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Abstract. We used the GEOS-Chem model and its adjoint

to quantify Chinese non-methane volatile organic compound

(NMVOC) emissions for the year 2007, using the tropo-

spheric column concentrations of formaldehyde and glyoxal

observed by the Global Ozone Monitoring Experiment 2A

(GOME-2A) instrument and the Ozone Monitoring Instru-

ment (OMI) as quantitative constraints. We conducted a se-

ries of inversion experiments using different combinations

of satellite observations to explore their impacts on the top-

down emission estimates. Our top-down estimates for Chi-

nese annual total NMVOC emissions were 30.7 to 49.5 (av-

erage 41.9) Tg yr−1, including 16.4 to 23.6 (average 20.2)

Tg yr−1 from anthropogenic sources, 12.2 to 22.8 (average

19.2) Tg yr−1 from biogenic sources, and 2.08 to 3.13 (av-

erage 2.48) Tg yr−1 from biomass burning. In comparison,

the a priori estimate for Chinese annual total NMVOC emis-

sions was 38.3 Tg yr−1, including 18.8 Tg yr−1 from anthro-

pogenic sources, 17.3 Tg yr−1 from biogenic sources, and

2.27 Tg yr−1 from biomass burning. The simultaneous use

of glyoxal and formaldehyde observations helped distinguish

the NMVOC species from different sources and was essen-

tial in constraining anthropogenic emissions. Our four in-

version experiments consistently showed that the Chinese

anthropogenic emissions of NMVOC precursors of glyoxal

were larger than the a priori estimates. Our top-down es-

timates for Chinese annual emission of anthropogenic aro-

matics (benzene, toluene, and xylene) ranged from 5.5 to

7.9 Tg yr−1, 2 % to 46 % larger than the estimate of the a pri-

ori emission inventory (5.4 Tg yr−1). Three out of our four

inversion experiments indicated that the seasonal variation

in Chinese NMVOC emissions was significantly stronger

than indicated in the a priori inventory. Model simulations

driven by the average of our top-down NMVOC emission es-

timates (which had a stronger seasonal variation than the a

priori) showed that surface afternoon ozone concentrations

over eastern China increased by 1–8 ppb in June and de-

creased by 1–10 ppb in December relative to the simula-

tions using the a priori emissions and were in better agree-

ment with measurements. We concluded that the satellite ob-

servations of formaldehyde and glyoxal together provided

quantitative constraints on the emissions and source types of

NMVOCs over China and improved our understanding on

regional chemistry.
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1 Introduction

Non-methane volatile organic compounds (NMVOCs) are

emitted into the atmosphere from surface anthropogenic, bio-

genic, and biomass burning sources. NMVOCs are precur-

sors to tropospheric ozone and secondary organic aerosols,

both of which are climate forcers and major air pollutants.

NMVOCs also affect the oxidation capacity of the atmo-

sphere, which in turn changes the lifetimes of greenhouse

gases and other pollutants. It is thus crucial to quantify

NMVOC emissions in order to understand their impacts on

atmospheric chemistry and climate on both global and re-

gional scales. Here we used satellite observations and a

chemical transport model to constrain NMVOC emissions

from China and assessed their impacts on seasonal surface

ozone.

Emissions of trace species are traditionally estimated in a

“bottom-up” manner using activity data and emission factors,

but these bottom-up estimates are sometimes susceptible to

large uncertainties. This is especially true for NMVOC emis-

sions in developing countries such as China because (1) a

wide range of species, source activities, and technologies are

involved (Q. Zhang et al., 2009; Kurokawa et al., 2013; Li et

al., 2014; Qiu et al., 2014); (2) locally representative emis-

sion factors are often not measured (Wei et al., 2008; Zhao

et al., 2011); and (3) reliable activity data are often incom-

plete, particularly for small-scale industries, residential activ-

ities, and agricultural waste burning (Q. Zhang et al., 2009).

Bottom-up estimates for total annual Chinese NMVOC emis-

sions for the years 2005 to 2012 ranged from 31 to 57 Tg yr−1

(Guenther et al., 2006; Bo et al., 2008; Q. Zhang et al., 2009;

van der Werf et al., 2010, 2017; Cao et al., 2011; Huang et

al., 2012; Kurokawa et al., 2013; Li et al., 2014; Stavrakou

et al., 2014; Sindelarova et al., 2014; Wu et al., 2016; Huang

et al., 2017; Granier et al., 2017). Such large uncertainties

in the emission estimates of Chinese NMVOCs have led to

great difficulty in evaluating their impacts on regional chem-

istry (Han et al., 2013; Wang et al., 2014).

A complementary, “top-down” approach for quantify-

ing emissions uses observations of the targeted species or

its chemical derivatives, combined with a chemical trans-

port model acting as a transfer function, to invert for the

fluxes of the targeted species. In particular, tropospheric col-

umn concentrations of formaldehyde, retrieved from satel-

lite UV-backscatter measurements, have been used to con-

strain NMVOC emissions. Formaldehyde is produced at high

yields during the oxidation of many NMVOC species (Mil-

let et al., 2006) and also emitted directly from anthropogenic

and biomass burning activities (Akagi et al., 2011; Li et al.,

2017). Early inversions of satellite-observed formaldehyde

columns mostly focused on areas where the local NMVOC

fluxes were dominated by biogenic sources during the grow-

ing season and in the absence of substantial biomass burning,

such as the southeast US (Palmer et al., 2003, 2006; Millet

et al., 2006, 2008), Europe (Dufour et al., 2009; Curci et al.,

2010), the Amazon (Barkley et al., 2008, 2009, 2013), and

Africa (Marais et al., 2012, 2014a). These studies showed

that the observed local enhancements of formaldehyde col-

umn concentrations can be used to quantitatively constrain

local biogenic NMVOC fluxes.

In other areas, the NMVOC emissions from various

sources may be comparable in magnitudes. Several studies

constrained the NMVOC emissions from multiple sources

over such areas by analyzing the spatiotemporal variability

in the observed formaldehyde columns (Shim et al., 2005;

Fu et al., 2007; Stavrakou et al., 2009b; Curci et al., 2010;

Gonzi et al., 2011; Marais et al., 2014b; Zhu et al., 2014).

Fu et al. (2007) analyzed the spatial and seasonal variation

in the formaldehyde column observations from the Global

Ozone Monitoring Experiment (GOME) over East and South

Asia. They showed that, during the early 2000s, Chinese

reactive NMVOC fluxes from biogenic, anthropogenic, and

biomass burning sources were 3, 1.2, and 8.8 times their re-

spective bottom-up estimates at that time. In particular, Fu et

al. (2007) found a large, annually recurring NMVOC source

over the North China Plain (NCP) in June, which they at-

tributed to crop residue burning after the local harvest of

winter wheat. However, these top-down studies using only

formaldehyde as constraints relied exclusively on bottom-

up activity statistics to differentiate between NMVOC source

types.

More recently, satellite measurements of tropospheric

glyoxal columns emerged as an additional constraint on

NMVOC emissions (Stavrakou et al., 2009a). Like formalde-

hyde, glyoxal is produced during the oxidation of many

NMVOCs (including most importantly isoprene), as well

as emitted directly from biomass burning (Fu et al., 2008;

Myriokefalitakis et al., 2008). In particular, glyoxal is pro-

duced at high yields at the initial ring-cleaving stage dur-

ing the oxidation of aromatics (Volkamer, 2001; Nishino et

al., 2010), which are mainly anthropogenic. In contrast, the

production of formaldehyde from the oxidation of aromat-

ics is further downstream and thus spatially diffuse (Volka-

mer, 2001). As such, simultaneous analyses of formaldehyde

and glyoxal observations can help differentiate between bio-

genic and anthropogenic NMVOC emissions. Stavrakou et

al. (2009a) pioneered a two-compound inversion using tropo-

spheric glyoxal and formaldehyde column observations from

the Scanning Imaging Absorption spectrometer for Atmo-

spheric CHartographY (SCIAMACHY) satellite instrument

to constrain the global sources of glyoxal. They estimated

that the anthropogenic NMVOC fluxes over East Asia for the

year 2005 were a factor of 2 to 3 larger than the bottom-up

estimates of the Emission Database for Global Atmospheric

Research (EDGAR, v3.3) inventory (Olivier et al., 2001,

2002) and the REanalysis TROpospheric (RETRO) emission

inventory (Schultz et al., 2007). In addition, they inferred a

large missing source of glyoxal over the global continents,

which they attributed to production from an unknown bio-

genic precursor.
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Over eastern China, Liu et al. (2012) showed that the gly-

oxal column concentrations observed by SCIAMACHY in

August 2007 were more than twice the simulated glyoxal

columns using the bottom-up emission inventory developed

by Q. Zhang et al. (2009). Over the Pearl River Delta (PRD)

area in southern China, the discrepancy was at least a fac-

tor of 3. They suggested that the missing glyoxal source

over eastern China was anthropogenic, on the basis that the

anomalous glyoxal columns observed by SCIAMACHY (rel-

ative to the glyoxal columns simulated by their model) were

spatially correlated with anthropogenic NOx emissions. They

estimated the Chinese anthropogenic aromatics emissions to

be 13.4 Tg yr−1, which was 6 times the 2.4 Tg yr−1 anthro-

pogenic aromatic flux estimated by Q. Zhang et al. (2009). In

contrast, Chan Miller et al. (2016) simulated the formalde-

hyde and glyoxal column concentrations over the PRD in

southern China for the years 2006 and 2007 using the same

inventory developed by Q. Zhang et al. (2009). They found

that their simulated formaldehyde columns were consistent

with the Ozone Monitoring Instrument (OMI) formaldehyde

observations, while their simulated glyoxal columns were

lower than OMI observations by only 40 %. They attributed

the high anthropogenic aromatics emission estimate by Liu et

al. (2012) in part to a regional high-bias in the SCIAMACHY

data, and in part to the lower glyoxal yields from aromatics

oxidation used in Liu et al. (2012).

