
within a certain collocation distance (herein 0.5°). Therefore, satellite observations can be affected by adjacent
sources and larger backgrounds at lower altitudes, leading to higher HCHO VCDs from satellites at high-altitude
sites compared to FTIR. In particular, the positive biases at Zugspitze are remarkable due to adjacent anthropo-
genic and biogenic sources. In Figure 4, OMPS-NPP HCHO VCDs at Altzomoni are higher than OMPS-N20 in
summer because adjacent sources can increase retrieved HCHO values on the large pixel sizes of OMPS-NPP.
Also, OMPS-NPP seasonal variation at Altzomoni in Figure 7 is similar to that at Mexico City, implying OMPS-
NPP validation results could be affected by large spatial pixel size. This is discussed in more detail in Section 3.2.

On the other hand, at sites with relatively high HCHO VCDs (>4.0 x 105 molecules cm~2), HCHO VCDs from
OMPS-NPP are lower than those from FTIR, with a bias of —15% =+ 4%. The negative bias is smaller than but
generally in line with the previous validation results in Korea (Choi et al., 2022; Souri et al., 2020).

Figure 3b shows OMPS-N20 bias against FTIR observations with an overall small bias of 4% + 6% at all sites. In
the case of HCHO VCD <4.0 x 10'> molecules cm~2, OMPS-N20 shows a bias of 32% + 18%, larger than OMPS-
NPP despite the finer spatial pixel sizes for OMPS-N20. However, OMPS-N20 has smaller biases (0.5% + 6%) in
sites with HCHO VCDs > 4.0 x 10> molecules cm~2 compared to OMPS-NPP, implying heterogeneous HCHO
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distributions would be more discernible in OMPS-N20 and indicating the importance of satellite pixel sizes and
signal-to-noise ratios.

At two South American sites (Paramaribo and Porto Velho), OMPS-NPP HCHO VCDs are higher than those
from FTIR despite being sites with HCHO VCD > 4.0 x 10" molecules cm~2. OMPS-NPP results might be
higher than FTIR because adjacent biogenic sources and biomass burning can affect OMPS-NPP results with
large pixels, but at Porto Velho, OMPS-N20 still shows high HCHO VCDs. Also, we find that cloud information
has a significant impact on the results at these two sites. When we filter out OMPS-NPP pixels with cloud fraction
>0.1 instead of 0.4, the bias at Porto Velho decreases from 57% + 24% to —2% + 63%, although the expanded
uncertainty of bias (Up) increases due to the small number of samples (from 17 to 9). At Paramaribo, the bias
decreases from 39% =+ 81% to 14% + 46%.

We test the dependency of our results with respect to the cloud fraction filter threshold. The results using a cloud
fraction of 0.1 are, for the most part, consistent with the results obtained with a 0.4 cloud fraction. However, the
biases decrease at most sites, leading to an overall negative bias of OMPS products against FTIR (Figure S1 and
Tables S1 and S2 in Supporting Information S1). Cloud effects on OMPS HCHO VCDs are more dominant in
low HCHO conditions than in high HCHO conditions. Therefore, a careful selection of the cloud fraction filter
threshold is required in low HCHO conditions such as rural areas and winter.

In addition, cloud fraction for OMPS-NPP/N20 is determined with the linear relationship between OMPS-NPP
Raman cloud fraction and reflectivity from total ozone products (Nowlan et al., 2022). Therefore, acrosols from
biomass burning might increase cloud fractions and affect AMF calculations, resulting in positive biases. It is
important to investigate the details in further studies to improve consistent OMPS-NPP/N20 products, and cloud
information should be updated for OMPS-NPP/N20.

We also compare daily average OMPS-NPP/N20 and FTIR observations. To have enough daily mean coincidences,
we reduce the minimum required number of matching pixels from 10 to 5. The results of daily mean comparisons
are similar to monthly mean results. There is a positive bias (11% + 5%) in HCHO VCDs < 4.0 x 10'5 mole-
cules cm~2 and a negative bias (—11% = 3%) in HCHO VCDs > 4.0 x 10'> molecules cm~2 (Figures S2a and S3a
in Supporting Information S1). However, the correlation coefficient, RMSE, and NME are worse than those from
monthly mean validation due to random noise (Figure S2a in Supporting Information S1).

