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Abstract Nitrogen dioxide (NO,) and formaldehyde (HCHO) play vital roles in atmospheric photochemical
processes. Their tropospheric vertical column density (TVCD) distributions have been monitored by

satellite instruments. Evaluation of these observations is essential for applying these observations to study
photochemistry. Assessing satellite products using observations at rural sites, where local emissions are
minimal, is particularly useful due in part to the spatial homogeneity of trace gases. In this study, we evaluate
OMI and TROPOMI NO, and HCHO TVCDs using multi-axis differential optical absorption spectroscopy
(MAX-DOAS) measurements at a rural site in the east coast of the Shandong province, China in spring 2018
during the Ozone Photochemistry and Export from China Experiment (OPECE) measurement campaign. On
days not affected by local burning, we found generally good agreement of NO, data after using consistent a
priori profiles in satellite and MAX-DOAS retrievals and accounting for low biases in scattering weights in one
of the OMI products. In comparison, satellite HCHO products exhibited weaker correlations with MAX-DOAS
data, in contrast to satellite NO, products. However, TROPOMI HCHO products showed significantly better
agreement with MAX-DOAS measurements compared to OMI data. Furthermore, case studies of the vertical
profiles measured by MAX-DOAS on burning days revealed large enhancements of nitrous acid (HONO), NO,,
and HCHO in the upper boundary layer, accompanied with considerable variability, particularly in HONO
enhancements.

Plain Language Summary We compared satellite NO, and HCHO tropospheric vertical columns
(TVCDs), that is, the integrated column concentrations from the surface to the top of the troposphere, from
OMI and TROPOMI instruments with ground-based MAX-DOAS measurements in spring 2018 at a rural
coastal site in China. Our results on non-burning days indicate good agreement between satellite products and
MAX-DOAS measurements for NO, TVCDs, albeit with some biases in one of the products. Potential factors
contributing to the biases in that satellite product are investigated. Satellitt HCHO products, however, did

not compare as well with MAX-DOAS data as satellite NO, products, although TROPOMI HCHO products
showed better agreement with MAX-DOAS data than OMI HCHO products. We further analyzed MAX-DOAS
observations of HONO and HCHO on days with nearby agricultural burning activities. We found that HONO,
NO,, and HCHO can be significantly enhanced by burning, but the increase due to nearby fires, especially for
HONO, is highly variable.

1. Introduction

Nitrogen dioxide (NO,) and formaldehyde (HCHO) play critical roles in the tropospheric photochemical
processes (Finlayson & Pitts, 1976; Levy et al., 2001; Lippmann, 1989; Nuvolone et al., 2018). NO, is an essen-
tial precursor for ozone (O;) production in the troposphere and has both natural and anthropogenic sources (Felix
& Elliott, 2014; Logan, 1983; Qu et al., 2020; Y. Wang et al., 1998). HCHO is produced during the oxidation of
volatile organic compounds (VOCs), contributing to the productions of O, and aerosols. In the remote atmos-
phere, HCHO is mainly produced from methane (CH,) oxidation. Over the continents, it is mainly produced by
the oxidation of non-methane volatile organic compounds (NMVOCs) emitted from biogenic and anthropogenic
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sources. Consequently, these emissions can be detected through the enhancements of short-lived HCHO (Dovrou
etal., 2022; Z. Liu et al., 2012; Qu et al., 2021; Shim et al., 2005).

Observations of these trace gases provide valuable information to understand photochemical processes. Compared
with surface measurements, which are limited in spatiotemporal coverages, satellite observations of tropospheric
vertical column densities (TVCDs) can provide continuous data sets with a broad spatial range. The Ozone Moni-
toring Instrument (OMI) and the TROPOspheric Monitoring Instrument (TROPOMI) have provided continuous
measurements of NO, and HCHO to advance our understanding of the related atmospheric chemical processes
(Balamurugan et al., 2021; Lamsal et al., 2010; D. Li et al., 2021; J. Li & Wang, 2019; H. J. R. Wang et al., 2020;
Zeng et al., 2008; Y. Zhang et al., 2018). OMI aboard NASA's Aura satellite has been in orbit since 2004. It has
a local overpass time of around 13:45 local time (LT) and a nadir resolution of 13 x 24 km? (Levelt et al., 2006).
TROPOMI onboard the European Copernicus Sentinel-5 Precursor (S5P) satellite was launched in 2017 and has
extended the historical time series of midday observations from OMI with a local overpass time around 13:30
and an improved spatial resolution of 7 X 3.5 km? (5.5 x 3.5 km? after August 2019) (Veefkind et al., 2012). Both
OMI and TROPOMI measure the backscattered radiance and solar irradiance in the visible and ultraviolet bands.
The spectral windows of 328.5-359/356.5 nm and 402/405-465 nm are typically used to retrieve HCHO and NO,
TVCDs, respectively (Krotkov et al., 2019a, 2019b; Smedt et al., 2017).

The increasing capability of satellite monitoring from space has enabled studies to better characterize pollution
patterns, such as analyzing the responses of trace gases to either anthropogenic or biogenic sources (Balamurugan
etal., 2021; Puetal., 2022; R. Zhang et al., 2020) and investigating regional emission trends (DiMaria et al., 2023;
Krotkov et al., 2016; J. Li & Wang, 2019). The uncertainties of satellite products consist of both systematic and
random components. In rural regions, where TVCDs are usually low, satellite observations are subject to signifi-
cant uncertainties that is, 45%—105% as reported in previous studies (Gonzélez Abad et al., 2015, 2016). Valida-
tions of satellite observations are of particular interest to understanding sources of errors and improving retrieval
accuracies (Boersma et al., 2004; J. T. Lin et al., 2014; Souri et al., 2022; P. Wang et al., 2022).

The multi-axis differential optical absorption spectroscopy (MAX-DOAS) instrument has been developed (Friefs
et al., 2016; Honninger et al., 2004) to simultaneously measure column densities of trace gases, including NO,
and HCHO. Observing at multiple elevation angles, it can provide enhanced signals for low elevations with
a horizontal spatial representativeness of the same order or even finer than the spatial resolution of satellite
observations (Irie et al., 2011), thus has been utilized in assessments of satellite products. Such studies can be
validations of a single satellite product (De Smedt et al., 2021; Ma et al., 2013; Verhoelst et al., 2021; Y. Wang
et al., 2020; Xia et al., 2021; C. Zhang et al., 2020) or intercomparisons of several satellite products (De Smedt
et al., 2021; Ialongo et al., 2016; Jin et al., 2016).