One limitation in the use of satellite observations of

formaldehyde and glyoxal for constraining NMVOC sources

is their inherent uncertainty. Several studies have compared

GOME-2A and OMI formaldehyde column observations

against aircraft or ground-based measurements at a few lo-

cations around the world (De Smedt et al., 2015; Lee et

al., 2015; Wang et al., 2017; Zhu et al., 2016). Zhu et

al. (2016) compared the GOME-2A-observed formaldehyde

column concentrations over the southeast US in summer

2013 against aircraft measurements and found the satellite

measurements to be too low by a factor of approximately 1.7.

Chan Miller et al. (2017) found that glyoxal column con-

centrations observed by OMI were lower than the aircraft

measurements over the southeast US in summer 2013 by a

factor of 1.5. Wang et al. (2017) compared the bimonthly

mean GOME-2A and OMI formaldehyde column concen-

trations retrieved by De Smedt et al. (2012, 2015) against

ground-based multi-axis differential optical absorption spec-

troscopy (MAX-DOAS) measurements at a rural site in east-

ern China. They found that both satellite retrievals were sys-

tematically lower than the ground-based measurements by

approximately 20 %. These studies highlighted the potential

impacts on top-down NMVOC emission estimates due to un-

certainty associated with satellite retrievals.

In this study, we used satellite retrievals of both formalde-

hyde and glyoxal, along with a chemical transport model and

its adjoint, to constrain NMVOC emissions from China for

the year 2007. We conducted sensitivity experiments to eval-

uate the impacts on the top-down estimates due to different

satellite observations, with the goal of bracketing a probable

range of top-down estimates. Finally, we examined the im-

pacts of our top-down NMVOC emission estimates on sur-

face air quality over China.

2 Model and data

2.1 The GEOS-Chem model and its adjoint

We updated the GEOS-Chem global 3-D chemical transport

model (version 8.2.1) to simulate the emission, transport,

chemistry, and deposition of NMVOCs, as well as the re-

sulting formaldehyde and glyoxal column concentrations for

the year 2007. The use of an older version of the GEOS-

Chem forward model was necessary because, at the time of

our study, the GEOS-Chem adjoint (version 34) was based on

this older version. However, we updated the NMVOC chem-

ical schemes (described below) and corrected several model

errors in both our forward model and its adjoint by following

the progress of the forward model up to version 10.1. GEOS-

Chem was driven by the assimilated meteorological data

from the NASA Goddard Earth Observing System (GEOS-

5) (Bey et al., 2001). To drive our simulations, the horizontal

resolution of GEOS-5 data was downgraded from its native

2/3◦ longitude × 1/2◦ latitude to 5◦ longitude × 4◦ latitude.

The number of vertical levels was reduced from 72 to 47 by

merging layers in the stratosphere. The lower 2 km of the

atmosphere was resolved by 14 levels. The temporal resolu-

tion of GEOS-5 data into GEOS-Chem is 3 h for atmospheric

variables and 1 h for surface variables.

We updated the dicarbonyl chemical mechanism in GEOS-

Chem developed by Fu et al. (2008), which in turn was origi-

nally adapted from the Master Chemical Mechanism (MCM)

version 3.1 (Jenkin et al., 1997; Saunders et al., 2003). Ta-

ble S1 in the Supplement lists the yields of formaldehyde

and glyoxal from the OH oxidation of NMVOC precursors

in our updated chemical mechanism. The lumped NMVOC

precursors of formaldehyde in our mechanism included

ethane, propane, ≥C4 alkanes, ethene, ≥C3 alkenes, ben-

zene, toluene, xylenes, isoprene, monoterpenes, acetone, hy-

droxyacetone, methylgloxal, glycolaldehyde, acetaldehyde,

2-methyl-3-bute-nol, methyl ethyl ketone, methanol, and

ethanol (lumped into ≥C4 alkanes). The lumped NMVOC

precursors of glyoxal in our mechanism included ethene,

ethyne, benzene, toluene, xylenes, isoprene, monoterpenes,

glycolaldehyde, and 2-methyl-3-bute-2-nol (MBO). Here-

inafter we focused our discussion on these NMVOC precur-

sors only, as their emissions may be constrained by formalde-

hyde and glyoxal observations.

The OH oxidation of isoprene is a major source of both

formaldehyde and glyoxal over China (Fu et al., 2007, 2008;

Myriokefalitakis et al., 2008). We replaced the isoprene pho-

tochemical scheme with that used in GEOS-Chem v10.1,

which included updates from Paulot et al. (2009a, b) and
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Mao et al. (2013). In this updated scheme, oxidation of iso-

prene by OH under high-NOx conditions produces formalde-

hyde and glyoxal at yields of 0.436 molecules per carbon

and 0.0255 molecules per carbon, respectively (Table S1),

mainly via the RO2 + NO pathways. Under low-NOx con-

ditions, oxidation of isoprene by OH produces formalde-

hyde and glyoxal at yields of 0.38 molecules per carbon and

0.073 molecules per carbon, respectively (Table S1), via both

RO2 + HO2 and RO2 isomerization reactions. Li et al. (2016)

implemented this same isoprene photochemical scheme in a

box model and compared the productions of formaldehyde

and glyoxal from isoprene oxidation with those in the MCM

version 3.3.1 (Jenkin et al., 2015). They showed that the pro-

duction pathways and yields of formaldehyde and glyoxal

were similar in the two schemes under the high-NOx condi-

tions typical of eastern China.

We updated the molar yields of glyoxal from the OH oxi-

dations of benzene (33.3 %), toluene (26.2 %), and xylenes

(21.0 %) following the latest literature (Arey et al., 2009;

Nishino et al., 2010). These new molar yields were higher

than those used in Fu et al. (2008) (which were based on av-

eraged yields in the literature: 25.2 % for benzene, 16.2 %

for toluene, and 15.6 % for xylenes) but still lower than those

used by Chan Miller et al. (2016) (75 % for benzene, 70 %

for toluene, and 36 % for xylenes), which were taken from

the aromatic chemical scheme in MCM version 3.2 (Jenkin

et al., 2003; Bloss et al., 2005). In MCM version 3.2, more

than half of the glyoxal from aromatics oxidation was pro-

duced during second- and later-generation photochemistry,

but such productions are with limited experimental support

and uncertain (Bloss et al., 2005).

Formaldehyde and glyoxal in the GEOS-Chem model

were both removed by photolysis, as well as dry and wet de-

position (Fu et al., 2008). We updated the Henry’s law con-

stant for glyoxal from 3.6 × 105 × exp[7.2 × 103 × (1/T −

1/298)] (Fu et al., 2008) to 4.19×105×exp[(62.2×103/R)×

(1/T − 1/298)] (Ip et al., 2009) and added the dry depo-

sition of formaldehyde, glyoxal, methylglyoxal, and glyco-

laldehyde on leaves (Mao et al., 2013). In addition, we as-

sumed that glyoxal was reactively taken up by wet aerosols

and cloud droplets with an uptake coefficient γ = 2.9×10−3

(Liggio et al., 2005; Fu et al., 2008). All other physical and

chemical processes in our forward model were as described

in Fu et al. (2008).

For the forward model described above, we developed the

adjoint by modifying the standard GEOS-Chem adjoint (ver-

sion 34) (Henze et al., 2007). We used the Kinetic PreProces-

sor (KPP) (Daescu et al., 2003; Sandu et al., 2003) to con-

struct the adjoint of the updated photochemical mechanism.

Adjoint algorithms were updated to include the emission and

deposition processes of formaldehyde and glyoxal precur-

sors. The aqueous uptake rate of glyoxal by wet aerosols was

a function of the ambient glyoxal concentration and the to-

tal wet aerosol surface area (Fu et al., 2008). We linearized

this uptake process in the backward integrations by using the

archived wet aerosol surface areas from the forward simula-

tions.

We verified the adjoint model mathematically in two ways.

Firstly, we used the adjoint model to calculate the sensitivi-

ties of global glyoxal and formaldehyde burdens to biogenic

isoprene and anthropogenic xylene emissions, respectively,

and found that the results reproduced the calculated sensi-

tivities from the forward model (Fig. S1 in the Supplement).

Secondly, we used a set of bottom-up NMVOC emission in-

ventories (Sect. 2.2) to drive the forward model and took the

resulting global tropospheric formaldehyde and glyoxal col-

umn concentrations as pseudo observations. We then used the

pseudo observations of formaldehyde and glyoxal to success-

fully optimize back to the bottom-up NMVOC emission esti-

mates over high-emission areas from an initial guess that was

5 times larger (Fig. S2). These experiments demonstrated the

usefulness of the adjoint model for the inversion of NMVOC

emissions.

2.2 A priori emission estimates of Chinese NMVOCs

As a starting point for our inversion, we compiled the a priori

Chinese NMVOC emission estimates from recent bottom-up

emission inventories. Table 1 summarizes the annual total of

these a priori emission estimates and their associated uncer-

tainties.

The a priori biogenic NMVOC emissions from China

and from the rest of the world were calculated with the

MEGAN v2.0 algorithm (Guenther et al., 2006) and depen-

dent on temperature, shortwave radiation, and monthly mean

leaf area index. Previous top-down studies suggested that

MEGAN overestimates global biogenic methanol by a fac-

tor of 2 to 3 (Stavrakou et al., 2011; Wells et al., 2012). We

scaled our global biogenic methanol emissions to the value

(100 Tg yr−1) reported by Stavrakou et al. (2011) to be the

a priori in this study. The contributions of Chinese biogenic

ethanol to formaldehyde are expected to be low due to its

small emissions (Guenther et al., 2012); thus the Chinese bio-

genic ethanol emissions were neglected in this study. The re-

sulting annual total biogenic NMVOC emissions over China

for the year 2007 were 17.3 Tg yr−1, including 7.5 Tg yr−1

of isoprene, 4.6 Tg yr−1 of methanol, and 5.2 Tg yr−1 of

other species (including monoterpenes, ethene, acetone, ≥C3

alkenes, and MBO). Previous estimates of Chinese biogenic

isoprene emissions ranged from 5.8 to 9.9 Tg yr−1 (Guenther

et al., 2006; Sindelarova et al., 2014; Stavrakou et al., 2014,

2015, 2017). Based on this range, we estimated the uncer-

tainty of the a priori biogenic emissions over China to be

±55 %.

