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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.
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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 �rst 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 of10� 4–10� 3), rendering the retrieval
highly susceptible to �tting residuals from stronger absorbers, uncertainties in absolute radiometric
calibration, and spectral features in surface re�ectivity (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 ampli�ed, 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 exempli�ed 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.

Comparedwith formaldehyderetrieval, satellite remotesensingof glyoxal beganmuch later and
remainsconsiderablymore challenging. Shim et al. (2005)assimilatedformaldehydeobservations
from theGOME usinga globalBayesianinversionto constrainisopreneemissions.AlthoughChina
was includedwithin their EastAsia region, the analysislackedregion-speci�c focus and did not
providedetailedcharacterizationof emissionpatternsoverChina,andthecoarsespatialresolution(4°
� 5°) in thatstudyfurtherlimited theability to resolvesubregionalemissionfeatures.Stavrakou et al. (2016)
conducteda regionalinversionin EasternChinausingmulti-yearsatelliteformaldehydedatafrom
GOMEandOMI toconstrainVOCemissionsduringthepost-harvestburningperiod,andtheyindicated
thatthecropburning�uxes of VOCsin Juneexceededby afactorof two thecombinedemissionsfrom
otheranthropogenicactivitiesin the NCP regionfrom 2005to 2012. Cao et al. (2018)conducteda
relativelysystematicsatellite-basedemissioninversionstudyoverChina,usinga 4DVar methodand
assimilatingOMI and GOME-2A formaldehydeproductsto estimatemonthly NMVOC emissions
in 2007, thoughthe spatial resolution(4° � 5°) was still too coarse. Choi et al. (2022)applieda
4DVar systemto assimilateTROPOMI formaldehydeover EastAsia, demonstratingthe capability
of high-resolutionsatellitedatato captureregionalandseasonalvariability in VOC emissions,but
the analysiswasconductedonly for May-June.BeyondChina,a numberof importantstudieshave
advancedtop-downVOC inversionmethodologies:Palmer et al. (2003)pioneeredtheuseof GOME
formaldehydeobservationsin a Bayesianframeworkto constrainglobal isopreneemissions,laying
thefoundationfor subsequentsatellite-basedVOC studies;Wells et al. (2020, 2022)furtheradvanced
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this �eld by retrieving isopreneemissionsfrom CrIS measurementsand providing high-resolution
constraintson VOC oxidationchemistryat theglobalscale;andOomen et al. (2024)derivedweekly
top-downVOC �uxes over Europefrom TROPOMI formaldehydedatausing the MAGRITTEv1.1
model,providingimprovedconstraintsonisoprene,biomassburning,andanthropogenicVOCemissions.
Consideringthe increasinglystringentair pollution control in China (Wu et al., 2024),there is an
urgentneedfor high-resolutiontop-downNMVOC emissionoptimization.

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 re�ned. Stavrakou et al.
(2009b) �rst 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 identi�ed
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 �uxes 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 speci�cally over China
remain relatively scarce in recent years. Shim et al. (2005) �rst 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 con�gurations. Although rigorous quality �ltering and row anomaly
�agging can mitigate this problem, the number of valid grid cells remaining after such screening is often
severely limited, rendering OMI data insuf�cient 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 signi�cantly 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 termsof theassimilationobservationsources,OMI productnowremainsasoneof themostwidely
usedformaldehydeproductsin relatedstudies. However,the retrievalsover Chinaare reportedto
suffer from the so-called"row anomaly"issue(González Abad et al., 2015),which may reducethe
assimilationaccuracyespeciallyin the high-resolutioncon�guration. To ensurethe quality of OMI
data,rigorous�ltering is usually required;however,the numberof valid grid cells remainingafter
suchscreeningis severelylimited, makingit insuf�cient for high-resolutionassimilation.In contrast,
theTROPOMIandOMPSformaldehydeproductsdonotsufferfrom this issueandarethereforemore
suitablefor high-resolutionemissionoptimizationat the nationalscale. Subsequently,the monthly
NMVOC emissionoptimizationin Chinais conducted.Thisis achievedby independentlyassimilating
formaldehydeobservationseitherfrom OMPSor from TROPOMI,basedon the emissioninversion
systemthatcouplesthefour-dimensionalensemblevariational(4DEnVar)dataassimilationalgorithm
andGEOS-Chemmodel. The effectivenessof this emissioninversionsystemhasbeenevaluatedin
our recentstudies(Jin et al., 2023; Jin et al., 2025).In this study,we focuson the year2020for the
mainanalysis,while resultsfor 2019arealsopresentedin theSupplementaryInformationto provide
additionalcontextandsupport.

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 pro�les with GEOS-Chem
pro�les 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 �ndings 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 pro�les 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 clari�cation 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-Chemmodeloutputsbothtotal andtroposphericformaldehyde
columnconcentrations,enablingcomparisonwith OMPStotalcolumndataandTROPOMIformaldehyde
columnmeasurementsaswill beintroducedlater.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 �ags 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.TheTROPOMIproduct
providesvertical informationon 34 layers,but the retrieval is primarily sensitiveto the troposphere
andthusreportsthe formaldehydetroposphericcolumn.The operational TROPOMI HCHO Level-2
product provides tropospheric vertical columns together with averaging kernels and a priori pro�les
de�ned 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 pro�le.in February(a.1-d.1),May (a.2-d.2),
August(a.3-d.3),andNovember(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 pro�le.in February(a.1-d.1),May (a.2-d.2),
August(a.3-d.3),andNovember(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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