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HIGHLIGHTS

o An aircraft-constrained indirect approach offers a valuable reference for assessing satellite HCHO retrievals.
o Five satellite HCHO products show consistent low bias (11.0-56.7%) during fire seasons, with OMPS-SAO (N20) performing best.
e HCHO retrieval uncertainties during fires stem from profile shape, slant column fitting, and aerosol/cloud scattering.

ABSTRACT

Satellite-derived formaldehyde (HCHO) column densities are commonly used to infer regional emissions of non-methane volatile organic compounds (NMVOCs).
However, intercomparison and validation of HCHO retrievals from different satellite sensors remain scarce, especially under fire periods. Here, we use observations
from FIREX-AQ (Fire Influence on Regional to Global Environments and Air Quality experiment) and WE-CAN (Western Wildfire Experiment for Cloud Chemistry,
Aerosol and Nitrogen), two flight campaigns dedicated to investigating smoke plumes during active fire seasons, combined with simulations from the GEOS-Chem to
intercompare and validate five HCHO products from four satellites (OMI, OMPS-NPP, OMPS-N20, and TROPOMI). Our analysis suggests that all satellite products
consistently capture elevated HCHO signals over the southeastern US and California, but they tend to report lower column values compared to our aircraft-
constrained model estimates, with differences ranging from 11.0 % to 56.7 %. Our results imply that while vertical profile shape (reflected in the air mass fac-
tor, AMF) plays a role, errors in the slant column retrieval and the treatment of aerosol and cloud scattering effects may be key sources of uncertainty in the satellite
HCHO products during fire events. Therefore, future retrieval improvements should prioritize better aerosol and slant column accuracy to reduce biases.

1. Introduction background concentration. With an atmospheric lifetime of a few hours
against photolysis and oxidation, HCHO, especially its local enhance-

Formaldehyde (HCHO) is a prevalent trace gas in the troposphere, ment, is related to the underlying short-lived non-methane VOC
primarily generated through the atmospheric oxidation of a wide array (NMVOC) emissions from biogenic (Ferreira et al., 2010; Fu et al., 2007;
of volatile organic compounds (VOCs), with the oxidation of methane Palmer et al., 2003), anthropogenic (Bauwens et al., 2022; Lieschke
constituting the dominant source that establishes the baseline et al.,, 2019; Martin et al., 2004), and biomass burning sources (Baek
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et al., 2014; De Smedt et al., 2010; Kim et al., 2011; Su et al., 2019;
Zhang et al., 2019). As such, satellite HCHO vertical column density
(VCD; in a unit of molecules cm™2) has been widely employed as an
indicator of localized NMVOC emissions (Barkley et al., 2013; De Smedt
et al., 2021; Fan et al., 2021; Levelt et al., 2022; Liu et al., 2018; Millet
et al., 2006; Sun et al., 2021). However, validation of satellite HCHO
data remains limited, particularly during fire seasons when substantial
quantities of NMVOCs and aerosols are emitted into the atmosphere and
transported downwind (Akagi et al., 2012; Liang et al., 2022; Yokelson
et al., 2007). This study validates and intercompares five satellite HCHO
products from four satellites over the United States (US) during fire
seasons using in situ observations from the Fire Influence on Regional to
Global Environments and Air Quality experiment (FIREX-AQ; Warneke
et al., 2022) and the Western Wildfire Experiment for Cloud Chemistry,
Aerosol and Nitrogen (WE-CAN; Lindaas et al., 2021; Palm et al., 2021;
Permar et al., 2021) flight campaigns.

Tropospheric HCHO VCDs were first retrieved from the Global Ozone
Monitoring Experiment (GOME) (1996-2003) (Chance et al., 2000;
Martin et al., 2004; Palmer et al., 2003), followed by the SCanning
Imaging Absorption SpectroMeter for Atmospheric CHartographY
(SCIAMACHY) (2003-2012) (Barkley et al., 2013; De Smedt et al., 2008;
Wittrock et al., 2006). Currently, satellite HCHO retrievals are made
available from the Ozone Monitoring Instrument (OMI) (2004-)
(Gonzalez Abad et al., 2015; Jung et al., 2019), GOME-2A (2006-2021)
(De Smedt et al., 2015; Hewson et al., 2013), Ozone Mapping and Pro-
filer Suite (OMPS) on Suomi NPP (2011-) (Gonzalez Abad et al., 2016; Li
et al., 2015; Su et al., 2019) and on NOAA-20 (2017-) (Nowlan et al.,
2023), GOME-2B (2012-) (De Smedt et al., 2012, 2015; Hassinen et al.,
2016), and TROPOspheric Monitoring Instrument (TROPOMI) (2018-)
(De Smedt et al., 2018; Su et al., 2020). In the era of the geostationary
constellation, the Geostationary Environment Monitoring Spectrometer
(GEMS) (2020—; Kim et al., 2020; Kwon et al., 2019), Tropospheric
emissions: Monitoring of pollution (TEMPO) (2023; Zoogman et al.,
2017), and Sentinel-4 (2023; Ingmann et al., 2012) will provide hourly
HCHO observations during daylight hours across East Asia, North
America, and Europe, respectively.

Retrieving HCHO from space generally involves two steps: (1) fitting
the slant column density (SCD) within the 325-360 nm spectral window
(Chance et al., 2000) (2) converting the resulted SCD to VCD with air
mass factor (AMF). As for the SCD fitting, the uncertainty is mainly from
instrument characteristics and slant column fitting procedure, such as
measurement noise, HCHO cross-section error, and choice of fitting
windows, whereas the uncertainty of AMF is mainly from its input pa-
rameters, including the surface albedos, a priori profiles, vertical profiles
of clouds and aerosols as well as their amounts (Barkley et al., 2012;
Jung et al., 2019; Lorente et al., 2017; Millet et al., 2006; Palmer et al.,
2001).

Biomass burning emits considerable quantities of trace gases and
aerosols, significantly affecting air quality, public health, and climate
dynamics (Andreae and Merlet, 2001; Kunzli et al., 2006; Liao et al.,
2019; Xu et al., 2022; Zhang et al., 2020). As a highly emitted NMVOC
from wildfires (Gilman et al., 2015; Liao et al., 2021), HCHO, including
primary emission and secondary formation, has been observed in an
elevated manner in the Amazon (Kesselmeier et al., 2002), Canada
(Alvarado et al., 2020; Gonzi et al., 2011; Wolfe et al., 2022), European
Russia (Sitnov, S. A. and Mokhov, 2017), Western US (Baker et al., 2018;
Liao et al., 2021; Lill et al., 2022; Permar et al., 2023), and US Alaska
(Zhao et al., 2022). Similarly, satellite observations also show high
HCHO VCDs consistent with the distribution of wildfires (Fu et al., 2018;
Marais et al., 2012; Marbach et al., 2008).