The a priori emissions for Chinese anthropogenic

NMVOCs were from the Multi-resolution Emission Inven-

tory for China inventory (MEIC, http://meicmodel.org, last

access: December, 2014) (Li et al., 2014, 2017), which was

developed at 0.25◦ × 0.25◦ resolution for the year 2010.

The MEIC inventory, including emissions from industry,

Atmos. Chem. Phys., 18, 15017–15046, 2018 www.atmos-chem-phys.net/18/15017/2018/
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Table 1. Inversion experiments to constrain Chinese NMVOC emissions.

Observational constraints Annual Chinese NMVOC emission estimates (Tg yr−1)

Inversion

experiments

from satellites

(± uncertainties)

Anthropogenic Biogenic Biomass

burning

Total

A priori emission estimates (uncertainty)

18.8 (5.4 for

aromatics)a

(factor of 2

uncertainty)

17.3 (7.5 for

isoprene)b

(±55 %

uncertainty)

2.27 (factor

of 3

uncertainty)c

38.3

A posteriori emission estimates (range of estimates)

IE-1 GOME-2A formaldehyde

(±90 %) and glyoxal

(±150 %)

17.8 (5.8 for

aromatics)

20.0 (9.8 for

isoprene)

2.27 40.1

IE-2 OMI formaldehyde

(±90 %) and glyoxal

(±150 %)

16.4 (5.5 for

aromatics)

12.2 (5.4 for

isoprene)

2.08 30.7

IE-3 GOME-2A formaldehyde

× 170 % (±90 %)

23.6 (6.6 for

aromatics)

22.8 (11.3 for

isoprene)

3.13 49.5

IE-4 OMI glyoxal (±150 %) 23.0 (7.9 for

aromatics)

21.6 (11.7 for

isoprene)

2.43 47.0

Average top-down

estimates

20.2 (6.5 for

aromatics)

19.2 (9.6 for

isoprene)

2.48 41.9

a From Li et al. (2017). b From Guenther et al. (2006). c Compiled from the emissions estimated by van der Werf et al. (2010) plus a scaling of the emissions

estimated by Huang et al. (2012). See text (Sect. 2.2) for details.

transportation, power generation, and residential activities,

was compiled using monthly Chinese provincial activity data

and a combination of Chinese and western emission factors.

The estimated Chinese annual anthropogenic emission of

NMVOCs was 18.8 Tg yr−1, including 63 % from industries,

26 % from residential activities, 10 % from transportation,

and 1 % from power generation. The estimated annual Chi-

nese anthropogenic emission of aromatics was 5.4 Tg yr−1,

including 73 % from industries, 15 % from residential

activities, 9 % from transportation, and 3 % from power

generation. Previous estimates of Chinese anthropogenic

NMVOC emissions for the years 2005 to 2012 ranged from

12.7 to 35.5 Tg yr−1, with aromatics emissions ranging from

2.4 to 13.4 Tg yr−1 (Bo et al., 2008; Q. Zhang et al., 2009;

Cao et al., 2011; Liu et al., 2012; Kurokawa et al., 2013; Li

et al., 2014, 2017; Stavrakou et al., 2015; Wu et al., 2016;

Huang et al., 2017; Granier et al., 2017). We therefore esti-

mated the uncertainty for the a priori Chinese anthropogenic

NMVOC emission estimates to be a factor of 2. As such, we

did not scale the MEIC Chinese NMVOC emissions to the

year 2007 because the uncertainty in the emission estimates

was much larger than the differences in emissions between

the years 2007 and 2010 (Chinese anthropogenic NMVOC

emissions increased 14 % from 2006 to 2010 according

to Li et al., 2017). The spatial distribution of Chinese

anthropogenic NOx emissions was from the MEIC inventory

for the year 2010 (Li et al., 2017) but scaled to the year

2007 levels using top-down constraints from the GOME-2A

NO2 observations (Mijling et al., 2013). Anthropogenic

NMVOC emissions for the rest of Asia were from Li et

al. (2017) for the year 2010. Anthropogenic emissions for

Europe, the US, and the rest of the world were from the

European Monitoring and Evaluation Programme inventory

(Vestreng, 2003), the U.S. EPA 2005 National Emission

Inventory (https://www.epa.gov/air-emissions-inventories/

national-emissions-inventory-nei, last access: December,

2012), and the EDGAR inventory (version 2.0) (Olivier et

al., 1999), respectively, and scaled to the year 2007 using

CO2 emissions (van Donkelaar et al., 2008).

Post-harvest, in-field burning of crop residue has been rec-

ognized as a large seasonal source of NMVOCs in China (Fu

et al., 2007; Huang et al., 2012; Liu et al., 2015; Stavrakou

et al., 2016). These emissions from crop residue fires have

been severely underestimated in inventories based on burned

area observations from satellites, such as the Global Fire

Emissions Database version 3 (GFED3; van der Werf et

al., 2010). The recent Global Fire Emissions Database ver-

sion 4 (GFED4s; van der Werf et al., 2017) included small

fires by scaling burned area with satellite fire pixel obser-

vations, but the resulting Chinese NMVOC emission esti-
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mate from biomass burning (0.91 Tg yr−1) was still much

lower than the bottom-up inventory by Huang et al. (2012).

Huang et al. (2012) estimated the Chinese CO emission from

crop residue burning to be 4.0 Tg yr−1, based on MODIS

daily thermal anomalies, Chinese provincial burned biomass

data, and emission factors from Akagi et al. (2011). We

scaled this CO flux using speciated NMVOC emission fac-

tors from crop residue burning from the literature (Hays et

al., 2002; Akagi et al., 2011) and then multiplied the result-

ing NMVOC flux estimate by 2. The reason for doubling the

scaled NMVOC flux was that the emission factors for many

NMVOC species were not measured, such that the sum of

the speciated NMVOC emission factors was only half of the

total NMVOC emission factor (Akagi et al., 2011). This dif-

ference may partially explain why the formaldehyde inver-

sion study by Stavrakou et al. (2016) found that Huang et

al. (2012) underestimated the NMVOC fluxes from crop fires

over the NCP in June by at least a factor of 2.

Our resulting a priori estimate for annual Chinese

NMVOC emissions from biomass burning was 2.27 Tg yr−1,

including 1.80 Tg yr−1 from crop residue burning (obtained

by scaling Huang et al., 2012, as described above) and

0.47 Tg yr−1 from other types of biomass burning activities

from GFED3 (van der Werf et al., 2010). Previous estimates

of Chinese NMVOC emissions from biomass burning for the

years 2000 to 2012 ranged widely from 0.47 to 5.1 Tg yr−1

(Fu et al., 2007; van der Werf et al., 2010, 2017; Wiedinmyer

et al., 2011; Huang et al., 2012; Liu et al., 2015; Stavrakou

et al., 2015, 2016). We therefore estimated the uncertainty of

the a priori Chinese biomass burning NMVOC flux to be a

factor of 3. Biomass burning emissions from the rest of the

world were from GFED3 (van der Werf et al., 2010).

Figure 1a–d show the spatial distribution of the a priori

Chinese NMVOC emissions from biomass burning, anthro-

pogenic, biogenic, and total sources, respectively. Biomass

burning emissions were highest over the NCP and south-

west China, reflecting the strong emissions from crop residue

burning over the NCP in June and over southwest China

during February to April. Chinese anthropogenic and bio-

genic NMVOC sources were both stronger in the east than

in the west, reflecting the colocation of dense population and

vegetation in the east. The highest biogenic NMVOC emis-

sions were over southern China due to the combined mod-

ulation by vegetation densities, temperature, and sunlight.

Anthropogenic NMVOC fluxes exceeded 103 kg km−2 yr−1

throughout industrialized and densely populated eastern

China, with the highest fluxes over the NCP and around the

Yangtze River Delta area.

Figure 2 shows the seasonal variation in the a priori

Chinese NMVOC emissions. The a priori anthropogenic

NMVOC fluxes were larger during the cold months and

lower during the warm months, driven by the seasonal

strengths of industrial and residential activities (Li et al.,

2017). The a priori biogenic NMVOC fluxes showed the op-

posite seasonal pattern, with 65 % of the total annual flux

emitted in summer (June to August). The a priori biomass

burning NMVOC source was relatively small, except when it

peaked due to post-harvest burning over the NCP in June and

over southwest China in spring. As a result, the a priori Chi-

nese NMVOC emissions were predominantly anthropogenic

in winter but mainly biogenic in summer. During the transi-

tion seasons of spring and fall, the anthropogenic, biogenic,

and biomass burning contributions were comparable.

2.3 Formaldehyde and glyoxal column concentrations

observed by GOME-2A and OMI

We used the monthly mean tropospheric formaldehyde and

glyoxal column concentrations retrieved from the GOME-

2A instrument and the OMI for the year 2007 to constrain

Chinese NMVOC sources. The four sets of satellite retrievals

used in this study are briefly described below; further techni-

cal details are summarized in Table S2.

The native GOME-2A pixel vertical column densities

(VCDs) of formaldehyde and glyoxal were retrieved by De

Smedt et al. (2012) and Lerot et al. (2010), respectively. Pixel

slant column densities (SCDs) of formaldehyde and glyoxal

were retrieved in the 328.5–346 and 435–460 nm windows,

respectively, using the DOAS technique (Platt et al., 1979).

Previous glyoxal SCD retrievals often showed biases over

remote tropical oceans due to absorption from liquid water

(Wittrock et al., 2006; Vrekoussis et al., 2010). This bias

was corrected in Lerot et al. (2010) by explicitly accounting

for liquid water absorption during the DOAS fitting. Pixel

SCDs were then converted into VCDs using air mass factors

(AMFs), which were calculated using the linearized discrete

ordinate radiative transfer (LIDORT) model (Spurr, 2008)

and trace gas profiles simulated by the IMAGES v2 model

(Stavrakou et al., 2009b). The native pixel VCDs were grid-

ded to daily means at 0.25◦ × 0.25◦ resolution (De Smedt et

al., 2012; Lerot et al., 2010). We further averaged the daily

means to monthly means at 5◦ longitude × 4◦ latitude resolu-

tion. The retrieval errors of the spatially and temporally av-

eraged VCDs were estimated to be 30 %–40 % for formalde-

hyde and 40 % for glyoxal due to a combination of errors

associated with the SCD retrievals, the reference sector cor-

rection, the a priori profile, and the AMFs (De Smedt et al.,

2012; Lerot et al., 2010).

