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1. Overview

Response to Editor and Referee: We sincerely thank the Editor for the patience, and exceptionally insightful
guidance throughout the entire revision process. We are particularly grateful for the meticulous attention to
detail in identifying numerous subtle issues, and especially for the critical and decisive comments on the
treatment of a priori profile as well as the mathematical equivalence between AMF recalculation and averaging-
kernel application. These suggestions have profoundly improved the scientific rigour and consistency of
our work, and we deeply admire the Editor’s expertise and professionalism. We also extend our gratitude to
referee for the thorough and constructive review, as well as for the final valuable comment on the literature
review, which led to a much-needed and complete reorganisation of the Introduction. Thank you once again
for the outstanding editorial handling and for guiding this work with such dedication.

2. Major comments

EC: 1) Literature review in the introduction. As pointed out by the reviewer, the literature review in the in-
troduction reads like a somewhat random collection of references related to VOC measurements and
inversions. I suggest rewriting this section following a simple structure:
• An overview of satellite HCHO measurements and inversions, sorted by time and methodological im-
provements
• A brief summary of other satellite measured VOC constraints (glyoxal, isoprene)
• A summary of the key findings of previous studies over the region of interest (China)
Please also refer to the suggestions and comments made by the other reviewer.

AR: We thank the reviewer for this helpful suggestion. We have completely rewritten the literature review in the
Introduction with a clear, logical structure as recommended:
(1) a chronological overview of the development of satellite formaldehyde instruments and observations;
(2) the evolution of top-down approaches using formaldehyde observations to constrain NMVOC emissions,
highlighting key methodological advances;
(3) a focused summary of previous top-down NMVOC emission studies over China based on formaldehyde
assimilation, clearly identifying the gaps that motivate the innovations and improvements in the present work.
These revisions have greatly improved the coherence, logical flow, and relevance of the literature review.

Text in manuscript
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1 Introduction

...

Remote sensing observations of these compounds typically rely on spectral channels in the ultraviolet-
visible (UV-Vis) range, with their primary absorption features occurring between 330 and 460 nm
(Platt, 1979; Lerot et al., 2010; De Smedt et al., 2012).

Compared to glyoxal, satellite products for formaldehyde are better established.. Satellite observations
of glyoxal began later with initial identifications made using Aura Ozone Monitoring Instrument
(OMI), and its retrieval is more challenging than that of formaldehyde (Kurosu et al., 2005; Kurosu et al., 2014).
Recent years have seen further advancements in satellite observational instruments and algorithms for
formaldehyde (Abad, 2022; Abad, 2017), leading to new satellite observation products with improvements
in both accuracy and resolution. In contrast, while the glyoxal retrieval algorithm has been updated
for OMI product (Alvarado et al., 2014), its satellite products continue to face substantial uncertainties.
Notably, the latest version of Sentinel-5 Precursor Tropospheric Monitoring Instrument (TROPOMI)
glyoxal products is no longer publicly available on the official website.

Formaldehyde measurements from instruments such as the Global Ozone Monitoring Experiment-2
(GOME-2) (De Smedt et al., 2012), OMI (González Abad et al., 2015), Ozone Mapping and Profiler
Suite (OMPS) (Li et al., 2015) and TROPOMI (De Smedt et al., 2018) have been used widely for
estimating NMVOC emissions through data assimilation. The core of the methodology is to calculate
the most likely NMVOC emissions given the formaldehyde observations and the prior information.
For instance, Fu et al. (2007) used six years of continuous satellite measurements of formaldehyde
columns from GOME (1996-2001) to improve regional emission estimates of reactive NMVOCs,
including isoprene, olefins, formaldehyde, and xylene, for East Asia and South Asia. Similarly,
formaldehyde data from the GOME-2A satellite were used to constrain NMVOC emissions in India
for 2009 (Chaliyakunnel et al., 2019). Souri et al. (2020) used observations from OMPS satellites
during the KORUS-AQ campaign to estimate NOx and NMVOC emissions in East Asia from May
to June 2016. Kaiser et al. (2018) also utilized high-resolution formaldehyde retrieval data from
OMI instrument to quantify isoprene emissions at the ecosystem scale in the southeastern United
States during August-September 2013. Those promising results have demonstrated that formaldehyde
measurements could be utilized to optimize the existing NMVOC emissions that were established in
a bottom-up manner.

Satellite remote sensing of formaldehyde has made substantial progress since the atmospheric formalde-
hyde abundance was first retrieved in 1997 (Burrows et al., 1999). The earliest retrievals of formalde-
hyde vertical column densities were based on the Global Ozone Monitoring Experiment (GOME)
(Thomas et al., 1998; Chance et al., 2000). Subsequently, the Scanning Imaging Absorption Spectrom-
eter for Atmospheric Chartography (SCIAMACHY) served as an important transitional instrument
between GOME and GOME-2, offering significantly improved spatial resolution compared to GOME
(De Smedt et al., 2008). In 2004, the launch of NASA’s Aura satellite carrying the Ozone Monitoring
Instrument (OMI) provided high signal-to-noise-ratio ultraviolet–visible (UV–Vis) spectra that greatly
advanced trace-gas retrieval studies (De Smedt et al., 2015; González Abad et al., 2015). Approximately
four years after GOME effectively ceased operational observations, its successor, GOME-2, began
routine operations in 2007 and started delivering formaldehyde data (De Smedt et al., 2012). In recent
years, high-resolution formaldehyde observations have continued to emerge, including those from the
Ozone Mapping and Profiler Suite (OMPS) onboard the Suomi National Polar-orbiting Partnership
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(Suomi NPP) and NOAA-20 satellites (Li et al., 2015; González Abad et al., 2015, 2016; Nowlan et al.,
2023), as well as from the Tropospheric Monitoring Instrument (TROPOMI) aboard the Sentinel-5
Precursor (Sentinel-5P) launched in 2017. TROPOMI’s exceptional spatial resolution and near-daily
global coverage have marked a new era in satellite formaldehyde monitoring (De Smedt et al., 2018,
2021). Furthermore, geostationary satellites now provide formaldehyde observations with high temporal
resolution, including the Geostationary Environment Monitoring Spectrometer (GEMS) over East Asia
(Kwon et al., 2019; Kim et al., 2020), the Tropospheric Emissions: Monitoring of Pollution (TEMPO)
instrument over North America (Chance et al., 2019), and Sentinel-4, successfully launched on 1 July
2025, which is conducting geostationary formaldehyde observations over Europe (Gulde et al., 2017).

Glyoxal retrieval product from satellite platform began relatively late, with the first global differ-
ential optical absorption spectroscopy (DOAS) retrievals reported by Wittrock et al. (2006) using
SCIAMACHY, followed by their application to constrain NMVOC emissions by Stavrakou et al.
(2009a). Because glyoxal is retrieved in a longer wavelength range (∼435–460 nm) than formaldehyde
(∼330–360 nm), it exhibits markedly lower sensitivity to molecular scattering, which in turn reduces
the sensitivity of the measurement to the lower troposphere (Palmer et al., 2001; Chan Miller et al.,
2014). Moreover, glyoxal optical depths are very weak (order of 10−4–10−3), rendering the retrieval
highly susceptible to fitting residuals from stronger absorbers, uncertainties in absolute radiometric
calibration, and spectral features in surface reflectivity (Sinreich et al., 2013; Alvarado et al., 2014).
For instruments with comparatively modest spectral resolution and signal-to-noise ratios, such as OMI,
these interference effects are further amplified, leading to larger retrieval uncertainties for glyoxal
columns than for formaldehyde (Chan Miller et al., 2014; Cao et al., 2018). Consequently, glyoxal
satellite observations remain considerably less suitable than formaldehyde for high-spatiotemporal-
resolution assimilation studies. Beyond glyoxal and formaldehyde, retrievals of other VOCs are also
progressing, as exemplified by Fu et al. (2019) and Wells et al. (2020, 2022), who derived isoprene
columns from Cross-track Infrared Sounder (CrIS) observations, representing an important step toward
next-generation satellite constraints on volatile organic compounds.

