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 21 

Abstract. We used the GEOS-Chem model and its adjoint to quantify Chinese non-methane volatile 22 

organic compound (NMVOC) emissions for the year 2007, using the vertical column concentrations of 23 

formaldehyde and glyoxal observed by the Global Ozone Monitoring Experiment-2A (GOME-2A) 24 

instrument and the Ozone Monitoring Instrument (OMI) as constraints. We conducted a series of 25 

inversion experiments using different combinations of satellite observations to explore the impacts on 26 

top-down emission estimates due to different satellite retrievals. Our top-down estimates for Chinese 27 

annual total NMVOC emission was 23.4 to 35.4 (average 30.8) Tg C y
-1

, including 13.5 to 19.7 28 

(average 17.0) Tg C y
-1

 from anthropogenic sources, 8.9 to 14.8 (average 12.6) Tg C y
-1

 from biogenic 29 

sources, and 1.1 to 1.5 (average 1.2) Tg C y
-1

 from biomass burning. In comparison, the most 30 

widely-used bottom-up estimate for Chinese annual total NMVOC emission was 27.4 Tg C y
-1

, 31 

including 15.5 Tg C y
-1

 from anthropogenic sources, 10.8 Tg C y
-1 

from biogenic sources, and 1.1 Tg C 32 
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y
-1 

from biomass burning. The simultaneous use of glyoxal and formaldehyde observations helped 33 

distinguish the NMVOC species from different sources and was essential in constraining anthropogenic 34 

emissions. Our four inversions consistently showed that the emissions of Chinese anthropogenic 35 

NMVOC precursors of glyoxal were larger than the a priori estimates. Our top-down estimates for the 36 

Chinese annual emission of anthropogenic aromatics (benzene, toluene, and xylene) ranged from 5.0 to 37 

7.3 Tg C y
-1

, 2% to 49% larger than the estimate of the bottom-up inventory (4.9 Tg C y
-1

). Model 38 

simulations using the average of our top-down NMVOC emission estimates showed that surface 39 

afternoon ozone concentrations over northern and central China increased 5-12 ppb in June and 40 

decreased 5-13 ppb in December relative to the simulations using the a priori emissions and were in 41 

better agreement with measurements. We concluded that the satellite observations of glyoxal and 42 

formaldehyde together provided quantitative constraints on the emissions and source types of 43 

NMVOCs over China and improved our understanding on regional chemistry.  44 

 45 

1 Introduction 46 

Non-methane volatile organic compounds (NMVOCs) are emitted into the atmosphere from surface 47 

anthropogenic, biogenic, and biomass burning sources. NMVOCs are precursors to tropospheric ozone 48 

and secondary organic aerosols, both of which are climate forcers and major air pollutants. NMVOC 49 

also affect the oxidation capacity of the atmosphere, which in turn changes the lifetimes of greenhouse 50 

gases and other pollutants (Monks, 2005; Lelieveld et al., 2008). It is thus crucial to quantify NMVOC 51 

emissions in order to understand their impacts on atmospheric chemistry and climate on both global 52 

and regional scales. Here we used satellite observations and a chemical transport model to constrain 53 

NMVOC emissions from China and assessed their impacts on seasonal surface ozone. 54 

 55 

Emissions of trace species are traditionally estimated in a “bottom-up” manner using activity data and 56 

emission factors, but these bottom-up estimates are sometimes susceptible to large uncertainties. This 57 

is especially true for NMVOC emissions in developing countries such as China, because (1) a wide 58 

range of species, source activities, and technologies are involved (Q. Zhang et al., 2009; Kurokawa et 59 

al., 2013; Li et al., 2014; Qiu et al., 2014), (2) locally-representative emission factors are often not 60 

measured (Wei et al., 2008; Zhao et al., 2011), and (3) reliable activity data are often incomplete, 61 
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particularly for small-scale industries, residential activities, and agricultural waste burning (Q. Zhang 62 

et al., 2009). Table 1 shows bottom-up estimates for Chinese total annual NMVOC emissions for the 63 

years 2005 to 2012, which ranged from 21.6 to 51.7 Tg y
-1

 (Guenther et al., 2006; Bolscher et al., 2007; 64 

Bo et al., 2008; Q. Zhang et al., 2009; van der Werf et al., 2010; Cao et al., 2011; Huang et al., 2012; 65 

Kurokawa et al., 2013; Li et al., 2014; Wu et al., 2016). The large uncertainties in these Chinese 66 

NMVOC emission estimates have led to great difficulty in evaluating their impacts on regional 67 

chemistry (Han et al., 2013;Wang et al., 2014).  68 

 69 

A complementary, “top-down” approach of quantifying emissions uses observations of the targeted 70 

species or its chemical derivatives, combined with a chemical transport model acting as a transfer 71 

function, to invert for the fluxes of the targeted species. In particular, tropospheric column 72 

concentrations of formaldehyde (HCHO), retrieved from satellite UV-backscatter observations, have 73 

been used to constrain NMVOC emissions. Formaldehyde is produced at high yields during the 74 

oxidation of many NMVOC species, as well as emitted directly from anthropogenic and biomass 75 

burning activities (Akagi et al., 2011). Early applications of satellite-observed formaldehyde columns 76 

mainly focused on areas where the local NMVOC fluxes were dominated by biogenic emissions during 77 

the growing season, such as the southeast U.S. (Palmer et al., 2003, 2006; Millet et al., 2006, 2008), 78 

Europe (Dufour et al., 2009; Curci et al., 2010), the Amazon (Barkley et al., 2008, 2009, 2013), and the 79 

tropical central Africa (Marais et al., 2012, 2014a). These studies showed that the observed high 80 

concentrations of formaldehyde over densely-vegetated areas were linearly proportional to the local 81 

biogenic isoprene flux during the growing season.  82 

 83 

Later studies constrained NMVOC emissions from multiple sources by analyzing the spatiotemporal 84 

variability of the observed formaldehyde columns (Shim et al., 2005; Fu et al., 2007; Stavrakou et al., 85 

2009b; Curci et al., 2010; Gonzi et al., 2011; Marais et al., 2014b; Zhu et al., 2014). Fu et al. (2007), a 86 

forerunner of this study, analyzed the spatial and seasonal variation of the formaldehyde column 87 

observations from the Global Ozone Monitoring Experiment (GOME) over East and South Asia. They 88 

showed that, during the early 2000s, Chinese reactive NMVOC fluxes from biogenic, anthropogenic, 89 

and biomass burning sources were 3, 1.2, and 8.8 times their respective bottom-up estimates. In 90 

particular, Fu et al. (2007) found a large, annually-recurring NMVOC source over the North China 91 
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Plain (NCP) in June, which they attributed to crop residue burning after the local harvest of winter 92 

wheat. However, these top-down studies using only formaldehyde as constraints relied on bottom-up 93 

statistics to differentiate between NMVOC source types.  94 

 95 

More recently, satellite measurements of tropospheric glyoxal columns emerged as an additional 96 

constraint on NMVOC emissions (Stavrakou et al., 2009a). Like formaldehyde, glyoxal is produced 97 

during the oxidation of many NMVOCs (including most importantly isoprene), as well as emitted 98 

directly from biomass burning (Fu et al., 2008; Myriokefalitakis et al., 2008). In addition, glyoxal is 99 

produced at high yields at the initial ring-cleaving stage during the oxidation of aromatics (Volkamer, 100 

2001; Nishino et al., 2010), which are mainly anthropogenic. In contrast, formaldehyde production 101 

from the oxidation of aromatics is further downstream and thus spatially diffused (Volkamer, 2001). As 102 

such, simultaneous analyses of formaldehyde and glyoxal observations can help differentiate between 103 

biogenic and anthropogenic NMVOC emissions. Stavrakou et al. (2009a) pioneered a two-compound 104 

inversion using tropospheric glyoxal and formaldehyde column observations from the SCIAMACHY 105 

satellite instrument to constrain the global sources of glyoxal. They estimated that the anthropogenic 106 

NMVOC fluxes over East Asia for the year 2005 were a factor of 2-3 larger than the bottom-up 107 

estimates of the Emission Database for Global Atmospheric Research (EDGAR, v3.3) inventory 108 

(Olivier et al., 2001, 2002) and the REanalysis TROpospheric (RETRO) emission inventory (Schultz et 109 

al., 2007). In addition, they inferred a large missing source of glyoxal over the global continents, which 110 

they attributed to production from an unknown biogenic precursor. 111 

 112 

Over eastern China, Liu et al. (2012) showed that the glyoxal column concentrations observed by 113 

SCIAMACHY in August 2007 was more than twice the simulated glyoxal columns using the 114 

bottom-up emission inventory developed by Q. Zhang et al. (2009). Over the Pearl River Delta area 115 

(PRD) in southern China, the discrepancy was at least a factor of three. They suggested that the 116 

missing glyoxal source over eastern China was anthropogenic, on the basis that the anonymous 117 

glyoxal columns observed by SCIAMACHY were spatially correlated with anthropogenic NOx 118 

emissions. Their estimated Chinese anthropogenic aromatics emission was 13.4 Tg y
-1

, which was six 119 

times the 2.4 Tg y
-1

 aromatic flux estimated by Q. Zhang et al. (2009). In contrast, Chan Miller et al. 120 