Emissions from intense biomass burning events can penetrate into
the free troposphere, and in some cases, extend into the upper tropo-
sphere (Dahlkotter et al., 2014; Rémy et al., 2017), challenging the re-
trievals of HCHO VCDs from space by complicating the assumed vertical
profiles of HCHO and aerosols. On the one hand, aerosols could increase
or decrease the sensitivity of the total column to HCHO, depending on
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the relative distribution of the aerosol layer (Castellanos et al., 2015;
Jung et al., 2019; Leitao et al., 2010). On the other hand, aerosols could
be potentially misidentified as clouds (Gonzi et al., 2011), thus intro-
ducing uncertainties to HCHO retrievals. Aerosol composition may also
complicate satellite retrievals (Kwon et al., 2017). Therefore, HCHO
retrievals appear to show considerable biases during fire seasons. For
example, the OMI Harvard-Smithsonian (SAO) HCHO retrieval (version
3) is biased by —44.5 % to —53.7 % in the Western United States, likely
due to wildfires (Zhu et al., 2020). Nevertheless, systematic validation of
currently available HCHO retrievals specifically during intense fire
seasons remains critically limited.

Previous validation exercises generally directly compare coincident
satellite pixels with ship-based, airborne, and ground-based observa-
tions. For instance, GOME-2 HCHO data over the remote ocean agrees
with ship-based Multi-Axis Differential Optical Absorption Spectroscopy
(MAX-DOAS) observations (Peters et al., 2012); OMI HCHO data is 37 %
lower than aircraft observations over the Guyanas (Barkley et al., 2013);
OMI and GOME-2A/B HCHO retrievals suggest an underestimation of
20 % compared with ground-based measurements in Wuxi, China (Wang
et al., 2017). Furthermore, the extensive global networks, including the
Fourier Transform InfraRed (FTIR) and MAX-DOAS instruments, have
been applied to validate satellite retrievals (De Smedt et al., 2021;
Vigouroux et al., 2020). Together they show that observations from the
TROPOMI instrument are biased low (—25 %) for regions with elevated
HCHO VCDs (>8.0 x 10! molecules cm’z), while no statistically sig-
nificant bias is observed for HCHO VCDs in the moderate range (~5.0 x
10" molecules cm2). At clean FTIR sites, TROPOMI HCHO VCDs are
positively biased (+26 %) relative to ground-based measurements for
VCDs below 2.5 x 10! molecules cm™2 (Vigouroux et al., 2020).
However, such direct validations with ground-based observations face
two practical challenges: (1) Validation results are representative only at
the local scale; their applicability to broader regions remains uncertain.
(2) A large proportion of in situ observations cannot be used for vali-
dation, considering satellite overpass time.

In earlier work, Zhu et al. (2016, 2020) introduced an indirect
validation approach that leverages a chemical transport model (CTM) as
a unified framework to facilitate intercomparison among observational
datasets. This approach leverages the full aircraft dataset using an
observation-constrained model as a temporally aligned proxy for vali-
dation, substantially increasing observational coverage and reducing
noise compared to strict coincidence-based comparisons. Following the
methodology outlined above, and aiming to address the critical gap in
HCHO validation during fire-influenced seasons, we validate five HCHO
retrievals from OMI, OMPS-NPP, OMPS-N20, and TROPOMI using in situ
aircraft observations from the FIREX-AQ and WE-CAN aircraft cam-
paigns, as discussed below.

Here, we focus on validating the performance of satellite HCHO
products in their typical application context. Since satellite HCHO data
are most commonly used in aggregated forms (e.g., monthly or seasonal
averages) for emission inversion and trend analysis, our validation
approach targets the accuracy of these spatially and temporally aver-
aged values, rather than instantaneous pixel-level retrievals. While this
validation smooths sub-grid fire heterogeneity and plume-scale features,
it provides an observation-constrained estimate of satellite biases that is
representative of the spatially and temporally averaged conditions
under which these data are typically applied.

2. HCHO observations from FIREX-AQ and WE-CAN aircraft
campaigns

The FIREX-AQ aircraft campaign, with four aircraft (NASA DC-8 and
ER-2, plus two NOAA Twin Otters), deployed a full array of instruments
to investigate how fires impact air quality, weather, and climate in
summer of 2019. Fig. 1a presents the trajectories of aircraft during the
FIREX-AQ campaign. The campaign operated in two phases to capture
distinct fire regimes. During the first phase (22 July to 18 August, based
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Fig. 1. Flight tracks used in this study. Panel (a) shows flight tracks of FIREX-
AQ campaign. This campaign is divided into the southeast (SE) and the
northwest (NW) study regions. Panel (b) shows flight tracks of WE-CAN
campaign. The three study regions are marked as blue rectangles. HCHO mix-
ing ratios along the aircraft flight paths are indicated by colored points. In the
study, we focus only on flight-sampled grid cells in the study regions. The color
bar is capped at 5 ppbv (maximum: 145.35 ppbv).

in Boise, Idaho), the DC-8 conducted 15 research flights focusing on
wildfires in the northwestern (NW) United States. In this region, the
aircraft sampled approximately 14 discrete large-scale wildfires across
Washington, Oregon, and Idaho. In contrast, the second phase (19
August to 5 September, based in Salina, Kansas) included 8 research
flights investigating numerous smaller prescribed and agricultural fires
in the southeastern (SE) United States. This sampling strategy provides a
robust dataset covering diverse fire intensities and fuel types.

FIREX-AQ provides extensive observations of chemical species,
including carbon monoxide (CO) measured by the Differential Absorp-
tion Carbon monOxide Measurement (DACOM) instrument (Sachse
et al.,, 1991), ozone by the NOAA chemiluminescence instrument
(Bourgeois et al., 2020), and particle sizes by the laser aerosol spec-
trometer (LAS) (June et al., 2022). Observations during FIREX-AQ have
recently been used in studies such as particle properties and evolution in
wildfire smoke (June et al., 2022), generation of secondary pollutants
and depletion of nitrogen oxides (Junghenn Noyes et al., 2020), and
ozone chemistry as well as HCHO evolution in wildfires (Liao et al.,
2021; Xu et al., 2021).