Compared with formaldehyde retrieval, satellite remote sensing of glyoxal began much later and
remains considerably more challenging. Shim et al. (2005) assimilated formaldehyde observations
from the GOME using a global Bayesian inversion to constrain isoprene emissions. Although China
was included within their East Asia region, the analysis lacked region-specific focus and did not
provide detailed characterization of emission patterns over China, and the coarse spatial resolution (4°
× 5°) in that study further limited the ability to resolve subregional emission features. Stavrakou et al. (2016)
conducted a regional inversion in Eastern China using multi-year satellite formaldehyde data from
GOME and OMI to constrain VOC emissions during the post-harvest burning period, and they indicated
that the crop burning fluxes of VOCs in June exceeded by a factor of two the combined emissions from
other anthropogenic activities in the NCP region from 2005 to 2012. Cao et al. (2018) conducted a
relatively systematic satellite-based emission inversion study over China, using a 4DVar method and
assimilating OMI and GOME-2A formaldehyde products to estimate monthly NMVOC emissions
in 2007, though the spatial resolution (4° × 5°) was still too coarse. Choi et al. (2022) applied a
4DVar system to assimilate TROPOMI formaldehyde over East Asia, demonstrating the capability
of high-resolution satellite data to capture regional and seasonal variability in VOC emissions, but
the analysis was conducted only for May-June. Beyond China, a number of important studies have
advanced top-down VOC inversion methodologies: Palmer et al. (2003) pioneered the use of GOME
formaldehyde observations in a Bayesian framework to constrain global isoprene emissions, laying
the foundation for subsequent satellite-based VOC studies; Wells et al. (2020, 2022) further advanced
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this field by retrieving isoprene emissions from CrIS measurements and providing high-resolution
constraints on VOC oxidation chemistry at the global scale; and Oomen et al. (2024) derived weekly
top-down VOC fluxes over Europe from TROPOMI formaldehyde data using the MAGRITTEv1.1
model, providing improved constraints on isoprene, biomass burning, and anthropogenic VOC emissions.
Considering the increasingly stringent air pollution control in China (Wu et al., 2024), there is an
urgent need for high-resolution top-down NMVOC emission optimization.

Top-down approaches, mainly assimilation techniques, with satellite formaldehyde columns have
become the primary method for constraining NMVOC emissions. Palmer et al. (2003) pioneered
to apply a Bayesian inversion framework with GOME formaldehyde observations for constraining
isoprene emissions over North America. The approach was subsequently extended to global and
European domains by Shim et al. (2005) and Dufour et al. (2009), respectively. With the availability of
OMI and GOME-2 formaldehyde products, inversion algorithms were further refined. Stavrakou et al.
(2009b) first introduced an adjoint-based inversion to optimize biogenic emissions and, in a companion
study the same year, revealed substantial underestimation of continental glyoxal sources worldwide
(Stavrakou et al., 2009a). Concurrently, Millet et al. (2008) used OMI formaldehyde and identified
the underestimated isoprene emissions over the north-central United States, while Zhu et al. (2014)
reported that anthropogenic emissions of highly reactive VOCs (HRVOCs) in the Houston area were
underestimated by a factor of 4.8 ± 2.7 compared to the US Environmental Protection Agency inventory.
Formaldehyde product with much higher spatial resolution were then available since the launch of
TROPOMI and OMPS, and made the city-scale emission optimizations possible (González Abad
et al., 2016; De Smedt et al., 2018, 2021). In recent years, studies leveraging these new-generation
instruments have proliferated. Choi et al. (2022) assimilated OMPS and OMI observations into an
updated 4DVar system for East Asia during May–June 2016. Their inversion revealed a 47% increase in
VOC emissions across Northeast Asia relative to the prior inventory, indicating that isoprene emissions
over South Korea and anthropogenic NMVOC emissions over eastern China were underestimated in the
bottom-up inventory. Oomen et al. (2024) used weekly-averaged TROPOMI formaldehyde observations
from 2018–2021 with the MAGRITTEv1.1 adjoint model to derive top-down biogenic, pyrogenic, and
anthropogenic VOC fluxes over Europe, substantially correcting previous underestimates of isoprene
emissions. Feng et al. (2024) applied an Ensemble Kalman Filter (EnKF) approach to optimize August
2022 NMVOC emissions over China, revealing overestimation of biogenic emissions during an extreme
heatwave and demonstrating consequential impacts on summertime ozone simulations. The advent
of geostationary satellites (e.g., GEMS, TEMPO) with high-frequency observations has enabled the
incorporation of diurnal cycle information into algorithm frameworks, making daily-scale top-down
emission optimization feasible (Kwon et al., 2019, 2021). Meanwhile, multi-species constraint is
gaining traction; Opacka et al. (2025) developed a novel inversion technique that simultaneously
optimizes monthly-mean VOCs and NOx emissions from 2019 TROPOMI observations, uncovering
severe underestimation of both NOx and VOCs in prior inventories over Africa.

Although substantial progress has been made globally in satellite-based top-down constraints on
NMVOC emissions, high-resolution top-down emission optimization studies specifically over China
remain relatively scarce in recent years. Shim et al. (2005) first used GOME formaldehyde observations
in a global Bayesian inversion framework to constrain isoprene emissions. While their domain
encompassed East Asia including China, the study lacked a dedicated focus on China and was limited
by coarse model resolution (4° × 5°). Stavrakou et al. (2016) performed a regional inversion over
eastern China using multi-year GOME and OMI formaldehyde columns, revealing that post-harvest
agricultural burning in June contributed more than twice the VOC emissions of all other anthropogenic
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sources combined over the North China Plain during 2005–2012. Cao et al. (2018) conducted one of
the most systematic satellite-constrained inversions for China to date, applying a 4DVar assimilation
of OMI and GOME-2A formaldehyde products to estimate monthly NMVOC emissions in 2007, yet
the analysis was still constrained by the same coarse 4° × 5° resolution. Choi et al. (2022) assimilated
OMPS and OMI formaldehyde columns into a regional 4DVar system over East Asia but only for
May–June; similarly, the top-down optimization of Chinese NMVOC emissions by Feng et al. (2024)
was limited to a single month (August 2022). Given the increasingly stringent air pollution control
policies in China (Wu et al., 2024), there is an urgent need for high spatial- and temporal-resolution
top-down NMVOC emission optimization to support more accurate air quality forecasting and effective
regulatory strategies. In terms of the observation sources for assimilation, the OMI formaldehyde
product remains one of the most widely used datasets in related studies to date. However, it has been
affected globally by the persistent row anomaly since 2007 Kroon et al. (2011); Zhu et al. (2017),
which degrades data quality in certain across-track positions and may reduce assimilation accuracy,
particularly in high-resolution configurations. Although rigorous quality filtering and row anomaly
flagging can mitigate this problem, the number of valid grid cells remaining after such screening is often
severely limited, rendering OMI data insufficient for nationwide high-resolution emission inversion. In
contrast, newer-generation instruments such as TROPOMI and OMPS provide formaldehyde products
that are unaffected by the row anomaly, offer significantly higher spatial resolution and better data
coverage (Section 2.3.3), and are therefore considerably more suitable for high-resolution top-down
optimization of NMVOC emissions over China.

In terms of the assimilation observation sources, OMI product now remains as one of the most widely
used formaldehyde products in related studies. However, the retrievals over China are reported to
suffer from the so-called "row anomaly" issue (González Abad et al., 2015), which may reduce the
assimilation accuracy especially in the high-resolution configuration. To ensure the quality of OMI
data, rigorous filtering is usually required; however, the number of valid grid cells remaining after
such screening is severely limited, making it insufficient for high-resolution assimilation. In contrast,
the TROPOMI and OMPS formaldehyde products do not suffer from this issue and are therefore more
suitable for high-resolution emission optimization at the national scale. Subsequently, the monthly
NMVOC emission optimization in China is conducted. This is achieved by independently assimilating
formaldehyde observations either from OMPS or from TROPOMI, based on the emission inversion
system that couples the four-dimensional ensemble variational (4DEnVar) data assimilation algorithm
and GEOS-Chem model. The effectiveness of this emission inversion system has been evaluated in
our recent studies (Jin et al., 2023; Jin et al., 2025). In this study, we focus on the year 2020 for the
main analysis, while results for 2019 are also presented in the Supplementary Information to provide
additional context and support.

In this study, we conduct monthly optimization of anthropogenic NMVOC emissions over China at 0.5°
latitude × 0.625° longitude horizontal resolution. It is achieved based on an emission inversion system
that couples the four-dimensional ensemble variational (4DEnVar) data assimilation algorithm with
the nested version of the GEOS-Chem model. The effectiveness of this emission inversion system has
been evaluated in our recent studies of ammonia (Jin et al., 2023; Xia et al., 2025). Two independent
assimilation experiments are performed: one assimilating OMPS total formaldehyde columns and the
other assimilating TROPOMI tropospheric formaldehyde columns. In both cases, the satellite retrievals
have been harmonized with the model by replacing the original shape profiles with GEOS-Chem
profiles before assimilation. We focus on the year 2020 for the main analysis, while results for 2019 are
also presented in the Supplementary Information to provide additional context and support. This paper
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is organized as follows: Section 2 describes the dataset and methodology, focusing on GEOS-Chem
model, input emission sources (anthropogenic, biogenic, and biomass burning), and the satellite and
ground-based observations utilized. Section 3 provides an analysis of the assimilation results, including
the estimation of posterior NMVOC emissions and the validation of both formaldehyde columns and
ground-level ozone simulations. Section 4 summarizes the key findings and concludes the study.