The OMI native pixel VCDs of formaldehyde and gly-

oxal were retrieved by González Abad et al. (2015) and

Chan Miller et al. (2014), respectively. Pixel SCDs were re-

trieved by directly fitting the absorption spectra in the 328.5–

356.5 nm (formaldehyde) and 435–461 nm (glyoxal) win-

dows (Chance, 1998; Chan Miller et al., 2014). Pixel SCDs

were then converted to VCDs using AMF calculated with a

linearized vector discrete ordinate radiative transfer model,

VLIDORT (Spurr, 2006), and trace gas profiles simulated

by the GEOS-Chem model (González Abad et al., 2015).

Liquid water absorption was also explicitly calculated for

the glyoxal retrieval (Chan Miller et al., 2014). The typ-
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Figure 1. Spatial distributions of annual NMVOC emissions from China. (a–d) The a priori annual NMVOC emission estimates from

(a) biomass burning, (b) anthropogenic, (c) biogenic, and (d) total sources. (e–h) The average of our four sets of top-down estimates of

annual NMVOC emissions. Annual Chinese total emission estimates are shown in the inset in units of Tg yr−1. The uncertainties of the

a priori emission estimates and the range of top-down emission estimates are shown in parentheses. (i–l) Scale factors for our averaged

top-down estimates relative to the a priori estimates.

ical uncertainties of OMI-observed pixel VCDs over pol-

luted areas were estimated to be 30 % to 45 % for formalde-

hyde and 100 % for glyoxal (González Abad et al., 2015;

Chan Miller et al., 2014). The native pixel VCDs were av-

eraged to monthly means at 5◦ longitude × 4◦ latitude reso-

lution. For glyoxal, we further removed VCDs with signal-

to-uncertainty ratios of less than 100 %. We assumed the re-

trieval uncertainty of monthly mean OMI formaldehyde and

glyoxal VCDs at 4◦ × 5◦ resolution to be 40 % and 100 %,

respectively.

To remove global systematic biases in the satellite obser-

vations, we aligned the observed monthly mean VCDs over

remote reference areas to those simulated by the GEOS-

Chem model (sampled at satellite overpass time) using the a

priori NMVOC emissions. The remote Pacific (140–160◦ W,

90◦ S–90◦ N) was chosen as the reference area for formalde-

hyde (Palmer et al., 2003, 2006; Fu et al., 2007; González

Abad et al., 2015). The Sahara desert (20–30◦ N, 10◦ W–

30◦ E), where the interference from liquid water absorp-

tion was minimal, was chosen as the reference area for gly-

oxal (Chan Miller et al., 2014). The justification for per-

forming the alignment was twofold. Firstly, the formalde-

hyde and glyoxal VCDs over these remote reference ar-

eas were small and well simulated by the model (Fu et al.,

2007; Chan Miller et al., 2014). The removed biases over

the remote areas were less than 20 % and 10 % of the typ-

ical formaldehyde (> 4 × 1015 molecule cm−2) and glyoxal

(> 2 × 1014 molecule cm−2) monthly mean VCDs observed

over eastern China, respectively. More importantly, our in-

version was performed over China only, assuming that the

a priori NMVOC emissions for the rest of the world were

unbiased. As will be seen in Sects. 3 and 4, the optimiza-

tion of NMVOC sources was predominantly driven by local

formaldehyde and glyoxal enhancements produced by rela-

tively short-lived NMVOCs.

2.4 Inversion experiments using the GEOS-Chem

adjoint

We used the GEOS-Chem model to perform Bayesian inver-

sions on Chinese NMVOC emissions, using satellite obser-

vations of formaldehyde and glyoxal over China and the a

priori emission estimates as constraints. The inversion mini-
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Figure 2. Estimates of monthly Chinese NMVOC emissions. For each month, the bars from left to right represent the a priori emission

estimates and the a posteriori emission estimates from IE-1, IE-2, IE-3, and IE-4. Color keys for NMVOC species are shown in the inset,

with the suffixes of “bb”, “an”, and “bg” indicating emissions from biomass burning, anthropogenic, and biogenic activities, respectively.

mized a cost function, J (x), over China (Rodgers, 2000).

J (x) = γ × (x − xa)S
−1
a (x − xa) (1)

+ (F(x) − y)S−1
o (F(x) − y)

The first and second terms on the right-hand side of Eq. (1)

represented the penalty error and the prediction error, respec-

tively. x, which we sought to optimize, was the vector of

scale factors (for each NMVOC species from each emission

sector and for each grid) applied to the a priori emissions. xa

was a unit vector applied to the a priori NMVOC emission es-

timates. y was the vector of satellite-observed monthly mean

VCDs of the targeted tracer (formaldehyde and/or glyoxal).

F(x) was the vector of VCDs of the targeted tracer sim-

ulated by the forward model F . So was the a priori emis-

sion error covariance matrix, which we assumed to be diag-

onal. The observation error covariance matrix in Eq. (1), So,

was difficult to quantify, as it included contributions not only

from the satellite retrieval but also from the model represen-

tation of chemistry and transport. Zhu et al. (2016) and Chan

Miller et al. (2017) compared vertical profiles of GEOS-

Chem-simulated formaldehyde and glyoxal over the south-

east US in summer against aircraft measurements. They re-

ported that the simulated formaldehyde mixing ratios showed

only a small bias (−3 % ±2 %) in the lower troposphere but

were lower than the observations by 41 % in the free tro-

posphere, likely due to insufficient deep convection in the

model (Zhu et al., 2016). The simulated glyoxal mixing ra-

tios were within 20 % of the observations in the mixed layer,

but they were too low in the upper troposphere by more than

a factor of 2, also likely due to insufficient model vertical

transport (Chan Miller et al., 2017). It should be noted that

these errors assessed by Zhu et al. (2016) and Chan Miller et

al. (2017) likely also included the errors associated with pre-

cursor emissions. Nevertheless, based on these assessments,

we estimated the model errors for formaldehyde and glyoxal

VCDs to be ±80 % and ±100 %, respectively. Adding these

estimated model errors in quadrature to the satellite retrieval

errors (Sect. 2.3), we estimated the observation error (So) of

formaldehyde and glyoxal to be about ±90 % and ±150 %,

respectively.

The optimization of Eq. (1) was dependent on the rela-

tive weighting of the penalty error (So) and the prediction
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error (So), which were often incompletely represented. In ad-

dition, we found that due to the mathematical formulation of

Eq. (1), the cost function J (x) was heavily weighted by grids

in which the a priori estimates were too high, such that the

optimization was less effective at increasing emissions where

the a priori emissions were too low. These issues were em-

pirically addressed in inversion studies by the introduction of

a regularization factor, γ , to adjust the relative weight of the

penalty error. Henze et al. (2009) used the L curve method

(Hansen, 1998) to find an optimal γ value, which minimized

the total cost function while balancing the prediction term

and the penalty term. We followed that methodology and

found a γ value of 0.01 for July, which we applied to all

warmer months (March to October). An optimized γ value

of 0.1 was found for January and applied to colder months.

Table 1 lists our inversion experiments. Figure S3 illus-

trates our protocol for the inversion experiments. We exper-

imented with four different sets of satellite retrievals as con-

straints, with the goal of bracketing the possible range of top-

down estimates for Chinese NMVOC emissions. The first

two experiments (IE-1 and IE-2) constrained emissions us-

ing the formaldehyde and glyoxal VCDs observations from

GOME-2A and OMI, respectively. Several studies showed

that GOME-2A formaldehyde VCDs may be low by a fac-

tor of 1.3 to 1.7 (Lee et al., 2015; Zhu et al., 2016; Wang

et al., 2017). As an upper bound constraint, we conducted

a third inversion experiment (IE-3) constrained by 1.7 times

the GOME-2A formaldehyde VCDs. We conducted a fourth

inversion experiment (IE-4) constrained by OMI glyoxal

VCDs alone to explore the impacts of glyoxal observations

on the inversions.

3 Comparison of simulations using the a priori

emissions against satellite observations and

ground-based measurements

We first compared the formaldehyde and glyoxal VCDs sim-

ulated by the model (sampled at satellite overpass times) us-

ing the a priori emissions against those observed by GOME-

2A and OMI, as well as against measurements at ground-

based sites (Table S3). Figures 3 and 4 show the monthly

mean formaldehyde VCDs observed by GOME-2A over

China in 2007. Observed formaldehyde VCDs over China

showed a distinct west-to-east gradient year-round, driven

by the higher vegetation and population densities in eastern

China. Observed formaldehyde VCDs were higher in sum-

mer than in winter due to a combination of stronger biogenic

emissions and photochemistry during the warmer months.

In spring, GOME-2A formaldehyde VCDs were high over

southwest China and Southeast Asia, reflecting the occur-

rence of seasonal biomass burning. The highest formalde-

hyde VCDs were observed over the NCP in June, likely be-

cause of the large emissions from in-field crop residue burn-

ing.

Figures 3 and 4 compare the simulated monthly mean

formaldehyde VCDs using the a priori emission against the

GOME-2A formaldehyde VCDs. Table S4 summarizes the

statistics of the comparison over eastern China. The a pri-

ori simulated formaldehyde VCDs generally reproduced the

observed seasonal contrast and spatial patterns over east-

ern China, with correlation coefficients (R) between 0.74

and 0.94 year-round, except in December (R = 0.51). The

a priori simulated formaldehyde VCDs were significantly

higher than the GOME-2A observations over eastern China

between late fall and winter (November, December, Jan-

uary, and February), with normalized mean biases (NMBs) of

13 % to 67 %, implying an overestimate of the anthropogenic

formaldehyde precursors in the a priori emission estimates.

