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Table S1 Ultimate yields of formaldehyde and glyoxal from the oxidation of NMVOC precursors by OH in
our model under high-NO, and low-NO, conditions

NMVOCs Formaldehyde (molecules per C) Glyoxal (molecules per C)
High-NO, ? Low-NO, " High-NO,® | Low-NOy"
Ethene 0.995 0.366 0.0665 0.067
Glycolaldehyde 0.366 0.366 0.067 0.067
Isoprene 0.436 0.38 0.0255 0.073
2-methyl-3-bute-nol (MBO) 0.092 0.092 0.0168 0.0168
Benzene 0.001 0.001 0.0555 0.0555
Toluene 0.198 0.18 0.037 0.037
Xylenes 0.269 0.155 0.026 0.026
Monoterpenes (lumped) 0.006 0.006 0.005°¢ 0.005°
Ethyne - - 0.318 0.318
Methanol 1.0 1.0 - -
Ethane 0.5 0.5 - -
Acetaldehyde (lumped) 0.5 0.5 - -
Propane 0.49 0.317 - -
>C; alkenes (lumped) 0.657 0.333 - -
Acetone 0.64 0.383 - -
Hydroxyacetone 0.333 0.333 - -
Methyglyoxal 0.333 0.333 - -
>C, alkanes (lumped) 0.578 0.187 - -
Methy ethyl ketone (lumped) 0.465 0.25 - -

2 Yields under high-NO, conditions were calculated assuming that all RO, radicals from the oxidation of the

NMVOC precursor reacted with NO.
b Yields under low-NO, conditions were calculated assuming RO,:HO, concentration ratio of 1:1.

¢ Glyoxal produced from the oxidation of monoterpenes by ozone
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Table S2 Technical details for the GOME-2A and OMI formaldehyde and glyoxal observations used in this

study

Technical details GOME-2A oMl
Formaldehyde Glyoxal Formaldehyde Glyoxal

Product reference De Smedt et al. | Lerot et al. | Gonz8ez Abad et al. | Chan Miller et al.
(2012) (2010) (2015) (2014)

Platform

European MetOp-A satellite

NASA Aura satellite

Operation time

October 2006 — present

July 2004 — present

Overpass time

9:30 local time

13:30 local time

Global coverage Every 1.5 days before June 2013; | Every 1 day
every 3 days after June 2013
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 328.5-356.5nm 435 - 461 nm
Retrieval algorithm Differential ~ Optical ~ Absorption | Direct fitting

Spectroscopy (DOAS) fitting

Cloud parameter data

FRESCO+ (Wang et al., 2008)

OMCLDO?2 (Acarreta et al., 2004)

Surface albedo data

Kleipool et al. (2008)

Kleipool et al. (2008)

Air mass | Radiative LIDORT (Spurr, 2008) VLIDORT (Spurr, 2006)

factor transfer model

calculation | Tracer gas | IMAGES model outputs (Stavrakou | GEOS-Chem model outputs (Gonzdez Abad
profiles et al., 2009b) et al., 2015)

Extinction by aerosols

Considered implicitly via cloud

correction (Boersma et al., 2004)

Considered implicitly in the cloud retrieval

(Acarreta et al., 2004)

Discarded pixels

Pixels with cloud fraction >40% or

zenith angles >60° were discarded

Pixels with cloud
fraction > 40% were

discarded

Pixels flagged as
impacted by random
telegraph signals

were discarded 2

2 Some pixels were flagged as impacted by random telegraph signals in the level 1-B product (Kleipool, 2005).
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Table S3 Ground-based MAX-DOAS measurements of formaldehyde and glyoxal vertical column densities