EC: 2) Tropospheric and total columns: In the manuscript, you distinguish at many places between the total
HCHO columns of OMPS and the tropospheric HCHO columns from TROPOMI. However, there is no
difference: Both retrievals work in a very similar way, and there is no removal of a possible stratospheric
component in the TROPOMI HCHO retrieval. Any such stratospheric HCHO column would also be very
small compared to the uncertainties of the retrievals. The discussion and differentiation provided in the
manuscript are confusing at best.

AR: We thank the reviewer for this important and accurate comment. We fully agree that the stratospheric
formaldehyde contribution is negligible compared to tropospheric signals and retrieval uncertainties. To
faithfully represent the original satellite data products, we retain the distinction in the Methods section
(OMI/OMPS provide total columns, TROPOMI provides tropospheric columns). We have added an explicit
statement, supported by a priori vertical profiles and relevant references, to clearly show that the total
and tropospheric columns are essentially identical over the study region. Accordingly, in the Results and
Discussion sections, we no longer differentiate between the two and uniformly use the term “formaldehyde
vertical columns” to avoid confusion caused by alternating terminology. This clarification eliminates potential
misunderstanding while preserving the precise description of the original datasets.

Text in manuscript

2.1 Model simulation

...

Since the satellite overpasses China mainly between 12:00 and 14:00 local time, the model outputs
within this time window are sampled to calculate the formaldehyde columns for fair comparison with
the satellite observations. Our GEOS-Chem model outputs both total and tropospheric formaldehyde
column concentrations, enabling comparison with OMPS total column data and TROPOMI formaldehyde
column measurements as will be introduced later. After this temporal collocation and post-processing,
samples of the formaldehyde tropospheric column simulation are presented in Figure 1 (a).

...

2.3.2 Sentinel-5P TROPOMI

...

This criterion ensures the exclusion of error flags and requires that the cloud radiance fraction at 340 nm
is below 0.5, the solar zenith angle (SZA) does not exceed 70°, the surface albedo is below 0.2, no snow
or ice warning is present, and the air mass factor (AMF) is larger than 0.1. The TROPOMI product
provides vertical information on 34 layers, but the retrieval is primarily sensitive to the troposphere
and thus reports the formaldehyde tropospheric column.The operational TROPOMI HCHO Level-2
product provides tropospheric vertical columns together with averaging kernels and a priori profiles
defined on 34 vertical layers (from the surface to ∼0.1 hPa). Because stratospheric formaldehyde is
negligible (De Smedt et al., 2018, 2021), we directly use the reported tropospheric columns in this
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Figure 1. Spatial distributions of formaldehyde columns from GEOS-Chem model-simulated prior tropo-
spheric columns (a) and posterior tropospheric columns constrained by OMPS assimilation (b), satellite
observations of OMPS total columns (c), and satellite observations of TROPOMI tropospheric columns
(d),both reprocessed to be consistent with the GEOS-Chem shape profile. in February (a.1-d.1), May (a.2-d.2),
August (a.3-d.3), and November (a.4-d.4) of 2020.Panels (a.1–d.1), (a.2–d.2), (a.3–d.3), and (a.4–d.4) show
February, May, August, and November of 2020, respectively.
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Figure 2. Spatial distributions of formaldehyde columns from GEOS-Chem model-simulated prior tropo-
spheric columns (a) and posterior tropospheric columns constrained by OMPS assimilation (b), satellite ob-
servations of OMPS total columns (c), and satellite observations of TROPOMI tropospheric columns (d),both
reprocessed to be consistent with the GEOS-Chem vertical profile. in February (a.1-d.1), May (a.2-d.2),
August (a.3-d.3), and November (a.4-d.4) of 2020.Panels (a.1–d.1), (a.2–d.2), (a.3–d.3), and (a.4–d.4) show
February, May, August, and November of 2019, respectively.
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Figure 3. Vertical distributions of the regional mean formaldehyde columnsShape factors of regional-mean
formaldehyde columns, as derived from the a priori profiles, followed by normalization, from GEOS-Chem
model-simulated prior (black) and satellite observations by OMPS (blue), TROPOMI (red), and OMI (green).
Panels (a)-(d) correspond to the North China Plain, Yangtze River Delta, Pearl River Delta, and Northeast
China, respectively. Sub-panels (a.1-d.1), (a.2-d.2), (a.3-d.3), and (a.4-d.4) represent February, May, August,
and November 2020, respectively. Values in parentheses indicate the biases of satellite observations relative
to the prior simulation. Shaded areas denote the observational uncertainties.
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study without reconstructing total columns.

...

The processed TROPOMI retrievals were assimilated as tropospheric columns, which are presented in
Figure 1 (d.1-d.4),The TROPOMI tropospheric columns were assimilated after application of GEOS-
Chem averaging kernels and shape factors to ensure consistency with the model vertical profile. These
reprocessed tropospheric columns are shown in Figure 1 (d.1–d.4), with their vertical shape factors
shown in Figure 3 (green line) to illustrate the normalized contribution of each pressure layer to the
tropospheric columns. We adopted tropospheric rather than total columns because the retrieval product
itself provides tropospheric columns. and recalculating total columns would introduce uncertainties.

...

3.1 Satellite data evaluation

...

Additionally, Figure 3 clearly shows that stratospheric formaldehyde (> ∼200 hPa) can be largely
neglected in both the GEOS-Chem simulation and the OMPS and TROPOMI retrievals (González Abad
et al., 2015; De Smedt et al., 2018). Because the stratospheric contribution is negligible and no explicit
stratospheric correction is applied in either retrieval, we hereafter use the term "formaldehyde column"
without distinguishing between total and tropospheric columns in subsequent discussion.

...

3.3 Formaldehyde columns evaluation

The spatial distributions of formaldehyde columns in February, May, August, and November 2020
are shown in Figure 1. Panels (a.1-a.4) display the prior simulations of troposphericformaldehyde
columns, (b.1-b.4) present the posterior simulations of troposphericformaldehyde columns assimilated
by OMPS, (c.1-c.4) show the OMPS satellite observations of totalformaldehyde columns, and (d.1-d.4)
illustrate the TROPOMI satellite observations of troposphericformaldehyde columns. In addition,
the prior and posterior simulations of totalformaldehyde columns for 2020 are also provided in the
Supplementary Figure S7. As indicated by the vertical profiles in Figure 3, formaldehyde is mainly
distributed below the tropopause. Comparisons between the prior and posterior results show that the
differences between total and tropospheric columns are relatively small. Regarding the spatial patterns,
high formaldehyde valuescolumns in February are concentrated in the NCP, YRD, and PRD regions,
with the posterior results showing an expanded high-value area in the NCP but a reduced coverage in
the YRD. In May, overall concentrationsformaldehyde columns increase nationwide, with particularly
pronounced growth in the NCP and PRD. In August, concentrationsformaldehyde columns increase in
the NCP, YRD, and PRD, while they decrease in the SCB. In November, the changes are modest, but
all four regions exhibit reduced concentrationsformaldehyde columns.

The prior and OMPS-driven posterior simulations of formaldehyde tropospheric columns were com-
pared with the TROPOMI formaldehyde tropospheric columns to evaluate the changes in formaldehyde.

EC: 3) Column concentrations: As remarked in an earlier round of comments, columns are not concentrations
(different units). Please use “columns” throughout the text, supplement, captions, and in the figures (Figs.
3, 7).

AR: We thank the reviewer for pointing this out again. We have carefully checked the entire manuscript, including
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the main text, Supplement, all figures, and replaced every inappropriate use of "formaldehyde column
concentrations" with the correct term "formaldehyde columns".

Text in manuscript

2.1 Model simulation

...

Since the satellite overpasses China mainly between 12:00 and 14:00 local time, the model outputs
within this time window are sampled to calculate the formaldehyde columns for fair comparison with
the satellite observations. Our GEOS-Chem model outputs both total and tropospheric formaldehyde
column concentrations, enabling comparison with OMPS total column data and TROPOMI formaldehyde
column measurements as will be introduced later. After this temporal collocation and post-processing,
samples of the formaldehyde tropospheric column simulation are presented in Figure 1 (a).

...

2.3.1 NOAA-20 OMPS

...

All screened data were then averaged to a spatial resolution of 0.5° latitude × 0.625° longitude on
a monthly basis, consistent with the GEOS-Chem model configuration. To make a fair comparison
between the observed and simulation formaldehyde column concentration in the assimilation, we further
imposed constraints on the number of observations within each grid cell. Specifically, two filtering
schemes were tested, in which grid cells with fewer than 10 or fewer than 50 original observations were
excluded.

...

2.5 Assimilation algorithm

...