For OMPS-N20, which has a higher noise level than OMPS-NPP, it is difficult to achieve similar reductions of
noise level in the daily means under the current conditions (spatial sampling grid of 0.5° and a temporal window
of +3 hr); so, to have enough samples, we reduce the minimum number of matching pixels from 90 to 20. As
OMPS-NPP for daily mean comparison, OMPS-N20 has a worse correlation coefficient and higher RMSE and
NME than those from monthly mean comparisons (Figure S2b in Supporting Information S1). Bias of daily
means between OMPS-N20 and FTIR is 2.4% in the low HCHO VCD condition (<4.0 X 10'5 molecules cm~2),
which is smaller than that of monthly mean comparisons, but its uncertainty is 22% due to the large variability
(Figure S3b in Supporting Information S1). In HCHO VCDs > 4.0 X 10" molecules cm~2, the bias of 1.5% + 6%
is similar to that in the monthly mean comparisons (0.5% + 6%). Therefore, OMPS-NPP/N20 daily means show
similar biases compared to FTIR observations, but it is noted that daily means can vary if satellite pixels are not
enough to reduce noise.

Tables 3 and 4 summarize statistics of OMPS-NPP/N20 validation results compared to FTIR at each site. At sites
with relatively high HCHO VCDs (>4.0 x 10" molecules cm~2), OMPS-NPP has very good agreement with
FTIR except for three sites (Saint-Denis, Palau, and Rikubetsu), which can be classified as rural sites. Most sites
show good correlation coefficients ranging from 0.75 to 0.92, but the correlation between OMPS-NPP and FTIR
at Paramaribo, Boulder, and Mexico City is relatively low. The averaged FTIR HCHO VCD at Paramaribo is
6.5 X 10" molecules cm~2 from original FTIR data shown in Figure 3 and Table 3, but 3.7 X 10'> molecules cm
after a priori profile corrections and AK smoothing. Also, the number of pairs <4.0 X 10'3 molecules cm
accounts for 80% of all pairs at Paramaribo, leading to a lower correlation than at other sites. The small number
of comparable pairs at Boulder leads to a relatively low correlation coefficient. The Mexico City site has high
heterogeneity, with HCHO concentrations being affected by biogenic sources near Mexico City as well as anthro-
pogenic activities. This is discussed further in Section 3.2.

In comparison with OMPS-NPP, OMPS-N20 with its finer spatial pixel size shows better correlation coefficients
at all sites, except for Paris, with HCHO VCDs > 4.0 x 105 molecules cm™2, although data have been collected
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Table 3
Statistics of OMPS-NPP Validation Compared With FTIR, Sorted by Mean HCHO VCDs From FTIR
Station Mean VCD (molec. cm™2) Bias + Ug (%) R Slope (u,) Offset (u,; molec. cm~2) N
Mauna Loa 1.2x 10 36 +22 0.14 0.2 (0.2) 1.2(0.2) x 105 38
Zugspitze 1.7 x 10" 88 + 28 0.60 1.5 (0.3) 0.7 (0.4) x 103 26
Izafia 1.9 x 10% 21 +38 0.71 1.3 (0.1) —0.2 (0.1) x 10%° 88
Maido 2.2 x10% 2+7 0.58 1.0 (0.1) —0.1(0.2) x 105 67
Altzomoni 2.6 x 10" 52+ 19 0.25 0.5 (0.1) 2.1(0.3)x 10" 45
Kiruna 3.0 x 10% 20 + 38 0.27 1.0 (0.3) 0.1 (0.6) x 10%° 24
Lauder 34x105 —4+14 0.15 0.6 (0.2) 1.2 (0.5) x 105 42
Sodankyla 3.5x 10" 28 + 20 0.32 0.5 (0.1) 1.8 (0.3) x 1013 32
Saint-Denis 4.7 x 101 20+ 18 0.47 0.02 (0.3) 24 (1.1)x 10" 17
Palau 4.7 x 1015 —23+42 —-0.30 -0.2 (0.3) 4.2 (1.0)x 10" 7
Rikubetsu 5.0x 10" —16 + 54 -0.02 -0.4(0.2) 5.0 (0.6) x 103 11
Paramaribo 6.5 x 10% 39 + 81 0.62 1.0 (0.2) 1.2 (0.7) X 10%° 16
St. Petersburg 7.2 x 10" —6+12 0.77 0.8 (0.1) 0.5 (0.4) x 105 43
Bremen 8.0 x 101 8+ 15 0.82 1.0 (0.1) 0.4 (0.4) x 103 35
Tsukuba 8.1x 10 27+ 13 0.75 1.7 (0.1) —4.8 (0.5) x 10%° 58
Wollongong 8.4x 10 -33+6 0.92 0.7 (0.03) —0.2 (0.3) x 105 65
Paris 8.7x 101 —-11+ 10 0.75 0.8 (0.1) 0.5 (0.4) x 103 49
Karlsruhe 8.7 x 10 -5+15 0.88 1.3 (0.1) —2.7(0.8) x 10" 17
Toronto 9.9 x 10" -6+ 10 0.85 1.6 (0.1) —4.7 (0.6) X 105 60
Boulder 9.9 x 10" 20+ 16 0.40 1.3 (0.3) 0.3 (2.1)x 10" 10
Xianghe 1.5 x 10% -18+9 0.86 1.1 (0.1) —3.1(0.9) x 10*° 21
Porto Velho 1.8 x 10'® 57 +£24 0.75 1.4 (0.1) 0.7 (1.2) x 105 17
Mexico City 2.3 x10' -29+9 0.45 0.3 (0.1) 6.5(1.1)x 105 51
All sites 7.2 x 10% -09+3 0.83 0.8 (0.01) 0.6 (0.03) x 10% 839
HCHO VCDs <4.0 x 10" 24 x10% 20+ 6 0.43 0.9 (0.04) 0.4 (0.1) x 105 362
HCHO VCDs >4.0 x 10" 9.8 x 10" -15+4 0.78 0.9 (0.01) 0.1 (0.1) x 103 477