In addition to satellite validations, the simultaneous multicomponent observations from MAX-DOAS provide
valuable vertical observational constraints of pollutants. These synchronous measurements have been utilized to
analyze the fast-changing evolutions of complex photochemical processes, especially in relation to the impacts of
biomass burnings (BB) on trace gases and aerosols. For instance, researchers have employed MAX-DOAS meas-
ured HCHO as a tracer for absorption aerosols to investigate brown carbon emissions from BB plumes at different
stages (Irie et al., 2019). Other MAX-DOAS studies have focused on examining photochemical processes, such
as ozone formation sensitivities (H. Lin et al., 2022) and the production mechanisms of nitrous acid (HONO),
which has gained significant attention in recent years due to its potentially large impact on hydroxyl (OH) radicals
(Hendrick et al., 2014; C. Liu et al., 2021).

In this study, we analyze MAX-DOAS observation at a rural coastal site in the Shandong province, China. On days
when local fire emissions are minimal, we use these observations to evaluate different satellite products for NO, and
HCHO TVCDs from OMI and TROPOMI. On days with active burning, we investigate the enhancements HONO,
NO,, and HCHO due to nearby agricultural burnings using MAX-DOAS observed vertical profiles of trace gases
and aerosol extinction. We first provide descriptions of the satellite and MAX-DOAS observations in Section 2. We
give an overview of intercomparison in Section 3.1, analyze the reasons for satellite differences in Section 3.2, inves-
tigate the HONO and HCHO enhancements from BB events in Section 3.3, and provide a summary in Section 4.

2. Materials and Methods

We obtained ground-based MAX-DOAS measurements from the Ozone Photochemistry and Export from China
Experiment (OPECE) at a rural site located on the east coast of the Shandong province, between March 8 and

CHONG ET AL.

20f 18

QSU0DIT SUOWWO)) 9ANEAI) d[qedr[dde oy £q pauIoA0S ale sa[oIIER YO ash JO S9Nl 10f A1eIqI dul[uQ A3[IA\ UO (SUOHIPUOD-PUE-SULID) /W0 A[IM " AIRIqI[oul[uo//:sd)y) SUONIPUO)) puB SWId [, a4} 39S [$707/20/#0] uo Areiqry auruQ A3[IM ‘01€6£0Ar£20T/6201°01/10p/woo Kapim Areiqrjaurjuo-sqndnde//:sdny woly papeojumod ‘7 ‘470T ‘9668691C



-~
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Atmospheres 10.1029/2023JD039310

A Site
—— OMI L2
TROPOMI L2 \/

—— TROPOMIL3 .

-
¥ A
A W
i BN
| B

Figure 1. The observation site (yellow marker) and large cities (blue markers) (from Google Earth). The upper right panel shows the site location and satellite
observation pixel grids for OMI L2, TROPOMI L2, and TROPOMI L3 products.

April 26, 2018. The site (37.76°N, 118.98°E) is 200-300 km downwind from the heavily polluted center of North
China Plain (NCP), located at the estuary of the Yellow River near a national bird sanctuary (Figure 1). It is
surrounded by crops and some off-line oil fields, and the city of Dongying, 50 km to the southwest of the site, is
the only known area nearby with concentrated pollution emissions (Lee et al., 2021). The expansive flat terrain
encompassing the site provides an optimal setting for remote sensing measurements.

Vertical profiles of NO,, HCHO, HONO, sulfur dioxide (SO,), and aerosol extinction coefficients (AEC) are
obtained to evaluate satellite products on non-burning days and analyze agricultural burning impacts on burning
days using a commercial MAX-DOAS instrument (Javed et al., 2020, 2021). The instrument has a spectral range
between 300-460 nm with a spectral resolution of ~0.6 nm full width at half maximum (FWHM) (Hendrick
et al., 2014; Y. Wang et al., 2018). Spectral observations were conducted at various elevation viewing angles
controlled by a built-in mechanical processor. Detailed information about the instrumental operations can be
found in previous works (Xing et al., 2017; Zheng et al., 2022). Differential slant column densities computed
from the observed spectra by the QDOAS software (Danckaert et al., 2012) were combined with the differential
air mass factors to derive the vertical column densities (VCDs). Trace gas profiles were retrieved based on the
optimal estimation method (Rodgers, 2000) using a forward radiative transfer model (FrieB et al., 2016; Xing
et al., 2017; Zheng et al., 2022). In this study, data measured with a solar zenith angle >75°, or DOAS fitting
results with root mean square of residuals larger than 103 were filtered out.

Compared to surface and satellite observations, the MAX-DOAS instrument offers the advantage of measuring
the vertical distribution of the boundary and upper layers. The average errors for near-surface (0—100 m) concen-
trations of NO,, HCHO, HONO, and SO, were 0.1, 0.04, 0.14, and 0.16 parts per billion by volume (ppbV),
respectively, and 0.11 for AEC, consistent with previous studies (Hendrick et al., 2014; Song et al., 2023). The
MAX-DOAS data extends from the surface to 3 km (2.6 km for HONO and SO,) at a 15-min time step and a
vertical resolution of around 100 m below 2 km and 200 m above. Additionally, corresponding averaging kernels
(AVKs) for each species are provided (Figure S1 in Supporting Information S1), which indicate good sensitivities
of MAX-DOAS measurements within the boundary layer.
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Table 1

In this study, we utilized six satellite products in total, and for simplicity

Satellite Products and Their Abbreviations Used in This Work purposes, we listed their abbreviations in Table 1. We obtained three Level-2

Species Data product

Abbreviations (L2) NO, TVCD products, including two OMI products: OMNO2 v4.0 from