The prior estimate f b is from the inventories described in Section 2.2, and the formaldehyde concentration
observations y are described in Section 2.3. Mathematically, assimilation is performed via minimizing
the cost function J as follows:

...

3 Results and discussion

Posterior of the NMVOC emission, formaldehyde concentrationcolumn results and the impact on
ozone simulation are discussed. A consistency analysis is introduced to assess the reliability of the two
posterior emission.

...

3.3 Formaldehyde columns evaluation

...

Regarding the spatial patterns, high formaldehyde valuescolumns in February are concentrated in the
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Figure 4. Monthly mean formaldehyde columns concentrations in 2020 from the prior simulation (gray),
posterior simulations constrained by assimilating OMPS (black dashed) and TROPOMI (black dotted)
observations, and satellite observations from OMPS (blue) and TROPOMI (green). Panels show results over
China (a), the North China Plain (b), the Yangtze River Delta (c), the Pearl River Delta (d), and the Sichuan
Basin (e).
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Figure 5. Comparison of monthly mean formaldehyde columns concentrations in February, May, August, and
November 2020 after applying different data filtering thresholds. Panels (a.1-a.4), (c.1-c.4), and (d.1-d.4) show
OMI, OMPS, and TROPOMI results, respectively, after removing grid cells with fewer than 10 observations.
Panels (b.1-b.4) show OMI results after removing grid cells with fewer than 50 observations.
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Figure 6. Monthly increments in (a) formaldehyde columns concentrations between posterior and prior
simulations and (b) the relative changes in MDA8 ozone RMSE (∆RMSE) after assimilating OMPS and
TROPOMI observations in 2019. Results are shown for the North China Plain, Yangtze River Delta, Pearl
River Delta, and Sichuan Basin. Positive values indicate an increase relative to the prior, while negative
values indicate a decrease.
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NCP, YRD, and PRD regions, with the posterior results showing an expanded high-value area in the NCP
but a reduced coverage in the YRD. In May, overall concentrationsformaldehyde columns increase na-
tionwide, with particularly pronounced growth in the NCP and PRD. In August, concentrationsformaldehyde
columns increase in the NCP, YRD, and PRD, while they decrease in the SCB. In November, the
changes are modest, but all four regions exhibit reduced concentrationsformaldehyde columns.

4 Summaryandconclusion

...

To further test the robustness of our approach, OMPS and TROPOMI satellite observations were
independently assimilated to constrain NMVOC emissions for 2019 (Figure S4). The spatial distribution
of formaldehyde hotspots is similar to 2020 but with overall higher concentrationsformaldehyde
columns.

...

EC: 4) Figure 4: a) I’m not sure what is shown in this figure. On the x-axis, you write "column concentration",
which I assume should be column. But a column does not depend on altitude, so maybe partial columns
are shown? Or are these concentrations or mixing ratios? Please check and correct. b) Independently
of this, the profiles are not “satellite observations”. The satellite products are columns, and the only
profile I can think of is the a priori profile used for the AMF calculation. However, these profiles are
model profiles, not measurements. The differences between the profiles you are reporting are then just
the differences between the a priori used in the different products: GEOS-Chem for OMI and OMPS,
TM5 for TROPOMI. It is therefore also not surprising that GEOS-Chem agrees well with the OMI and
OMPS a priori, as these are just different runs of the same basic model. This misunderstanding needs
to be fixed in the figure and in the discussion in the text (page 11, line 10, page 15, first paragraph, and
other places).

AR: We sincerely thank the reviewer for these insightful comments on the figure. We understand the reviewer is
referring to Figure 3, as the description and the x-axis label “HCHO column concentration” match that figure
rather than Figure 4 (Figure 3 in this response).
After careful reconsideration and to ensure maximum consistency with widely adopted terminology in the
previous studies (Zhu et al., 2016, 2020), we have revised the presentation as follows:
a) The x-axis now reads "Shape Factor S(p)". The plotted quantity is the shape factor used in the air mass
factor (AMF) calculation of each satellite product. This is exactly the same definition used in the references
above.
b) We fully agree that these are not satellite-measured profiles. They are the a priori shape factors (derived
from the respective a priori profiles) that enter the AMF computation of each retrieval algorithm. In our
calculations, the shape factors are obtained by multiplying the a priori profiles by the layer pressure thickness
(∆p), followed by normalization.
OMI and OMPS-NOAA20 both use a priori profile derived from GEOS-Chem simulations, which explains
their close similarity to the GEOS-Chem profile simulated in this work. TROPOMI uses the a priori profile
derived from the TM5-MP model, leading to the visible differences. This misunderstanding has been fully
corrected in the revised figure, figure caption, and throughout the manuscript

Text in manuscript
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Abstract.

...

This study evaluates the vertical profile structure, qualified-data volume and monthly mean biases
of formaldehyde products from OMI, OMPS and TROPOMI satellites, emphasizing the enhanced
capabilities of the latest OMPS and TROPOMI retrievals.This study evaluates the shape factor, filtered
data volume, and monthly mean biases of OMI, OMPS, and TROPOMI formaldehyde products, with the
latest OMPS and TROPOMI retrievals offering substantially higher effective spatiotemporal coverage.

...

2.3.2 Sentinel-5P TROPOMI

...

This criterion ensures the exclusion of error flags and requires that the cloud radiance fraction at 340 nm
is below 0.5, the solar zenith angle (SZA) does not exceed 70°, the surface albedo is below 0.2, no snow
or ice warning is present, and the air mass factor (AMF) is larger than 0.1. The TROPOMI product
provides vertical information on 34 layers, but the retrieval is primarily sensitive to the troposphere
and thus reports the formaldehyde tropospheric column.The operational TROPOMI HCHO Level-2
product provides tropospheric vertical columns together with averaging kernels and a priori profiles
defined on 34 vertical layers (from the surface to ∼0.1 hPa). Because stratospheric formaldehyde is
negligible (De Smedt et al., 2018, 2021), we directly use the reported tropospheric columns in this
study without reconstructing total columns.

...

3.1 Satellite data evaluation

The results shown in Figure 3 are based on formaldehyde columns before the application of model
vertical profile corrections. The total columns of OMI, OMPS and the GEOS-Chem simulations are
presented. Their vertical structures generally decrease with altitude but exhibit characteristic minima
and maxima at several pressure levels: a trough at approximately 750-850 hPa, followed by a first
peak about 30 hPa above; a second pronounced peak around 600-700 hPa; and a third peak at 350
hPa, which is more prominent in April and August but weaker in November and January. Above
350 hPa, formaldehyde partial column gradually diminish to near zero. These features are broadly
consistent with previously reported formaldehyde profile distributions (Zhu et al., 2020). Overall,
OMPS exhibits a closer agreement with the model profiles than OMI, whereas OMI shows displaced
or poorly defined peaks in several regions, with particularly anomalous enhancements in the upper
levels over NCP.

In contrast, the TROPOMI product provides tropospheric columns and displays markedly different
vertical structures compared to the other three datasets. Its profiles decrease monotonically with
altitude, with only localized perturbations over SCB (around 300 hPa) and PRD (around 800 hPa).
The overall trend resembles a logarithmic decay, with especially high near-surface concentration
(Vigouroux et al., 2020). These discrepancies highlight the importance of applying vertical profile
corrections in satellite-model comparisons Eskes and Boersma (2003). Specifically, the similarity in
vertical structures between OMI, OMPS, and GEOS-Chem supports the use of the AMF approach for
correction, while the distinct TROPOMI profiles necessitate the application of AVK.
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Figure 3 shows the vertical profiles of formaldehyde shape factors used to compute the reported satellite
vertical columns before any model-based profile correction is applied. Both the OMI and OMPS
retrievals use GEOS-Chem model outputs as their a priori profiles (González Abad et al., 2015, 2016;
Nowlan et al., 2023). Consequently, their shape factors are highly similar. formaldehyde shape factors
generally decrease with altitude but exhibit characteristic peaks and troughs: a minimum at 750–850
hPa, a first peak ∼30 hPa above it, a second prominent peak at 600–700 hPa, and a third peak near
350 hPa that is strongest in April and August and weaker in January and November. Above 350 hPa,
concentration decay toward zero. These features agree well with previously reported formaldehyde
profile shapes over China (Zhu et al., 2016, 2020). Overall, the OMPS profile most closely matches
GEOS-Chem, whereas OMI shows slight peak shifts or spurious upper-level enhancements in some
regions, particularly during May and August.

In contrast, the operational TROPOMI retrieval uses the a priori profiles from the TM5-MP model
(De Smedt et al., 2018, 2021), which places substantially more mass near the surface. This results in a
markedly different vertical structure: an approximately logarithmic monotonic decrease with altitude,
with only minor perturbations over SCB (∼300 hPa) and PRD (∼800 hPa) and very high near-surface
shape factor. These differences in a priori profile shape are the primary reason why profile correction is
essential for meaningful satellite–model comparisons (Eskes and Boersma, 2003).