The a priori simulated formaldehyde VCDs were lower than

the GOME-2A observations over eastern China during May

to July (NMB between −11 % to −6.4 %), implying an un-

derestimation of the emissions of formaldehyde precursors

in the a priori during May to July.

A few ground-based measurements of tropospheric

formaldehyde VCDs have been made in China using the

MAX-DOAS technique (Li et al., 2013; Vlemmix et al.,

2015; Wang et al., 2017); these measurements (sampled at

GOME-2A overpass time) are shown in Figs. 3, 4, S4, and

S5 and Table S3. In principle, these ground-based measure-

ments are not directly comparable to the satellite-observed

and model-simulated formaldehyde VCDs due to the coarse

spatial resolution of our analyses. Nevertheless, the MAX-

DOAS measurements showed that (1) formaldehyde VCDs

were higher during the warmer months relative to the colder

months, (2) formaldehyde VCDs over Wuxi (in central east-

ern China) were higher than those over Xianghe (in north-

ern China) and Back Garden (in southern China) for most

months, and (3) in June, the formaldehyde VCDs over Xi-

anghe were the highest among the three MAX-DOAS sites,

reflecting the strong emissions from biomass burning in the

NCP. Thus, the seasonal patterns shown in the measure-

ments were consistent with both the GOME-2A-observed

and model-simulated formaldehyde VCDs.

Figure S4 compares the GOME-2A and the model a pri-

ori formaldehyde VCDs in 2007 against the multiyear (dur-

ing the years 2010 to 2016) monthly mean formaldehyde

VCD measured by MAX-DOAS at Xianghe (a rural site

in the NCP) at GOME-2A overpass time (Vlemmix et al.,

2015). The GOME-2A formaldehyde VCDs were consistent

with the MAX-DOAS measurements in terms of the sea-

sonal variation (R = 0.95) but showed an annual mean bias

of −3.78 × 1015 molecules cm−2. The interannual variabil-

ity in the local formaldehyde VCDs (as represented by the

standard deviation of the MAX-DOAS measurements) was

relatively small and thus unlikely to be the sole driver for the

differences between the GOME-2A observations in 2007 and

the MAX-DOAS measurements during 2010 to 2016. The

seasonal variation in the model a priori formaldehyde VCDs

was less consistent with that of the MAX-DOAS measure-
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Figure 3. Monthly mean formaldehyde VCDs over China from January to June. For each month, the panels from left to right show

(a) formaldehyde VCDs observed by GOME-2A, (b) formaldehyde VCDs simulated by the model using a priori emission estimates, (c) the a

posteriori formaldehyde VCDs from IE-1, (d) GOME-2A formaldehyde VCDs scaled by a factor of 1.7, and (e) the a posteriori formaldehyde

VCDs from IE-3. All model results were sampled at GOME-2A overpass time. Also shown are ground-based MAX-DOAS measurements

at 09:30 LT at Xianghe (monthly mean, circles) and Wuxi (bimonthly mean, upward triangles).

ments (R = 0.81). Figure S4 also showed that, by multiply-

ing the GOME-2A formaldehyde VCD observations by 1.7,

the annual mean bias against the MAX-DOAS measurements

at Xianghe was reduced to −0.21 × 1015 molecules cm−2.

Figures 3 and 4 show that the differences between the satel-

lite and MAX-DOAS measurements were also reduced at

Wuxi when the GOME-2A formaldehyde VCDs were scaled

up by 1.7. These findings offered some support for using the

GOME-2A formaldehyde VCDs scaled by 1.7 as an upper-

bound constraint for Chinese NMVOC emissions.

Figures 5 and 6 compare the monthly mean glyoxal

VCDs observed by GOME-2A with those simulated by the

model using a priori emission estimates. Similar to the case

of formaldehyde, GOME-2A-observed glyoxal VCDs over

China were higher in the east than in the west and higher in

summer than in winter. High glyoxal VCDs were observed

over the NCP in June and over southwest China in spring, re-

flecting the strong seasonal biomass burning emissions. Dur-

ing winter (particularly in January), the GOME-2A glyoxal

VCDs show an enhancement over eastern China, which was

not apparent in the GOME-2A formaldehyde VCDs. This in-

dicated that the glyoxal VCDs were more reflective of an-

thropogenic sources than formaldehyde VCDs. The a pri-

ori simulated glyoxal VCDs were generally lower than the

GOME-2A glyoxal VCDs over eastern China year-round, es-

pecially during the warmer months (NMB between −52 %
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Figure 4. Same as Fig. 3 but for July to December. Also shown are ground-based MAX-DOAS measurements at 09:30 LT time at Back

Garden (July mean, inverted triangles).

and −59 % during May to September, Table S6). The only

exception was over the NCP in winter, when the a priori

simulated glyoxal VCDs were significantly higher than the

GOME-2A observations. This suggested an overestimation

of NMVOC sources over the NCP in winter and a substan-

tial underestimation of NMVOCs sources over eastern China

in summer, consistent with the constraints implied by the

GOME-2A formaldehyde observations. During the transition

months of April and October, when the anthropogenic and

biogenic contributions to carbonyl productions were presum-

ably more comparable, the simulated glyoxal VCDs were

lower than the GOME-2A observations, while the simulated

formaldehyde VCDs were higher than the GOME-2A ob-

servations (Figs. 3 and 4). This likely indicated that the a

priori inventory underestimated the emissions of NMVOC

species that preferentially produced glyoxal (e.g., aromatics,

ethyne, ethene, and glyoxal), while overestimating the emis-

sions of species that preferentially produced formaldehyde

(e.g., ≥ C4 alkanes, ≥ C3 alkenes, and formaldehyde) during

the transition months. Ground-based MAX-DOAS glyoxal

measurements at Back Garden (a rural site in southern China)

in July 2006 averaged 6.8(±5.2) × 1014 molecules cm−2 (Li

et al., 2013), higher than both the GOME-2A-observed and

simulated glyoxal VCDs. No other ground-based measure-

ments were available to provide spatial and seasonal infor-

mation.

Figures 7 and 8 compare the formaldehyde VCDs ob-

served by OMI with those simulated by the model using a

priori emission estimates. The spatial patterns and seasonal

variations in the formaldehyde VCDs observed by OMI were
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Figure 5. Monthly mean glyoxal VCDs over China from January to June. For each month, the panels from left to right show (a) glyoxal

VCDs observed by GOME-2A, (b) glyoxal VCDs simulated by the model using a priori emission estimates, (c) the a posteriori glyoxal

VCDs from IE-1, and (d) the a posteriori glyoxal VCDs from IE-3. All model results were sampled at GOME-2A overpass time.

similar to those observed by GOME-2A, with high formalde-

hyde over eastern China and during the warmer months.

However, the OMI observations were approximately 30 %

lower than the GOME-2A observations over eastern China

year-round. This difference may be due in part to the differ-

ent satellite overpass times, or it may be due to the inher-

ent biases between the GOME-2A and OMI formaldehyde

VCD retrievals (De Smedt et al., 2012; González Abad et al.,

2015). The a priori simulated formaldehyde VCDs (at OMI

overpass time) were higher than the OMI observations over

eastern China year-round (NMB between 22 % and 70 %, Ta-

ble S7), suggesting an overestimation of NMVOC emissions

year-round. The simulated formaldehyde VCDs at OMI over-

pass time were also lower than those at GOME-2A overpass

time by approximately 20 % in all seasons due to stronger

photolysis of formaldehyde in the afternoon in the model.

However, the MAX-DOAS measurements at three Chinese

sites all showed higher formaldehyde VCDs at the OMI over-

pass time than at the GOME-2A overpass time (Figs. 3, 4, 7,

8, and S5, and Table S3) (Li et al., 2013; Vlemmix et al.,
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Figure 6. Same as Fig. 5 but for July to December. Also shown are ground-based MAX-DOAS measurements at 09:30 LT at Back Garden

(July mean, inverted triangles).

2015; Wang et al., 2017). Figure S5 showed that the multi-

year monthly mean formaldehyde VCDs measured by MAX-

DOAS at Xianghe at OMI overpass time (Vlemmix et al.,

2015) were significantly higher than both the OMI observa-

tions and the model a priori formaldehyde VCDs.

Figures 9 and 10 show the monthly mean glyoxal VCDs

observed by OMI and those simulated by the model. Valid

OMI glyoxal observations were relatively sparse over China,

especially during the cold seasons. The seasonal and spatial

patterns of the glyoxal VCDs observed by OMI were gener-

ally consistent with those observed by GOME-2A over east-

ern China. However, the glyoxal VCDs observed by OMI

were consistently higher than those observed by GOME-2A,

except in January. MAX-DOAS measurements of glyoxal

at Back Garden in July 2006 were also higher in the after-

noon than in midmorning (Li et al., 2013). In contrast, the a

priori simulated glyoxal VCDs at OMI overpass time were

lower than those at GOME-2A overpass time. This discrep-

ancy among the glyoxal diurnal cycles represented by the

MAX-DOAS measurements and the model indicated an un-

certainty in the simulated local glyoxal budget. The a priori

simulated glyoxal VCDs were lower than the OMI observa-
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Figure 7. Monthly mean formaldehyde VCDs over China from January to June. For each month, the panels from left to right show

(a) formaldehyde VCDs observed by OMI, (b) formaldehyde VCDs simulated by the model using a priori emission estimates, (c) the

a posteriori formaldehyde VCDs from IE-2, and (d) the a posteriori formaldehyde VCDs from IE-4. All model results were sampled at

OMI overpass time. Also shown are ground-based MAX-DOAS measurements at 13:30 LT at Xianghe (monthly mean, circles) and Wuxi

(bimonthly mean, upward triangles).

tions throughout the year (NMB between −32 % and −66 %,

Table S8) and especially from March to October, indicating

an underestimation of NMVOC sources in the a priori year-

round.