NO, OMNO2 v4.0
NO, QA4ECV NO, v1.0
NO, TROPOMI v1.0.1
HCHO OMHCHO v3

HCHO QA4ECV HCHO v1.2
HCHO TROPOMI L3

NASA (Krotkov et al., 2019a, 2019b) and QA4ECV NO, v1.0 from KNMI
ORI, MA A, B (Boersma et al., 2011), as well as the TROPOMI v1.0.1 operational product
OMI-KNMIL, KNMI_REAM (van Geffen et al., 2021). We note that significant advancements in TROPOMI
TROPOMI, TROPOMI_REAM NO, products have been made since the v1.0.1 version. However, the newer
OMI-NASA, NASA_REAM TROPOMI product is unavailable for our study period (March—April 2018),

OMLBIRA, BIRA_REAM which was during the commissioning phase of TROPOMI. We implemented

cloud corrections to correct the bias in the TROPOMI v1 products.
TROPOMI

The retrieval process for NO, TVCDs involves three steps: (a) fitting the slant

column densities (SCDs) from the measured spectrum data using the differ-
ential optical absorption spectroscopy (DOAS) spectral fitting method (Platt & Stutz, 2008), (b) separating tropo-
spheric SCDs (TSCDs) from the stratospheric SCDs, and (c) computing the tropospheric air mass factors (AMFs)
based on scattering weights and a priori NO, profiles. The TVCDs are then obtained by dividing TSCDs by the
AMFs (Bucsela et al., 2013; Eskes & Boersma, 2003; Platt & Stutz, 2008). The NASA and KNMI OMI NO,
products differ in the processes of spectral fitting, tropospheric-stratospheric separation, and AMF calculation
(Boersma et al., 2011; Bucsela et al., 2013; Griffin et al., 2019; Krotkov et al., 2017). The retrieval uncertainties
for NO, TVCDs are approximately 30% under clear sky conditions and can be even higher in cloudy conditions
(Boersma et al., 2011; Lamsal et al., 2014 J. Li et al., 2021; Lorente et al., 2017).

For HCHO TVCDs, we utilized the QA4ECV HCHO v1.2 product by the European consortium (BIRA, IUP,
MPIC, KNMI, WUR) (De Smedt et al., 2015, 2017) and OMHCHO v3 product from NASA (Chance, 2007).
As the TROPOMI L2 HCHO product (De Smedt et al., 2018) is not available for our study period, we obtained
0.05° x 0.05° L3 daily data processed by the BIRA team (De Smedt et al., 2021). The retrieval process for HCHO
TVCDs consists of three steps, (a) fitting the SCDs from the ultraviolet (UV) part of the spectra, (b) converting
the SCDs to TVCDs using air mass factors retrieved from a look-up table, and (c) performing a background
correction to correct for global offset and other factors. Therefore, the retrieved HCHO TVCD can be expressed
as follows:

_ N.\' — Ns()

NU
M

+ Ny M

where M is the air mass factor, N, is the SCD, N, and N, are the reference sector correction terms. More details
can be found in the algorithm papers (De Smedt et al., 2018). The uncertainties of satellite HCHO products are
related to pollution conditions and can be greater than 45% (Gonzalez Abad et al., 2016), partly due to the nature
of stronger Rayleigh scattering in the UV band, which limits the sensitivity to HCHO, especially in the lower
atmosphere (Boersma et al., 2016).

The extensive utilizations of OMI and TROPOMI products worldwide (Levelt et al., 2018; J. Li & Wang, 2019;
J. Li et al., 2021; K. Li et al., 2020; Sekiya et al., 2022; Wang, Beirle, et al., 2017; R. Zhang et al., 2018; Zhao
& Wang, 2009) highlight the importance to ensure reliable data quality and mitigate factors that could contrib-
ute to the deviations among different products in the intercomparisons. To ensure the quality of data used in
our study, we followed the instructions in the corresponding README files (Boersma et al., 2017; Krotkov
et al., 2019a, 2019b; Smedt et al., 2017; van Geffen et al., 2021) to filter out any invalid or failed retrievals for all
the satellite products. Specific quality filters used in this study are listed in Table S1 in Supporting Information S1.

Furthermore, it is important to consider the variations introduced by the use of different a priori profiles in the
retrievals of OMI and TROPOMI products (e.g., Compernolle et al., 2020; Gu et al., 2014; Su et al., 2020). NASA
retrievals employ monthly mean NO, profiles from the Global Modeling Initiative (GMI) model at 1° x 1.25°,
as well as the monthly mean HCHO profiles from the GEOS-Chem model at a resolution of 2° x 2.5° (Douglass
et al., 2004; Lamsal et al., 2021). On the other hand, TROPOMI and KNMI retrievals utilize daily NO, or
HCHO profiles from the Tracer Model version 5 (TM5-MP) at 1° X 1° resolution (Boersma et al., 2017; van
Geffen et al., 2021; Williams et al., 2017). In this work, we employed consistent a priori profiles simulated
by the Regional chEmical trAnsport Model (REAM) in satellite and MAX-DOAS retrievals to facilitate the
intercomparisons. REAM has been widely applied in previous studies (J. Li & Wang, 2019; J. Li et al., 2021;
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Qu et al., 2020). It is a regional chemistry transport model with boundary conditions obtained from a 2° x 2.5°
simulation from the GEOS-Chem model. REAM has a horizontal resolution of 36 km and 30 vertical layers in the
troposphere, driven by meteorology fields from the Weather Research and Forecasting (WRF) model. The chem-
istry mechanism is based on the GEOS-Chem model, with anthropogenic emissions adopted from the Multires-
olution Emission Inventory for China (MEIC) and biogenic isoprene emissions from the Model of Emissions of
Gases and Aerosols from Nature (MEGAN) (Guenther et al., 2012). For our study, we run a REAM simulation
for March and April 2018 to obtain a priori profiles of NO, and HCHO.

To ensure consistency in our intercomparisons of different products (Bucsela et al., 2008; Lamsal et al., 2014),
2 VireamW;

we calculated AMFs using REAM a priori profiles (AMFgg,\) as AMFream = , where V,peay 18

X ViREAM
the VCD for vertical layer i, and W, is the scattering weight for that layer. While NASA products provide the
scattering weight data, the other products offer AVKs. The scattering weight vector (W) can be computed as
W = AVK x AMF, where the AVKs are multiplied by the tropospheric AMF (Eskes & Boersma, 2003).