Additionally, Figure 3 clearly shows that stratospheric formaldehyde (> ∼200 hPa) can be largely
neglected in both the GEOS-Chem simulation and the OMPS and TROPOMI retrievals (González Abad
et al., 2015; De Smedt et al., 2018). Because the stratospheric contribution is negligible and no explicit
stratospheric correction is applied in either retrieval, we hereafter use the term "formaldehyde column"
without distinguishing between total and tropospheric columns in subsequent discussion.

EC: 5) Use of AMF and Averaging Kernels: In the manuscript, you differentiate between the use of GEOS-
Chem based AMFs for OMPS and AVK for TROPOMI. However, there is no difference between these
two approaches. The AVK is just the height-dependent AMF (sometimes also called weighting function
or scattering weights) divided by the total AMF used. If you compute the AMF based on GEOS-Chem
profiles and apply it to the slant column, this is identical to applying the column AVK and the GEOS-Chem
vertical profile to the vertical column from the product. The only complication is the proper treatment of
the background correction, but this applies to both approaches. Please reconsider and clarify in the text.
For the figures, it is not clear whether the satellite columns you show are the original or the AMF / AVK
corrected ones. Please clarify.

AR: We appreciate the reviewer for pointing out this important issue. We fully agree that the GEOS-Chem-based
scattering weights/AMF approach used for OMI/OMPS and the averaging kernel (AVK) approach used for
TROPOMI are mathematically equivalent when the same a priori profile is applied. Following the reviewer’s
suggestion, we have clarified this point explicitly in the revised Section 2.3.2 (Sentinel-5P TROPOMI). The
text now states that both methods are fundamentally identical, but because the official TROPOMI product
directly provides column averaging kernels while OMI/OMPS provide scattering weights, the implementation
formulas differ slightly in practice. Additionally, to remove any remaining ambiguity, we now clearly state
in text and in the captions of all relevant figures that all satellite formaldehyde columns presented in the
manuscript are the fully profile-corrected columns.

Text in manuscript
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2.3.1 NOAA-20 OMPS

...

The processed OMPS satellite observations were ultimately assimilated as total columns, which are
presented in Figure 1 (c.1-c.4). The OMPS observations were assimilated as total columns after re-
calculation of the air mass factor using GEOS-Chem shape profiles for consistency with the model
vertical profile. These reprocessed total columns are shown in Figure 1 (c.1–c.4). The original a priori
shape factors used in the official satellite products (before reprocessing) are displayed as red lines in
Figure 3.

...

2.3.2 Sentinel-5P TROPOMI

...

Beyond the recommended quality screening, a key consideration when comparing TROPOMI formaldehyde
retrievals with model outputs is the dependence on the assumed a priori vertical profile. Traditionally,
studies have relied on AMF-based corrections, in which AMF is recalculated using model-derived
profiles to reduce such discrepancies (Palmer et al., 2001; Palmer et al., 2004; Palmer et al., 2016; Palmer et al., 2020).
More recently, the availability of averaging kernel (AVK) information in the TROPOMI product
has allowed a more consistent comparison by accounting for the impact of the assumed vertical
profile shape in the retrieval, following the approach introduced in the IASI NH3 version 4 product
(Clarisse et al., 2023; Clarisse et al., 2025). In this study, we apply AVK-based correction for TROPOMI
formaldehyde by projecting the model profiles onto the satellite pressure grid, thereby achieving a
more harmonized comparison with GEOS-Chem simulations. The corrected column is calculated as:

Beyond the recommended quality filtering, a critical consideration when comparing TROPOMI
formaldehyde retrievals with model simulations is the sensitivity of the retrieved columns to the
a priori vertical profile assumed in the retrieval algorithm. In this study, OMPS and OMI formaldehyde
products are harmonized with the model by recalculating the AMF using GEOS-Chem shape factors,
following the conventional approach. For TROPOMI, the officially provided averaging kernels (AVK)
are applied instead. Importantly, these two correction strategies are mathematically equivalent. The
averaging kernel represents the ratio of the altitude-resolved sensitivity to the total AMF used in the
operational retrieval. Consequently, convolving the model profile with the AVK and adding the same
background column yields identical results to recalculating the total AMF with the model profile and
applying it to the slant column, provided that the background correction and a priori profile replacement
are handled consistently (Palmer et al., 2001; Eskes and Boersma, 2003; Boersma et al., 2004; De Smedt
et al., 2021). Both approaches achieve the same objective: removing the influence of the satellite’s
a priori profile and replacing it with the GEOS-Chem profile, thereby ensuring observational–model
consistency prior to assimilation. The AVK application for TROPOMI employed here follows the
methodology established for the IASI NH3 version 4 product (Clarisse et al., 2023; Xia et al., 2025).
The corrected column is calculated as:

...

The processed TROPOMI retrievals were assimilated as tropospheric columns, which are presented in
Figure 1 (d.1-d.4),The TROPOMI tropospheric columns were assimilated after application of GEOS-
Chem shape profiles. These reprocessed tropospheric columns are shown in Figure 1 (d.1–d.4), with
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their vertical shape factors shown in Figure 3 (green line) to illustrate the normalized contribution of
each pressure layer to the tropospheric columns. We adopted tropospheric rather than total columns
because the retrieval product itself provides tropospheric columns. and recalculating total columns
would introduce uncertainties.

...

2.3.3 Aura OMI

...

The vertical profile correction of OMI formaldehyde was conducted using the same approach as applied
to OMPS, by recalculating AMF with model-simulated vertical profiles.The resulting OMI columns
after profile correction and the two data-volume filters are shown in Figure S3.

EC: 6) Abstract, line 6: See major comment on vertical structure – you are comparing the vertical structure
of the a priori used, not of the satellite data.

AR: We thank the reviewer for this precise comment. Following the reviewer’s earlier major comment on vertical
structure, we have revised the Abstract to clearly reflect that the comparison refers to the a priori profiles used
in the retrievals rather than satellite-measured vertical distributions.

Text in manuscript

Abstract.

...

This study evaluates the vertical profile structure, qualified-data volume and monthly mean biases
of formaldehyde products from OMI, OMPS and TROPOMI satellites, emphasizing the enhanced
capabilities of the latest OMPS and TROPOMI retrievals.This study evaluates the shape factor, filtered
data volume, and monthly mean biases of OMI, OMPS, and TROPOMI formaldehyde products, with the
latest OMPS and TROPOMI retrievals offering substantially higher effective spatiotemporal coverage.

...

EC: 7) Abstract, line 7: “emphasizing the enhanced capabilities“ – not sure what this is referring to.

AR: Thank you for pointing this out. We agree that the original phrase was vague. We have revised the sentence
to explicitly state that the improvement refers to the substantially higher effective spatiotemporal coverage
provided by the latest OMPS and TROPOMI retrievals.

Text in manuscript

Abstract.

...

This study evaluates the vertical profile structure, qualified-data volume and monthly mean biases
of formaldehyde products from OMI, OMPS and TROPOMI satellites, emphasizing the enhanced
capabilities of the latest OMPS and TROPOMI retrievals.This study evaluates the shape factor, filtered
data volume, and monthly mean biases of OMI, OMPS, and TROPOMI formaldehyde products, with the
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latest OMPS and TROPOMI retrievals offering substantially higher effective spatiotemporal coverage.

...

EC: 8) Page 1, line 10: Add reference for GFED.

AR: Thank you for highlighting this point. We have now added the reference for GFED.

Text in manuscript

1 Introduction

...

For biomass burning, widely used inventories include the Global Fire Emissions Database (GFED)
(Van Der Werf et al., 2017) and the Fire INventory from NCAR (FINN) (Wiedinmyer et al., 2011).

...

EC: 9) Page 1, line 19: Add reference for GFAS.

AR: The reviewer’s comment is appreciated. The manuscript now includes the GFAS citation.

Text in manuscript

1 Introduction

...

Biomass burning emissions also show large discrepancies across inventories (e.g., GFED, FINN, GFAS)
(Kaiser et al., 2012), largely driven by uncertainties in burned area, fuel loading, and emission factors
(He et al., 2011; Hua et al., 2024).

...

EC: 10) Page 3, line 7: I do not know why you think the TROPOMI glyoxal product is discontinued. You will
find the data at https://data-portal.s5p-pal.com/products/chocho.html.

AR: We thank the reviewer for the correction. We acknowledge the mistake regarding the status of the TROPOMI
glyoxal product and have removed the incorrect statement accordingly.

Text in manuscript

1 Introduction

...