in China at GOME-2A and OMI overpass times

Reference Location Time of measurement Vertical column densities
9-10 local | 13-14  local
time time
Formaldehyde [10%® molecules cm™]
Vlemmix et al. | Xianghe, Hebei 2010-2016 JAN 0.5140.17 0.8240.17
(2015) (39.75N, 116.96E)
FEB 0.7020.07 0.9540.04
MAR 0.8940.12 1.1240.17
APR 1.0440.11 1.2140.16
MAY 1.3940.19 1.8740.28
JUN 1.8640.25 2.4130.24
JUL 1.7530.27 2.1640.15
AUG 1.6740.20 2.1840.22
SEP 1.2440.21 1.5740.17
OCT 1.1740.15 1.4940.14
NOV 0.8040.03 1.1140.15
DEC 0.6140.13 0.8940.07
Lee et al. (2015) | Beijing August 16 to September | - 1.79
(39.59°N, 116.18°E) | 11, 2006
Wang et al. | Wuxi, Jiangsu | 2011 - 2014 JF 0.7°2 0.8°?
(2017) (31.57°N,120.31°E)
MA 0.940.15% 1.140.26°
MJ 1.540.12 2 1.940.152
JA 1.740.10 2.240.26 °
SO 1.240.122 1.740.12°
ND 0.840.30° 1.440.322
Lietal. (2013) | Back Garden, | July 2006 1.3#4.0° 1.320.7°
Guangdong
(23.50°N, 113.03°E)
Glyoxal [10* molecules cm?]
Lietal. (2013) | Back Garden, | July 2006 6.845.2°¢ 11.446.8°¢
Guangdong

(23.50°N, 113.03°E)

2From Figure 12 of Wang et al. (2017)
b From Figure 4 of Li et al. (2013)
From Figure 5 of Li et al. (2013)
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Table S4 Statistical comparisons of the a priori and a posteriori (from IE-1) simulated formaldehyde VCDs

against the formaldehyde VCDs observed by GOME-2A over eastern China ?

Month Formaldehyde VCD comparisons (model against GOME-2A observations)
NMB © R RMSE ° (<10%® molecules cm™)
apriori | aposteriori | apriori | a posteriori | a priori a posteriori

IE-1 IE-1 IE-1

JAN 0.43 0.066 0.80 0.92 212 0.645

FEB 0.13 -0.036 0.80 0.92 1.59 0.947

MAR | -0.024 -0.064 0.94 0.97 129 1.10

APR 0.11 0.047 0.93 0.97 1.25 0.83

MAY | -0.099 0.044 0.87 0.97 1.50 121

JUN -0.11 0.005 0.80 0.87 2.27 1.93

JUL -0.064 0.042 0.81 0.87 1.87 1.71

AUG 0.014 0.074 0.85 0.87 1.31 1.46

SEP 0.017 0.051 0.83 0.87 1.25 1.15

OCT 0.13 0.04 0.90 0.95 131 0.809

NOV | 0.45 0.13 0.74 0.94 2.28 1.00

DEC 0.67 0.17 0.51 0.85 3.27 1.19

2 The eastern China domain is defined as the area within the red dashed box (20°N-42°N,103°E-123°E) in Figure 3

of the main text.

b NMB: normalized mean bias; R: Pearson correlation coefficient; RMSE: root mean square error
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Table S5 Statistical comparisons of the a priori and a posteriori (from I1E-3) simulated formaldehyde VCDs
against the 1.7 times the formaldehyde VCDs observed by GOME-2A over eastern China ?

Month Formaldehyde VCDs (model against GOME-2A observations <1.7) 46
NMB ° R® RMSE ° (<10'® molec cm?)
a priori | a posteriori | apriori | a posteriori | a priori a posteriori

IE-3 1E-3 IE-3

JAN 0.092 -0.054 0.71 0.89 1.56 0.880

FEB -0.20 -0.21 0.76 0.82 2.75 2.63

MAR | -0.32 -0.22 0.93 0.88 4.30 3.79

APR | -0.19 -0.18 0.92 0.94 2.96 2.78

MAY | -0.39 -0.15 0.85 0.92 5.12 251

JUN -0.41 -0.15 0.78 0.93 7.64 3.84

JUL -0.37 -0.19 0.80 0.92 6.79 3.62

AUG | -0.31 -0.17 0.85 0.90 4.69 2.77

SEP -0.28 -0.11 0.82 0.93 3.64 1.73

OCT | -0.16 -0.12 0.89 0.92 2.46 1.98

NOV | 0.12 -0.10 0.62 0.90 2.55 1.99

DEC | 0.30 -0.048 0.38 0.82 3.14 1.80

2 The eastern China domain is defined as the area within the red dashed box (20°N-42°N,103°E-123°E) in Figure 3

of the main text.

b NMB: normalized mean bias; R: Pearson correlation coefficient; RMSE: root mean square error
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Table S6 Statistical comparisons of the a priori and a posteriori (from IE-1 and IE-3) simulated glyoxal
VCDs against the glyoxal VCDs observed by GOME-2A over eastern China ?