(2016) simulated the formaldehyde and glyoxal column concentrations over the Pearl River Delta area 121 
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(PRD) in southern China for the years 2006 and 2007 using the same inventory developed by Q. 122 

Zhang et al. (2009). They found that their simulated formaldehyde columns were consistent with the 123 

OMI formaldehyde observations, while their simulated glyoxal columns were lower than OMI 124 

observations by only 40%. They attributed the high anthropogenic aromatics emission estimate by Liu 125 

et al. (2012) to a regional high-bias in the SCIAMACHY data, as well as underestimated yields of 126 

glyoxal from the oxidation of aromatics. 127 

 128 

One limitation in the use of satellite observations of formaldehyde and glyoxal for constraining 129 

NMVOC sources is their inherent uncertainty. Several studies have compared GOME-2A and OMI 130 

formaldehyde column observations against aircraft or ground-based measurements at a few locations 131 

around the world (De Smedt et al., 2015; Lee et al., 2015; Wang et al., 2017; Zhu et al., 2016). Zhu et 132 

al. (2016) compared the GOME-2A-observed formaldehyde column concentrations over the Southeast 133 

U.S. in summer 2013 against aircraft measurements and found the satellite measurements to be too 134 

low by a factor of approximately 1.7. Chan Miller et al. (2017) found that glyoxal column 135 

concentrations observed by OMI were lower than the aircraft measurements over the Southeast U.S. in 136 

summer 2013 by a factor of 1.5. Wang et al. (2017) compared the bi-monthly mean GOME-2A and 137 

OMI formaldehyde column concentrations retrieved by De Smedt et al. (2012, 2015) against 138 

ground-based multi-axis differential optical absorption spectroscopy (MAX-DOAS) measurements at 139 

a rural site in eastern China. They found that both satellite retrievals were systematically lower than 140 

the ground-based measurements by approximately 20%. These studies highlight the potential impacts 141 

on top-down NMVOC emission estimates due to uncertainty associated with satellite retrievals. 142 

 143 

In this study, we used satellite retrievals of both formaldehyde and glyoxal, along with an updated 144 

chemical transport model and its adjoint, to constrain NMVOC emissions from China for the year 145 

2007. We conducted sensitivity experiments to evaluate the impacts on the top-down estimates due to 146 

different satellite retrieval constraints, with the goal of obtaining a most probable range of top-down 147 

estimates. Finally, we examined the impacts of our top-down NMVOC emission estimates on surface 148 

ozone concentrations over China. 149 

 150 
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2 Model and data 151 

2.1 The GEOS-Chem model and its adjoint 152 

We used the GEOS-Chem global 3D chemical transport model (version 8.2.1) to simulate the emission, 153 

transport, chemistry, and deposition of NMVOCs, as well as the resulting formaldehyde and glyoxal 154 

column concentrations for the year 2007. GEOS-Chem was driven by the assimilated meteorological 155 

data from the NASA Goddard Earth Observing System (GEOS-5) (Bey et al., 2001). To drive our 156 

simulations, the horizontal resolution of GEOS-5 data was downgraded from its native 2/3° longitude × 157 

1/2° latitude to 5° longitude × 4° latitude. The number of vertical levels was reduced from 72 to 47 by 158 

merging layers in the stratosphere. The lower 2 km of the atmosphere was resolved by 14 levels. The 159 

temporal resolution of GEOS-5 data into GEOS-Chem is 3 h for atmospheric variables and 1 h for 160 

surface variables.  161 

 162 

We updated the dicarbonyl chemical mechanism in GEOS-Chem developed by Fu et al. (2008), which 163 

in turn was originally adapted from the Master Chemical Mechanism (MCM) version 3.1 (Saunders et 164 

al., 2003; Bloss et al., 2005). NMVOC precursors of formaldehyde in our mechanism included ethane, 165 

propane, ≥C4 alkanes, ethene, ≥C3 alkenes, toluene, xylenes, isoprene, and monoterpenes. NMVOC 166 

precursors of glyoxal in our mechanism included propane, alkanes, ethene, ≥C3 alkenes, ethyne, 167 

benzene, toluene, xylenes, isoprene, monoterpenes, glycolaldehyde, and 2-methyl-3-bute-2-nol. 168 

OH-oxidation of isoprene is a major source of both formaldehyde and glyoxal over China (Fu et al., 169 

2007, 2008; Myriokefalitakis et al., 2008). We replaced the isoprene photochemical scheme with that 170 

used in GEOS-Chem v10.1 (Paulot et al., 2009a,b; Mao et al. 2013), where formaldehyde and glyoxal 171 

were produced from isoprene oxidation via the RO2+NO pathway under high-NOx conditions and via 172 

RO2-isomerization under low-NOx conditions. Li et al. (2016) compared the productions of 173 

formaldehyde and glyoxal from isoprene oxidation in this updated scheme with those in the MCM 174 

version 3.3.1 (Jenkin et al., 2015). They showed that the production pathways and yields of 175 

formaldehyde and glyoxal were similar in the two schemes under the high-NOx conditions typical of 176 

eastern China.  177 

 178 
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We updated the molar yields of glyoxal from the OH oxidations of benzene (33.3%), toluene (26.2%), 179 

and xylenes (21.0%) following the latest literature (Arey et al., 2009; Nishino et al., 2010). These new 180 

molar yields were higher than those used in Fu et al. (2008) but still lower than those used by Chan 181 

Miller et al. (2016) (75%for benzene, 70%for toluene, 36%for xylenes), which were taken from MCM 182 

version 3.2 (Bloss et al., 2005). In MCM version 3.2, more than half of the glyoxal from aromatics 183 

oxidation were produced during second- and later-generation photochemistry, but such productions are 184 

still uncertain, with limited experimental support (Bloss et al., 2005). 185 

 186 

Formaldehyde and glyoxal in our model were both removed by photolysis, as well as dry and wet 187 

deposition (Fu et al., 2008). We updated the Henry’s law constant for glyoxal (Ip et al., 2009) and 188 

added the dry deposition of formaldehyde, glyoxal, methyglyoxal and glycolaldehyde on leaves (Mao 189 

et al., 2013). In addition, we assumed that glyoxal was reactively uptaken by wet aerosols and cloud 190 

droplets with an uptake coefficient = 2.9 × 10
-3

 (Liggio et al., 2005; Fu et al., 2008). All other physical 191 

and chemical processes in our forward model were as described in Fu et al. (2008). 192 

 193 

For the forward model described above, we developed the adjoint by modifying the standard 194 

GEOS-Chem adjoint (version 34) (Henze et al., 2007). We used the Kinetic PreProcessor (KPP) 195 

(Daescu et al., 2003; Sandu et al., 2003) to construct the adjoint of the updated photochemical 196 

mechanism. Adjoint algorithms were updated to include the emission and deposition processes of 197 

formaldehyde and glyoxal precursors. The aqueous uptake rate of glyoxal by wet aerosols was a 198 

function of the ambient glyoxal concentration and the total wet aerosol surface area (Fu et al., 2008). 199 

We linearized this uptake process by archiving the wet aerosol surface areas in the forward simulations 200 

for use in the backward integrations. 201 

 202 

We verified the adjoint model mathematically in two ways. Firstly, we used the adjoint to calculate the 203 

sensitivities of global glyoxal and formaldehyde burdens to biogenic isoprene and anthropogenic 204 

xylenes emissions, respectively, and found that the results reproduced the calculated sensitivities from 205 

the forward model (Figure S1 in Supplementary Information). Secondly, we used an a priori NMVOC 206 

emission inventory (Section 2.2) to drive the forward model and took the resulting global tropospheric 207 

formaldehyde and glyoxal column concentrations as pseudo observations. We then used the pseudo 208 
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observations of formaldehyde and glyoxal, respectively, to successfully optimize back to close to the a 209 

priori NMVOC emission estimates over high-emission areas from an initial emission guess that was 210 

five times larger (Figure S2 in Supplementary Information). These experiments demonstrated the 211 

usefulness of the adjoint model for the inversion of NMVOCs emissions. 212 

 213 

2.2 A priori emission estimates of Chinese NMVOCs 214 

As a starting point for our inversion, we used the most widely-used NMVOC emission estimates for 215 

China as the a priori. Table 2 summarizes the annual total of these a priori emission estimates and their 216 

associated uncertainties.  217 

 218 

The a priori biogenic NMVOC emissions from China and from the rest of the world were calculated 219 

with the MEGAN algorithm (Guenther et al., 2006) and dependent on temperature, shortwave radiation, 220 

and monthly mean leaf area index. The annual total biogenic NMVOC emissions over China for the 221 

year 2007 was 10.8 Tg C y
-1

, including 6.6 Tg C y
-1

 of isoprene. Previous estimates of Chinese 222 

biogenic NMVOC emissions ranged from 5.0 to 11.0Tg C y
-1

 (Guenther et al., 2006; Fu et al., 2007; 223 

Stavrakou et al., 2015). Based on this range, we estimated the uncertainty of the a priori biogenic 224 

emissions over China to be ±55%. 225 

 226 

The a priori emissions for Chinese anthropogenic NMVOCs were from the Multi-resolution Emission 227 

Inventory for China (MEIC) inventory (Li et al., 2014), developed for the year 2010 at 0.25º × 0.25º 228 

resolution. The MEIC inventory, including emissions from industry, transportation, power generation 229 

and residential activities, was compiled using monthly Chinese provincial activity data and a 230 

combination of Chinese and western emission factors. The estimated annual Chinese anthropogenic 231 

NMVOC emission was 15 Tg C y
-1

, including 64% from industries, 24% from residential activities, 10% 232 

from transportation, and 1% from power generation. The estimated annual Chinese anthropogenic 233 

emission of aromatics was 4.9 Tg C y
-1

, including 73% from industries, 15% from residential activities, 234 

9% from transportation, and 3% from power generation. Previous estimates of Chinese anthropogenic 235 

NMVOC emissions for the years 2005 to 2012 ranged from 10.7 to 29.8 Tg C y
-1

, with aromatics 236 

emissions ranging from 2.1 to 11.3 Tg C y
-1

 (Bo et al., 2008; Q. Zhang et al., 2009; Cao et al., 2011; 237 

Atmos. Chem. Phys. Discuss., https://doi.org/10.5194/acp-2017-1136
Manuscript under review for journal Atmos. Chem. Phys.
Discussion started: 15 January 2018
c© Author(s) 2018. CC BY 4.0 License.