It thus appeared that the constraints on Chinese NMVOC

emissions indicated by the OMI formaldehyde and glyoxal

observations were contradictory. Possible causes for this ap-

parent contradiction could be as follows. (1) The chemical

production and losses of formaldehyde and glyoxal at dif-

ferent times of the day were not accurately simulated by

the model, which would also explain why the MAX-DOAS

measurements of formaldehyde and glyoxal VCDs were both

higher in the afternoon than in the morning, while the model

showed an opposite diurnal contrast. (2) It is also possible

that there were different inherent biases in the OMI formalde-

hyde and glyoxal retrievals.
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Figure 8. Same as Fig. 7 but for July to December. Also shown are ground-based MAX-DOAS measurements at 13:30 LT at Back Garden

(July mean, inverted triangles).

4 Inversion experiments of Chinese NMVOC emissions

4.1 A posteriori formaldehyde and glyoxal VCDs from

inversion experiments

The qualitative analyses in Sect. 3 showed that the GOME-

2A and OMI retrievals of formaldehyde and glyoxal VCDs

provided disparate, and apparently contradictory, informa-

tion on seasonal Chinese NMVOC emissions. Therefore, our

four inversion experiments using different satellite observa-

tions as constraints represented the range of probable top-

down estimates given current satellite observations. Here we

first examined how the inversion experiments optimized the

a posteriori formaldehyde and glyoxal VCDs and the result-

ing effects on the top-down monthly Chinese NMVOC emis-

sion estimates. Figure S7 shows the changes in the normal-

ized cost functions over China in the four inversion experi-

ments. Relative to their respective initial cost function val-

ues, the optimized cost function values were reduced by 8 %

to 75 % for all four experiments. The unusually modest 8 %

reduction occurred in the optimization in IE-3 for April. In
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Figure 9. Monthly mean glyoxal VCDs over China from January to June. For each month, the panels from left to right show (a) glyoxal

VCDs observed by OMI, (b) glyoxal VCDs simulated by the model using a priori emission estimates, (c) the a posteriori glyoxal VCDs from

IE-2, and (d) the a posteriori glyoxal VCDs from IE-4. All model results were sampled at OMI overpass time.

that case, the initial cost function value was small; i.e., the a

priori formaldehyde VCDs were already in good agreement

with 1.7 times the GOME-2A formaldehyde VCDs (Fig. 3

and Table S5). Figure 2 shows the top-down monthly Chi-

nese NMVOC emission estimates from the four inversion ex-

periments and compares them against the a priori emission

estimates. Figure S6 compares the a priori and a posteriori

emission estimates for anthropogenic glyoxal precursors.

Figures 3 to 6 show the a posteriori simulated monthly

mean formaldehyde and glyoxal VCDs from the GOME-

2A formaldehyde and glyoxal inversion experiment (IE-1).

Overall, IE-1 greatly improved the agreement between the

a posteriori VCDs and the GOME-2A observations for both

formaldehyde (Table S4) and glyoxal (Table S6) over east-

ern China for most months. The optimization was especially

effective in optimizing the spatial pattern of the a posteriori

formaldehyde VCDs, such that the a posteriori R against the

GOME-2A formaldehyde VCDs exceeded 0.85 over eastern

China for all 12 months (Table S4). Relative to the a priori

VCDs, the a posteriori VCDs of formaldehyde and glyoxal
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Figure 10. Same as Fig. 9 but for July to December. Also shown are ground-based MAX-DOAS measurements at 13:30 LT at Back Garden

(July mean, inverted triangles).

both decreased over the NCP in winter and increased over

eastern China between May and September. During the tran-

sition months of April and October, the a posteriori formalde-

hyde VCDs decreased relative to the a priori, while the a

posteriori glyoxal VCDs increased relative to the a priori.

Figures 2 and S6 illustrated how these changes in a pos-

teriori formaldehyde and glyoxal VCDs affected the top-

down monthly NMVOC emission estimates. For IE-1, the

estimated emissions of all NMVOC species were reduced in

winter but enhanced between May and September. In April

and October, however, IE-1 decreased the total NMVOC

emissions while preferentially increasing the emissions of

anthropogenic glyoxal precursors.

Figures 7 to 10 show the a posteriori monthly mean

formaldehyde and glyoxal VCDs from the OMI formalde-

hyde and glyoxal inversion experiment (IE-2). IE-2 was

effective in reducing the a posteriori formaldehyde VCDs

over eastern China year-round to better agree with the OMI

formaldehyde observations (Table S7). However, IE-2 in-

creased the a posteriori glyoxal VCDs only slightly and was
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less effective in bringing agreement with the OMI glyoxal

observations (Table S8). Figure 2 shows that the a posteriori

NMVOC emission estimates from IE-2 were lower than the

a priori estimates for all months. This was due to a combi-

nation of factors at work in the inversion. The low formalde-

hyde observations from OMI in all months drove a large re-

duction in the emissions of NMVOCs that produced only

formaldehyde (≥C4 alkanes and ≥C3 alkenes from anthro-

pogenic activities, as well as primary formaldehyde from

biomass burning). At the same time, the relatively high gly-

oxal observations from OMI drove an increase in the emis-

sions of NMVOCs that produced mainly glyoxal (ethene,

ethyne, and aromatics from anthropogenic activities, as well

as primary glyoxal from biomass burning). For precursors

that produced large amounts of both formaldehyde and gly-

oxal (most importantly biogenic isoprene), the inversion re-

duced the top-down emissions as the formaldehyde obser-

vations had more weight in the cost function than the gly-

oxal observations due to the lower observational errors in the

formaldehyde VCDs. These findings showed the importance

of well-characterized retrievals with reliable error estimates

in inversion studies.

Figures 3 and 4 showed the a posteriori formaldehyde

VCDs from the inversion experiment IE-3, which was con-

strained by the GOME-2A-observed formaldehyde VCDs

scaled by a factor of 1.7. The a posteriori formaldehyde

VCDs in IE-3 increased further over eastern China during

the warmer months relative to IE-1, especially over the NCP

and central China in summer. In December and January, the

scaled-up GOME-2A observations over eastern China were

still lower than the simulated formaldehyde VCDs using the

a priori emissions, leading to a reduction in the a posteriori

formaldehyde VCDs over eastern China (Table S5). Figure 2

shows that the top-down monthly emission estimates for all

NMVOC species were lower than the a priori in November,

December, January, and February and higher than the a priori

for the warmer months. Consequently, although no observa-

tions of glyoxal were used as constraints in IE-3, the a pos-

teriori glyoxal VCDs also decreased in winter and increased

in summer, which was in better agreement with the GOME-

2A observations (Figs. 5 and 6). This is consistent with our

analyses in Sect. 3: the constraints exerted by the GOME-

2A formaldehyde and glyoxal observations were consistent

in winter and in summer, when the NMVOC emissions were

dominated by anthropogenic and biogenic sources, respec-

tively. However, IE-3 had almost no effects on the a pos-

teriori glyoxal VCDs and the top-down emission estimates

of anthropogenic glyoxal precursors in April and October.

This demonstrated the necessity of glyoxal observations in

constraining the emissions of NMVOC species that preferen-

tially produced glyoxal, including most importantly the aro-

matics.

The impacts of satellite glyoxal observations on constrain-

ing Chinese glyoxal precursor emission estimates were fur-

ther demonstrated in IE-4. Figures 9 and 10 show that the a

posteriori glyoxal VCDs from IE-4 were in better agreement

with the OMI glyoxal observations for all months (Table S8).

Figures 2 and S6 show that this increase in the a posteriori

glyoxal VCDs in IE-4 was achieved by substantially increas-

ing the emission estimates of anthropogenic glyoxal precur-

sors for all months. In summer, the emissions of biogenic

isoprene (precursor to both glyoxal and formaldehyde) also

increased. As a result, the a posteriori formaldehyde VCDs in

IE-4 increased in summer but remained similar to the a priori

simulation for the other months (Figs. 7 and 8, Table S7).

Figure S4 also compared the model a posteriori formalde-

hyde VCDs in 2007 against the GOME-2 observations, the

model a priori formaldehyde VCDs, and the MAX-DOAS

measurements (during 2010–2016) at Xianghe at GOME-

2 crossing time. Compared to the a priori, our a posteriori

formaldehyde VCDs were in better agreement with the sea-

sonal variation in the MAX-DOAS measurements (R values

increased from 0.81 for the a priori to 0.95 for IE-1 and 0.93

for IE-3). During the warm months (May to September), the

monthly a posteriori formaldehyde VCDs from IE-1 and IE-

3 bracketed the interannual variation in monthly formalde-

hyde VCDs measured by MAX-DOAS. For the rest of the

year, both the GOME-2A observations and the a posteriori

formaldehyde VCDs were systematically biased low rela-

tive to the MAX-DOAS measurements. As discussed before,

these biases could not be fully accounted for by the interan-

nual variability in the local formaldehyde VCDs and were

thus likely due to sampling or retrieval difference between

the MAX-DOAS and the satellite.

4.2 Top-down estimates of Chinese NMVOC emissions

from inversion experiments

Table 1 and Fig. 11 show the top-down estimates for Chi-

nese annual NMVOC emissions from the four inversion ex-

periments and compare them against the a priori. Our an-

nual total top-down estimates for Chinese NMVOCs ranged

from 30.7 to 49.5 Tg yr−1, compared to the 38.3 Tg yr−1 of

the a priori. The highest top-down estimate was from IE-3,

constrained by 1.7 times the GOME-2A formaldehyde VCD

observations. The lowest top-down estimate was from IE-2,

mainly driven by the relatively low formaldehyde observa-

tions from OMI.

Anthropogenic sources constituted 44 %–53 % of the total

top-down NMVOC emissions. The lowest total top-down an-

thropogenic emission estimate was from IE-2 (16.4 Tg yr−1).