Note. Uy is the expanded uncertainty of bias, R is the correlation coefficient, u, and u, are the standard uncertainties of slope and offset, and N is the number of
comparable monthly average pairs between OMPS-NPP and FTIR.

only since 2018 and therefore the number of available coincident observations is small compared with those
available from OMPS-NPP. The bias of 0.5% + 6% for OMPS-N20 is smaller than the —15% + 4% determined for
OMPS-NPP. Improvement of both the correlation coefficient and bias is remarkable at Mexico City, which has
various source regions surrounded by complex topography. This implies that OMPS-N20, with finer pixel sizes,
can discern heterogeneous HCHO plumes and minimize the effects of complex terrain heights on HCHO VCDs,
leading to better agreements with FTIR than OMPS-NPP.

3.2. Importance of Spatial Pixel Sizes

OMPS-N20 has ~9 times finer spatial sampling than OMPS-NPP as a result of a trade-off with low signal-to-noise.
OMPS-N20 shows noisier pixel-to-pixel HCHO VCDs in one orbit compared to OMPS-NPP, but as we discussed
in Section 3.1, OMPS-N20 monthly mean results are superior to those of OMPS-NPP, distinguishing complex
sources and providing better agreement with FTIR observations. Here, we discuss the importance of spatial pixel
sizes from the two very similar instruments.

Figure 4 shows oversampled OMPS-NPP/N20 HCHO VCDs in June—August (summer) and December—February
(winter) for 3 years (2018-2020) over Mexico City and surrounding areas. In summer, HCHO VCDs are high
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Table 4
Same as Table 3 But for OMPS-N20
Station Mean VCDs (molec. cm~2) Bias + Ug (%) R Slope (u,) Offset (u,; molec. cm~2) N
Izafia 1.9 x 10 32+£23 0.60 0.8 (0.3) 1.0 (0.6) x 105 12
Maido 2.2x 10" 25+21 0.51 0.5(0.2) 1.2 (0.3) x 103 17
Kiruna 32x 10 38 £ 65 0.29 0.3 (1.0) 2.6 (2.0) x 10% 5
Lauder 3.5 %10 80 + 25 —-0.49 —-0.3 (0.6) 5.1(1.6) x 105 6
Sodankyla 4.4 x 10" 23 + 17 0.68 0.9 (0.4) 1.1 (1.3)x 10" 7
St. Petersburg 7.1 %105 2 +20 0.86 0.7 (0.2) 2.2(1.2) x 103 9
Karlsruhe 8.7x 10" 7+12 0.91 1.1 (0.1) 0.03 (0.7) x 10" 17
Paris 9.4 x 10" —-8+21 0.69 0.9 (0.1) 0.5(1.2) x 10" 10
Toronto 9.8 x 10% 04+9 0.89 1.2 (0.1) -1.2(0.9) x 10" 14
Wollongong 1.1 x 10'® —26+8 0.94 0.6 (0.05) 1.2 (0.5) x 103 17
Xianghe 1.6 x 10'® 5+10 0.89 0.8 (0.1) 3.0 (0.8) x 103 17
Mexico City 2.0 x 106 03+8 0.71 0.7 (0.2) 4.3 (3.9) x 10 9
Porto Velho 2.3 x10' 63 + 60 0.83 1.4 (0.1) 5.0 (1.7) x 103 5
All sites 9.2 x 10" 4+6 0.88 0.9 (0.02) 0.7 (0.1) x 103 145
HCHO VCDs <4.0 x 10" 2.7 x 10% 32+ 18 0.47 0.6 (0.1) 1.2 (0.3) x 10% 40
HCHO VCDs >4.0 x 10" 1.2 x 10'6 05+6 0.84 0.9 (0.02) 0.9 (0.2) x 103 105