Studies have suggested a low bias in TROPOMI NO, product up to v1.3 due to cloud pressure retrieval biases
(Griffin et al., 2019; Riess et al., 2022). However, the newer versions (since v1.4) with the updated cloud algo-
rithms (van Geffen et al., 2022; P. Wang et al., 2008) do not cover our study period (March—April 2018). There-
fore, for the TROPOMI NO, product, we performed cloud pressure corrections by replacing the original cloud
pressure data with those provided by either of the two OMI products. The AMF of a partially clouded pixel is
calculated as a linear combination of a cloudy AMF (AMF,,), computed with corrected cloud pressures, and
a clear AMF (AMF ), as shown in Equation 2, where f, is the cloud radiance fraction (CRF) (Belmonte Rivas
et al., 2015; Boersma et al., 2004). On TROPOMI cloudy days, that is, when TROPOMI cloud radiance fraction
>(0, the mean cloud pressures for OMI-NASA, OMI-KNMI, and TROPOMI v1.0.1 are 800, 674, and 953 hPa,
respectively (Figure S2 in Supporting Information S1). On days when the specific OMI cloud data is not available,
we used a scaling factor, which is the ratio between cloud pressures of OMI to TROPOMI, 0.8 for OMI-NASA
and 0.7 for OMI-KNMI, to scale the TROPOMI cloud pressures. The relative change of NO, TVCDs, due to
different selections of OMI cloud pressures, was 2.5%, a considerably smaller change compared to the 29.7%
shift observed before and after applying cloud correction (Figure S3 in Supporting Information S1). Despite the
OMI-KNMTI's lower mean cloud pressure compared to OMI-NASA, the impact of OMI cloud pressure choices
on the results appears relatively insignificant in comparison to the substantial change due to cloud correction. For
the following analysis, we will use TROPOMI products that have been corrected by corresponding OMI-NASA
cloud pressure data.

AMF = f,AMFq + (1 — f,)AMF; 2)

During the measurement period, local agricultural burning occurred (Lee et al., 2021). To identify these burning
events around the observation site, we utilized data from the Fire Information for Resource Management System
(FIRMS) standard product (Davies et al., 2009). The FIRMS fire/hotspot data are derived from satellite sensors,
including the Moderate Resolution Imaging Spectroradiometer (MODIS) onboard the Aqua and Terra satellites
and the Visible Infrared Imaging Radiometer Suite (VIIRS) aboard S-NPP. By examining fire hot spots within
5 km of the observation site (Figure S4 in Supporting Information S1), we identified days affected by the burning
events nearby. Since the emissions from these nearby fire events can potentially affect MAX-DOAS observations,
we excluded the observations on 7 burning days from the intercomparisons between MAX-DOAS and satellite
products. In Section 3.3, we further examine the effects of burning on trace gas and aerosol concentrations specif-
ically on the two largest burning days, March 25 and April 11, using MAX-DOAS observations.

3. Results and Discussion
3.1. Overview of the Observations and Intercomparisons

Figure 2 illustrates the daily variations and uncertainties of NO, and HCHO TVCDs from MAX-DOAS and satel-
lite products during the study period. Satellite data in the pixel over the site are compared to MAX-DOAS data
at 13:00-14:00. The measured NO, TVCDs from MAX-DOAS ranged from 2 x 105 to 1.8 x 10'¢ molecules/
cm? In comparison to MAX-DOAS data, satellite observations captured the daily variations of NO, TVCDs well,
except for a high bias in the OMI-NASA product. In contrast, larger discrepancies between MAX-DOAS and
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Figure 2. Daily variations and uncertainties (vertical error bars) of TVCDs from March 8 to April 26. (a) Time series of daily NO, TVCD data from MAX-DOAS
(black), OMI-NASA (orange), OMI-KNMI (blue), and TROPOMI (green). (b) Time series of daily HCHO TVCD data from MAX-DOAS (black), OMI-NASA
(orange), OMI-BIRA (blue), and TROPOMI (green). The red shadings indicate days affected by nearby burning activities.

satellite data were found for HCHO, accompanied by larger uncertainties as well. Comparison statistics including
correlation coefficients (), p-values for linear correlation tests, slope for the through-the-origin least squares
regression, root mean square error (RMSE), mean bias error (MBE), and number of data pairs compared (N) are
listed for each pair of comparison in Tables S2 and S3 in Supporting Information S1.

The intercomparisons between MAX-DOAS and three satellite NO, TVCD products are presented in Figure 3.
Each data point represents a pair of satellite-MAX-DOAS measurements, and through-the-origin least-squares
regression lines are shown for all comparisons. While the satellite data captured the daily variations well, noticea-
ble biases can be seen. Specifically, OMI-KNMI and TROPOMI exhibited low biases compared to MAX-DOAS,
whereas OMI-NASA showed a high bias (Figure 3a). These biases could be contributed by the differences in the
a priori profiles used in the respective satellite products. We applied AMFg;,,,, computed from the same REAM a
priori profiles to scale the original data products. For the two OMI products, the inclusion of AMFy;,,, increased
NO, TVCDs (Figure S3 in Supporting Information S1) due to a larger gradient of NO, concentrations from the
lower boundary layer to the free troposphere simulated by the REAM model than the global model results used
in the original satellite products, which was also reported in previous studies (Johnson et al., 2023). However, in
the case of TROPOMI retrievals, the largest corrections are related to cloud pressure corrections to this specific
version of TROPOMI data used in our study, as mentioned in the previous section, which resulted in a 21%
increase in TROPOMI NO, TVCDs (Figure S3 in Supporting Information S1) and brought TROPOMI data into
close agreement with MAX-DOAS measurements. After these corrections, OMI-KNMI and TROPOMI TVCDs
exhibited reasonably good agreement with MAX-DOAS, while OMI-NASA data showed a 30% higher bias
(Figure 3b). We note that using the same a priori profiles did not completely eliminate the discrepancies between
OMI-NASA and OMI-KNMI TVCDs. A further investigation into the differences between these two OMI NO,
TVCD products will be discussed in Section 3.2. Despite the biases, the correlation coefficients between satellite
products and MAX-DOAS measurements for NO, TVCDs are all above 0.8 with significant p-values (<0.05),
confirming the statistically significant agreements between satellite data and MAX-DOAS (Figure S5 in Support-
ing Information S1).
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Figure 3. Intercomparison between NO, TVCDs from MAX-DOAS and those from satellites. (a) Before AMF adjustments,
that is, OMI-NASA (orange), OMI-KNMI (blue), and TROPOMI (green). (b) After AMF corrections using AMF.,,, that is,
NASA_REAM (orange), KNMI_REAM (blue), and TROPOMI data with/without cloud correction (TROPOMI_REAM_CC/
TROPOMI_REAM_noCC, olive/green). The dashed lines are least-squares regressions through the origin between satellite
and MAX-DOAS data. A solid red line represents the 1:1 reference.