9 

 

Liu et al., 2012; Kurokawa et al., 2013; Li et al., 2014; Stavrakou et al., 2015; Wu et al., 2016). We 238 

therefore estimated the uncertainty for the a priori Chinese anthropogenic NMVOC emission estimates 239 

to be ±200%. Anthropogenic NMVOC emissions for the rest of the Asia were from the inventory 240 

compiled by Li et al. (2017) for the year 2010. Anthropogenic NMVOC emissions for Europe, U.S., 241 

and the rest of the world were from the European Monitoring and Evaluation Programme (EMEP) 242 

inventory (Vestreng, 2003), the U.S. EPA 2005 National Emission Inventory (NEI05) (Brioude et al., 243 

2011; Kim et al., 2011), and the Emission Database for Global Atmospheric Research (EDGAR) 244 

inventory (version 2.0) (Olivier et al., 1999), respectively, and scaled to the year 2007 using CO2 245 

emissions (van Donkelaar et al., 2008). 246 

 247 

Post-harvest, in-field burning of crop residue has been recognized as a large seasonal source of 248 

NMVOCs in China (Fu et al., 2007; Huang et al., 2012; Stavrakou et al., 2016), but this emission has 249 

been severely underestimated in inventories based on satellite burnt area observations (Liu et al., 2015). 250 

Huang et al. (2012) estimated the Chinese CO emission from crop residue burning to be 4.0 Tg y
-1

, 251 

based on MODIS daily thermal anomalies, Chinese provincial burnt-biomass data, and emission factors 252 

from Akagi et al. (2011). We scaled this CO flux using speciated NMVOC emission factors from crop 253 

residue burning from the literature (Hays et al., 2002; Akagi et al., 2011) and then multiplied the 254 

resulting NMVOC flux estimate by two. The reason for doubling the scaled NMVOC flux was that the 255 

emission factors for many NMVOC species were not measured, such that the sum of the speciated 256 

NMVOC emission factors was only half of the measured total NMVOC emission factor (Akagi et al., 257 

2011). This difference may partially explain why the top-down study by Stavrakou et al. (2016) using 258 

satellite observations of formaldehyde found that Huang et al. (2012) underestimated the NMVOC flux 259 

from crop fires over the North China Plain (NCP) in June by at least a factor of two.  260 

 261 

Our resulting a priori estimate for Chinese annual NMVOC emissions from biomass burning was 1.1 262 

Tg C y
-1

, including 0.86 Tg C y
-1

 from crop residue burning (obtained by scaling Huang et al., 2012) 263 

and 0.24 Tg C y
-1

 from other types of biomass burning activities (taken from the Global Fire Emissions 264 

Database version 3, GFED3) (van der Werf et al., 2010). Previous estimates of Chinese NMVOC 265 

emissions from biomass burning for the years 1996 to 2012 ranged from 0.24 to 3.2 Tg C y
-1

 (Fu et al., 266 

2007; van der Werf et al., 2010; Wiedinmyer et al., 2011; Huang et al., 2012; Liu et al., 2015; 267 
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Stavrakou et al., 2015, 2016). We therefore assigned an uncertainty of ±300% to the a priori Chinese 268 

biomass burning NMVOC flux. Biomass burning emissions from the rest of the world were taken from 269 

GFED3 (van der Werf et al., 2010). 270 

 271 

Figure 1 (a)-(c) show the spatial distribution of the a priori Chinese NMVOC emissions from biomass 272 

burning, anthropogenic, biogenic, and total sources, respectively. Biomass burning emissions were 273 

highest over the NCP and southwest China, reflecting strong emissions from crop residue burning over 274 

the NCP in June and from land-clearing burning over southwest China during February to April, 275 

respectively. Chinese anthropogenic and biogenic NMVOC sources both showed a general west-to-east 276 

gradient, following population and vegetation densities. Biogenic NMVOC emissions reflected the 277 

combined modulation by vegetation densities, temperature, and sunlight. Anthropogenic NMVOC 278 

fluxes exceeded 10
3
 kg C km

-2
 y

-1
 throughout the industrialized and densely populated eastern China, 279 

with the highest fluxes over the NCP and around the Yantze River Delta area.  280 

 281 

Figure 2 shows the seasonal variation of the a priori Chinese NMVOC emissions. The a priori 282 

anthropogenic NMVOC fluxes were higher during the cold months and lower during the warm months, 283 

driven by the seasonal strengths of industrial and residential activities (Li et al., 2017). The a priori 284 

biogenic NMVOC fluxes showed the opposite seasonal pattern, with more than half of the total annual 285 

flux emitted in summer. The a priori biomass burning NMVOC source was relatively small except 286 

when it peaked in June due to the burst of post-harvest burning over the NCP and in spring due to 287 

land-clearing over southwest China. As a result, the Chinese NMVOC emissions were predominantly 288 

anthropogenic in January but mainly biogenic in June. During the transition months of April and 289 

October, the anthropogenic and biogenic contributions to the total NMVOC emissions were 290 

comparable.  291 

 292 

2.3 Formaldehyde and glyoxal column concentrations observed by GOME-2A and OMI 293 

We used the monthly mean tropospheric formaldehyde and glyoxal column concentrations retrieved 294 

from the Global Ozone Monitoring Experiment-2A (GOME-2A) instrument and the Ozone 295 

Monitoring Instrument (OMI) for the year 2007 to constrain Chinese NMVOC sources. The technical 296 
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details of these four sets of satellite retrievals are summarized in Table 3.  297 

 298 

The native GOME-2A pixel vertical column densities (VCDs) of formaldehyde and glyoxal were 299 

retrieved by De Smedt et al. (2012) and Lerot et al. (2010), respectively, using protocols briefly 300 

described below. First, pixel slant column densities (SCDs) of formaldehyde and glyoxal were 301 

retrieved in the 328.5-346 nm and 435-460 nm windows, respectively, using the Differential Optical 302 

Absorption Spectroscopy (DOAS) technique (Platt et al., 1979). Previous glyoxal SCD retrievals often 303 

showed biases over remote tropical oceans due to absorption from liquid water (Vrekoussis et al., 2010; 304 

Wittrock et al., 2006; Lerot et al., 2010). This bias was corrected in Lerot et al. (2010) by explicitly 305 

accounting for liquid water absorption during the DOAS fitting. Second, pixel SCDs were converted 306 

into VCDs using air mass factors (AMF), which was calculated using Linearized Discrete Ordinate 307 

Radiative Transfer model (LIDORT) (Spurr, 2008) and trace gas profiles simulated by the IMAGE v2 308 

model (Stavrakou et al., 2009b). The native pixel VCDs were gridded to daily means at 0.25° × 0.25° 309 

resolution (De Smedt et al., 2012; Lerot et al., 2010). We further averaged the daily means to monthly 310 

means at 5° longitude × 4° latitude resolution. The retrieval errors of the spatially-and-temporally 311 

averaged VCDs were estimated to be 30%-40% for formaldehyde and 40% for glyoxal, due to a 312 

combination of errors associated with the SCD retrievals, the reference sector correction, the a priori 313 

profile, and the AMFs (De Smedt et al., 2012; Lerot et al., 2010). 314 

 315 

The OMI native pixel VCDs of formaldehyde and glyoxal were retrieved by González Abad et al. 316 

(2015) and Chan Miller et al. (2014), respectively. Briefly, formaldehyde and glyoxal pixel SCDs were 317 

retrieved by directly fitting the absorption spectra in the 328.5 – 356.5 nm (formaldehyde) and 435 – 318 

461 nm (glyoxal) windows, respectively (Chance, 1998; Kurosu et al., 2004, 2007; Chan Miller et al., 319 

2014), and then converted to pixel VCDs using AMF calculated with a linearized vector discrete 320 

ordinate radiative transfer model, VLIDORT (Spurr, 2006), and trace gas profiles simulated by the 321 

GEOS-Chem model (González Abad et al., 2015). Liquid water absorption was also explicitly 322 

calculated for the glyoxal retrieval (Chan Miller et al., 2014). The typical uncertainties of 323 