in the south of Mexico City resulting from biogenic activities and predominant north and northeastern winds.
HCHO VCD enhancement in Mexico City resulting from anthropogenic emissions is not discernible by OMPS-
NPP and is diluted by low HCHO VCDs in the north of Mexico City. Also, areas with relatively low HCHO are
affected by adjacent HCHO sources due to large pixel sizes of OMPS-NPP, resulting in positive biases at Altzo-
moni site in comparison with FTIR.

Due to finer pixel sizes, however, OMPS-N20 can discern anthropogenic HCHO plumes over Mexico City and
its surroundings, and HCHO VCDs are more concentrated in source regions. Also, OMPS-N20 HCHO VCDs at
Altzomoni are less contaminated by adjacent sources than those from OMPS-NPP. The enhanced capabilities of
OMPS-N20 are more clearly seen during winter with smaller widespread biogenic emissions. OMPS-N20 shows
HCHO enhancements in Mexico City and adjacent source regions due to agricultural burning while OMPS-NPP
cannot capture HCHO source regions because of diluted HCHO VCDs.

Therefore, OMPS-N20 has a smaller bias and better agreement with FTIR compared to OMPS-NPP as shown
in Section 3.1. It reflects that the OMPS-N20 level 2 products with small pixel sizes, despite low signal-to-noise
ratio, have the advantage of discerning complex and inhomogeneous plumes using temporal averages if compared
with correlative OMPS-NPP observations. If target species can be retrieved with a relatively low signal-to-noise
ratio and a signal-to-noise ratio is not required to obtain precise information on each pixel, the use of the native
spatial pixel size of the instruments would be helpful to detect and monitor emissions of pollutants on small scales.

3.3. Monthly and Seasonal Variability of OMPS-NPP/N20 HCHO VCDs

Figure 5 shows FTIR and OMPS-NPP monthly variations at four sites, where observations were available over
6 years, to evaluate the long-term variability and stability of the satellite retrievals. These four sites have good
correlation coefficients from 0.58 to 0.92. At the Izafia and Maido sites, located in clean areas, correlation coef-
ficients are smaller than those for the polluted sites of Wollongong and Toronto. Despite low levels of HCHO at
the clean sites, OMPS-NPP at these sites shows consistent monthly variations with FTIR.

OMPS-NPP at the two polluted sites (Wollongong and Toronto) also shows consistent monthly variations with
FTIR. At Wollongong, HCHO VCDs from both OMPS-NPP and FTIR were enhanced in December 2019 and
January 2020 due to massive Australian bushfires. HCHO VCD from OMPS-NPP is 2.3 X 10'® molecules cm™2
in December 2019, which is 2.5 times larger than an annual mean in December (9.5 X 10" molecules cm~2).
However, HCHO VCDs from OMPS-NPP are —26% lower than FTIR observations, and OMPS-N20 also has
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Figure 5. Collocated monthly mean time series (solid lines) of OMPS-NPP (orange), OMPS-N20 (red), and Fourier-Transform Infrared (FTIR) HCHO vertical column
densities (VCDs). The two FTIR lines (blue and green) correspond with OMPS-NPP/N20, respectively. Small dots indicate daily mean HCHO VCDs from each

instrument.