Notably, the latest version of Sentinel-5 Precursor Tropospheric Monitoring Instrument (TROPOMI)
glyoxal products is no longer publicly available on the official website.

Glyoxal retrieval product from satellite platform began relatively late, with the first global differ-
ential optical absorption spectroscopy (DOAS) retrievals reported by Wittrock et al. (2006) using
SCIAMACHY, followed by their application to constrain NMVOC emissions by Stavrakou et al.
(2009a). Because glyoxal is retrieved in a longer wavelength range (∼435–460 nm) than formaldehyde
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(∼330–360 nm), it exhibits markedly lower sensitivity to molecular scattering, which in turn reduces
the sensitivity of the measurement to the lower troposphere (Palmer et al., 2001; Chan Miller et al.,
2014). Moreover, glyoxal optical depths are very weak (order of 10−4–10−3), rendering the retrieval
highly susceptible to fitting residuals from stronger absorbers, uncertainties in absolute radiometric
calibration, and spectral features in surface reflectivity (Sinreich et al., 2013; Alvarado et al., 2014).
For instruments with comparatively modest spectral resolution and signal-to-noise ratios, such as OMI,
these interference effects are further amplified, leading to larger retrieval uncertainties for glyoxal
columns than for formaldehyde (Chan Miller et al., 2014; Cao et al., 2018). Consequently, glyoxal
satellite observations remain considerably less suitable than formaldehyde for high-spatiotemporal-
resolution assimilation studies. Beyond glyoxal and formaldehyde, retrievals of other VOCs are also
progressing, as exemplified by Fu et al. (2019) and Wells et al. (2020, 2022), who derived isoprene
columns from Cross-track Infrared Sounder (CrIS) observations, representing an important step toward
next-generation satellite constraints on volatile organic compounds.

EC: 11) Page 3, line 32: This paper does not include TROPOMI data.

AR: We appreciate the reviewer’s careful reading. You are correct that this paper does not include TROPOMI data.
We have corrected the citation and ensured its accuracy in the revised manuscript.

Text in manuscript

1 Introduction

...

Choi et al. (2022) applied a 4DVar system to assimilate TROPOMI formaldehyde over East Asia,
demonstrating the capability of high-resolution satellite data to capture regional and seasonal variability
in VOC emissions, but the analysis was conducted only for May-June.

Choi et al. (2022) assimilated OMPS and OMI observations into an updated 4DVar system for East
Asia during May–June 2016. Their inversion revealed a 47% increase in VOC emissions across
Northeast Asia relative to the prior inventory, indicating that isoprene emissions over South Korea and
anthropogenic NMVOC emissions over eastern China were underestimated in the bottom-up inventory.

EC: 12) Page 4, line 8: The OMI row anomaly is not limited to China but affects data globally.

AR: We thank the reviewer for the valuable reminder. The manuscript has been updated to reflect that the OMI
row anomaly affects data globally.

Text in manuscript

1 Introduction

...

However, the retrievals over China are reported to suffer from the so-called "row anomaly" issue
(González Abad et al., 2015), which may reduce the assimilation accuracy especially in the high-resolution
configuration.

However, it has been affected globally by the persistent row anomaly since 2007 Kroon et al. (2011);
Zhu et al. (2017), which degrades data quality in certain across-track positions and may reduce
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assimilation accuracy, particularly in high-resolution configurations.

EC: 13) Page 5, line 2: Which “boundary conditions” are you referring to?

AR: We appreciate the reviewer’s question. We have clarified in the revised manuscript that the global simulation
provides lateral chemical boundary conditions to the nested Asia domain, which are updated every 3 hours.

Text in manuscript

2.1 Model simulation

...

The global simulation has a horizontal resolution of 2° latitude × 2.5° longitude, with boundary
conditions updated every 3 hours.The global simulation is run at 2° × 2.5° resolution and provides
lateral chemical boundary conditions to the nested Asia domain updated every 3 hours.

EC: 14) Page 5, line 9: The Lin et al. paper referred to describes the implementation of a new and fast
chemical solver into KPP3.0; it is not related to the chemical scheme or the oxidant-aerosol reactions
used in your version of GEOS-Chem.

AR: We thank the reviewer for carefully pointing out this error. The manuscript has been corrected to remove the
inaccurate statement regarding the Lin et al. paper.

Text in manuscript

2.1 Model simulation

...

To better simulate oxidant-aerosol reactions in the stratosphere and troposphere, GEOS-Chem v14.1.1
introduced a new KPP 3.0 chemical solver (Lin et al., 2023), including chemical mechanisms for
isoprene, aromatics, ethylene, and acetylene (Bates and Jacob, 2019; Bates and Jacob, 2021; Bates and Jacob, 2021).
GEOS-Chem v14.1.1 includes state-of-the-science tropospheric chemistry with recent updates to the
oxidation mechanisms of isoprene (Bates and Jacob, 2019), aromatics (Bates et al., 2021), ethylene,
and acetylene (Kwon et al., 2021).

EC: 15) Page 12, line 1: See major comment on tropospheric and total columns.

AR: We thank the reviewer for this remark. We fully agree that any stratospheric formaldehyde column is
negligible compared to retrieval uncertainties. The original sentence has therefore been removed from the
revised manuscript. Text in manuscript

2.3.2 Sentinel-5P TROPOMI

...

We adopted tropospheric rather than total columns because the retrieval product itself provides tropo-
spheric columns. and recalculating total columns would introduce uncertainties.

EC: 16) Page 12, line 9: Zhang et al. is not a good general reference for OMI.
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AR: We appreciate the reviewer’s suggestion. The manuscript has been updated to replace the Zhang et al.
reference with more appropriate and authoritative citations.

Text in manuscript

2.3.2 Aura OMI

The Ozone Monitoring Instrument (OMI) is an important satellite instrument onboard the Aura satellite,
launched on July 15, 2004, with the objective of monitoring atmospheric gases, aerosols, and clouds to
improve our understanding of atmospheric chemistry and climate change. OMI provides daily global
coverage with a wide swath of 2600 km and a spatial resolution of approximately 13 × 24 km at
nadir, with an equator crossing time of about 13:45 LT. The sensor contains three spectral channels
(UV-1, UV-2, and VIS), covering the wavelength ranges of 264-311 nm, 307-383 nm, and 349-504 nm,
respectively, which enable the retrieval of key trace gases including O3, NO2, SO2, and formaldehyde
(Zhang et al., 2019)(Levelt et al., 2006, 2018).

EC: 17) Page 16, line 32: Note that different AMF or vertical profiles do not apply, as you have corrected for
them.

AR: We thank the reviewer for this comment. The sentence in question has been removed entirely from the revised
manuscript, as the differences in AMF/AVK and vertical profiles have already been corrected for and do not
contribute to the discrepancies discussed.

Text in manuscript

3.2 NMVOCemissions

...

These differences may arise from variations in emission characterization during summer, marked by
strong convection, high humidity, and elevated cloud and aerosol content, which differentially impact the
retrieval of optical depth and columns by OMPS and TROPOMI. Additionally, differences in AMF and
vertical profiles may further contribute to these discrepancies (Lorente et al., 2017; Lorente et al., 2021).

EC: 18) Figure 6: I understand that the colour code is somehow linked to probability, but a probability can
not be larger than 1 by definition, so something else is shown here, or a factor is missing.

AR: Thank you for the reviewer’s valuable comment. The color scale represents the probability density of the data
points, not the probability itself. Since probability density is a density function over a continuous domain, its
values can exceed 1. The integral (area under the curve) of the probability density over the entire plot sums to
1, consistent with probability theory.

EC: 19) Page 26, Line 16: as above. AMF and a priori differences have already been corrected.

AR: We thank the reviewer for this comment. We have completely removed the inaccurate statement regarding the
impact of AMF and vertical-profile differences from the revised manuscript.

Text in manuscript
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4 Summary and conclusion

...

By contrast, notable discrepancies emerge in June-September—dominated by July-August—likely
linked to strong convection, high humidity, and elevated cloud/aerosol loading that differentially affect
retrievals. compounded by AMF and vertical-profile differences.

RC: I appreciate the authors’ efforts to expand the literature review on VOC inversion studies. However, the
current revision still lacks a clear methodological and chronological structure. The discussion of Wells
et al. (2020, 2022) seems to misunderstand their relevance; these papers introduce new CrIS isoprene
retrievals that represent an important measurement wise extension for future VOC inversions. My sug-
gestion to include these studies was to highlight the expanding observational basis for VOC emission
constraints, not to present them as inversion studies. While CH2O has served as the baseline constraint,
CHOCHO has provided an additional constraint, NO2 has offered information on chemical interactions,
and isoprene is the latest extension. The description of Choi et al. (2022) is also inaccurate because this
study did not use TROPOMI observations and covered only a short May to June period, so it did not pro-
vide seasonal variations. In addition, the overall structure should include some methodological context,
since Palmer et al. (2003) was the pioneering VOC satellite inversion using a Bayesian framework and
there were important developments between that study and more recent studies, including this study using
a 4DEnVar system. For this reason, the current flow from Palmer et al. (2003) directly to Wells et al. (2020,
2022) is not reasonable from either a methodological or a measurement wise perspective. Reorganizing
this section accordingly would improve accuracy and readability.