OMI-observed pixel VCDs over polluted areas were estimated to be 30% to 45% for formaldehyde 324 

and 104% for glyoxal (González Abad et al., 2015; Chan Miller et al., 2014). The native pixel VCDs 325 

were averaged to monthly means at 5° longitude × 4° latitude resolution. For glyoxal, we further 326 
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removed VCDs with signal-to-uncertainty ratios less than 100%. We assumed the retrieval uncertainty 327 

of monthly mean OMI formaldehyde and glyoxal VCDs at 4
o
 × 5

o
 resolution to be 40% and 100%, 328 

respectively. 329 

 330 

To remove globally systematic biases in the satellite observations, we adjusted the global observed 331 

monthly mean VCDs by aligning the observed VCDs over remote reference areas to those simulated by 332 

the GEOS-Chem model (sampled at satellite overpass time) using the a priori NMVOC emissions. The 333 

remote Pacific (140
o
-160W

o
, 90

o
S-90

o
N) was chosen as the reference area for formaldehyde (Palmer et 334 

al., 2003, 2006; Fu et al., 2007; González Abad et al., 2015). The Sahara desert (20-30
o
N, 10

o
W-30

o
E), 335 

where the interference from liquid water absorption was minimal, was chosen as the reference area for 336 

glyoxal (Chan Miller et al., 2014). The justification for performing the alignment was two-fold: firstly, 337 

the formaldehyde and glyoxal column concentrations over these remote reference areas were small and 338 

well simulated by the model (Fu et al., 2008; Chan Miller et al., 2014). The removed biases over the 339 

remote areas were less than 20% and 10% of the typical formaldehyde (>8 × 10
15

 molecule cm
-2

) and 340 

glyoxal (>4 × 10
14

 molecule cm
-2

) monthly mean VCDs observed over eastern China, respectively. 341 

More importantly, our inversion was performed over China only, assuming that the a priori NMVOC 342 

emissions for the rest of the world were unbiased. As will be seen in Sections 3 and 4, the optimization 343 

of NMVOC sources were predominantly driven by local formaldehyde and glyoxal enhancements 344 

produced by relatively short-lived NMVOCs. 345 

 346 

2.4 Inversion experiments using the GEOS-Chem adjoint 347 

We used the GEOS-Chem model to perform Bayesian inversions on Chinese NMVOC emissions, using 348 

satellite observations of formaldehyde and glyoxal over China and the a priori emission estimates as 349 

constraints. The inversion minimized the cost function J(x) in Eq. (1) (Rodgers, 2000), which we 350 

calculated over China: 351 

           1 1γJ       a a a ox x x S x x F x y S F x y      Eq. (1)  352 

The first and second terms on the right-hand-side of Eq. (1) represented the penalty error and the 353 

prediction error, respectively. x, which we sought to optimize, was the vector of scale factors (for each 354 
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NMVOC species from each emission sector) applied to the a priori emissions. xa was a unit vector 355 

applied to the a priori NMVOC emission estimates. y was the vector of satellite-observed monthly 356 

mean VCDs of the targeted tracer (formaldehyde and/or glyoxal). F(x) was the vector of VCDs of the 357 

targeted tracer simulated by the forward model F. Sa was the a priori emission error covariance matrix, 358 

which was a diagonal matrix with the uncertainties estimated based on ranges of previous NMVOC 359 

estimates (Section 2.2 and Table 1).  360 

 361 

The observation error covariance matrix in Eq. (1), So, was difficult to quantify, as it included 362 

contributions not only from the satellite retrieval, but also from the model representation of chemistry 363 

and transport. Zhu et al. (2016) and Chan Miller et al. (2017) compared vertical profiles of 364 

GEOS-Chem-simulated formaldehyde and glyoxal over the Southeast U.S. in summer against aircraft 365 

measurements. They reported that the simulated formaldehyde mixing ratios showed only a small bias 366 

(-3%±2%) in the lower troposphere but were lower than the observations by 41% in the free 367 

troposphere, likely due to insufficient deep convection in the model (Zhu et al., 2016). The simulated 368 

glyoxal mixing ratios were within 20% of the observations in the mixed layer, but they were too low in 369 

the upper troposphere by more than a factor of two, also likely due to insufficient model vertical 370 

transport (Chan Miller et al., 2017). It should be noted that these errors assessed by Zhu et al. (2016) 371 

and Chan Miller et al. (2017) likely also included the errors associated with precursor emissions. 372 

Nevertheless, based on these assessments, we roughly estimated that the model errors for 373 

formaldehyde and glyoxal VCDs to be ±80%, ±100%, respectively. Adding these estimated model 374 

errors in quadrature to the satellite retrieval errors (Section 2.3), we estimated that the observation 375 

error (So) of formaldehyde and glyoxal to be about ±90% and ±150%, respectively. 376 

 377 

The optimization of Eq. (1) was dependent on the relative weighting of the penalty error (Sa) and the 378 

prediction error (So). However, the errors and error correlations within Sa and So were often 379 

incompletely represented. In addition, we found that due to the mathematical formulation of Eq. (1), 380 

the cost function J(x) was heavily weighted by grids where the a priori estimates were too high, such 381 

that the optimization was less effective at increasing emissions where the a priori emissions were too 382 

low. These issues were empirically addressed in inversion studies by the introduction of a 383 

regularization factor, , in Eq. (1) to adjust the relative weight of the penalty error. Henze et al. (2009) 384 
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used the L-curve method (Hansen, 1998) to find an optimized  value, which minimized the total cost 385 

function and balanced the prediction term and the penalty term. We followed that methodology and 386 

found a value of 0.01 for July, which we applied for all of the warmer months (March to October). An 387 

optimized value of 0.1 was found for January, and we applied that value to the colder months.  388 

 389 

Table 2 shows the setup of our inversion experiments. We experimented with four different sets of 390 

satellite retrievals as constraints, with the goal of bracketing the uncertainties of the top-down estimate 391 

of Chinese NMVOC emissions. The first two experiments (IE-1 and IE-2) constrained emissions using 392 

the formaldehyde and glyoxal VCDs observations from GOME-2A and OMI, respectively. Several 393 

studies showed that GOME-2A formaldehyde VCDs may be low by a factor of 1.3 to 1.7 (Lee et al., 394 

2015; Zhu et al., 2016; Wang et al., 2017). As an “upper bound” constraint, we conducted a third 395 

inversion experiment (IE-3), which was constrained by 1.7 times the GOME-2A formaldehyde alone. 396 

We conducted a fourth inversion experiment (IE-4) constrained by OMI glyoxal VCDs alone to explore 397 

the impacts of glyoxal observations on the inversions of anthropogenic emissions.  398 

 399 

Figure 3 illustrates our protocol for the inversion experiments. For each month, we began by driving 400 

the GEOS-Chem forward model with the a priori emissions (xi=1= xa=1) to simulate the monthly mean 401 

formaldehyde and glyoxal VCDs at satellite-crossing time. The simulated and satellite-observed VCDs 402 

were used to calculate the cost function, J(x), and the forcing arrays (
( )

( )

J



x

F x
). The adjoint of 403 

GEOS-Chem was then used to compute the cost function gradient (
( )J



x

x
), and the next guess of the 404 

emission scale factor (xi+1) was calculated using the Quasi-Newton L-BFGS-B algorithm (Byrd et al., 405 

1995; Zhu et al., 1997), subject to the bounds 0.32 ≤ x ≤ 10. These bounds were selected based on the 406 

largest uncertainties quoted in the literature on Chinese NMVOC emission estimates (Q. Zhang et al., 407 

2009; Liu et al., 2012). The process was then iterated until the incremental relative reduction of the cost 408 

function (
   

    
+1 i

-

max ,

J J

J J

1i + i

i

x x

x x
) was less than 1% after at least six iterations. We took xi+1 from the last 409 

iteration as the optimized emission scale factor (xp) and applied it to calculate the top-down emission 410 

estimate. 411 

 412 
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3 Comparison of simulations using the a priori emissions against satellite observations and 413 

ground-based measurements 414 

We first qualitatively compared the formaldehyde and glyoxal VCDs simulated by the GEOS-Chem 415 

model (sampled at satellite overpass times) using the a priori emissions against those observed by 416 

GOME-2A and OMI, as well as ground-based measurements. Figure 4 (a)-(d) show the monthly mean 417 

formaldehyde VCDs observed by GOME-2A over China for January, April, June, and October 2007. 418 

Observed formaldehyde VCDs over China showed a distinct west-to-east gradient year-round, which 419 

was driven by the higher vegetation and population densities in eastern China. Observed formaldehyde 420 

VCDs were higher during the warmer months, reflecting the stronger biogenic emissions during the 421 

growing seasons. Highest formaldehyde VCDs were observed over the NCP in June, in response to the 422 

large emissions from in-field crop residue burning. In April, high concentrations of formaldehyde were 423 

also observed near the southwestern border, reflecting the seasonal biomass burning there.  424 

 425 

Figure 4 (e)-(h) show the simulated monthly mean formaldehyde VCDs using the a priori emission 426 

estimates. The model generally reproduced the observed seasonal contrast and regional patterns. The 427 

simulated formaldehyde columns were higher than the GOME-2A observations in January, implying an 428 

overestimate of anthropogenic formaldehyde precursors in the a priori in January. The simulated 429 

formaldehyde columns were lower than the GOME-2A observations over eastern China in June, 430 

implying an underestimation of the emissions of formaldehyde precursors in June in the a priori. 431 

 432 

A few ground-based measurements of tropospheric formaldehyde VCDs have been made in China 433 

using the MAX-DOAS technique (Li et al., 2013; Stavrakou et al., 2015; Wang et al., 2017) (Table S1). 434 