The WE-CAN campaign deployed the NSF/NCAR C-130 research
aircraft to characterize the emissions and chemical evolution of wildfire
plumes in the western US during summer 2018. Fig. 1 (panel b) shows
flight tracks of the WE-CAN campaign. The campaign was conducted in
2018, primarily based in Boise, ID (from 24 July to 31 August), with a
final phase in Broomfield, CO (from 1 to 13 September). In total, the C-
130 research aircraft conducted 19 flights and sampled smoke from
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wildfires across seven western states. The core objective was to sample
27 individual fire plumes in the near field (including re-sampling some
fires on different days), providing extensive data on the initial chemical
transformation and regional smoke aging. Sampling was strategically
concentrated between 14:00 and 19:00 local time to capture emissions
during the most active burning period (Juncosa Calahorrano et al.,
2021; Lindaas et al., 2021; Palm et al., 2021; Permar et al., 2021).

Similar to FIREX-AQ, extensive chemical species were measured
during WE-CAN, including CO by quantum cascade laser spectrometry,
NO, NO,, and ozone by the NCAR chemiluminescence instruments
(Ridley and Grahek, 1990; Ridley et al., 1992). WE-CAN observations
facilitate studies regarding the impact of photochemistry on emissions in
fresh plumes (Palm et al., 2021), comparison between field reactive
nitrogen measurements and laboratory measurements (Lindaas et al.,
2021), and emission estimations of trace gases from wildfires (Permar
et al., 2021).

During FIREX-AQ, HCHO was measured by both the Compact At-
mospheric Multispecies Spectrometer (CAMS) (Fried et al., 2020;
Richter et al., 2015) and In Situ Airborne Formaldehyde instrument
(ISAF) (Cazorla et al., 2015). The instrument accuracy is 4 % (Richter
etal., 2015) and 10 % (Cazorla et al., 2015), with a respective detection
limit of ~40 ppt (Richter et al., 2015) and 36 ppt (Cazorla et al., 2015),
for CAMS and ISAF. Fig. 2 shows CAMS observations correlate highly (r
= 0.99) with those from ISAF, with a reduced major axis (RMA)
regression slope of 0.77 + 0.00 (ISAF vs. CAMS), and a near-zero
intercept of —0.01 + 0.01. This suggests a good application prospect
that CAMS and ISAF data are equivalent after bias correction. We use
CAMS measurement during FIREX-AQ, given its linear relationship with
ISAF measurement and multiple verification methods. In fact, airborne
comparisons with the University of Oslo's Proton Transfer Reaction
Time-of-Flight Mass Spectrometer (PTR-ToF-MS) on two specific days
where the water-vapor back reaction interference was calibration out
during the FIREX-AQ study revealed HCHO agreement to within 3.5 %.
HCHO was measured during the WE-CAN by PTR-ToF-MS, with an in-
strument accuracy of 40 % (Permar et al., 2021) and a detection limit of
300 ppt (Zhu et al., 2020).

Spatially, elevated HCHO was measured over regions with intense
wildfires, such as Arkansas during FIREX-AQ (SE), central California and
Montana during FIREX-AQ (NW), and the western US during WE-CAN

Comparison between CAMS and ISAF HCHO observations
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Fig. 2. Point-by-point comparison of 1-min averaged CAMS and ISAF HCHO
observations collected aboard the NASA DC-8 during the FIREX-AQ. Data points
are color-coded by flight altitude. The reduced major axis (RMA) regression line
(blue) is overlaid, with its slope and intercept reported alongside the Pearson
correlation coefficient (r) and number of paired samples (N). The 1:1 reference
line is shown in black.
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(Fig. 1). Vertically, FIREX-AQ (NW) mean HCHO profile is relatively
consistent with that from WE-CAN, with enhanced levels between 2 km
and 5 km (Fig. 3). We attribute this to primary emission and secondary
production from NMVOCs during wildfires, as indicated by the vertical
profiles of monoxide carbon (CO) and ozone (Fig. S1). Differently,
higher levels of HCHO during FIREX-AQ (SE) are below 2 km and
decline quickly at higher altitudes, likely resulting from small agricul-
ture fires and biogenic emissions in this region.

3. GEOS-Chem model as the intercomparison platform

We adopted the GEOS-Chem (v12.9.3) global 3-D CTM as the
intercomparison platform to connect aircraft observations with satellite
retrievals. We compare satellite observations against aircraft-
constrained GEOS-Chem simulations, ensuring temporal consistency
by sampling the model at satellite overpass time (~13:30 LT). The
GEOS-Chem model contains a detailed tropospheric chemistry mecha-
nism of NO,-VOCs-ozone-aerosol-halogens (Bey et al., 2001; Zhu et al.,
2019), and has been widely used to reproduce observed HCHO varia-
tions (Boeke et al., 2011; Chan Miller et al., 2017; Chance et al., 2000;
Franco et al., 2015; Zhu et al., 2020).

We conducted high-resolution nested simulations using the GEOS-
Chem model over North America (130°W-60°W, 9.75°N-60°N) with a
resolution of 0.5° x 0.625° and 47 vertical pressure levels up to 0.01
hPa, and dynamic boundary conditions were updated every 3 h from a
global 4° x 5° run. Anthropogenic emissions on the global scale were
derived from the Community Emissions Data System (CEDS) (Hoesly
et al., 2018), while over North America they were replaced by the 2011
National Emission Inventory (NEI-2011) from the US Environmental
Protection Agency (EPA). Biogenic VOC emissions were simulated
interactively using the online version of the Model of Emissions of Gases
and Aerosols from Nature (MEGAN) (Guenther et al., 2012). Emissions
from biomass burning were prescribed using the fourth release of the
Global Fire Emissions Database (GFED4) (Giglio et al., 2013). The model
simulations were driven by meteorological reanalysis fields from NASA's
Modern-Era Retrospective Analysis for Research and Applications,
Version 2 (MERRA-2), produced by the Global Modeling and
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Assimilation Office (GMAO) (Gelaro et al., 2017). To mitigate spin-up
artifacts and reduce dependence on initial chemical conditions, the
nested and global simulations were initialized with a three-month and
twelve-month spin-up period, respectively. Model outputs were
temporally and spatially collocated with aircraft measurement tracks by
subsampling GEOS-Chem fields along the actual flight trajectories to
ensure direct comparability with observational data. This
trajectory-based sampling strategy focuses the validation on
fire-affected locations—avoiding dilution by background regions and
preserving sensitivity to the systematic satellite biases that manifest
under elevated HCHO conditions.