—29% biases compared to FTIR observations in December 2019. In addition, HCHO VCD from FTIR is enhanced
by 2.4 x 10'7 molecules cm~2 on 31 December 2019, while HCHO VCD from OMPS-NPP is 4.4 x 10'® mole-
cules cm~2. Therefore, OMPS observations over episodic biomass burnings need to be used carefully since
HCHO profiles over biomass burning areas are most likely different from the climatological a priori profile used
in the OMPS HCHO algorithm, and biomass burning aerosols could affect the accuracy of the scattering weights.

OMPS-N20 results also show consistent monthly variations with OMPS-NPP and FTIR observations. At the two
polluted sites of Toronto and Wollongong, OMPS-N20 shows correlations of 0.89 and 0.94. As expected, smaller
correlations of 0.60 and 0.51 are found over the Izafia and Maido sites. As discussed above, OMPS-N20 has
lower precision than OMPS-NPP due to smaller pixel sizes, and retrievals in clean regions are more sensitive to
random noise in the measurements. This is shown by the scatter of daily OMPS-N20 observations in comparison
with those from OMPS-NPP and FTIR. At Izafia, for example, the precision of daily means from OMPS-NPP is
1.7 x 10" molecules cm~2 while the one from OMPS-N20 is 2.1 x 10> molecules cm=2.

Figures 6 and 7 shows HCHO VCD overall seasonal variability from FTIR and OMPS-NPP by site for 2012-2022.
The Jungfraujoch site is included in this analysis as enough pixels can be gathered from multiple years to examine
seasonal variability. Panels are sorted by decreasing latitude, from North to South (see Table 2 for their precise
coordinates). Seasonal variability in OMPS-NPP HCHO has good agreement with that observed by the FTIR.
At most sites, HCHO VCDs are high in the summer of the Northern Hemisphere (June—August) and Southern
Hemisphere (December—February) due to increases in both photochemistry and biogenic sources.

HCHO VCDs over some clean regions such as Mauna Loa and Palau do not have significant seasonal variabil-
ity. However, at sites such as Zugspitze, Jungfraujoch, and Maido on the island of Réunion, which are located
at high altitude in relatively clean atmospheres, distinct seasonal variability is shown in the summer season.
Franco et al. (2016) showed the seasonal variability of HCHO total columns above Jungfraujoch could be due to
the methane oxidation from the model sensitivity test. Likewise, the seasonal variability at Zugspitze, close to
Jungfraujoch, might also result from methane oxidation.
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Figure 6. HCHO vertical column density (VCD) seasonal variations of Fourier-Transform Infrared (FTIR) and OMPS-NPP at each FTIR site. Blue and orange solid lines
with circle dots denote FTIR with a priori profile correction and averaging kernel (AK) smoothing and OMPS-NPP HCHO VCDs, respectively, and gray dotted lines with
circle dots denote FTIR HCHO VCDs without the correction and smoothing. Error bars denote the expanded uncertainties with a coverage factor of 2 (+ 2 X o).

Some sites (Mexico City, Altzomoni, Paramaribo, and Porto Velho) are affected by anthropogenic and biogenic
HCHO precursors and biomass burning and show different seasonal variability. At two sites in South America
(Paramaribo and Porto Velho), for example, FTIR and OMPS-NPP HCHO VCDs are enhanced in the dry season
(July-November) due to biogenic sources and biomass burning (Gonzalez-Alonso et al., 2019; Malhi et al., 2008).
The Mexico City site has peaks of HCHO VCDs in May at the beginning of the rainy season, and biogenic sources as
well as anthropogenic sources can affect HCHO VCDs (Amador-Mufioz et al., 2011; Rivera Cardenas et al., 2021).

In Figures 8 and 9, interannual averages of OMPS-N20 at each month for 2018-2020 also have good agree-
ment with FTIR observations but relatively large uncertainties because the ideal number of sample pairs for
OMPS-N20 (90 pixels) is not satisfied. For the OMPS-N20 analysis, the Saint-Denis site on the island of Réunion
is excluded because FTIR observations ended in June 2015 before OMPS-N20 was launched. OMPS-N20 obser-
vations show the typical seasonal variability, with high HCHO VCDs in summer.

At some sites, different seasonal variability is shown between OMPS-NPP/N20 and FTIR. Partially this is discussed in
Sections 3.1 and 3.2. At elevated sites including Mauna Loa, Zugspitze, Izafia, Miido, and Altzomoni, given the satel-
lite footprints, observations are affected by nearby sources situated below the FTIR instruments, resulting in higher
HCHO VCDs and different seasonal patterns. Additionally, the presence of clouds, aerosols, and a priori profiles can
also contribute to varying seasonal patterns in HCHO VCDs between OMPS-NPP/N20 and FTIR measurements.