Figure 4 also shows the seasonal mean of these ground-based measurements at GOME-2A overpass 435 

time. In principle, these ground-based measurements were not directly comparable to the 436 

satellite-observed and model-simulated formaldehyde columns due to the different inherent 437 

uncertainties and the coarse spatial resolution of our analyses. Nevertheless, the seasonal progression 438 

presented by these few ground-based measurements were consistent with both the GOME-2A-observed 439 

and model-simulated formaldehyde VCDs. 440 

 441 

Figure 5 shows the monthly mean glyoxal VCDs observed by GOME-2A. Similar to the case of 442 
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formaldehyde, GOME-2A-observed glyoxal VCDs were highest over eastern China in June, reflecting 443 

large emissions of NMVOC species that are precursors to both formaldehyde and glyoxal. During 444 

January the eastern China glyoxal enhancement was more evident than formaldehyde. As biogenic 445 

emissions were small in winter, this indicated that the glyoxal VCDs were more reflective of 446 

anthropogenic source. Figure 5 (e)-(h) shows that the simulated glyoxal VCDs were higher than the 447 

GOME-2A observations in January and lower than the GOME-2A observations in June. This suggested 448 

an overestimation of anthropogenic sources in January and an underestimation of the biogenic sources 449 

in June, which was consistent with the constraints implied by the GOME-2A formaldehyde 450 

observations. During the transition months of April and October, when the anthropogenic and biogenic 451 

contributions to carbonyl productions were presumably more comparable, the simulated glyoxal VCDs 452 

were lower than the GOME-2A observations, while the simulated formaldehyde VCDs were higher 453 

than the GOME-2A observations (Figure 4 (e)-(h)). This likely indicated that the a priori inventory 454 

underestimated the emissions of NMVOC species (e.g. aromatics, ethyne, ethene, and glyoxal) that 455 

preferentially produced glyoxal, while it overestimated the emissions of species (e.g. ≥C4 alkanes and 456 

≥C3 alkenes from anthropogenic activities) that preferentially produced formaldehyde during the 457 

transition months. Ground-based MAX-DOAS glyoxal measurements at a rural southern China site in 458 

July 2006 averaged 6.8(±5.2) × 10
14

 molecules cm
-2

, higher than both the GOME-2A-observed and 459 

simulated glyoxal VCDs. No other ground-based measurements were available to provide spatial and 460 

seasonal information. 461 

 462 

Figure 6 (a)-(d) shows the monthly mean formaldehyde VCDs observed by the OMI instrument. 463 

Similar to the GOME-2A-observed formaldehyde VCDs, OMI formaldehyde VCDs were higher over 464 

Eastern China and enhanced during the warmer months. However, the formaldehyde VCDs observed 465 

by OMI were lower than those observed by GOME-2A by approximately 30%, likely due to the 466 

different retrieval algorithms (De Smedt et al., 2012; González Abad et al., 2015). The simulated 467 

formaldehyde VCDs over China were also lower at OMI overpass time than at GOME-2A overpass 468 

time by less than 20% in all seasons. However, the ground-based measurements at the three Chinese 469 

surface sites did not consistently show such a diurnal pattern. 470 

 471 
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Figure 7 (a)-(d) shows the monthly mean glyoxal VCDs observed by the OMI instrument. Valid OMI 472 

glyoxal VCDs observations were relatively sparse over China, especially during colder months. The 473 

seasonal and spatial patterns of the glyoxal VCDs observed by OMI were generally consistent with 474 

those observed by GOME-2A. However, the glyoxal VCDs observed by OMI were higher than those 475 

observed by GOME-2A except in January. MAX-DOAS measurements of glyoxal at a rural southern 476 

China site in July 2006 were also higher in the afternoon than in mid-morning. In contrast, the 477 

simulated glyoxal VCDs at OMI overpass time (Figure 7 (e)-(h)) were lower than those at GOME-2A 478 

overpass time. This discrepancy among the glyoxal diurnal cycles represented by the MAX-DOAS 479 

measurements and the model indicated an uncertainty in the local glyoxal budget. 480 

 481 

Figures 6 and 7 also compare the formaldehyde and glyoxal VCDs observed by OMI to those simulated 482 

by the model using the a priori emission estimates over China. Formaldehyde VCDs observed by OMI 483 

were lower than those simulated by the model in all seasons, with the exception of a local hotspot over 484 

the NCP in June. However, the glyoxal VCDs observed by OMI were higher than those simulated by 485 

the model in all seasons. It thus appeared that the constraints on Chinese NMVOC emissions indicated 486 

by the OMI formaldehyde and glyoxal observations were contradictory, even during January and June 487 

when the NMVOC emissions over Eastern China were dominated by anthropogenic and biogenic 488 

sources, respectively. There may be two explanations for this apparent contradiction indicated by the 489 

OMI formaldehyde and glyoxal observations. Firstly, the simulated photochemical budgets of 490 

formaldehyde and glyoxal during the local afternoon may be in error. Errors in the model 491 

photochemical budget would also explain why the MAX-DOAS measurements of formaldehyde and 492 

glyoxal VCDs were both higher in the afternoon than in the morning, while the model showed an 493 

opposite diurnal contrast. It is also possible that there were different inherent biases in the OMI 494 

formaldehyde and glyoxal retrievals. 495 

 496 

4 Top-down estimates of Chinese NMVOC emissions 497 

4.1 A posteriori formaldehyde and glyoxal VCDs from inversion experiments 498 

The qualitative analyses in Section 3 showed that the GOME-2A and OMI retrievals of formaldehyde 499 

and glyoxal VCDs provide disparate information on seasonal Chinese NMVOC emissions. Thus, our 500 
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four inversion experiments on monthly Chinese NMVOC emissions using different satellite 501 

observations as constraints (Table 2) represent a range of probable top-down estimates given current 502 

satellite observations. Figure 2 shows the monthly top-down Chinese NMVOC emission estimates 503 

from the four inversion experiments for January, April, June, and October and compares them against 504 

the a priori emission estimates. The top-down emission estimates for the full twelve months are shown 505 

in Figure S3. Figure S4 shows the changes in the normalized cost functions over China in the four 506 

inversion experiments. Relative to their respective initial cost function values, the optimized cost 507 

function values were reduced by 10%-60% for all four experiments. 508 

 509 

Figure 4 (i-l) and Figure 5 (i-l) show the a posteriori monthly mean VCDs of formaldehyde and 510 

glyoxal, respectively, from the GOME-2A formaldehyde-glyoxal inversion experiment IE-1. Overall, 511 

IE-1 greatly improved the agreement between the a posteriori VCDs and the GOME-2A observations 512 

for both formaldehyde and glyoxal. The a posteriori VCDs of formaldehyde and glyoxal over eastern 513 

China both decreased in January and increased in June. During the transition months of April and 514 

October, IE-1 decreased the a posteriori formaldehyde VCDs while increasing the a posteriori glyoxal 515 

VCDs. Figure 2 illustrates how these changes in VCDs were driven by the top-down NMVOC 516 

emission estimates. For IE-1, the estimated emissions of all NMVOC species were reduced in January 517 

but enhanced in June. In April and October, however, IE-1 decreased the total NMVOC emissions 518 

while preferentially increasing the emissions of anthropogenic glyoxal precursors.  519 

 520 

Figure 6 (i-l) and Figure 7 (i-l) show the a posteriori monthly mean VCDs of formaldehyde and 521 

glyoxal, respectively, from the OMI formaldehyde-glyoxal inversion experiment IE-2. IE-2 was 522 

effective in reducing the a posteriori formaldehyde VCDs over eastern China year-round to better 523 

agree with the OMI formaldehyde observations. However, the inversion increased the a posteriori 524 

glyoxal VCDs only slightly and was less effective in bringing agreement with the OMI glyoxal 525 

observations. Figure 2 shows that the a posteriori NMVOC emission estimates from IE-2 were lower 526 

than the a priori estimates for all months. This was due to a combination of factors at work in the 527 

inversion. The low formaldehyde observations from OMI in all months drove a large reduction in the 528 

emissions of NMVOCs that produced only formaldehyde (≥C4 alkanes and ≥C3 alkenes from 529 
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anthropogenic activities, as well as primary formaldehyde from biomass burning). At the same time, 530 

the relatively high glyoxal observations from OMI drove an increase in the emissions of NMVOCs that 531 

produced mainly glyoxal (ethene, ethyne, and aromatics from anthropogenic activities, as well as 532 

primary glyoxal from biomass burning). For precursors that produced large amounts of both 533 

formaldehyde and glyoxal (most importantly biogenic isoprene), the inversion reduced the top-down 534 

emissions. This was because the formaldehyde observations had more leverage on the inversion due to 535 

their lower observational errors. This manifested the importance of well-characterized retrievals with 536 

reliable error estimates. 537 

 538 

Figure 4 (q-t) shows the a posteriori formaldehyde VCDs from the inversion experiment IE-3, which 539 

was constrained by the GOME-2A-observed formaldehyde VCDs scaled by a factor of 1.7. The a 540 

posteriori formaldehyde VCDs in IE-3 were further increased during the warmer months relative to 541 