All four inversion experiments consistently showed larger

annual emissions of anthropogenic glyoxal precursors than

the a priori (Fig. 11). In particular, our top-down estimates

for anthropogenic aromatics ranged from 5.5 to 7.9 Tg yr−1,

consistently larger than the a priori of 5.4 Tg yr−1 (Li et al.,

2017). The highest top-down anthropogenic glyoxal precur-

sors (including aromatics, ethyne, ethane, and glyoxal) emis-

sion estimate was from IE-4 (12.3 Tg yr−1), which reflected
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Figure 11. Comparison of estimates of annual Chinese NMVOC emissions from (a) anthropogenic, (b) biogenic, (c) biomass burning, and

(d) total sources. For each panel, the bars from left to right are the a priori estimates and the a posteriori estimates from IE-1, IE-2, IE-3, and

IE-4. Annual total NMVOC emissions are shown in black numbers on top of each bar. The red dashed boxes and red numbers in (a) indicate

annual emissions of anthropogenic glyoxal precursors. The green dashed boxes and green numbers in (a) indicate annual emissions of

anthropogenic aromatics. The grey dashed boxes and grey numbers in (b) indicate annual biogenic isoprene emissions. The orange dashed

boxes and orange numbers in (b) indicate annual biogenic methanol emissions. Color keys to NMVOC species are shown at the bottom, with

suffixes of “an”, “bg”, and “bb” indicating anthropogenic source, biogenic source, and biomass burning source, respectively.

the strong impacts of the OMI glyoxal observations on con-

straining anthropogenic NMVOC emissions.

The top-down estimates for biogenic NMVOC emis-

sions from IE-1, IE-3, and IE-4 ranged between 20.0 and

22.8 Tg yr−1 (top-down biogenic isoprene emission esti-

mates between 9.8 and 11.7 Tg yr−1), which were signifi-

cantly larger than the a priori. As a result, the contrast be-

tween the NMVOC emissions in summer and those in winter

was greatly enhanced in the top-down estimates in these three

inversion experiments, relative to the a priori (Fig. 2). The

exception was IE-2, which estimated the biogenic NMVOC

emissions to be 12.2 Tg yr−1 (including 5.4 Tg yr−1 of iso-

prene). The top-down estimate for biomass burning NMVOC

emissions from the four inversion experiments was between

2.08 and 3.13 Tg yr−1, with the largest top-down estimate

driven by the scaled-up GOME-2A formaldehyde VCDs (IE-

3).

Figure 12 shows the spatial distribution of the scale fac-

tors for the Chinese annual NMVOC emissions from each

of the four inversion experiments relative to the a priori

emission estimates. The use of GOME-2A formaldehyde

and glyoxal observations as constraints in IE-1 led to a

domain-wide increase in biogenic NMVOC emissions, ex-

cept in the northeast. IE-1 also found an increase in biomass

burning emissions over the NCP in June. In contrast, an-

thropogenic NMVOC emissions were slightly reduced over

northeast, north, and southwest China. In IE-3, the annual

NMVOC emissions over eastern China increased for all three

sources, due to constraints exerted by the scaled-up GOME-

2A formaldehyde VCDs. The optimized emission scale fac-
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Figure 12. Spatial distributions of the optimized scale factors for annual Chinese NMVOC emissions, relative to the a priori emission

estimates, for the four inversion experiments.

tors from IE-2 and IE-4 were of opposite signs. Using only

OMI glyoxal observations as constraints in IE-4 led to a

domain-wide increase in NMVOC emissions from all sec-

tors. However, when constraints of the relatively low OMI

formaldehyde observations were added in IE-2, the top-down

NMVOC emission estimates decreased across the domain.

As discussed previously, our four inversion experiments

using different satellite retrievals as constraints represented

the range of probable top-down estimates given by currently

available satellite observations. To represent the difference

between these top-down estimates relative to the a priori,

we averaged the top-down estimates from the four inver-

sion experiments. Our averaged top-down estimate for Chi-

nese total annual NMVOC emissions was 41.9 Tg yr−1, in-

cluding 20.2 Tg yr−1, 19.2 Tg yr−1, and 2.48 Tg yr−1 from

anthropogenic, biogenic, and biomass burning sources, re-

spectively. Our average emission estimate for anthropogenic

aromatic emissions was 6.5 Tg yr−1, which was 20 % larger

than the a priori estimate of Li et al. (2017).

Figure 1 shows the spatial distributions of our averaged

top-down Chinese NMVOC emissions and the scale factors

relative to the a priori estimate. Our averaged top-down es-

timates for Chinese NMVOC emissions were spatially con-

sistent with the a priori estimate, but the total fluxes were

larger than the a priori estimate throughout eastern China

by 10 % to 30 %. In particular, we found a 40 % increase

in the biomass burning emissions over the NCP. We also

found a 10 %–30 % increase in the anthropogenic NMVOC

emissions in coastal eastern China. Large increases in the

biogenic emissions were found near the northwestern bor-

der of China and along the northeast-to-southwest division

line of vegetation density. This potentially indicated an un-

derestimation of biogenic NMVOC emissions from semiarid

ecosystems in the MEGAN inventory.

5 Comparison with previous estimates of Chinese

NMVOC emissions

Table 2 compares our top-down estimates of Chinese

NMVOC emissions for the year 2007 against estimates in

the literature for the years between 2000 and 2014. It should

be noted that most bottom-up anthropogenic and biomass

burning emission inventories quantified total NMVOC emis-

sions using emission factors for total NMVOCs. As a result,

bottom-up estimates for anthropogenic and biomass burning
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Table 2. Comparison of annual Chinese NMVOC emission estimates for the years 2000 to 2014.

Literature Target NMVOC (Tg yr−1)

year Anthropogenic Biogenic Biomass

Total Aromatics Total Isoprene burning

Bottom-up estimates

Bo et al. (2008)a 2005 12.7 3.8d

Zhang et al. (2009)a 2006 23.2 2.4

(±68 %)

Cao et al. (2011)a 2007 35.46

Huang et al. (2017)a 2007 24.6

Granier et al. (2017)a 2007 29.0

Kurokawa et al. (2013)a 2008 27.1

(±46 %)

Li et al. (2017)a 2010 23.6 5.4

Wu et al. (2016)a 2008 18.62 3.83d

2009 21.8 3.32d

2010 23.83 3.75d

2011 24.78 3.76d

2012 25.65 4.20d

Huang et al. (2012)a 2006 2.2

(1.08–3.46)

van der Werf et al. (2010) 2007 0.47

van der Werf et al. (2017)a 2007 0.91

Sindelarova et al. (2014) 2005 9.9

Guenther et al. (2006) 2007 17.3e 7.5e

Stavrakou et al. (2014) 2007 7.6

Top-down estimates

Fu et al. (2007) 2000 4.27g 12.7 5.1

Liu et al. (2012)b 2007 34.2 13.4

Stavrakou et al. (2014) 2007 8.6

Stavrakou et al. (2015)c 2010 20.6–24.6 5.9–6.5 2.0–2.7

Stavrakou et al. (2017)c 2005 24.4 5.8

2006 24.0 (average of

2007 26.7 emissions

2008 25.9 from

2009 26.5 2005

2010 26.1 to

2011 25.5 2014)

2012 25.6

2013 27.7

2014 27.8

This work 2007 20.2f 6.5f 19.2f 9.6f 2.48f

(16.4–23.6) (5.5–7.9) (12.2–22.8) (5.4–11.7) (2.08–3.13)

a These emission estimates included some NMVOC species that were not precursors to formaldehyde or glyoxal and therefore not included in

this work. See color keys in Fig. 2 for NMVOC species whose emissions were included in this work. b Used SCIAMACHY-observed glyoxal

VCDs as constraints. c Used GOME-2A-observed and OMI-observed formaldehyde VCDs as constraints. d Consisted of emissions from open

burning of crop residues and from biofuel burning. e Calculated by the GEOS-Chem model using GEOS-5 meteorological data. f Average of

top-down estimates from four inversion experiments. g Only anthropogenic emissions of reactive alkenes, formaldehyde, and xylenes from

northeastern, northern, central, and southern China were included.
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sources often included additional NMVOC species not rep-

resented here in our study.

Our top-down estimate for biogenic NMVOC emissions

ranges from 12.2 to 22.8 Tg yr−1, on average 11 % larger

than the a priori estimate calculated by the MEGAN algo-

rithm (Guenther et al., 2006). Our top-down estimate for iso-

prene emissions ranged from 5.4 to 11.7 Tg yr−1, bracket-

ing the previous bottom-up estimates of 7.5 to 9.9 Tg yr−1

(Guenther et al., 2006; Stavrakou et al., 2014; Sindelarova et

al., 2014). Stavrakou et al. (2015) used GOME-2A formalde-

hyde VCDs in 2010 to derive a top-down estimate of Chi-

nese isoprene emissions of 5.9 Tg yr−1. Our top-down Chi-

nese isoprene emission estimate constrained by GOME-2A

formaldehyde and glyoxal observations (IE-1) was larger at

9.8 Tg yr−1 likely due to the use of additional glyoxal con-

straints. Stavrakou et al. (2015, 2017) also used the OMI

formaldehyde VCDs retrieved by De Smedt et al. (2015) to

estimate the mean annual Chinese isoprene emissions during

the years 2005 to 2014 to be 5.8 Tg yr−1. Our Chinese annual

isoprene emission estimate for 2007 as constrained by OMI

formaldehyde and glyoxal VCDs was similar at 5.4 Tg yr−1

(IE-2), despite our use of OMI formaldehyde VCDs retrieved

by González Abad et al. (2015), which were systematically

lower than those retrieved by De Smedt et al. (2015). This

was also likely due to the addition of glyoxal observations as

constraints in our IE-2 experiment.

Our top-down estimates for Chinese annual biomass burn-

ing NMVOC emissions ranged from 2.08 to 3.13 Tg yr−1,

in good agreement with the bottom-up estimates of Huang

et al. (2012) and the top-down estimates of Stravrakou et

al. (2015) (Table 2). Similar to the findings in Fu et al. (2007)

and Stavrakou et al. (2015, 2016), our study also highlighted

the large emissions from crop residue burning over the NCP

in June, which were severely underestimated in some pre-

vious studies. Bo et al. (2008) and Wu et al. (2016) esti-

mated the Chinese biomass burning NMVOC emissions to

be 3.32 to 4.2 Tg yr−1, but only 25 % to 30 % of these emis-

sions were from open burning of crop residues; the rest were

emitted from biofuel burning, which we categorized as an-

thropogenic in this study. The GFED3 inventory (van der

Werf et al., 2010), based on satellite burned area observa-

tions, severely underestimated biomass burning emissions

over China, particularly those associated with crop residue

burning. The updated GFED4s (van der Werf et al., 2017)

partially accounted for emissions for small fires, but its esti-

mate for Chinese biomass burning NMVOC emissions was

still lower than our top-down estimates by at least a factor of

2.