Asillustrated in Fig. 3, the GEOS-Chem model underestimates HCHO
from fires, i.e., between 2 km and 5 km during FIREX-AQ (NW) and WE-
CAN and below 2 km during FIREX-AQ (SE). This is likely due to the
uncertainties associated with the GFED4 fire emission inventory and
other model errors. Although NMVOC speciation may affect HCHO
vertical distribution, aircraft-constrained scaling of total fire HCHO
helps mitigate biases in the effective fire HCHO emission factor. We also
use the Global Fire Assimilation System (GFAS; Kaiser et al., 2012) fire
emission inventory, which barely improves the GEOS-Chem simulations
(Fig. S2). Fire emission inventories are highly uncertain owing to a
limited understanding of the emitted amount and species, both spatially
and temporally (Baker et al., 2018; Faulstich et al., 2022; Jin et al., 2022;
Permar et al., 2023; Wolfe et al., 2022), with varying degrees of un-
derestimations in fire emissions (Faulstich et al., 2022; Hawbaker et al.,
2017; Yamasoe et al., 2015; Zeng et al., 2016). By integrating mean
vertical HCHO profiles, GEOS-Chem is respectively biased by —67.5 %,
—23.0 %, and —62.1 % during FIREX-AQ (NW), FIREX-AQ (SE), and
WE-CAN. Those regional biases are used as correction factors in vali-
dating satellite HCHO retrievals.

4. Satellite HCHO products

Table 1 summarizes currently available satellite HCHO products
from OMI, OMPS-NPP, OMPS-N20, and TROPOMI. Those products are
different in their SCD fitting and VCD computing. Here we will briefly
describe each product following retrieval documents.

Mean HCHO vertical profiles

FIREX-AQ (NW) FIREX-AQ (SE) WE-CAN

12F 1 r b
a b c

- Observations (@) 1r (b) 1r (¢) 1
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Fig. 3. Observed and GEOS-Chem modeled mean HCHO vertical profiles during FIREX-AQ (NW), FIREX-AQ (SE), and WE-CAN, corresponding to Panel (a), (b), and
(c), respectively. GEOS-Chem simulations are sampled at 1-min temporal resolution along the flight paths to correspond with the spatiotemporal coordinates of the
aircraft observations. In this study, we focus only on values within the study regions, as shown in blue rectangles in Fig. 1. HCHO concentrations are vertically
averaged in 500 m bins to derive mean vertical profiles, with shaded areas representing the standard deviation of observations. Observed vertical column densities
(Observations; in a unit of 10'® molecules cm™2) are calculated using the mean observed profiles (black lines), together with pressure and temperature. Modeled
HCHO column densities from GEOS-Chem (in a unit of 10'® molecules cm~2) are computed by vertically integrating the simulated HCHO mixing ratio profiles.
Numbers in parentheses indicate the relative biases of GEOS-Chem VCDs compared to observations, which are subsequently used as correction factors for the

modeled VCDs.
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Table 1
Satellite HCHO products intercompared and validated in this study.
Retrieval Nadir resolution Local Fitting CTM
(km?) overpass windows (nm)
time
OMI-SAO 24 x 13 13:30 328.5-356.5 GEOS-
v3) Chem v09-
01-03
OMI-SAO 24 x 13 13:30 328.5-356.5 GEOS-
v4) Chem v09-
01-03
OMPS-SAO 50 x 50 13:30 328.5-356.5 GEOS-
(NPP) Chem v09-
01-03
OMPS-SAO 17 x 17 13:30 328.5-356.5 GEOS-
(N20) 12 x 17 (since Chem v09-
February 13, 01-03
2019)
TROPOMI- 35x7 13:30 328.5-359 TMS5-MP
BIRA 3.5 x 5.5 (since

August 6, 2019)

HCHO products used in this study, containing five products from four sensors
(OMI, TROPOMI, OMPS-NPP, and OMPS-N20). OMI and OMPS products are
from Smithsonian Astrophysical Observatory (SAO), and TROPOMI product is
from the Belgian Institute for Space Aeronomy (BIRA). The CTM generates
HCHO shape factors (normalized vertical mixing ratio profiles) and provides the
background-correction (VCDy; see in Eq. (1)) applied in corresponding products.
The local overpass time is close for all satellites, making intercomparison
possible.

4.1. OMI-SAO v3 and v4 products

OM]I, launched aboard NASA's Aura satellite on July 15, 2004, has
delivered global HCHO observations in the early afternoon on a daily
basis, with a nadir spatial resolution of 24 x 13 km?2 Currently, two
operational HCHO retrieval algorithms are available from OMI: (1) the
NASA official product from the Smithsonian Astrophysical Observatory
(SAO) (Gonzalez Abad et al., 2015); (2) the European Union Quality
Assurance for Essential Climate Variables (QA4ECV) product (De Smedt
et al., 2015; Zara et al., 2018). Here, we focus on NASA official product,
namely OMI-SAO (v3) and its updated version (v4).

OMI-SAO (v3) retrieves slant column densities (SCDs) by performing
spectral fitting of radiances using the Basic Optical Absorption Spec-
troscopy (BOAS) method (Chance, 1998; Gonzalez Abad et al., 2015).
Then, a reference-sector-based correction is implemented toaccount for
retrieval biases associated with selecting the Pacific region as the
reference spectrum. Finally, reference-sector-corrected SCD is converted
to VCD using AMF, as shown in Eq. (1).

SCD — Correction
VCD = —AMF (€D)]

The typical fitting uncertainty of VCD ranges from 45 % to 100 %,
which would be reduced to 30 % under high-concentration conditions
(Gonzalez Abad et al., 2015). Previously, OMI-SAO (v3) has been widely
used in characterizing biogenic VOCs (Curci et al., 2010; Liu et al., 2018;
Millet et al., 2008; Wang et al., 2022) as well as fire and anthropogenic
emissions (Bauwens et al., 2016; Li et al., 2022; Liu et al., 2018; Shen
et al.,, 2019; Zhu et al., 2017a), inferring cancer risks in the US (Zhu
et al., 2017b), investigating ozone chemical production regime (Jung
et al., 2022), mapping total-column OH throughout the remote tropo-
sphere (Wolfe et al., 2019), and examining information on the global
composition of aerosol particles (Veefkind et al., 2011).