Month Glyoxal VCDs (model against GOME-2A observations)
NMB © R RMSE ® (<10 molec cm?)
a a a a a a a a a
priori | posteriori | posteriori | priori | posteriori | posteriori | priori | posteriori | posteriori
IE-1 IE-3 IE-1 IE-3 IE-1 IE-3

JAN -0.075 | -0.21 -0.14 0.65 0.80 0.61 1.25 0.900 1.23
FEB -0.15 -0.19 -0.16 0.67 0.76 0.67 0.900 | 0.723 0.892
MAR -0.44 -0.33 -0.36 0.67 0.64 0.65 1.59 143 1.48
APR -0.55 -0.44 -0.55 0.85 0.78 0.85 1.67 1.47 1.66
MAY -0.59 -0.32 -0.39 0.80 0.83 0.79 1.64 1.02 1.18
JUN -0.55 -0.32 -0.33 0.80 0.85 0.86 214 1.52 151
JUL -0.53 -0.31 -0.29 0.89 0.87 0.88 1.90 1.23 121
AUG -0.52 -0.34 -0.33 0.74 0.77 0.75 1.82 131 1.30
SEP -0.56 -0.41 -0.41 0.77 0.73 0.62 1.85 1.47 1.54
OCT -0.48 -0.33 -0.44 0.85 0.83 0.83 1.44 1.09 1.33
NOV -0.25 -0.26 -0.40 0.72 0.82 0.77 0.94 0.853 1.10
DEC 0.079 | -0.21 -0.15 0.60 0.79 0.69 1.18 0.745 0.876

2 The eastern China domain is defined as the area within the red dashed box (20°N-42°N,103°E-123°E) in Figure 3
of the main text.

b NMB: normalized mean bias; R: Pearson correlation coefficient; RMSE: root mean square error
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Table S7 Statistical comparisons of the a priori and a posteriori (from IE-2 and IE-4) simulated

formaldehyde VCDs against the formaldehyde VCDs observed by OMI over eastern China 2

Month Formaldehyde VCDs (model against OMI observations)
NMB © R RMSE ° (x10%® molec cm™®)
a a a a a a a a a
priori | posteriori | posteriori | priori | posteriori | posteriori | priori | posteriori | posteriori
IE-2 IE-4 IE-2 IE-4 IE-2 IE-4

JAN 0.38 0.12 0.40 0.85 0.86 0.84 194 0.78 2.01
FEB 0.46 0.18 0.49 0.85 0.94 0.83 1.90 0.87 2.04
MAR | 0.22 0.081 0.29 0.93 0.97 0.90 1.37 0.72 1.74
APR 0.38 0.22 0.45 0.88 0.93 0.86 1.96 1.24 2.26
MAY | 0.47 0.29 0.56 0.94 0.89 0.95 2.56 171 3.04
JUN 0.25 0.16 0.39 0.81 0.84 0.81 245 1.82 3.39
JUL 0.27 0.19 0.41 0.81 0.84 0.77 2.49 1.96 3.69
AUG | 0.38 0.24 0.58 0.85 0.85 0.80 2.82 1.96 4.36
SEP 0.36 0.15 0.48 0.84 0.83 0.82 2.29 1.30 3.10
OCT 0.29 0.10 0.38 0.94 0.94 0.92 1.59 0.85 2.08
NOV | 0.36 0.16 0.42 0.84 0.86 0.84 1.78 0.97 2.02
DEC 0.70 0.23 0.72 0.83 0.92 0.83 2.66 1.00 2.75

2 The eastern China domain is defined as the area within the red dashed box (20°N-42°N,103°E-123°E) in Figure 3

of the main text.

b NMB: normalized mean bias; R: Pearson correlation coefficient; RMSE: root mean square error
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Table S8 Statistical comparisons of the a priori and a posteriori (from IE-2 and 1E-4) simulated glyoxal

VCDs against the glyoxal VCDs observed by OMI over eastern China ?