Previous bottom-up estimates of Chinese anthro-

pogenic NMVOC emissions ranged widely from 12.7 to

35.46 Tg yr−1 (Bo et al., 2008; Zhang et al., 2009; Cao

et al., 2011; Kurokawa et al., 2013; Li et al., 2017; Wu

et al., 2016; Granier et al., 2017; Huang et al., 2017) due

to the use of different emission factors, activity data, and

statistical models. Previous top-down estimates of Chinese

anthropogenic NMVOC emissions for the years 2007 to

2014 ranged from 20.6 to 34.2 Tg yr−1 (Liu et al., 2012;

Stavrakou et al., 2015, 2017). Our top-down estimates

had a smaller range between 16.4 and 23.6 Tg yr−1. Our

top-down estimates for anthropogenic aromatics (5.5 to

7.9 Tg yr−1) were approximately middle of the range

relative to previous estimates of 2.4–13.4 Tg yr−1. The

large difference between previous top-down estimates and

our top-down estimates of anthropogenic NMVOCs was

predominantly due to the choices of satellite observation

constraints, and to a lesser extent due to the choices of

chemical transport model, the NMVOC species modeled,

and the a priori emission estimates. Specifically, the much

higher estimate of anthropogenic aromatic emission by

Liu et al. (2012) (13.4 Tg yr−1) compared to our top-down

estimates (5.5–7.9 Tg yr−1) was due to (1) the higher

glyoxal VCDs observed by the SCIAMACHY instrument

compared to those observed by GOME-2A and OMI over

China, (2) the assumption made by Liu et al. (2012) that all

anomalous glyoxal was produced by aromatics, and (3) the

lower yields of glyoxal from aromatics oxidation used in Liu

et al. (2012) than those used in our model.

6 Impacts on simulated surface ozone and secondary

organic aerosol levels over China

As discussed above, three out of our four inversion experi-

ments showed a stronger summer-versus-winter contrast in

the NMVOC emissions, compared to the a priori emissions

(Fig. 2). We evaluated the impacts of this stronger seasonal

amplitude in NMVOC emissions on surface ozone and sec-

ondary organic carbon (SOC) aerosol concentrations by driv-

ing the GEOS-Chem model with the a priori NMVOC emis-

sion estimates and with the average top-down emission esti-

mates from our four inversion experiments, respectively.

Figure 13 compares the monthly mean afternoon (13:00 to

17:00 local time) surface ozone concentrations simulated us-

ing our averaged top-down emission estimates against those

simulated using the a priori emissions for June and December

2007. We focused here on surface ozone in June and Decem-

ber, when the differences in NMVOC emissions between our

averaged top-down estimate and the a priori emission esti-

mate were greatest. Also shown in Fig. 13 are surface obser-

vations at representative regional sites (Li et al., 2007; Xu et

al., 2008; J. M. Zhang et al., 2009; Zheng et al., 2010; Wang

et al., 2012, 2015; Li and Bian, 2015; Sun et al., 2016; Xu et

al., 2016) (Table S9). Using the a priori emissions, the high-

est simulated afternoon surface ozone concentrations were

between 90 and 100 ppb over the NCP in June. This was

lower than the observations at two sites in the NCP, including

at a rural site near Beijing (100 to 120 ppb) and at Mt. Tai

(108 ppb). In comparison, by using our averaged top-down

NMVOC emission estimate, the simulated afternoon surface

ozone concentrations increased by 1 to 8 ppb over eastern
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Figure 13. Simulated monthly mean afternoon (13:00–17:00 LT) surface ozone concentrations in June and December 2007 driven by (a) the a

priori emissions and (b) our average top-down emissions, respectively, as well as (c) the differences. Filled circles show the afternoon surface

ozone observations at several sites in China (Table S9). Mean biases (MB) of the simulated concentrations relative to surface measurements

are shown in the inset.

China in June and were in better agreement with the observa-

tions (reducing the mean bias over eastern China from −3.4

to −0.7 ppb, Table S9). In December, the simulated afternoon

surface ozone using the a priori emissions consistently over-

estimated the observed concentrations in eastern China. In

comparison, by using our averaged top-down NMVOC emis-

sion estimates, the simulated afternoon surface ozone over

eastern China decreased by 1 to 10 ppb, again in better agree-

ment with the observations (mean bias over eastern China re-

duced from 12 to 6.9 ppb, Table S9). These comparisons for

surface ozone corroborated the stronger seasonal amplitude

of the top-down NMVOC emissions derived in this study.

Figure S8 compares the simulated monthly mean surface

SOC concentrations using our averaged top-down NMVOC

emissions against those simulated using the a priori NMVOC

emissions for June and December in 2007. Also shown are

the SOC measurements at 12 surface sites in June of 2006

and 2007 from Zhang et al. (2012) (Table S10). By driving

the model with our average top-down NMVOC emissions,

the simulated surface SOC concentrations in June increased

by 0.1 to 0.8 µgC m−3 over eastern China relative to the simu-

lation using the a priori NMVOC emissions. This brought the

simulated SOC concentrations closer to the measured surface

SOC concentrations, but the model still severely underesti-

mated observed SOC concentrations. We note that our ver-

sion of the GEOS-Chem model only included two pathways

for secondary organic aerosol formation: (1) the reversible

partitioning of semi-volatile products from the oxidation of

isoprene, monoterpenes, and aromatics formation pathways

(Liao et al., 2007; Henze et al., 2008) and (2) the irreversible

uptake of dicarbonyl by aqueous aerosols and cloud drops

(Fu et al., 2008). Other pathways, such as the atmospheric ag-

ing of semi-volatile and intermediate-volatility organic com-

pounds, have been shown to be an important source of sec-

ondary organic aerosol (Robinson et al., 2007; Pye and Se-

infeld, 2010) but they were not included in our version of

the GEOS-Chem model. Regardless, the precursors and for-

mation pathways of secondary organic aerosols in China are

still poorly understood (Fu et al., 2012), such that no quan-

titative conclusions can be drawn regarding the impacts of

our top-down NMVOC emission estimates on regional sec-

ondary organic aerosol formation.

7 Conclusions

We used the GEOS-Chem model and its adjoint, as well

as satellite observations of tropospheric column concentra-

tions of formaldehyde and glyoxal, to constrain monthly Chi-

nese NMVOC emissions from anthropogenic, biogenic, and

biomass burning sources for the year 2007. We updated the

gas-phase chemistry in the GEOS-Chem model and con-

structed its adjoint. The a priori NMVOC emission estimates

from biogenic, anthropogenic, and biomass burning sources

were taken from the inventories developed by Guenther et

al. (2006), Li et al. (2014, 2017), and Huang et al. (2012),

respectively, as well as van der Werf et al. (2010). We con-

www.atmos-chem-phys.net/18/15017/2018/ Atmos. Chem. Phys., 18, 15017–15046, 2018



15040 H. Cao et al.: Adjoint inversion of Chinese non-methane volatile organic

ducted four inversion experiments, which were constrained

by the formaldehyde and glyoxal observations from GOME-

2A (IE-1), the formaldehyde and glyoxal observations from

OMI (IE-2), the formaldehyde observations from GOME-2A

scaled by 1.7 (IE-3), and the glyoxal observations from OMI

(IE-4). The results from these experiments represented the

range of probable top-down NMVOC emission estimates for

China given current satellite observation constraints.

Our top-down estimates of total annual Chinese NMVOC

emissions from the four inversion experiments ranged from

30.7 to 49.5 Tg yr−1. Our top-down estimates of Chinese an-

thropogenic NMVOC emissions were 16.4 to 23.6 Tg yr−1.

In particular, our top-down estimates for Chinese anthro-

pogenic aromatic emissions ranged from 5.5 to 7.9 Tg yr−1,

much smaller than the top-down estimate of 13.4 Tg yr−1 by

Liu et al. (2012). Our top-down estimates of Chinese bio-

genic NMVOC emission ranged from 12.2 to 22.8 Tg yr−1,

with 5.4 to 11.7 Tg yr−1 attributed to isoprene. Our top-down

estimates for Chinese biomass burning NMVOC emission

range from 2.08 to 3.13 Tg yr−1 and were mostly associated

with seasonal open burning of crop residue after local har-

vests, such as that over the NCP in June.

Three out of our four inversion experiments showed a

stronger seasonal contrast in the top-down NMVOC emis-

sion estimates between summer and winter, relative to the

a priori emission estimates. By applying this stronger sea-

sonal contrast in monthly NMVOC emissions in the model,

the simulated afternoon surface ozone concentrations over

eastern China increased by 1 to 8 ppb in June and decreased

by 1 to 10 ppb in December relative to the simulation us-

ing the a priori emissions, and the model was brought to

better agreement with regional surface ozone measurements.

Similarly, compared to the a priori simulation, the simulated

monthly mean SOC concentrations driven by our top-down

NMVOC emissions increased by 0.1 to 0.8 µgC m−3 over

eastern China in June. This increase in simulated SOC con-

centrations reduced, but did not eliminate, the large low bi-

ases in the simulated SOC concentrations relative to the sur-

face measurements in June.

We concluded that formaldehyde and glyoxal observa-

tions from GOME-2A and OMI provide quantitative con-

straints on the monthly emissions of Chinese NMVOCs. In

particular, the simultaneous use of the observations of both

species helped distinguish NMVOC precursors and thus pro-

vided better quantification of individual sources. However,

better validation of these satellite data over China is ur-

gently needed, particularly to resolve the apparent discrep-

ancies among different retrievals for the same species. The

monthly inversions presented in this work, conducted at 5◦

longitude × 4◦ latitude resolution due to limited computa-

tion resources, quantified the Chinese NMVOC emissions

on regional and subregional scales. Future inversions and

sensitivity studies targeting shorter periods of time may be

conducted at finer resolutions to quantify Chinese NMVOC

emissions and to evaluate their impacts on photochemistry at

city cluster scales.
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