For OMI-SAO (v4) HCHO product, all terms are listed in Eq. (2). The
HCHO SCD (dSCD) represents a differential SCD between the slant col-
umn retrieved from the measurement spectrum and that derived from a
reference spectrum over a relatively clean region. Therefore, the HCHO
background (Ref) needs to be compensated, which is estimated from a
CTM. In addition, biases in the HCHO slant column that depend on
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latitude and solar zenith angle are corrected using modeled HCHO
values (Bias) (Ayazpour et al., 2025).
dSCD + Ref + Bias

VCD = —AMF 2)

4.2. OMPS-SAO (NPP) and OMPS-SAO (N20) products

The first OMPS aboard NASA Suomi-NPP (OMPS-NPP) satellite
launched in October 2011, and the second OMPS on NOAA-20 (OMPS-
N20) launched in November 2017, provide environmental data globally
at nadir views. OMPS-N20 and OMPS-NPP both have overpass times of
~13:30. Compared with OMI, OMPS-NPP, and OMPS-N20 have reduced
spectral resolutions (1 nm) but improved signal-to-noise ratio (SNR).
OMPS-NPP has a spatial resolution of 50 x 50 km?2 OMPS-N20 has a
finer resolution at nadir of 17 x 17 km? (prior to mid-February 2019) or
17 x 12 km? (afterwards) but at the expense of lower SNR relative to
that of OMPS-NPP. Previously, several HCHO products from OMPS have
been released (Gonzalez Abad et al., 2016; Li et al., 2015; Su et al.,
2019). For the OMPS-SAO (NPP) and OMPS-SAO (N20) HCHO products
used in this paper, they adopt a similar retrieval algorithm as OMI-SAO
(v4), with all terms summarized in Eq. (2).

The systematic uncertainty of OMPS-SAO in slant column fitting is
similar to that of other HCHO retrievals at ~20 % (De Smedt et al.,
2018), as are uncertainties in the AMFs. The OMPS retrievals differ in
one significant way from those of OMI and TROPOMI in that they use a
climatological cloud top pressure due to a lack of operational cloud
products from OMPS-N20. Uncertainties in the cloud pressure may
introduce errors in the AMFs on the order of 15 % in regions without
biomass burning (Nowlan et al., 2023).

Previous studies have leveraged OMPS observations to constrain
VOC emissions (Choi et al., 2022), attribute ambient formaldehyde to its
primary and secondary sources (Su et al., 2019), diagnose ozone pro-
duction regimes (Souri et al., 2020), and assess associated health im-
pacts (Su et al., 2022).

4.3. TROPOMI-BIRA product

TROPOMI onboard the Copernicus Sentinel-5 Precursor satellite
launched on October 13, 2017, delivers daily global measurements of
atmospheric trace gases with a spatial resolution of 3.5 x 7 km?
(updated to 3.5 x 5.5 km? since August 2019). Spectral resolution and
SNR of TROPOMI are equivalent to those of OMI. The TROPOMI-BIRA
retrieval is based on the DOAS method, following the QA4ECV
retrieval algorithm (De Smedt et al., 2018). Briefly, the SCD is retrieved
in a fitting interval of 328.5-359 nm. To remove systematic offsets with
temporal and latitudinal dependence, a reference sector correction is
implemented to yield the corrected SCD (SCD; De Smedt et al., 2018;
Khokhar et al., 2005). Then SCD, is converted to VCD using a corre-
sponding AMF and a background correction (VCDy), the vertical column
from the TM5 CTM (Huijnen et al., 2010; Williams et al., 2017) in the
reference sector.

SCDc
AMF

For TROPOMI-BIRA HCHO VCDs, the systematic uncertainty is less
than 40 % (ESA, 2021). Due to its unparalleled horizontal resolution,
TROPOMI-BIRA product has been widely used previously, including
analyzing the patterns and origins of summertime HCHO in Alaska
(Zhao et al., 2022), interpreting the effects of the COVID-19 lockdown
on air quality from city to global scales (Levelt et al., 2022; Sun et al.,
2021), identifying HCHO and its source during wildfires (Alvarado et al.,
2020), and exploring the response of anthropogenic NMVOC emissions
to urbanization in Asia (Pu et al., 2022). More recently, its performance
under high anthropogenic VOC levels and aerosol-rich conditions was
further evaluated in the photochemically active Greater Bay Area of

VCD =

+VCD, 3
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southern China (Zhao et al., 2025).
4.4. AMF calculation

All products above require an AMF, which is determined from the
observation's geometric information (solar zenith angle 87 and satellite
viewing zenith angle 6y), a priori profile of HCHO, cloud properties, and
optical scattering characteristics of the atmosphere and surface. The
formulation of AMF in Egs. (4) and (5) is widely employed (De Smedt
et al., 2018; Gonzalez Abad et al., 2015, 2016; Zhao et al., 2022; Zhu
etal., 2016). It involves retrieving a geometrical AMF (AMFg) to account
for the viewing geometry in a non-scattering atmosphere, followed by a
correction where scattering weights w are applied to the normalized
vertical shape factors S (Palmer et al., 2001).

1 1
AMF¢ = 4
@ cos@z+cosav @
0
AMF — AMFq / wP)S(E)d, )
bs

The integration in Eq. (5) is implemented at pressure (p) coordinates
from the surface (p;) to the top of the atmosphere. The shape factor S is
the normalized profile of mixing ratio C(p):

CipVCDA(D)

il (6)
fz?s C(D)VCDA (P)dp

® =

where VCD, (p) is the partial air column at vertical pressure p.