4. Uncertainty of OMPS-NPP/N20 HCHO Products

Satellite observations need to be considered with their associated uncertainties arising from random and system-
atic effects. For example, uncertainties are important to characterize a priori covariance matrices in inverse
modeling studies to estimate emissions from the observations. Most satellite observations are used by averaging
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Figure 7. Same as Figure 6, but for the next 12 sites.

pixels to make satellite observations coincident with a horizontal grid of a model and to reduce random noises in
weakly absorbing trace gases such as HCHO. In these cases, uncertainties on each pixel from random sources can
be combined through uncertainty propagation and with arithmetic means for uncertainty arising from systematic
effects (Souri et al., 2021). However, it is difficult to estimate the uncertainty of all parameters and correlations
between parameters in retrievals.

Instead, ground-based and in situ aircraft observations with higher accuracy than satellite observations have been
used to estimate the uncertainty of remote sensing observations from satellite and aircraft platforms (De Smedt
et al., 2021; Nowlan et al., 2018; Vigouroux et al., 2020; Zhu et al., 2020). Vigouroux et al. (2020) quantitatively
evaluated the uncertainty of TROPOMI HCHO products with biases and MAD from FTIR.

We provide here information about the uncertainty of OMPS-NPP/N20 HCHO monthly mean products (uomps)
using the bias and MAD when compared to FTIR observations as a reference quantity, while acknowledging
that FTIR observations are not true values. The uncertainty of the bias in Equation 4 could be considered as
the uncertainty of OMPS-NPP/N20 because the variability of bias can be caused by retrieval errors, input data
such as surface reflectance, a priori profile, and cloud information, natural variability, and exceptional events
like biomass burning. However, FTIR is imperfect and is not a true value, and the bias does not perfectly follow
the Gaussian distribution. Instead, a symmetric triangular probability function with the range of +2 X MAD is
assumed, and the systematic uncertainty is calculated as a standard deviation of the symmetric triangular proba-

bility function (¢ X\I\/A;D

). Detail sources of uncertainty are described in Nowlan et al. (2022).

OMPS-NPP HCHO monthly means at all sites have a bias of —0.9% + 3% compared to FTIR observations
and an uncertainty of 1.5 X 10> molecules cm~2. The total uncertainty of OMPS-N20 products with the
bias of 4% + 6% is 1.2 X 10" molecules cm~2, similar to OMPS-NPP uncertainty. In clean sites with HCHO
VCDs < 4.0 x 10" molecules cm~2, OMPS-NPP/N20 have biases of 20% + 6% and 32% + 18%, respectively, with
similar uncertainties of 0.7 X 10'> and 0.8 X 10" molecules cm™2. In the case of HCHO VCDs > 4.0 x 10'> mole-
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Figure 8. HCHO vertical column density (VCD) seasonal variations of Fourier-Transform Infrared (FTIR) and OMPS-N20 at each FTIR site. Blue and orange solid
lines with circle dots denote FTIR with a priori profile correction and averaging kernel (AK) smoothing and OMPS-N20 HCHO VCDs, respectively, and gray dotted
lines with circle dots denote FTIR HCHO VCDs without the correction and smoothing. Error bars denote the expanded uncertainties with a coverage factor of 2

(% 2 X o). The number of matches is provided for cases with less than 90 successful matchings.

cules cm~2, the uncertainty of OMPS-N20 is 1.7 X 10'> molecules cm~2, similar to the total uncertainty of
2.3 x 10" molecules cm~2 for OMPS-NPP, but OMPS-N20 products are in better agreements with FTIR, show-
ing a smaller bias of 0.5% + 6% compared with —15% =+ 4% for OMPS-NPP.

The known systematic error (bias) can be corrected, and biases can be classified as proportional and constant
biases (Vigouroux et al., 2020), corresponding to the slope (a) and y-intercept (b) in the linear least square
method. The bias correction is conducted only at sites with high HCHO VCDs (>4.0 x 10" molecules cm™2)
because most sites with HCHO VCDs > 4.0 x 10'> molecules cm~2 have high correlation coefficients. Corrected
HCHO VCDs and their uncertainties are estimated as follows:

_w=b)
a

(6)

Ye

2
2 =5 , L,y 2

u. = Tua"r a—z(uy+uh) (7)

where y and y. are the satellite observations and the corrected ones, respectively, and u., u,, and u, are the total

uncertainty of the corrected observations, slope, and y-intercept, respectively.