Month Glyoxal VCDs (model against OMI observations)

NMB R RMSE (=10 molec cm™)

a a a a a a a a a

priori | posteriori | posteriori | priori | posteriori | posteriori | priori | posteriori | posteriori

IE-2 IE-4 IE-2 IE-4 IE-2 IE-4

JAN -0.32 | -0.33 -0.29 0.12 0.077 0.10 1.40 1.34 1.28
FEB -0.46 | -0.36 -0.32 0.45 0.38 0.33 1.49 1.32 1.26
MAR | -0.60 | -0.38 -0.33 0.69 0.39 0.38 241 2.00 1.92
APR -0.63 | -0.33 -0.30 0.83 0.46 0.48 214 1.63 1.53
MAY | -0.63 | -0.58 -0.26 0.82 0.80 0.80 2.04 1.88 1.09
JUN -0.66 | -0.51 -0.29 0.64 0.80 0.88 3.24 2.50 1.60
JUL -0.65 | -0.58 -0.45 0.78 0.79 0.83 2.92 2.63 2.10
AUG | -0.60 | -0.50 -0.32 0.68 0.78 0.80 2.35 1.96 1.45
SEP -0.65 | -0.17 -0.16 0.68 0.61 0.75 2.35 1.35 1.05
OCT -0.61 | -0.14 -0.15 0.87 0.90 0.89 1.96 0.733 0.73
NOV | -0.46 | -0.34 -0.28 0.53 0.48 0.52 1.39 1.19 1.09
DEC -0.35 | -0.38 -0.30 0.28 0.38 0.37 1.44 1.38 1.28

2 The eastern China domain is defined as the area within the red dashed box (20°N-42°N,103°E-123°E) in Figure 3

of the main text.

b NMB: normalized mean bias; R: Pearson correlation coefficient; RMSE: root mean square error
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Table S9 Comparison of measured and simulated surface ozone concentrations over China

Referen | Location Platfor | Time Mixing ratio (ppb) Bias (model - observation)
ce m observations | a average a priori | average
priori | top-down | emissions | top-down
emissi | emissions | ? emissions 2
ons ? a
Wang et | Beijing Ozone | 14:00 LT, | 100to 120
al. (39.8°N, sonde | June
97 103 | -23 to -3 -17t0 3
(2012) 116.47°E) 2002-201
0
14:00 LT, 0to 30
December
46 38 16 to 46 8 to 38
2002-201
0
Sun et | Mt Tai Groun | Maximum 108
al. (36.25°N, | d-base | daily
(2016) | 117.10°E, | d 8h-averag
97 103 -11 -5
1533 m e, June
a.s.l.) 2006-201
5
Li et al. | Mt. Tai Groun | 13-17 LT, 46
(2007) | (36.25°N, | d-base | December
117.10°E, | d 2004 46 38 0 -8
1533 m
a.s.l.)
Li et al. | Mt. Hua Groun | 13-17 LT, 76
74 78 -2 2
(2007) (110.09°E, | d-base | June 2004
34.49°N, d 13-17 LT, 38
2064 m December 56 51 18 13
as.l) 2004
Xu et | Lin’an Groun | 13-17 LT, 62
57 59 -5 -3
al. (30°3N, d-base | June 2006
(2008) 119°7E, d 13-17 LT, 27
139 m December 56 48 29 21
as.l) 2005
Xu et | Waliguan | Groun | 11-16 LT, 61
al. (36.28°N, | d-base | June
60 61 -1 0
(2016) 100.9°E, d 1994-201
3816 m 3
as.l.) 11-16 LT, 41
December
47 47 6 6
1994-201
3
Zheng Huizhou Groun | 13-17 LT, 34 36 36 2 2