Satellite HCHO products listed in Table 1 provide VCD, SCD, AMF,
AMFg, S(p) or a priori gas profile, and w(p) or the equivalent averaging
kernels A(p) = w(p)/AMF (De Smedt et al., 2018). To further explore
which factor might dominate the retrieval bias, we recompute AMF
using mean profiles from aircraft campaigns provided in satellite prod-
ucts following Eq. (5). In this study, we select level-2 pixels using the
following criteria: (1) data quality tests (quality value > 0.5 for
TROPOMI-BIRA, main data quality flag = O for other products), (2)
cloud fraction less than 0.3, (3) VCD from —5.0 x 10%° to 1.0 x 107
molecules cm’z, (4) and solar zenith angle less than 60°.
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5. Intercomparison of satellite HCHO products during FIREX-AQ
and WE-CAN

As shown in Fig. 4, satellite HCHO VCDs vary consistently among the
five products during WE-CAN. The daily variations are primarily in line
with fire activities and surface temperature. For instance, HCHO column
decreases from ~1.2 x 10'® molecules cm ™2 to ~0.8 x 10'® molecules
cm 2 from July to September, when fire activity shrinks by ~60 %. The
correlation coefficients (r) between HCHO VCDs and fire counts range
from 0.19 (OMI-SAO v3 and v4) to 0.67 (TROPOMI-BIRA), higher than
those between HCHO VCDs and surface temperature with correlation
coefficients ranging from —0.20 (OMI-SAO v3) to 0.49 (OMPS-SAO
NPP), implying that fire rather than biogenic emission is the main driver
of HCHO VCDs during this period. Among all products, TROPOMI-BIRA
(r = 0.67) and OMPS-SAO N20 (0.66) show better performance, likely
due to their higher SNR (TROPOMI) and finer spatial resolutions
(TROPOMI and OMPS-N20). OMI-SAO (v3) retrieval performs the worst,
possibly relevant to the instrumental degradation of OMI (Baek et al.,
2014). The OMI instrument is the same in OMI v3 and v4, while the
reason for the poor performance of OMI v3 in comparison with v4 is the
flagging scheme of OMI v3 radiances that was rejecting many spectral
pixels that were still useful. Observations from the FIREX-AQ campaign
are too sparse and scattered to make a similar analysis.

Fig. 5-6 and S4-S7 demonstrate the spatial distribution of HCHO
VCDs from the five products and GEOS-Chem during the two aircraft
campaigns. Spatial correlation coefficients among satellite products
during the flight campaigns are summarized in Tables 2, S1, and S2.
Most of the products capture high values over the southeast US during
FIREX-AQ (SE) and the northwest US during WE-CAN and FIREX-AQ
(NW). Correlation coefficients between satellite products with aircraft-
constrained GEOS-Chem (denoted as corrected GC for brevity) range
from —0.07 (OMI v3) to 0.82 (TROPOMI-BIRA) during FIREX-AQ (NW),
from 0.16 (OMI v3) to 0.65 (OMPS-N20) during FIREX-AQ (SE), and
from 0.17 (OMI-SAO v3) to 0.86 (TROPOMI-BIRA) during WE-CAN.
Newly released HCHO products (i.e., OMI-SAO v4, OMPS-SAO NPP,
OMPS-SAO N20, and TROPOMI-BIRA) generally show higher consis-
tency with each other during WE-CAN, with spatial correlation co-
efficients from 0.57 to 0.84. This is likely driven by their higher SNR,
finer horizontal resolutions, and/or updated retrieval algorithms.

Intercomparison among HCHO products during WE-CAN
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Fig. 4. Time series of HCHO VCDs from different products intercompared with surface temperature and NPP VIIRS fire count during WE-CAN. Panel (a) displays
daily mean HCHO column densities averaged over the study region (outlined by the rectangle in Fig. 1b) for five satellite retrievals. Panel (b) shows MERRA-2 daily
surface temperature (black line) at 13:00-14:00 (local time) averaged over the study region, along with fire counts from NPP NASA VIIRS Thermal Anomalies/Fire
product. The fire count is calculated as the sum of points with firemask more than 7, a threshold representing high confidence in fires. Temporal correlation co-

efficients (r) between daily HCHO VCDs and fire counts are shown in color.
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Fig. 5. Corrected GEOS-Chem HCHO vertical column densities along corresponding flight tracks. Panel (a) shows data averaged during FIREX-AQ (NW; 22 July-18
August 2019). Panel (b) shows data during FIREX-AQ (SE; 20 August-5 September 2019). Panel (c) shows data during WE-CAN (24 July-13 September 2018). GEOS-
Chem simulations are temporally and spatially aligned with satellite overpasses during the respective campaigns and adjusted using a bias correction factor derived
from aircraft observations (Fig. 3). The corrected GEOS-Chem results are then regridded onto 0.5° x 0.5° grids. In this study, validation and intercomparison results

are limited to the colored grids, which are sampled by aircraft (consistent with flight tracks from Fig. 1). The color bar saturates at 4.0 x 10'® molecules cm™2.
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Fig. 6. OMI-SAO (v3) HCHO vertical column densities along corresponding flight tracks. Panel (a) shows data averaged during FIREX-AQ (NW; 22 July-18 August
2019). Panel (b) shows data during FIREX-AQ (SE; 20 August-5 September 2019). Panel (c) shows data during WE-CAN (24 July-13 September 2018). The color bar

saturates at 3.0 x 10® molecules cm 2,

Table 2
Spatial correlation coefficients (r) among HCHO products during FIREX-AQ
(NW).

HCHO column OMI- OMI- OMPS- OMPS- TROPOMI-
SAO (v3)  SAO SAO SAO BIRA
(v4) (NPP) (N20)

OMI-SAO (v4)  0.41% - - - -

OMPS-SAO 0.16* 0.25% - - -
(NPP)

OMPS-SAO 0.22* 0.29* 0.34* - -
(N20)

TROPOMI- —0.05 0.12% 0.17* 0.39* -
BIRA (0.12)

Corrected —0.07* 0.23* 0.28* 0.34* 0.82*
GEOS-Chem

Spatial correlation coefficients between different pairs of HCHO VCDs from
satellite products and GEOS-Chem. The correlation coefficients are calculated by
applying temporally mean data on the sampled 0.5° x 0.5° grids (colored grids)
during FIREX-AQ (NW) in Figs. 5 and 6, and S4-S7. Spatial correlation co-
efficients during other campaigns are in Tables S1 and S2. Correlation co-
efficients with p < 0.05 are marked with*; exact p-values are reported otherwise.
Sample sizes (N) is 328. The p-values are derived from point-to-point correla-
tions without explicitly accounting for spatial autocorrelation.