IE-1, especially over the NCP and central China in June. In January, the scaled-up GOME-2A 542 

observations were still lower than the simulated formaldehyde VCDs using the a priori emissions, 543 

leading to a small reduction in the a posteriori formaldehyde VCDs. Figure 2 shows that the top-down 544 

emission estimates of all NMVOC species were lower than the a priori in January and higher than the 545 

a priori in June. Consequently, although no observations of glyoxal were used as constraints in IE-3, 546 

the a posteriori glyoxal VCDs also decreased in January and increased in June (Figure 5(m) and (o)). 547 

This is in agreement with our findings in Section 3, whereby the constraints exerted by the GOME-2A 548 

formaldehyde and glyoxal observations were consistent in January and in June, when the NMVOC 549 

emissions were dominated by anthropogenic and biogenic sources, respectively. However, IE-3 had 550 

almost no effects on the simulated glyoxal VCDs and the top-down emission estimates of 551 

anthropogenic glyoxal precursors in April and October (Figure 5 (n) and (p)). This demonstrated the 552 

necessity of glyoxal observations on constraining the emissions of NMVOC species that preferentially 553 

produced glyoxal, including most importantly aromatics.  554 

 555 

The impacts of satellite glyoxal observations on constraining Chinese NMVOC emission estimates was 556 

further demonstrated in IE-4. Figure 7 (m-p) shows the a posteriori glyoxal VCDs from IE-4, which 557 

used only the OMI glyoxal observations as constraints. The a posteriori glyoxal VCDs for all months 558 

increased, to an extent greater than those in IE-2. Figure 2 shows that this increase in the a posteriori 559 
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glyoxal VCDs in IE-4 was achieved mainly by increasing the emission estimates of anthropogenic 560 

glyoxal precursors for all months. In June, the emissions of biogenic isoprene (precursor to both 561 

glyoxal and formaldehyde) also increased. As a result, the a posteriori formaldehyde VCDs in IE-4 562 

increased in June but remained similar to the a priori simulation for the other months (Figure 6 (m-p)). 563 

 564 

4.2 Top-down estimates of Chinese NMVOC emissions from inversion experiments 565 

Table 2 and Figure 8 shows the top-down estimates for Chinese annual total NMVOC emissions from 566 

the four inversion experiments and compare them against the a priori. Our top-down annual total 567 

estimates for Chinese NMVOCs ranged from 23.4 to 35.4 Tg C y
-1

, compared to the 27.4 Tg C y
-1

 of 568 

the a priori. The highest top-down estimate was from IE-3, constrained by 1.7 times the GOME-2A 569 

formaldehyde VCD observations. The lowest top-down estimate was from IE-2, due to the relatively 570 

low formaldehyde observations from OMI. 571 

 572 

Anthropogenic sources constituted 53%-57% of the total top-down NMVOC emissions. The highest 573 

top-down anthropogenic emissions estimate was from IE-4 (19.7 Tg C y
-1

), which reflected the strong 574 

traction of the OMI glyoxal observations on constraining anthropogenic NMVOC emissions. The 575 

lowest top-down anthropogenic emission estimate was from IE-2 (13.5 Tg C y
-1

). All four inversion 576 

experiments consistently showed larger emissions of anthropogenic glyoxal precursors than the a priori. 577 

In particular, our top-down estimates for anthropogenic aromatics ranged from 5.0 to 7.3 Tg C y
-1

, 578 

consistently larger than the a priori of 4.9 Tg C y
-1

 (Li et al., 2014).  579 

 580 

The top-down estimates for biogenic NMVOCs emission ranged between 8.9 and 14.8 Tg C y
-1

. The 581 

top-down estimates for biogenic isoprene were 4.9 to 10.5 Tg C y
-1

. The top-down estimate for biomass 582 

burning NMVOC emissions were between 1.06 to 1.47 Tg C y
-1

, with the largest top-down estimate 583 

driven by the scaled-up GOME-2A formaldehyde VCDs (IE-3).  584 

 585 

Figure 9 shows the spatial distribution of the scale factors for Chinese annual NMVOC emissions from 586 

each of the four inversion experiments relative to the a priori emission estimates. The use of 587 

GOME-2A formaldehyde and glyoxal observations as constraints in IE-1 led to a domain-wide increase 588 
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in biogenic NMVOC emissions, except in the northeast. IE-1 also found an increase in biomass burning 589 

emissions over the NCP in June. A similar spatial distribution was found for the emission scale factors 590 

of IE-3. Again, this indicated a consistency between the constraints exerted by the formaldehyde and 591 

glyoxal observations from GOME-2A. The optimized emission scale factors from IE-2 and IE-4 were 592 

of opposite signs. Using only OMI glyoxal observations as constraints in IE-4 led to a domain-wide 593 

increase in NMVOC emissions from all sectors. However, when further constraints of the relatively 594 

low OMI formaldehyde observations were added in IE-2, the top-down emission estimates decreased 595 

across the domain.  596 

 597 

As discussed previously, our four inversion experiments using different satellite retrievals as 598 

constraints represent the range of probable top-down estimates given currently available satellite 599 

observations. To represent the difference between these top-down estimates relative to the a priori, we 600 

averaged the top-down estimates from the four inversion experiments. Our averaged top-down estimate 601 

for Chinese total annual NMVOC emissions was 30.8 Tg C y
-1

, including 17.0 Tg C y
-1

, 12.6 Tg C y
-1

, 602 

and 1.2 Tg C y
-1

 from anthropogenic, biogenic, and biomass burning sources, respectively. Our average 603 

estimate for anthropogenic aromatic flux was 6.1 Tg C y
-1

, which was 24% larger than the a priori 604 

estimate of Li et al. (2014). 605 

 606 

Figure 1 (e-l) shows the spatial distribution of annual Chinese NMVOC emission of our averaged 607 

top-down estimate and the scale factors relative to the a priori estimates. Our averaged top-down 608 

estimate of Chinese NMVOC emissions were spatially consistent with the a priori, but the total fluxes 609 

increased by 10% to 40% throughout eastern China relative to the a priori. In particular, we found a 40% 610 

increase in the biomass burning emissions over the NCP. We also found a 20%-40% increase in the 611 

anthropogenic NMVOC emissions in coastal eastern China. Largest scale factors for biogenic NMVOC 612 

were found near the northwestern border of China and along the northeast-to-southwest division line of 613 

vegetation density. This potentially indicated an underestimation of biogenic NMVOC emission from 614 

semi-arid ecosystems in the MEGAN inventory. 615 

 616 
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5 Comparison with previous estimates of Chinese NMVOC emissions 617 

Table 1 compares our top-down estimates of Chinese annual NMVOC emissions for the year 2007 618 

against estimates in the literature for the years between 2005 and 2012. It should be noted that 619 

bottom-up inventories often estimated the total NMVOCs emitted from a source sector using emission 620 

factors for total NMVOCs, then distributed the emissions using different species profile data. As a 621 

result, bottom-up estimates often included additional NMVOC species not represented here in our 622 

study. 623 

 624 

Our top-down estimate for biogenic NMVOC emissions range from 8.9 to 14.8 Tg C y
-1

, on average 17% 625 

larger than the flux calculated from the MEGAN inventory (Guenther et al., 2006). Our top-down 626 

estimate for isoprene emission (the single most emitted NMVOC species) ranged from 4.9 to 10.5 Tg C 627 

y
-1

, bracketing the a priori of 6.6 Tg C y
-1

. Stavrakou et al. (2015) previously used GOME-2A and OMI 628 

formaldehyde observations to derive top-down estimates of isoprene emissions over China of 5.0 Tg C 629 

y
-1

 (GOME-2A) and 5.5 Tg C y
-1

 (OMI), respectively. In comparison, our top-down isoprene emission 630 

estimates constrained by GOME-2A and OMI (both formaldehyde and glyoxal) observations, were 8.2 631 

Tg C y
-1

 (from IE-1) and 4.9 Tg C y
-1

 (from IE-2), respectively. Our top-down estimates constrained by 632 

GOME-2A observations was larger than that of Stavrakou et al. (2015) due to the additional glyoxal 633 

constraints. Our estimate constrained by OMI observations was lower than that of Stavrakou et al. 634 

(2015) because the OMI formaldehyde VCDs over China retrieved by González Abad et al. (2015) 635 

were systematically lower than the OMI formaldehyde VCDs retrieved by De Smedt et al. (2015).  636 

 637 

Our top-down estimates for Chinese annual biomass burning NMVOC emissions ranged from 1.06 to 638 

1.47 Tg C y
-1

. These numbers are in good agreement with the estimate of Huang et al. (2012). Previous 639 

bottom-up biomass burning NMVOC emission estimates by Bo et al. (2008) and Wu et al. (2016) 640 

ranged from 1.9 to 2.4 Tg C y
-1

, but only 25% to 30% of these emissions were from open burning of 641 

crop residues; the rest were emitted from biofuel burning. The GFED3 inventory (van der Werf et al., 642 

2010), based on satellite burnt area observations, severely underestimated biomass burning emissions 643 

over China, particularly those associated with crop residue burning. Top-down estimate of Chinese 644 

biomass burning NMVOC emissions by Stavrakou et al. (2015) was between 1.1-1.5 Tg C y
-1

, very 645 
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close to our top-down estimate range (1.06-1.47 Tg C y
-1

). Similar to Fu et al. (2007) and Stavrakou et 646 

al. (2016), our study also highlighted the large emissions from crop residue over the NCP in June 647 