10
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et al | (114.4°E,2 | d-base | June 2007
(2010) 3.09°N) d 13-17 LT, 66
December 61 59 -5 -7
2007
J.M. Lanzhou Groun | 13-17 LT, 74
Zhang (36.13°N, | d-base | June 2006
et al. | 103.69°E, |d 67 68 -7 -6
(2009) | 1631m
as.l)
Li et al. | Changchu | Ozone | 14 LT, 62
(2015) | n(43.9°N, | sonde | June 13,
125.2°E, 2013 66 69 4 7
237 m
as.l.)
Wang et | Akedala Groun | 13-17 LT, 53
al. (47.1°N, d-base | July 2013 >0 %0 3 3
(2015) 87.5°E, d 13-17 LT, 21
502 m November 36 36 15 15
a.s.l.) 2013

2 Simulated surface ozone concentrations were sampled from 13:00 to 17:00 local time.

11
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Table S10 Surface measurements of SOC concentrations in June during 2006 and 2007 (Zhang et al., 2012)*

and comparison to simulated SOC concentrations

Site Site SOC concentration (ug C m'®) Bias (model - measurement)
type average average
o top-down a priori | top-down
measurement aprior emission simulatio | emission
simulation . .
estimates n estimates
simulation simulation
Chengdu
(30.65°N, urban 3.79 131 1.61 -2.49 -2.18
104.03°E)
Dalian
(38.9°N, urban 2.64 1.32 2.09 -1.32 -0.55
121.63°E)
Dunhuang
(40.15°N, regional | 2.51 0.38 0.41 -2.13 -2.11
94.68°E)
Gaolanshan
(36.0°N, regional | 1.29 0.73 0.97 -0.56 -0.32
105.85°E)
Jinsha
(29.63°N, regional | 1.81 1.40 1.85 -0.42 0.03
114.2°E)
Lhasa
(29.67°N, regional | 2.34 0.47 0.48 -1.88 -1.86
91.13°E)
LinAn
(30.3°N, regional | 2.51 0.95 1.29 -1.55 -1.22
119.73°E)
Longfengshan
(44.73°N, regional | 1.89 0.85 1.09 -1.04 -0.79
127.6°E)
Nanning
(22.82°N, urban 1.70 0.72 0.74 -0.98 -0.96
108.35°E)
Taiyangshan
(29.17°N, regional | 1.11 1.38 1.72 0.27 0.61
111.71°E)
XiAn
(34.43°N, urban 5.41 1.70 2.39 -3.71 -3.02
108.97°E)
Zhengzhou
(34.78°N, urban 2.78 1.59 217 -1.19 -0.62
113.68°E)

12
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Average | | 2.48 1.07 1.40 -1.42 -1.08

2 SOC concentrations were computed using organic carbon measurements (ugC m™) and the EC-tracer approach
(Zhang et al., 2012).
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Figure S1. Finite difference test for the GEOS-Chem adjoint model for the period between July 1% and July
7t 2007. (a): Sensitivities of global glyoxal burden to biogenic isoprene emission scale factor; (b):

sensitivities of global formaldehyde burden to biogenic isoprene emission scale factor; (c) sensitivities of

global glyoxal burden to anthropogenic xylene emission scale factor; (d): sensitivities of global

formaldehyde burden to anthropogenic xylene emission scale factor. ADJOINT sensitivities and FD

sensitivities were calculated by the adjoint model and the forward model, respectively. 2nd Order’, ‘1st Pos’

and ‘1st Nes’ represent sensitivities calculated by central, forward, backward finite difference methods,

respectively. The slopes of the regression lines (k) and the correlations (R?) are shown in set.
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Constrained by formaldehyde Constrained by glyoxal

Pseudo
scale factor

A priori
scale factor

A posteriori
scale factor

0.0 0.2 0.5 1.5 3.0 5.0
Figure S2. Pseudo isoprene emission scale factor ((a@) and (d), uniformly set to 1.0 to generate pseudo
observations), the a priori isoprene emission scale factor ((b) and (e), uniformly set to 5.0), and the a
posteriori isoprene emission scale factor ((c) and (f)) in inversion tests (July 1th to 7th, 2007) constrained by

pseudo observations of formaldehyde and glyoxal, respectively.
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GEOS-Chem
forward model