The discrepancies between MAX-DOAS and satellite HCHO products are much larger compared to the reason-
able agreement observed among NO, products (Figure 4a). MAX-DOAS HCHO ranged from 2.3 x 10" to
4.6 x 10'® molecules/cm?. Correlations between standard satellite products and MAX-DOAS data are statistically
insignificant (p > 0.05) (Figure S6 in Supporting Information S1), except for TROPOMI data, which exhibited a
higher correlation coefficient (~0.6) and a significant correlation with MAX-DOAS data (p-value = 0.005). To
address the impact of different a priori profiles, we corrected the satellite data with AMF.,\, calculated from
REAM simulated a priori profiles. The correction significantly improved the correlation of OMI-NASA data with
MAX-DOAS (p < 0.05) (Figure S6 in Supporting Information S1). However, the AMF,, effect on OMI-BIRA
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Figure 4. Intercomparison of HCHO TVCDs from MAX-DOAS with those from satellites. (a) OMI-NASA, OMI-BIRA, and
TROPOMI data before AMF adjustment. (b) OMI-NASA and OMI-BIRA data after AMF adjustment. The boxes with error
bars show the average and standard deviations for the corresponding variables in each bin of MAX-DOAS data. The vertical
bars with standard deviations show the Sd ratio, the standard deviation ratios of satellite to MAX-DOAS data in each bin, in
which more than 2 data points are available. The dashed lines are fitted on the corresponding scatter plots through the origin,
with a solid red line representing the 1:1 reference.
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data is negligible in the correlation comparison due to much better agreement of the OMI-BIRA AMF data with
AMFg,\ than OMI-NASA AMF data (Figure S7 in Supporting Information S1). In the case of TROPOMI,
since only L3 data is available, AMF adjustments could not be applied. To further quantify the comparisons, we
analyzed the standard deviations of NASA_REAM, BIRA_REAM, and TROPOMI data. Binning the satellite
data based on MAX-DOAS measurements, with each bin representing 10' molecules/cm?, we calculated the
standard deviations of satellite and MAX-DOAS data when >2 data points are available. There are generally 6-9
data points in each bin, except for the comparison between OMI-NASA and MAX-DOAS, where the [2-3] x 10'°
molecules/cm? bin only has three data points, resulting in a large standard deviation for that bin. Results showed
that the standard deviations of OMI data are consistently larger than those of MAX-DOAS, whereas the stand-
ard deviations of TROPOMI are comparable to those of MAX-DOAS (Figure 4b), indicating better quality of
TROPOMI HCHO data. Comparing the standard deviations of satellite data with those of MAX-DOAS data,
for low-, mid-, and high-HCHO bins, the Sd ratios, are >3 for OMI data and ~1 for TROPOMI data, indicating
much improved correlation of TROPOMI data with MAX-DOAS data than that of OMI data. The examination
of RMSE for the whole data set (Table S3 in Supporting Information S1) with roughly same sample sizes reveals
that the RMSE for the OMI-NASA product is approximately twice that of the TROPOMI product.

Previous studies have also shown that intercomparisons of HCHO products generally exhibit larger scatters and
weaker correlations compared to NO, products, especially in the case of OMI HCHO products (e.g., Johnson
et al., 2023). This can be attributed to stronger Rayleigh scattering at shorter wavelengths (~340 nm for HCHO)
than at longer wavelengths (~440 nm for NO,), resulting in lower sensitivity of measurements to HCHO in the
lower atmosphere than to NO, (Boersma et al., 2016). Although only pre-release TROPOMI HCHO data were
available during the OPECE period, the analysis showed promising improvements in the signal-to-noise ratios
of TROPOMI HCHO product compared to OMI (De Smedt et al., 2021). Furthermore, it should be noted that
some scatter in the comparisons of satellite data with MAX-DOAS data can be caused by uncertainties related
to spatial representativeness or mismatch and random uncertainties of satellite products, which are challenging
to quantify from pairwise comparisons (Hubert et al., 2021). Estimating the random uncertainties may require
a triple co-location method (Stoffelen, 1998), but this approach requires a larger data set than available in this
study (e.g., sample size N > 100) (Dong & Crow, 2017; McColl et al., 2014; Zwieback et al., 2012). Nonetheless,
the comparison of satellite HCHO TVCDs to NO, data based on MAX-DOAS observations is informative in
demonstrating the larger uncertainties associated with satellite HCHO retrievals compared to NO,.

During this study period, we investigated the weekly variations in MAX-DOAS and satellite TVCDs of NO,
and HCHO to gain insights into potential source contributions of pollutants. Previous studies have suggested
lower NO, TVCDs on weekends than on weekdays in urban regions (Beirle et al., 2003; Gu et al., 2014; J. Li
et al., 2021; Shaiganfar et al., 2015; Stavrakou et al., 2020). However, the average weekly variation of NO, and
HCHO data sets (Figure S8 in Supporting Information S1) did not exhibit statistically significant variations based
on the Kruskal-Wallis test (Table S4 in Supporting Information S1). The lack of significant weekly variations
can be attributed to the influence of changes in transport to the observation site, which can weaken the expected
weekly cycle associated with urban emissions (Choi et al., 2012; Stavrakou et al., 2020; Y. Wang et al., 2019;
Wang, Lampel, et al., 2017). Furthermore, MAX-DOAS observations of SO, (Figure S15 in Supporting Infor-
mation S1) indicated that the rural observation site was strongly affected by the transport of polluted and clean
air masses.