As shown in Fig. 5-6 and S4-S7, all products are biased low relative
to corrected GC results. The model is temporally and spatially aligned
with satellite observations and corrected based on its bias relative to
aircraft data (Fig. 3). Table 3 summarizes the biases of OMI-SAO (v3)
compared with corrected GC results along the sampled grids during
FIREX-AQ and WE-CAN. Similarly, biases for other retrievals are listed
in Table S3-86. Given that satellite products adopt different algorithms,
we validate each one to examine the source of the biases, as discussed
below.

6. Validation of satellite HCHO products during FIREX-AQ and
WE-CAN

6.1. OMI-SAO v3 and v4 products

For OMI-SAO (v3), the biases range from —25.0 % to —37.4 %
(Table 3) compared with corrected GC HCHO VCDs. While for OMI-SAO
(v4), biases range from —27.5 % to —47.7 % (Table S3). OMI-SAO (v3)
shows mildly lower biases, probably due to higher fitted SCDs with
possibly unresolved drift and lower reference sector corrections, as
implied by Eq. (1). The difference in AMFs might also contribute to the
discrepancy between the products, as listed in Table 3 and S3.
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Table 3
OMI-SAO (v3) HCHO columns during FIREX-AQ and WE-CAN.
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Campaign Mean values With aircraft shape factors Corrected GEOS-Chem
SCD Correction AMF AMFg VCD VCDp, AMF, VCD; VCD.

FIREX-AQ (NW) 14.12 2.63 1.08 2.59 11.93 (-37.4 %) 10.67 (-44.0 %) 1.19 9.65 (-49.4 %) 19.06

FIREX-AQ (SE) 16.21 3.32 0.98 2.64 13.64 (-34.0 %) 13.12 (-36.5 %) 0.97 13.30 (-35.6 %) 20.66

WE-CAN 16.18 3.36 1.14 2.61 12.40 (-25.0 %) 11.25 (-31.9 %) 1.23 10.33 (-40.7 %) 16.53

Mean values are calculated spatially and temporally applying the grids sampled by aircraft (colored grids during FIREX-AQ and WE-CAN in Fig. 5-6. HCHO columns
including VCD, VCDy,, VCD,, and VCD, are in unit of 10'® molecules cm ™2, while AMFs are dimensionless. Biases relative to the corrected GC column (VCD,) are
provided in parentheses. Mean values SCD, Correction, AMF, and VCD are obtained by direct averaging of valid satellite pixels. VCDy, is recomputed using the mean
SCD, Correction, and AMF following Eq. (1). AMF, is recalculated from the mean AMFg, the observed HCHO shape factor from the CAMS instrument or PTR-ToF-MS
instrument, and the scattering weights or averaging kernels from the satellite product (Fig. 7) according to Eq. (5). VCD; is recomputed using mean SCD, AMF,, and

Correction by Eq. (1).

We follow Eq. (5) to update AMF (AMF, in Table 3) by replacing
satellite HCHO profiles with observed profiles from aircraft (Fig. 3) and
with scattering weights from the satellite product (Fig. 7). As for OMI-
SAO (v3), we recompute VCD (VCD; in Table 3) with mean SCD,
updated AMF (AMF,), and mean Correction following Eq. (1).
Comparing VCD; with VCDy, (recomputed VCD using mean SCD, AMF,
and Correction following Eq. (1)), we find no significant improvement in
biases during any aircraft campaign, implying that shape factors may
not be the main driver of biases. Therefore, a large part of the resulting
retrieval biases may be traced to the fitted SCD (SCD), reference sector

properties.

In like manner, we find OMI-SAO (v4) retrieval biases might mainly
stem from the differential SCD (dSCD), latitude-dependent bias (Bias), or
AMFs involving the scattering properties. Notably, we find that the
background correction (Ref) contributes significantly (~40 %) to the
total column (VCD). The background correction is roughly consistent
(~4.0 x 10 molecules cm’z), which is in line with the observed HCHO
VCDs (2.0 x 10'® molecules cm 2 to 4.6 x 10'® molecules cm™2)
measured over remote Pacific Ocean (De Smedt et al., 2008; Gonzalez
Abad et al., 2015; Singh et al., 2009; Wolfe et al., 2019).

correction (Correction), or AMF calculation involving the scattering
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Fig. 7. Air mass factor (AMF) components of the five satellite products (OMI-SAO v3, OMI-SAO v4, OMPS-SAO NPP, OMPS-SAO N20, and TROPOMI-BIRA) over
FIREX-AQ (NW), FIREX-AQ (SE), and WE-CAN campaigns are shown in panels (a—e), panels (f-j), and panels (k—o), respectively. Each panel presents the campaign-
averaged scattering weight (w, dashed blue) and shape factor (S, solid blue) from satellite retrievals, computed over the aircraft-sampled grid cells (colored in Fig. 5).
Their product (dotted blue), which—when vertically integrated using Eq. (3)—yields the mean AMF, is also shown. Observed HCHO shape factors (black solid) are
calculated from the mean vertical profiles in Fig. 3, specific to each campaign. For the WE-CAN, profiles from ATom-1 and ATom-2 (Fig. S3) are used to extend
observations above 6 km. All observed HCHO shape factors are projected to the corresponding satellite vertical resolutions. Additionally, the product of the satellite-
derived scattering weight (dashed blue) and the observed HCHO shape factor (black solid) is plotted (dotted black). Integrated mean AMF values—computed using
either satellite (blue) or observed (black) shape factors—are provided in the legend.
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6.2. OMPS-SAO (NPP) and OMPS-SAO (N20) products

As shown in Table S4-S5, OMPS-SAO (NPP) is biased by —31.5 % to
—56.7 %, and OMPS-SAO (N20) is biased by —11.0 % to —28.3 %,
compared with the corrected GC HCHO VCDs. The better performance of
OMPS-SAO (N20) is likely due to the fact that OMPS-SAO (N20) product
has higher fitted SCDs (dSCD). Although with varying overpass times,
different spatial resolutions and SNRs might cause discrepancies in
retrieved SCD between OMPS-NPP and OMPS-N20. The enhancement
compensation in latitude-dependent bias (Bias) of OMPS-SAO (NPP)
affects the discrepancy slightly.

Recomputed VCDs (VCD;) for OMPS-SAO (NPP) and OMPS-SAO
(N20) are listed in Tables S4-S5. We find that most of the recomputed
results show no significant change except for OMPS-SAO (N20) during
FIREX-AQ (SE). This indicates that a priori HCHO profile might have the
potential to improve HCHO retrievals when AMFs are low and SCDs are
high. We attribute product bias mainly to the fitted SCD (dSCD) and
AMF related to scattering factors, with a nonnegligible impact from the
latitude-dependent bias (Bias) term.