AR: We sincerely thank the reviewer for the careful reading and for these highly constructive suggestions.
Following the reviewer’s guidance, we have completely reorganized and rewritten the literature review in the
Introduction (now structured as three clearly separated parts):
(1) A chronological overview of satellite formaldehyde (and related VOC tracer) observations, from early
instruments (GOME/SCIAMACHY/GOME-2) to the current generation (OMI, OMPS, TROPOMI). The
work of Wells et al. (2020, 2022) on CrIS direct isoprene retrievals is now presented at the end of this part as
an important recent extension of the observational basis for future VOC emission inversions.
(2) The historical evolution of top-down approaches using formaldehyde observations to constrain NMVOC
emissions. This part starts with the pioneering Bayesian inversion of Palmer et al. (2003), traces subsequent
methodological developments, thereby providing clear methodological context for the present study.
(3) A focused summary of previous top-down NMVOC emission inversions over China that relied on
formaldehyde assimilation. We explicitly highlight the limitations of these earlier studies and the gaps that
motivate the innovations introduced here. Regarding Choi et al. (2022), we sincerely apologize for the earlier
inaccurate description: that study used OMI and OMPS (not TROPOMI) observations and covered only a
short May–June period. We have carefully reread the paper and corrected all related statements.

Text in manuscript

1 Introduction

...

Remote sensing observations of these compounds typically rely on spectral channels in the ultraviolet-
visible (UV-Vis) range, with their primary absorption features occurring between 330 and 460 nm
(Platt, 1979; Lerot et al., 2010; De Smedt et al., 2012).
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Compared to glyoxal, satellite products for formaldehyde are better established.. Satellite observations
of glyoxal began later with initial identifications made using Aura Ozone Monitoring Instrument
(OMI), and its retrieval is more challenging than that of formaldehyde (Kurosu et al., 2005; Kurosu et al., 2014).
Recent years have seen further advancements in satellite observational instruments and algorithms for
formaldehyde (Abad, 2022; Abad, 2017), leading to new satellite observation products with improvements
in both accuracy and resolution. In contrast, while the glyoxal retrieval algorithm has been updated
for OMI product (Alvarado et al., 2014), its satellite products continue to face substantial uncertainties.
Notably, the latest version of Sentinel-5 Precursor Tropospheric Monitoring Instrument (TROPOMI)
glyoxal products is no longer publicly available on the official website.

Formaldehyde measurements from instruments such as the Global Ozone Monitoring Experiment-2
(GOME-2) (De Smedt et al., 2012), OMI (González Abad et al., 2015), Ozone Mapping and Profiler
Suite (OMPS) (Li et al., 2015) and TROPOMI (De Smedt et al., 2018) have been used widely for
estimating NMVOC emissions through data assimilation. The core of the methodology is to calculate
the most likely NMVOC emissions given the formaldehyde observations and the prior information.
For instance, Fu et al. (2007) used six years of continuous satellite measurements of formaldehyde
columns from GOME (1996-2001) to improve regional emission estimates of reactive NMVOCs,
including isoprene, olefins, formaldehyde, and xylene, for East Asia and South Asia. Similarly,
formaldehyde data from the GOME-2A satellite were used to constrain NMVOC emissions in India
for 2009 (Chaliyakunnel et al., 2019). Souri et al. (2020) used observations from OMPS satellites
during the KORUS-AQ campaign to estimate NOx and NMVOC emissions in East Asia from May
to June 2016. Kaiser et al. (2018) also utilized high-resolution formaldehyde retrieval data from
OMI instrument to quantify isoprene emissions at the ecosystem scale in the southeastern United
States during August-September 2013. Those promising results have demonstrated that formaldehyde
measurements could be utilized to optimize the existing NMVOC emissions that were established in
a bottom-up manner.

Satellite remote sensing of formaldehyde has made substantial progress since the atmospheric formalde-
hyde abundance was first retrieved in 1997 (Burrows et al., 1999). The earliest retrievals of formalde-
hyde vertical column densities were based on the Global Ozone Monitoring Experiment (GOME)
(Thomas et al., 1998; Chance et al., 2000). Subsequently, the Scanning Imaging Absorption Spectrom-
eter for Atmospheric Chartography (SCIAMACHY) served as an important transitional instrument
between GOME and GOME-2, offering significantly improved spatial resolution compared to GOME
(De Smedt et al., 2008). In 2004, the launch of NASA’s Aura satellite carrying the Ozone Monitoring
Instrument (OMI) provided high signal-to-noise-ratio ultraviolet–visible (UV–Vis) spectra that greatly
advanced trace-gas retrieval studies (De Smedt et al., 2015; González Abad et al., 2015). Approximately
four years after GOME effectively ceased operational observations, its successor, GOME-2, began
routine operations in 2007 and started delivering formaldehyde data (De Smedt et al., 2012). In recent
years, high-resolution formaldehyde observations have continued to emerge, including those from the
Ozone Mapping and Profiler Suite (OMPS) onboard the Suomi National Polar-orbiting Partnership
(Suomi NPP) and NOAA-20 satellites (Li et al., 2015; González Abad et al., 2015, 2016; Nowlan et al.,
2023), as well as from the Tropospheric Monitoring Instrument (TROPOMI) aboard the Sentinel-5
Precursor (Sentinel-5P) launched in 2017. TROPOMI’s exceptional spatial resolution and near-daily
global coverage have marked a new era in satellite formaldehyde monitoring (De Smedt et al., 2018,
2021). Furthermore, geostationary satellites now provide formaldehyde observations with high temporal
resolution, including the Geostationary Environment Monitoring Spectrometer (GEMS) over East Asia
(Kwon et al., 2019; Kim et al., 2020), the Tropospheric Emissions: Monitoring of Pollution (TEMPO)
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instrument over North America (Chance et al., 2019), and Sentinel-4, successfully launched on 1 July
2025, which is conducting geostationary formaldehyde observations over Europe (Gulde et al., 2017).

Glyoxal retrieval product from satellite platform began relatively late, with the first global differ-
ential optical absorption spectroscopy (DOAS) retrievals reported by Wittrock et al. (2006) using
SCIAMACHY, followed by their application to constrain NMVOC emissions by Stavrakou et al.
(2009a). Because glyoxal is retrieved in a longer wavelength range (∼435–460 nm) than formaldehyde
(∼330–360 nm), it exhibits markedly lower sensitivity to molecular scattering, which in turn reduces
the sensitivity of the measurement to the lower troposphere (Palmer et al., 2001; Chan Miller et al.,
2014). Moreover, glyoxal optical depths are very weak (order of 10−4–10−3), rendering the retrieval
highly susceptible to fitting residuals from stronger absorbers, uncertainties in absolute radiometric
calibration, and spectral features in surface reflectivity (Sinreich et al., 2013; Alvarado et al., 2014).
For instruments with comparatively modest spectral resolution and signal-to-noise ratios, such as OMI,
these interference effects are further amplified, leading to larger retrieval uncertainties for glyoxal
columns than for formaldehyde (Chan Miller et al., 2014; Cao et al., 2018). Consequently, glyoxal
satellite observations remain considerably less suitable than formaldehyde for high-spatiotemporal-
resolution assimilation studies. Beyond glyoxal and formaldehyde, retrievals of other VOCs are also
progressing, as exemplified by Fu et al. (2019) and Wells et al. (2020, 2022), who derived isoprene
columns from Cross-track Infrared Sounder (CrIS) observations, representing an important step toward
next-generation satellite constraints on volatile organic compounds.