3.2. Resolving the Difference Between NASA and KNMI NO, TVCDs

We further investigated the systematically higher biases observed in OMI-NASA NO, TVCDs than in OMI-KNMI
data. Examination of SCDs showed negligible discrepancies between these two products (Figure S9 in Support-
ing Information S1), consistent with previous studies (Compernolle et al., 2020; Zara et al., 2018). Therefore,
our focus shifted to the difference in AMFs, which is known to be a major source of uncertainty in the OMI NO,
retrievals (Lorente et al., 2017). A comparison of AMFs for the two OMI products before and after applying the
REAM a priori profiles showed that using the same a priori profiles results in slightly better AMF agreement
between NASA and KNMI data, but the substantial low bias in the NASA AMFs persisted (Figure 5). This result
suggested that the difference in AMFs between the two OMI products is not primarily influenced by the differ-
ence in NO, a priori profiles but rather by the scattering weights, which are independent of the vertical distribu-
tion for optically thin absorbers like NO, (Laughner et al., 2016; Palmer et al., 2001).
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2.0 S oo Further inspection of scattering weights revealed a low bias of scattering
© OMI_REAM weights of OMI-NASA compared to those of OMI-KNMI in the lower
troposphere, specifically around 800 hPa (Figure 6). The scattering weights
15 are determined through a look-up table based on factors including optical
geometry, surface reflectivity, cloud pressure, and cloud fraction (Eskes &
E Boersma, 2003; Krotkov et al., 2017).
:EE 1.0 Cloud properties were compared between KNMI and NASA retrievals during
2 the study period (Figure 7), revealing retrieved average cloud pressures of
= 645 + 260 hPa for KNMI and 820 + 115 hPa for NASA. In addition, the
05 mean cloud radiance fraction from NASA is approximately 0.3, which is
around twice as large as that of KNMI at around 0.15. This discrepancy in
cloud properties between the two OMI products extends beyond the obser-
, vation site, as shown by a comparison of mean distributions for the NCP
0-00.0 05 10 15 2.0 region around the OPECE site (Figure S10 in Supporting Information S1).

KNMI AMF

Figure 5. Scatter plots of original AMF (blue) and REAM profile scaled
AMF; v (orange) from OMI-NASA versus OMI-KNMI. The dashed lines
are least-squares regressions through the origin, and a solid red line represents
the 1:1 reference.

Surface reflectivity also affects AMF calculation by being one parameter
used in the look-up table for scattering weights and indirectly through its
impact on cloud retrievals (Boersma et al., 2018; Lorente et al., 2018). The
v4.0 of the NASA product incorporated the geometry-dependent surface
Lambertian equivalent reflectivity (GLER) product to account for the bidi-
rectional reflectance distribution function (BRDF) effect. The daily GLER
product is derived from MODIS observations and applied to both NO, and

cloud retrievals in the NASA product, replacing the climatological OMI-based data sets used in previous versions
(Fasnacht et al., 2019; Lamsal et al., 2021; Qin et al., 2019; Vasilkov et al., 2018). Studies have indicated that the
inclusion of this new GLER product could lead to lower AMF by 29%-50% due to a combination of the BRDF
effect and biases between MODIS and OMI-based data sets (Lamsal et al., 2021; Vasilkov et al., 2017). It remains
unclear whether updating GLER in NASA retrievals is responsible for the observed differences in the scattering
weight profiles in this study. Further inspections comparing the retrieval algorithms of two OMI products are
needed. Additionally, since the observation site is coastal (Figure 1), lower-level clouds in the ocean boundary

200

——
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—o— NASA A G

3001 —:
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900

10001

Figure 6. The median vertical profiles with standard deviations (horizontal
error bars) of scattering weights (w) of OMI-NASA (orange) and OMI-KNMI
(blue) products from March 8 to April 26.

layer may also contribute to the uncertainties in AMF calculations (Boersma
et al.,, 2004). Furthermore, both OMI-KNMI and OMI-NASA products
accounted for scattering effects of aerosols in AMF calculations (Boersma
et al., 2011; Lamsal et al., 2021). The aerosol optical depth (AOD) measured
by MAX-DOAS during our study period is 1 + 0.48. Absorbing aerosols
might introduce further uncertainties (Leitdo et al., 2010).

3.3. Biomass Burning Impacts on HONO, NO,, and HCHO

During the measurement period, we identified 7 BB days using FIRMS fire
hot spot data (Figure S4 in Supporting Information S1). Among these 7 days,
the OMI products had around two valid measurements and TROPOMI had
three valid measurements. Since agricultural burning is often localized, its
impact can be much larger on the ground-based MAX-DOAS measurements
than on OMI data. TROPOMI data has a finer horizontal resolution than
OMI data (Theys et al., 2020), but is not publicly available during our study
period, when TROPOMI was still in the commissioning phase. Additionally,
the MAX-DOAS instrument provides vertical profile information. There-
fore, only the MAX-DOAS measurements are utilized in the analysis of BB
impacts.