6.3. TROPOMI-BIRA product

TROPOMI-BIRA is based by —38.7 % to —49.4 % compared with
corrected GC HCHO VCDs. Generally, TROPOMI-BIRA presents a rela-
tively large bias compared to other products during each campaign
(Table 3 and S3-S5). As implied in Eq. (3), those biases are from the
corrected SCD (SCD.), AMF, or background correction (VCDy). Table S6
summarizes the mean values of those terms, highlighting the impacts of
low SCDs and high AMFs.

Likewise, we recomputed VCD (VCD, Table S6) with mean SCD,,
updated AMF (AMF,), and mean VCDy following Eq. (3). Comparing
VCD; with VCDy,, we find no significant improvement in the biases
during any aircraft campaign. Therefore, we conclude that shape factors
may not be the main contributor to TROPOMI-BIRA biases. A large part
of the resulting biases may be traced to the corrected SCD (SCD.) or AMF
calculation involving the scattering properties. The background cor-
rections (VCDg; ~4.0 x 10 molecules cm™2) account for a large pro-
portion (>40.0 %), implying it might provide a potential for
improvement in TROPOMI-BIRA product.

Fig. 7 compares vertical AMF components (shape factors and scat-
tering weights) from the five satellite products.We see OMI-SAO (v3),
OMI-SAO (v4), OMPS-SAO (NPP), and OMPS-SAO (N20) capture verti-
cal variations of shape factors and scattering weights better compared to
TROPOMI-BIRA due to finer vertical spatial resolutions. The observed
shape factors are not smooth with some peaks compared to satellite
shape factors, which is likely caused by the sampling fire plumes,
particularly over the northwestern US. Overall, Fig. 7 demonstrates both
the general consistency of vertical AMF structures among satellite
products and the potential differences in sensitivity to plume vertical
distribution.

6.4. Impact of fire plumes on HCHO retrievals

Aerosol effects are not explicitly accounted for in the HCHO retrieval
algorithm; however, it is assumed to be implicitly incorporated through
the cloud correction applied to the scattering weights (De Smedt et al.,
2012). In this study, we try to examine such an impact by focusing on
one single fire plume (Fig. S8), which could provide insights into
retrieval biases. The fire plume is observed by NPP VIRRS and TROPOMI
around 13:30 LT, 2019-8-7. Fig. S9 shows area-averaged vertical profiles
of the aerosol optical depth (AOD) and FIREX-AQ HCHO. We see a
noticeable lift of aerosol and HCHO into the free troposphere, with the
altitude of elevated aerosol being slightly lower than that of HCHO.

The aerosol effect on AMF calculation is explicitly corrected by
including in the VLIDORT radiative transfer calculation the AOD vertical
profile from Differential Absorption Lidar (DIAL). We model the aerosol
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scattering with a single scattering albedo of 0.94 and a Henyey-Green-
stein phase function characterized by an asymmetry parameter of 0.69,
consistent with typical boreal forest biomass burning aerosol models
(Dubovik et al., 2002). Compared with the clear-sky situation, the
box-AMFs with explicit aerosol correction increase above the aerosol
layer (i.e., albedo effect) and decrease below the aerosol layer (ie.,
shielding effect). As shown in Fig. S10, the inclusion of aerosol correc-
tion leads to an 18.0 % increase in the tropospheric AMF, assuming
HCHO is well mixed and located above the aerosol layer. This implies
that TROPOMI-BIRA AMF is underestimated, meaning more underesti-
mation of the product if applied with current SCD. Therefore, we suggest
that shape factors and aerosol scatterings may not be the main drivers of
TROPOMI-BIRA retrieval biases, and further improvement may focus on
SCD fitting or other scattering factors like surface albedo and clouds.

7. Conclusions

We have used HCHO observations from FIREX-AQ and WE-CAN
flight campaigns, combined with the nested GEOS-Chem model simu-
lations at a 0.5° x 0.625° horizontal resolution, to intercompare and
validate five satellite HCHO products from OMI, OMPS-NPP, OMPS-
N20, and TROPOMI. Through intercomparison among products, fire
activity rather than surface temperature could be the primary factor of
variations in HCHO VCDs in the study regions. Nearly all satellite
products show HCHO high values over the southeastern and western US,
consistent with GEOS-Chem. This systematic, campaign-level evaluation
addresses a critical need to understand the behavior of operational
satellite HCHO products specifically under intense fire-influenced at-
mospheric conditions, a context previously lacking robust validation.

Compared with aircraft-informed GEOS-Chem, all satellite products
underestimate HCHO VCDs by 11.0 %-56.7 %. OMPS-SAO (N20)
product during FIREX-AQ has the lowest bias likely attributed to high
SCD and low AMF, while OMPS-SAO (NPP) product has the highest bias
mainly suggesting a role for low SCD. By recomputing VCDs with mean
terms, we find there is no significant improvement in most cases, which
reflects a large contribution to satellite biases derived from the SCD
fitting and scattering-weights-involved AMF.

During a single wildfire plume observed during FIREX-AQ, we find
aerosol scattering increases AMF. This implies an even more underes-
timation of the TROPOMI-BIRA product. Therefore, we argue that shape
factors and aerosols may not be the main contributors to the biases in
TROPOMI-BIRA. Further improvement remains in SCD fitting and other
scattering factors in TROPOMI-BIRA product.

Overall, it is important to acknowledge the limitations of our indirect
validation approach. The reliability of our results depends on the
representativeness of the aircraft observations for the broader fire con-
ditions during the campaigns, and the assumption that the model bias
characterized in the flight regions is applicable to the larger satellite
pixels. Furthermore, the aircraft-constrained model, while informed by
observations, still inherits the underlying physics and chemistry of the
GEOS-Chem model. In addition, uncertainties in cloud screening,
particularly the potential misclassification of dense wildfire aerosols as
clouds, may bias AMF calculations and contribute to inter-satellite dif-
ferences. Therefore, our findings should be interpreted as providing
valuable insights into the relative performance of satellite HCHO
products under fire conditions, highlighting potential systematic low
biases and their likely origins, rather than definitive absolute truth
values. Future retrieval development should focus on improving aerosol
scattering representation and reducing slant-column uncertainties,
which will help minimize systematic biases during fire events.
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