Start from
xp=x,=1 N

A 4

Simulated formaldehyde Processed GOME-2A or OMI
and glyoxal observations of formaldehyde
and glyoxal

Compute cost function J(x)
and forcing &7(x)
SF(X)

v

GEOS-Chem adjoint model

calculate gradient aJ(x)
L-BFGS-B
o

X, =X +a

i [

o,

Figure S3. Protocol for the inversion experiments. For each month, we began by driving the GEOS-Chem
forward model with the a priori emissions (X;z; = X, = 1) to simulate the monthly mean formaldehyde and
glyoxal VCDs at satellite-crossing time. The simulated and satellite-observed VCDs were used to calculate

0J (x)

the cost function, J(x), and the forcing arrays (aF(X) ). The adjoint of GEOS-Chem was then used to

83 (x)
compute the cost function gradient ( X ), and the next guess of the emission scale factor (x;.;) was
calculated using the Quasi-Newton L-BFGS-B algorithm (Byrd et al., 1995; Zhu et al., 1997), subject to the

bounds 0.32 <X < 10. These bounds were selected based on the largest uncertainties quoted in the literature

on Chinese NMVOC emission estimates (Q. Zhang et al., 2009; Liu et al., 2012). The process was then

9 (x),.,-3(x)|

iterated until the incremental relative reduction of the cost function ( max (J(x),,, .3 (x),) ) was less than 1%

after at least five iterations. We took x;,; from the last iteration as the optimized emission scale factor (x)

and applied it to calculate the top-down emission estimate.
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115 Figure S4. Measured and simulated monthly mean formaldehyde VCDs at Xianghe at GOME-2A overpass
116 time: MAX-DOAS measurements (black line, monthly mean averages for the years 2010 to 2016 from
117 Vlemmix et al., 2015), GOME-2A measurements (green solid line), GOME-2A measurements multiplied by
118 1.7 (blue solid line), monthly mean formaldehyde VCDs from the a priori simulation (red line), the IE-1 a
119 posteriori simulation (green dashed line), and the IE-3 a posteriori simulation (blue dashed line). Pearson
120 correlation coefficients (R) of the satellite-observed and simulated formaldehyde VCDs against the
121 MAX-DOAS measurements are shown in the top left. Annual mean biases (MB, in units of 10'> molecules
122 cm) of the satellite-observed and simulated formaldehyde VCDs against the MAX-DOAS measurements
123 are shown in the bottom right.
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Figure S5 Measured and simulated monthly mean formaldehyde VCDs at Xianghe at OMI overpass time:
MAX-DOAS measurements (black line, monthly mean averages for the years 2010 to 2016 from Viemmix et
al., 2015), OMI measurements (green solid line), monthly mean formaldehyde VCDs from the a priori
simulation (red line), the IE-2 a posteriori simulation (green dashed line), and the IE-4 a posteriori
simulation (blue dashed line). Pearson correlation coefficients (R) of the satellite-observed and simulated
formaldehyde VCDs against the MAX-DOAS measurements are shown in the top left. Annual mean biases
(MB, in units of 10*® molecules cm™) of the satellite-observed and simulated formaldehyde VCDs against the

MAX-DOAS measurements are shown in the bottom right.
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139 Figure S6. Comparison of the a priori and a posteriori monthly Chinese anthropogenic glyoxal precursors
140 emission estimates for the year 2007. The bars from left to right for each month represent the a priori
141 emission estimates, and the a posteriori emission estimates from IE-1, 1E-2, IE-3, and IE-4, respectively.

142 Color keys for the NMVOC species are shown inset; the suffix ‘an’ indicates the anthropogenic source.
143
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Figure S7. Change in the normalized cost function (J(x); / J(X)izy) over China in the four inversion
experiments: (a) IE-1, (b) IE-2, (c) IE-3, and (d) IE-4.
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Figure S8. Simulated monthly mean surface secondary organic carbon (SOC) 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. Overlaid symbols show the SOC measurements at 12 urban (circles) and regional
(triangles) sites in China in June (Table S10). Mean biases (MB) of the simulated concentrations relative to
surface measurements in June are shown inset.
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