On the BB days, westerly winds at ~3 m/s dominated the site, except for
March 25, April 8, and April 11. The MAX-DOAS observations of SO,,
HONO, HCHO, NO,, and AEC for all the BB days (Figure S11 in Support-
ing Information S1) indicated significant variations in air quality condi-
tions. The daytime mixing ratios of SO, ranged from 0.4 to 9.2 ppbV. The
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Cloud Pressure enhancements of NO, and HCHO tend to occur concurrently. These enhance-
1000 - ments also correlate with the occurrences of HONO enhancements, but to
a lesser degree. On the other hand, AEC concentrations can be enhanced
800 even when NO, and HCHO concentrations are not elevated, reflecting likely
_ aerosol production during the smoldering stage of burning and subsequent
600 transport processes.
o
The observations of SO, indicated that BB events occurred on both polluted
400 and clean days. In order to accurately quantify BB enhancements, it is
-+ important to account for the background concentrations. To achieve this, we
200 o utilized the observed SO, concentrations to distinguish between clean and
KNMI NASA polluted days. Specifically, days with noontime near-surface SO, lower than
1 ppbV were identified as clean days while others were classified as polluted.
Cloud Radiance Fraction During the measurement period, we identified 12 clean days and 38 polluted
0.5 days based on this criterion.
0.4 For BB effect analysis, we divided the observations into two groups based on
the pollution conditions and selected two BB days with the highest fire counts
0.3 under clean (April 11) and polluted (March 25) conditions, respectively.
0.2 Other than the highest fire counts, these two days were also characterized
by elevated HCHO and NO, in the upper boundary layer compared to other
0.1 BB days, indicating more pronounced BB impacts (Figure S11 in Supporting
Information S1). On March 25, significant burning activities occurred 5 km
0.0 ] . to the west of the site. Wind at 3 m/s came from the northwest. On April 11,
KNMI NASA wind was weak at 0.7 m/s, and the burnings occurred right next to the site

(Figure S12 in Supporting Information S1).

Figure 7. Box plots for cloud pressure (hPa, upper row) and cloud radiance

fraction (unitless, lower row) of OMI-KNMI and OMI-NASA on all quality

flag filtered days in this study.

Figure 8 illustrates the daytime profiles of trace gas species and AEC for
both BB events and their corresponding average background conditions. On
average, polluted days exhibited much higher boundary-layer concentrations
than clean days for all species, except for HONO.

On April 11, observed SO, concentrations surpassed the average levels of non-BB days, indicating that BB could
also contribute to the observed high concentrations. Notably, observations of HCHO revealed three distinct burn-
ing plumes reaching above 0.5 km between 1 and 6 p.m. LT, accompanied by corresponding enhancements in
NO,, peaking above 0.5 km around 2 p.m. LT. The observations of HONO displayed significant enhancements
up to 1.2 km from 1 to 3 p.m. LT, marking the largest HONO pollution event throughout the campaign (Figure
S13 in Supporting Information S1). Additionally, observations of AEC on April 11 also showed elevated levels
up to 1.5 km between 1 and 3 p.m. LT, with high AEC concentrations limited to the lower boundary layer in the
late afternoon. These observations are consistent with photolytically enhanced production of HONO on aerosols,
as discussed in previous studies (Z. Liu et al., 2014; Ye et al., 2016).

On March 25, higher SO, concentrations were also observed in the lower boundary layer compared to the average
non-BB polluted days. HCHO observations showed elevated concentrations at 0.5-1 km throughout the day,
while NO, observations exhibited elevated levels, with larger enhancements in the late morning than in the after-
noon. It is noteworthy that the average vertical gradient of NO, is larger than that of HCHO on polluted non-BB
days (Figure S14 in Supporting Information S1), reflecting the secondary production of HCHO (Alvarado
et al., 2020). However, the enhancements of HONO and AEC on March 25 were not as significant as those of
HCHO and NO, compared to the average non-BB days.

During the flaming stage, HONO can be co-emitted with NO, (Roberts et al., 2020), whereas during the smold-
ering stage, the secondary production of HONO becomes more important (Peng et al., 2022). Heterogeneous
HONO production mechanisms have been extensively studied in recent years due to their potentially significant
impact on O, production, such as photo-enhanced NO, conversion on aerosols (Z. Liu et al., 2014) and the photol-
ysis of particulate nitrate (Ye et al., 2016). Among HONO, NO,, and HCHO, HONO has the shortest photo-
chemical lifetime. Therefore, the moderate but more persistent enhancements of HONO than those of NO, and

CHONG ET AL.

10 of 18

QSU0DIT SUOWWO)) 9ANEAI) d[qedr[dde oy £q pauIoA0S ale sa[oIIER YO ash JO S9Nl 10f A1eIqI dul[uQ A3[IA\ UO (SUOHIPUOD-PUE-SULID) /W0 A[IM " AIRIqI[oul[uo//:sd)y) SUONIPUO)) puB SWId [, a4} 39S [$707/20/#0] uo Areiqry auruQ A3[IM ‘01€6£0Ar£20T/6201°01/10p/woo Kapim Areiqrjaurjuo-sqndnde//:sdny woly papeojumod ‘7 ‘470T ‘9668691C



-~
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Atmospheres 10.1029/2023JD039310

SO,

Height [km]

nonBB: clean

BB: Mar-25

BB: Alrll nonBB: polluted

8 10 12 14 16 18 8 10 12 14 16 18 8 10 12 14 16 18

Local Time [h]

Figure 8. MAX-DOAS observed daytime evolutions of SO,, HONO, HCHO, NO,, and AEC mixing ratios for (a) non-burning days under clean conditions, (b) on
April 11, during the burning events under clean conditions, (c) non-burning days under polluted conditions, and (d) on March 25, during the burning events under

polluted conditions.

HCHO throughout the boundary layer on March 25 (Figure 8) likely reflects heterogeneous HONO production
that sustained the elevated level of HONO.

To quantify the enhancements due to BB at both the surface and upper layers, we determined the height of the
surface mixed layer by the location of the largest SO, vertical gradient on polluted days. For clean days, the aver-
age hourly height of the surface mixed layer height was used. The derived surface layer heights during the OPECE
experiment ranged from 300 to 500 m (Figure S15 in Supporting Information S1). To assess the BB enhance-
ments, we integrated MAX-DOAS observations within the lower columns of the surface mixed layer and the
upper columns from the top of the surface layer to 3.5 km. Subsequently, we calculated the column enhancement
ratios, denoted as X, of lower and upper columns on the selected burning days to the corresponding averages on
non-BB days, that is, April 11 data relative to non-BB clean days' average and March 25 to the non-BB polluted
days' average. Figures 9a and 9b shows the ratios of NO,, HONO, HCHO, AEC, and SO, column enhancements.
The column enhancement ratios for SO,, Xso,, are large in both the upper and lower columns on April 11 and
in the lower column on March 25. The polluted NCP region is characterized by high anthropogenic SO, emis-
sions (Fu et al., 2016; Xu et al., 2011). Additionally, agricultural burning also contributes to SO, emissions. The
emission factor ratio of SO, to NO, for agricultural fires is estimated to be 0.4 (X. Liu et al., 2016). However, as
shown in Figure 8, the observed SO, concentrations do not correlate with NO,, which is produced during BB, on
burning days. Figure 9 further demonstrates that the X, is much larger than X, in the surface mixed layer on
two BB days, indicating that relative enhancement ratios of SO, to NO, are much larger than the emission factor
for agricultural burning reported by X. Liu et al. (2016). Consequently, the observational evidence suggests that
BB emissions of SO, are negligible compared to other anthropogenic SO, sources at the observation site.
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Figure 9. (a) Enhancement ratios of BB to non-BB days of NO,, HONO, HCHO, AEC, and SO, in the upper and lower columns for April 11. (b) Same as (a) but for
March 25. (c) BB enhancement ratios relative to SO, enhancement in the upper and lower columns for NO,, HONO, HCHO, and AEC for April 11. (d) Same as (c) but