Compared with formaldehyde retrieval, satellite remote sensing of glyoxal began much later and
remains considerably more challenging. Shim et al. (2005) assimilated formaldehyde observations
from the GOME using a global Bayesian inversion to constrain isoprene emissions. Although China
was included within their East Asia region, the analysis lacked region-specific focus and did not
provide detailed characterization of emission patterns over China, and the coarse spatial resolution (4°
× 5°) in that study further limited the ability to resolve subregional emission features. Stavrakou et al. (2016)
conducted a regional inversion in Eastern China using multi-year satellite formaldehyde data from
GOME and OMI to constrain VOC emissions during the post-harvest burning period, and they indicated
that the crop burning fluxes of VOCs in June exceeded by a factor of two the combined emissions from
other anthropogenic activities in the NCP region from 2005 to 2012. Cao et al. (2018) conducted a
relatively systematic satellite-based emission inversion study over China, using a 4DVar method and
assimilating OMI and GOME-2A formaldehyde products to estimate monthly NMVOC emissions
in 2007, though the spatial resolution (4° × 5°) was still too coarse. Choi et al. (2022) applied a
4DVar system to assimilate TROPOMI formaldehyde over East Asia, demonstrating the capability
of high-resolution satellite data to capture regional and seasonal variability in VOC emissions, but
the analysis was conducted only for May-June. Beyond China, a number of important studies have
advanced top-down VOC inversion methodologies: Palmer et al. (2003) pioneered the use of GOME
formaldehyde observations in a Bayesian framework to constrain global isoprene emissions, laying
the foundation for subsequent satellite-based VOC studies; Wells et al. (2020, 2022) further advanced
this field by retrieving isoprene emissions from CrIS measurements and providing high-resolution
constraints on VOC oxidation chemistry at the global scale; and Oomen et al. (2024) derived weekly
top-down VOC fluxes over Europe from TROPOMI formaldehyde data using the MAGRITTEv1.1
model, providing improved constraints on isoprene, biomass burning, and anthropogenic VOC emissions.
Considering the increasingly stringent air pollution control in China (Wu et al., 2024), there is an
urgent need for high-resolution top-down NMVOC emission optimization.

Top-down approaches, mainly assimilation techniques, with satellite formaldehyde columns have
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become the primary method for constraining NMVOC emissions. Palmer et al. (2003) pioneered
to apply a Bayesian inversion framework with GOME formaldehyde observations for constraining
isoprene emissions over North America. The approach was subsequently extended to global and
European domains by Shim et al. (2005) and Dufour et al. (2009), respectively. With the availability of
OMI and GOME-2 formaldehyde products, inversion algorithms were further refined. Stavrakou et al.
(2009b) first introduced an adjoint-based inversion to optimize biogenic emissions and, in a companion
study the same year, revealed substantial underestimation of continental glyoxal sources worldwide
(Stavrakou et al., 2009a). Concurrently, Millet et al. (2008) used OMI formaldehyde and identified
the underestimated isoprene emissions over the north-central United States, while Zhu et al. (2014)
reported that anthropogenic emissions of highly reactive VOCs (HRVOCs) in the Houston area were
underestimated by a factor of 4.8 ± 2.7 compared to the US Environmental Protection Agency inventory.
Formaldehyde product with much higher spatial resolution were then available since the launch of
TROPOMI and OMPS, and made the city-scale emission optimizations possible (González Abad
et al., 2016; De Smedt et al., 2018, 2021). In recent years, studies leveraging these new-generation
instruments have proliferated. Choi et al. (2022) assimilated OMPS and OMI observations into an
updated 4DVar system for East Asia during May–June 2016. Their inversion revealed a 47% increase in
VOC emissions across Northeast Asia relative to the prior inventory, indicating that isoprene emissions
over South Korea and anthropogenic NMVOC emissions over eastern China were underestimated in the
bottom-up inventory. Oomen et al. (2024) used weekly-averaged TROPOMI formaldehyde observations
from 2018–2021 with the MAGRITTEv1.1 adjoint model to derive top-down biogenic, pyrogenic, and
anthropogenic VOC fluxes over Europe, substantially correcting previous underestimates of isoprene
emissions. Feng et al. (2024) applied an Ensemble Kalman Filter (EnKF) approach to optimize August
2022 NMVOC emissions over China, revealing overestimation of biogenic emissions during an extreme
heatwave and demonstrating consequential impacts on summertime ozone simulations. The advent
of geostationary satellites (e.g., GEMS, TEMPO) with high-frequency observations has enabled the
incorporation of diurnal cycle information into algorithm frameworks, making daily-scale top-down
emission optimization feasible (Kwon et al., 2019, 2021). Meanwhile, multi-species constraint is
gaining traction; Opacka et al. (2025) developed a novel inversion technique that simultaneously
optimizes monthly-mean VOCs and NOx emissions from 2019 TROPOMI observations, uncovering
severe underestimation of both NOx and VOCs in prior inventories over Africa.

Although substantial progress has been made globally in satellite-based top-down constraints on
NMVOC emissions, high-resolution top-down emission optimization studies specifically over China
remain relatively scarce in recent years. Shim et al. (2005) first used GOME formaldehyde observations
in a global Bayesian inversion framework to constrain isoprene emissions. While their domain
encompassed East Asia including China, the study lacked a dedicated focus on China and was limited
by coarse model resolution (4° × 5°). Stavrakou et al. (2016) performed a regional inversion over
eastern China using multi-year GOME and OMI formaldehyde columns, revealing that post-harvest
agricultural burning in June contributed more than twice the VOC emissions of all other anthropogenic
sources combined over the North China Plain during 2005–2012. Cao et al. (2018) conducted one of
the most systematic satellite-constrained inversions for China to date, applying a 4DVar assimilation
of OMI and GOME-2A formaldehyde products to estimate monthly NMVOC emissions in 2007, yet
the analysis was still constrained by the same coarse 4° × 5° resolution. Choi et al. (2022) assimilated
OMPS and OMI formaldehyde columns into a regional 4DVar system over East Asia but only for
May–June; similarly, the top-down optimization of Chinese NMVOC emissions by Feng et al. (2024)
was limited to a single month (August 2022). Given the increasingly stringent air pollution control
policies in China (Wu et al., 2024), there is an urgent need for high spatial- and temporal-resolution
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top-down NMVOC emission optimization to support more accurate air quality forecasting and effective
regulatory strategies. In terms of the observation sources for assimilation, the OMI formaldehyde
product remains one of the most widely used datasets in related studies to date. However, it has been
affected globally by the persistent row anomaly since 2007 Kroon et al. (2011); Zhu et al. (2017),
which degrades data quality in certain across-track positions and may reduce assimilation accuracy,
particularly in high-resolution configurations. Although rigorous quality filtering and row anomaly
flagging can mitigate this problem, the number of valid grid cells remaining after such screening is often
severely limited, rendering OMI data insufficient for nationwide high-resolution emission inversion. In
contrast, newer-generation instruments such as TROPOMI and OMPS provide formaldehyde products
that are unaffected by the row anomaly, offer significantly higher spatial resolution and better data
coverage (Section 2.3.3), and are therefore considerably more suitable for high-resolution top-down
optimization of NMVOC emissions over China.

In terms of the assimilation observation sources, OMI product now remains as one of the most widely
used formaldehyde products in related studies. However, the retrievals over China are reported to
suffer from the so-called "row anomaly" issue (González Abad et al., 2015), which may reduce the
assimilation accuracy especially in the high-resolution configuration. To ensure the quality of OMI
data, rigorous filtering is usually required; however, the number of valid grid cells remaining after
such screening is severely limited, making it insufficient for high-resolution assimilation. In contrast,
the TROPOMI and OMPS formaldehyde products do not suffer from this issue and are therefore more
suitable for high-resolution emission optimization at the national scale. Subsequently, the monthly
NMVOC emission optimization in China is conducted. This is achieved by independently assimilating
formaldehyde observations either from OMPS or from TROPOMI, based on the emission inversion
system that couples the four-dimensional ensemble variational (4DEnVar) data assimilation algorithm
and GEOS-Chem model. The effectiveness of this emission inversion system has been evaluated in
our recent studies (Jin et al., 2023; Jin et al., 2025). In this study, we focus on the year 2020 for the
main analysis, while results for 2019 are also presented in the Supplementary Information to provide
additional context and support.

In this study, we conduct monthly optimization of anthropogenic NMVOC emissions over China at 0.5°
latitude × 0.625° longitude horizontal resolution. It is achieved based on an emission inversion system
that couples the four-dimensional ensemble variational (4DEnVar) data assimilation algorithm with
the nested version of the GEOS-Chem model. The effectiveness of this emission inversion system has
been evaluated in our recent studies of ammonia (Jin et al., 2023; Xia et al., 2025). Two independent
assimilation experiments are performed: one assimilating OMPS total formaldehyde columns and the
other assimilating TROPOMI tropospheric formaldehyde columns. In both cases, the satellite retrievals
have been harmonized with the model by replacing the original shape profiles with GEOS-Chem
profiles before assimilation. We focus on the year 2020 for the main analysis, while results for 2019 are
also presented in the Supplementary Information to provide additional context and support. This paper
is organized as follows: Section 2 describes the dataset and methodology, focusing on GEOS-Chem
model, input emission sources (anthropogenic, biogenic, and biomass burning), and the satellite and
ground-based observations utilized. Section 3 provides an analysis of the assimilation results, including
the estimation of posterior NMVOC emissions and the validation of both formaldehyde columns and
ground-level ozone simulations. Section 4 summarizes the key findings and concludes the study.
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