(Figure 2). 648 

 649 

Previous bottom-up estimates of Chinese anthropogenic NMVOC emissions ranged widely from 10.7 650 

to 29.8 Tg C y
-1

 (Bo et al., 2008; Cao et al., 2011; Kurokawa et al., 2013; Li et al., 2014; Wu et al., 651 

2016) due to the use of different emission factors, activity data, and statistical models. Previous 652 

top-down estimates of Chinese anthropogenic NMVOC emissions ranged from 17.3-28.7 Tg C y
-1

 (Liu 653 

et al., 2012; Stavrakou et al., 2015). Our top-down estimates had a smaller range between 13.5 to 19.7 654 

Tg C y
-1

. Our top-down estimates for anthropogenic aromatics (5.0 to 7.3 Tg C y
-1

) were approximately 655 

middle-of-the-range relative to previous estimates of 2.1-11.3 Tg C y
-1

. The large difference between 656 

previous top-down estimates and our top-down estimates of anthropogenic NMVOCs were 657 

predominantly due to the choices of satellite observation constraints, and to a lesser extent due to the 658 

choices of chemical transport model, the NMVOC species modeled, and the a priori emission 659 

estimates. Specifically, the much higher estimate of anthropogenic aromatic emission by Liu et al. 660 

(2012) (11.3 Tg C y
-1

) compared to our top-down estimates (5.0-7.3 Tg C y
-1

) was due to (1) the high 661 

glyoxal VCDs observed by the SCIAMACHY instrument compared to those observed the GOME-2A 662 

and OMI instruments over China; (2) the assumption made by Liu et al. (2012) that all anomalous 663 

glyoxal was produced by aromatics oxidation; (3) the lower yields of glyoxal from aromatics oxidation 664 

used in Liu et al. (2012) than those used in our model.  665 

 666 

Our four inversion experiments all indicated stronger anthropogenic NMVOC emissions in summer 667 

than in winter. In contrast, the a priori estimates showed a slightly stronger NMVOC emission in 668 

winter than in summer, which was driven by stronger activity levels in winter in the bottom-up 669 

inventories along with seasonally-invariant emission factors (Li et al., 2017). However, studies showed 670 

that the NMVOC emission factors, in particular those for transport and industrial sectors, were strongly 671 

and positively correlated with temperature (Rubin et al., 2006; Wei et al., 2016). 672 

 673 
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6 Impacts on simulated surface ozone levels over China 674 

We evaluated the impacts on surface ozone concentrations due to our average top-down emission 675 

estimates of NMVOCs. Figure 10 compares the monthly mean afternoon (13:00-17:00 LT) surface 676 

ozone concentrations simulated using our averaged top-down emission estimates against those 677 

simulated using the a priori emissions for June and December 2007. Also shown in Figure 10 are 678 

surface observations at representative regional sites (Li et al., 2007; Xu et al., 2008; J. M. Zhang et al., 679 

2009; Zheng et al., 2010; Wang et al., 2012; Wang et al., 2015; Li and Bian, 2015; Sun et al., 2016; Xu 680 

et al., 2016).Using the a priori emissions, the highest simulated afternoon surface ozone concentrations 681 

were between 100-110 ppb over the NCP in June. This was lower than the observations at two sites in 682 

the NCP, including a rural site outside Beijing (>100 ppb) and Mt. Tai (108 ppb). In comparison, by 683 

using our averaged top-down NMVOC emission estimate, the simulated afternoon surface ozone 684 

increased by 5-10 ppb over the NCP in June and were in better agreement with the observations. In 685 

December, the simulated afternoon surface ozone using a priori emission consistently overestimated 686 

the observed concentrations in eastern China. In comparison, by using our averaged top-down 687 

NMVOC emission estimates, the simulated afternoon surface ozone over eastern China decreased by 5 688 

to 13 ppb, again in better agreement with the observations. It thus appears that our top-down emission 689 

estimates for Chinese NMVOCs improved simulation of regional ozone. 690 

 691 

7 Conclusions 692 

We used the GEOS-Chem model and its adjoint, as well as satellite observations of tropospheric 693 

column concentrations of formaldehyde and glyoxal, to constrain monthly Chinese NMVOC emissions 694 

from anthropogenic, biogenic, and biomass burning sources for the year 2007. We updated the 695 

gas-phase chemistry in the GEOS-Chem model and constructed its adjoint. The a priori emission 696 

estimates were taken from widely-used bottom-up emission inventories. We conducted four inversion 697 

experiments, which were constrained by formaldehyde and glyoxal observations from the GOME-2A 698 

instrument (IE-1), formaldehyde and glyoxal observations from the OMI instrument (IE-2), 1.7 times 699 

the formaldehyde observations from the GOME-2A instrument (IE-3), and glyoxal observations from 700 

the OMI instrument (IE-4), respectively. The results from these experiments represented the range of 701 

probable top-down NMVOC emission estimates for China given current satellite observational 702 
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constraints.  703 

 704 

Our top-down estimates of total annual Chinese NMVOC emission from the four inversion 705 

experiments ranged from 23.4 to 35.4 Tg C y
-1

. Our top-down estimates of Chinese anthropogenic 706 

NMVOC emission was 13.5 to 19.7 Tg C y
-1

. In particular, we top-down estimate of Chinese 707 

anthropogenic aromatic emissions range from 5.0 to 7.3 Tg C y
-1

, much smaller than the top-down 708 

estimate of 11.3 Tg C y
-1

 by Liu et al. (2012). Our top-down estimate of Chinese biogenic NMVOC 709 

emission ranged from 8.9 to 14.8 Tg C y
-1

, with 4.9 to 10.5 Tg C y
-1

 attributed to isoprene. Our 710 

top-down estimate for Chinese biomass burning NMVOC emission range from 1.1 to 1.5 Tg C y
-1

 and 711 

was mostly associated with seasonal open burning of crop residue after local harvests, such as over the 712 

NCP in June. 713 

 714 

We evaluated the impacts on regional surface ozone concentrations from our average top-down 715 

Chinese NMVOC emission estimates. We found that the simulated monthly mean afternoon surface 716 

ozone concentrations increased by 5-12 ppb over the NCP in June, compared to the a priori simulation. 717 

In December, the simulated monthly mean afternoon surface ozone concentrations decreased by 5-13 718 

ppb over northern and central China, compared to the a priori simulation. For both seasons, the 719 

simulation using our averaged top-down emission estimates were in better general agreement with 720 

regional surface observations.  721 

 722 

We concluded that formaldehyde and glyoxal observations from GOME-2A and OMI provide 723 

quantitative constraints on the monthly emissions of Chinese NMVOCs. In particular, the simultaneous 724 

use of the observations of both species helps distinguish NMVOC precursors and thus provides better 725 

quantification of individual sources. However, better validation of these satellite data over China are 726 

urgently needed, particularly in terms of discrepancies between different retrievals for the same species. 727 
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Table 1. Comparison of recent estimates for Chinese annual NMVOC emissions 1098 

 1099 

a Emission estimates from literature were originally in units of Tg y-1. We converted the units to Tg C y-1 using to 1100 

carbon to organic compound mass ratios (0.84 for anthropogenic VOCs, 0.57 for biomass burning VOCs, and 0.85 1101 

for biogenic VOCs based on the a priori emission estimates). 1102 

b These emission estimates included NMVOC species that were not included in this work. See color keys in Figure 1103 

2 for NMVOC species whose emissions were included in this work. 1104 

c Used SCIAMACHY-observed glyoxal VCDs as constraints. 1105 

d Used GOME-2A-observed and OMI-observed formaldehyde VCDs as constraints. 1106 

e Consisted of emissions from open burning of crop residues and from biofuel burning. 1107 

f Calculated by the GEOS-Chem model using GEOS-5 meteorological data. 1108 

g Average of top-down estimates from four inversion experiments. 1109 
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 1113 

 1114 

 1115 

Literature a Target 

year 

NMVOC [Tg C y-1] 

Anthropogenic Biogenic Biomass 

burning Total Aromatics Total Isoprene 

Bottom-up 

Bo et al. (2008) b 2005 10.7    2.2 e 

Zhang et al. (2009) b 2006 19.7 (± 68%) 2.1    

Cao et al. (2011) b 2007 29.8     

Kurokawa et al. (2013) b 2008 22.8 (± 46%)     

Li et al. (2014) b 2010 19.8 4.9    

Wu et al. (2016) b 2008 15.6    2.2 e 

2009 18.3    1.9 e 

2010 20.0    2.1 e 

2011 20.8    2.1 e 

2012 21.5    2.4 e 

Huang et al. (2012) b 2006     1.3 

(0.62-2.0) 

van der Werf et al.(2010) 2007     0.24 

Guenther et al.(2006) 2007   10.8 f 6.6 f  

Top-down 

Liu et al. (2012) c 2007 28.7 11.3    

Stavrakou et al. (2015) d 2010 (17.3-20.7)   (5.0-5.5) (1.1-1.5) 

This work 2007 17.0 g 

(13.5-19.7) 

6.1 g 

(5.0~7.3) 

12.6 g 

(8.9-14.8) 

8.4 g 

(4.9-10.5) 

1.22 g 

(1.06 – 1.47) 
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 1116 

 1117 

Table 2. Inversion experiments to constrain Chinese NMVOC emissions 1118 

Inversion 

experiments 

Observational 

constraints from 

satellites  

[±uncertainties] 