Before the correction, the average HCHO VCD from OMPS-NPP is 7.3 x 10> molecules cm™2, and the relative
uncertainty (the uncertainty), which is the ratio of the uncertainty to HCHO VCD, is 31% (2.3 x 10'5 mole-
cules cm~2). As shown in Table 3, the bias of —15% + 4% represents the constant and proportional biases (their
uncertainty) of 0.1 (0.1) x 10" molecules cm~2 and 0.9 (0.01), respectively. After the correction using Equation 6,
the averaged HCHO VCD and uncertainty from OMPS-NPP increase to 8.3 X 10'3 and 2.6 x 10" molecules cm™2,
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Figure 9. Same as Figure 8, but for the next 11 sites.

respectively, but a relative total uncertainty of 31% does not change compared to that before the bias correction.
In OMPS-N20, the bias is small in high VCDs; therefore, the bias correction has the effect of increasing the
uncertainty (the relative uncertainty) from 1.7 x 10'> molecules cm~2 (18%) to 2.0 X 10> molecules cm~2 (20%).

Table 5 summarizes the uncertainties of OMPS-NPP/N20 in different HCHO VCD conditions. However, please
note that the uncertainty is estimated for the monthly mean and horizontal resolution of 0.5°. Also, the uncer-
tainty and bias could change depending on the site, so great care should be considered in applying the bias correc-
tion and estimated uncertainties we present here.

5. Conclusions

OMPS-NPP/N20 HCHO VCDs for 2012-2020 and 2018-2020 are validated with FTIR ground-based obser-
vations at 24 sites. For temporally and spatially collocated pairs, FTIR observations within +3 hr are sampled,
and OMPS-NPP/N20 pixels are collected in a grid cell of 0.5° with the center positioned at each site location.
We consider a priori profile correction and AK smoothing to minimize the effects of a priori profiles and AK on
retrieved HCHO VCDs between OMPS-NPP/N20 and FTIR.

Monthly mean HCHO VCDs from OMPS-NPP/N20 show a good agreement with FTIR observations; OMPS-N20
with finer ground pixel sizes shows a better correlation coefficient of 0.88 than that of 0.83 from OMPS-NPP.
However, OMPS-NPP/N20 show biases that depend on site and the absolute value of HCHO VCDs when compared
to FTIR observations. When considering all sites, the overall bias of OMPS-NPP (N20) is —0.9 (4) + 3 (6)%. In the
case of HCHO VCD > 4.0 x 10" molecules cm~2, OMPS-NPP (N20) HCHO VCDs have low biases of —15 (0.5) +4
(6)%, while high biases of 20 (32) + 6 (18)% occur at cleaner sites with HCHO VCDs < 4.0 x 10" molecules cm~2.

At sites with HCHO VCD > 4.0 x 10 molecules cm~2, OMPS-NPP/N20 have better correlation coefficients
ranging from 0.75 to 0.92 (except for Paramaribo, Boulder, and Mexico City) than at sites with low HCHO VCDs
(<4.0 x 10" molecules cm~2); OMPS-N20 with finer pixel sizes shows improvement of correlation coefficients
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Table 5

The Uncertainty Budget of OMPS-NPP for 2012-2020 and OMPS-N20 for 2018-2020

OMPS HCHO VCD (molec. cm~2) Bias + Uy (%) uomps (molec. cm—2) HOMPS _ 5 100 (%)

All sites

HCHO VCDs
<4.0 x 10" molec. cm~2

HCHO VCDs
>4.0 x 10> molec. cm~2

Correction HCHO VCDs
>4.0 X 10" molec. cm~2

HCHO VCD
NPP 5.2x 10" -09+3 1.5x 10" 28
N20 7.7 x 10% 4+6 1.2 x 10" 16
NPP 2.3 x10% 20+ 6 0.7 x 10" 32
N20 2.7 x 10" 32 +18 0.8 x 10" 30
NPP 7.3 x 10% -15+4 2.3 x10% 31
N20 9.7 x 10" 05+6 1.7 x 10% 18
NPP 8.3 x 10" -3+4 2.6 x 10" 31
N20 9.7 x 10% -06+6 2.0x 10% 20

Note. Sites used to estimate the uncertainty are based on Tables 3 and 4.
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