for March 25. See text for details.

Since SO, is not affected by BB emissions, we calculated BB enhancements relative to that of SO, given the
nearly linear relationships of the non-BB enhancements of other species with that of SO, (Figure S16 in Support-
/Xt .
ing Information S1). This can be expressed as the relative BB enhancement ratio: ﬁ, where X' denotes
X X
be
the density of species i, and X, denotes the average density of species i on the corresponding non-BB days.

Figures 9c and 9d show the relative BB enhancement ratios for April 11 and March 25. In the surface layer, the
relative BB enhancement ratios of all species are either slightly greater than 1 or less than 1. However, in the
upper layer, the enhancements of HONO, NO,, and HCHO are larger compared to the surface layer, indicating
stronger vertical transport due to the higher potential temperature of fresh BB air masses during the flaming
stage, caused by fire heating. Another supporting piece of evidence for fires in the flaming stage is that the
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relative enhancement ratios of AEC in the upper layer are small, in contrast to the large enhancement of PMs
accompanying the smoldering combustion (Chakrabarty et al., 2010; Urbanski, 2013). On these 2 days with the
highest fire counts during the OPECE experiment, the fire enhancement of HCHO in the upper layer is consist-
ently large, while HONO and NO, enhancement ratios are comparably large only on one of the days. The four
panels of Figure 9 together reveal that HCHO and NO, enhancements in the upper layer tend to occur together but
the enhancement magnitudes have large variations. In comparison, the patterns of HONO enhancements differ
from those of HCHO and NO,,.

4. Conclusions

Satellite NO, and HCHO products provide valuable insights into pollution distributions and global photo-
chemistry. However, to ensure their accurate applications, the validation of satellite products is essential.
Ground-based observations conducted at rural sites with minimal local emissions are particularly useful for
this purpose. In this study, we utilized MAX-DOAS observations collected at a rural coastal site in Dongying,
China, during the OPECE experiment. The MAX-DOAS observations of NO, and HCHO on days without local
burnings are intercompared with NASA and KNMI OMI and TROPOMI operational NO, TVCD products,
NASA and BIRA OMI HCHO products, and TROPOMI L3 HCHO products. Additionally, we analyzed the
effects of BB on boundary layer HONO, NO,, and HCHO using MAX-DOAS observations on days with local
burnings.

After employing consistent a priori profiles from the regional REAM model in OMI and MAX-DOAS retrievals
and correcting the cloud pressure bias in TROPOMI v1.0 retrievals, we found a generally better agreement of
satellite with MAX-DOAS data for NO, products than for HCHO products. When comparing with MAX-DOAS
data, the correlation coefficients for all satellite NO, products exceeded 0.8. While OMI-KNMI and TROPOMI
data exhibit no significant biases, OMI-NASA data showed a ~30% positive bias. Further analysis indicated that
this bias is due to a lower estimation of scattering weight profiles in the lower troposphere in the OMI-NASA
NO, product than in the OMI-KNMI data. The reasons for this discrepancy could be attributed in part to the
more extensive cloud presence above the boundary layer around the observation site in the OMI-NASA than
OMI-KNMI products. On the other hand, the agreement between satellite and MAX-DOAS HCHO data was
relatively low, with correlation coefficients below 0.6. The TROPOMI HCHO data exhibited the highest correla-
tion coefficient and significantly lower data scattering relative to MAX-DOAS data compared to OMI data. This
intercomparison suggests that the TROPOMI HCHO product shows good promise for improvement compared
to OML

MAX-DOAS observed vertical profiles of SO, show that the observation site was affected by the transport of
polluted and clean air masses. We used these data to categorize the observations into clean and polluted days
and to estimate the heights of the surface mixed layer. Analysis of MAX-DOAS observations on the two largest
burning days (March 25 and April 11) revealed more pronounced enhancements due to fire emissions in the
upper boundary layer than the surface mixed layer, reflecting the higher potential temperature of fresh burning
air masses due to fire heating during the flaming stage. The evident upper boundary fire enhancements and
comparatively lower enhancements of AEC than NO, and HCHO are consistent with the prevalent influence
of flaming combustions in MAX-DOAS measurements, which are limited to daytime only. Concentrations of
HONO, NO,, and HCHO can be substantially enhanced by burning, with NO, and HCHO enhancements often
occurring together but exhibiting considerable variations in magnitude. On the other hand, the fire enhancements
of HONO exhibit noticeable differences compared to those of HCHO and NO,, and they also demonstrate a
higher level of variability.

Data Availability Statement

The vertical profiles of NO,, SO,, HONO, HCHO, and AEC from MAX-DOAS measurements can be found at
(Chong et al., 2023). The satellite data sets used in this study are available in the following links or references: (a)
OMI-NASA NO, (Krotkov et al., 2019a, 2019b); (b) OMI-KNMI NO, (Boersma et al., 2011; KNMI, 2011); (c)
TROPOMI NO, (CopernicusSentinel-5P, 2018); (d) OMI-NASA HCHO at (Chance, 2007); (¢) OMI-BIRA
HCHO (De Smedt et al., 2017). The TROPOMI L3 HCHO data is obtained from a previous study (De Smedt
etal., 2021).
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