Annual Chinese NMVOC emission estimates [Tg C y-1] 

Anthropogenic Biogenic Biomass 

burning 

Total 

  
A priori emission estimates [±uncertainties] 

15.5 (4.9 for 

aromatics) a 

[±200%] 

10.8 (6.6 for 

isoprene) b 

[±55%] 

1.10 

[±300%] c 

27.4 

  A posteriori emission estimates [range] 

IE-1 GOME-2A 

formaldehyde [±90%] 

and glyoxal [±150%] 

15.7 (5.9 for 

aromatics) 

12.5 (8.2 for 

isoprene) 

1.13 29.3 

IE-2 OMI formaldehyde 

[±90%] and glyoxal 

[±150%] 

13.5 (5.0 for 

aromatics) 

8.9 (4.9 for 

isoprene) 

1.06 23.4 

IE-3 GOME-2A 

formaldehyde × 170% 

[±90%] 

19.2 (6.0 for 

aromatics) 

14.8 (10.5 for 

isoprene) 

1.47 35.4 

IE-4 OMI glyoxal 

[±150%] 

19.7 (7.3 for 

aromatics) 

14.1 (9.9 for 

isoprene) 

1.24 35.1 

Our  

top-down 

estimates 

 17.0 d  

[13.5 - 19.7] 

(6.1 d [5.0 - 7.3] 

for aromatics) 

12.6 d [8.9 - 14.8] 

(8.4 d [4.9 – 10.5] 

for isoprene) 

1.2 d 

[1.1 - 1.5] 

30.8 d 

[23.4 – 35.4] 

a From Li et al. (2014)  1119 

b From Guenther et al. (2006). 1120 

c Compiled from the emission estimated by van der Werf et al. (2010) plus a scaling of the emission estimated by 1121 

Huang et al. (2012). See text (section 2.2) for details. 1122 

d Average of top-down estimates from the four inversion experiments. 1123 

 1124 

 1125 

 1126 

 1127 

 1128 

 1129 

 1130 

 1131 

 1132 

 1133 
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 1136 

 1137 

Table 3. Technical details for GOME-2A and OMI formaldehyde and glyoxal retrievals used in this study 1138 

Technical details GOME-2A OMI 

Formaldehyde a Glyoxal b Formaldehyde c Glyoxal d 

Onboard satellite European Metop-A NASA Aura 

Operation time October 2006-present July 2004-present 

Overpass time 9:30 LT 13:30 LT 

Global coverage 1.5 days e 1 day 

Spatial resolution 80 km × 40 km 13 km × 24 km 

Spectral window 240-790 nm 270-500 nm 

Spectral resolution 0.26-0.5 nm 0.42 nm and 0.63 nm 

Selected absorption band 328.5 - 346 nm 435 - 460 nm 328.5 - 356.5 nm  435 - 461 nm  

Retrieval algorithm DOAS fitting Direct fitting 

Cloud parameters FRESCO+ (Wang et al., 2008) OMCLDO2 (Acarreta et al., 2004) 

Surface albedo Kleipool et al. (2008) Kleipool et al. (2008) 

Air mass 

factor 

calculation 

Radiative 

transfer model 

LIDORT (Spurr, 2008) VLIDORT (Spurr, 2006) 

Tracer gas 

profiles 

IMAGE v2 (Stavrakou et al., 2009b) GEOS-Chem (González Abad et al., 2015) 

Extinction by aerosols Considered implicitly via cloud 

correction 

Considered implicitly in the cloud retrieval 

Discarded pixels Cloud fraction > 40% or zenith 

angles >60o 

Cloud fraction > 40% Impacted by random 

telegraph signals 

(RTS) f 

a From De Smedt et al. (2012) 1139 

b From Lerot et al. (2010) 1140 

c From González Abad et al. (2015) 1141 

d From Chan Miller et al. (2014) 1142 

e Before the swath was narrowed in June 2013. After that, the global coverage is achieved every 3 days.  1143 

f Pixels that have been flagged as RTS in the level 1-B product (Kleipool, 2005). 1144 

 1145 
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 1146 

Figure 1. Spatial distributions of annual NMVOC emissions from China. (a)-(d): the a priori annual NMVOC 1147 

emission estimates from (a) biomass burning, (b) anthropogenic, (c) biogenic, and (d) total sources. (e)-(h): 1148 

averaged top-down estimates of annual NMVOC emissions. Annual Chinese total emission estimates are shown 1149 

inset in units of [Tg C y-1]. The uncertainties of the a priori emission estimates and the range of top-down 1150 

emission estimates are shown in parentheses. (i)-(l): scale factors for our averaged top-down estimates relative to 1151 

the a priori estimates. 1152 
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 1154 

Figure 2. Estimates of monthly Chinese NMVOC emissions for January, April, June, and October 2007. For each 1155 

month, the bars from left to right represent: the a priori emission estimates and the a posteriori emission estimates 1156 

from IE-1, IE-2, IE-3, and IE-4. The red dashed boxes and red numbers indicate monthly emissions of 1157 

anthropogenic glyoxal precursors. Color keys for NMVOC species are shown inset, with the suffixes of ‘bb’, ‘an’ 1158 

and ‘bg’ indicating emissions from biomass burning, anthropogenic, and biogenic activities, respectively. 1159 

 1160 

 1161 

Figure 3. Protocol for the adjoint inversion experiments. 1162 
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 1163 

Figure 4. Monthly mean formaldehyde VCDs over China. (a-d): GOME-2A-observed formaldehyde VCDs and 1164 

(m-p) GOME-2A formaldehyde VCDs scaled by a factor of 1.7. (e-h): Formaldehyde VCDs simulated by the 1165 

model using a priori emission estimates; (i-l) the a posteriori formaldehyde VCDs from inversion IE-1;(q-t) the a 1166 

posteriori formaldehyde VCDs from the inversion IE-3. Also shown are ground-based MAX-DOAS 1167 

measurements at 9:30 LT (circles) at Beijing (De Smedt et al., 2015), Wuxi (Wang et al, 2017), and Back Garden 1168 

(Li et al, 2013). 1169 
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 1171 

Figure 5. Monthly mean glyoxal VCDs over China (a-d) observed by the GOME-2A instrument, (e-h) simulated 1172 

by the model using the a priori emission estimates, (i-l) obtain from inversion IE-1, and (m-p) obtain from 1173 

inversion IE-3. Also shown are ground-based MAX-DOAS measurements at Back Garden in July 2006 (Li et al, 1174 

2013). 1175 
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 1177 

Figure 6. Monthly mean formaldehyde VCDs over China. (a-d): formaldehyde VCDs observed by the OMI 1178 

instrument. (e-h): formaldehyde VCDs simulated by the model using the a priori emission estimates. (i-l): the a 1179 

posteriori formaldehyde VCDs from inversion IE-2. (m-p): the a posteriori formaldehyde VCDs from inversion 1180 

IE-4. Also shown are ground-based MAX-DOAS measurements at 13:30 LT (circles) at Beijing (De Smedt et al., 1181 

2015), Wuxi (Wang et al, 2017), and Back Garden (Li et al, 2013). 1182 
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 1184 

Figure 7. Monthly mean glyoxal VCDs over China (a-d) observed by the OMI instrument, (e-h) simulated by the 1185 

model using the a priori emission estimates, (i-l) obtained from inversion IE-2, and (m-p) obtained from the 1186 

inversion IE-4. Also shown are ground-based MAX-DOAS measurements at 13:30 LT (circles) at Back Garden in 1187 

July 2006 (Li et al, 2013). 1188 

 1189 

Atmos. Chem. Phys. Discuss., https://doi.org/10.5194/acp-2017-1136
Manuscript under review for journal Atmos. Chem. Phys.
Discussion started: 15 January 2018
c© Author(s) 2018. CC BY 4.0 License.



45 

 

 1190 

Figure 8. Comparison of estimates of annual Chinese NMVOC emissions from (a) anthropogenic, (b) biogenic, (c) 1191 

biomass burning, and (d) total sources. For each subfigure, shown from left to right are the a priori estimates and 1192 

our a posteriori estimates from IE-1, IE-2, IE-3, and IE-4. Annual total NMVOC emission estimates are shown in 1193 

black numbers on top of each bar. The red dashed boxes and red numbers in (a) indicate annual emissions of 1194 

anthropogenic glyoxal precursors. The green dashed boxes and green numbers in (a) indicate annual emissions of 1195 

anthropogenic aromatics. The grey dashed boxes and grey numbers in (b) indicate annual biogenic isoprene 1196 

emissions. Color keys to NMVOC species are shown at the bottom, with suffixes of ‘an’, ‘bg’, ‘bb’ indicating 1197 

anthropogenic source, biogenic source, and biomass burning source, respectively. 1198 
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 1200 

Figure 9. Spatial distributions of the optimized scale factors for Chinese annual NMVOC emissions, relative to the 1201 

a priori emission estimates, for the four inversion experiments. 1202 

 1203 

 1204 

Figure 10. Simulated monthly mean afternoon (13:00-17:00 LT) surface ozone concentrations driven by the a 1205 

priori emissions and average of our top-down emissions, respectively, as well as corresponding difference (a 1206 

posteriori–a priori) in June and December 2007. Filled circles overlaid on the contour maps represent surface 1207 

ozone observations at several sites of China (Table S2). 1208 
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