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Currently, modeling studies tend to significantly underestimate observed space-based
glyoxal (CHOCHO) vertical column densities (VCDs), implying the existence of missing
sources of glyoxal. Several recent studies suggest that the emissions of aromatic
compounds and molar yields of glyoxal in the chemical mechanisms may both be
underestimated, which can affect the simulated glyoxal concentrations. In this study, the
influences of these two factors on glyoxal amounts over China were investigated using
the RAMS-CMAQ modeling system for January and July 2014. Four sensitivity simulations
were performed, and the results were compared to satellite observations. These results
demonstrated significant impacts on glyoxal concentrations from these two factors.
In case 1, where the emissions of aromatic compounds were increased three-fold,
improvements to glyoxal VCDs were seen in high anthropogenic emissions regions. In
case 2, where molar yields of glyoxal from isoprene were increased five-fold, the resulted
concentrations in July were 3–5-fold higher, achieving closer agreement between the
modeled and measured glyoxal VCDs. The combined changes from both cases 1 and 2
were applied in case 3, and themodel succeeded in further reducing the underestimations
of glyoxal VCDs. However, the results over most of the regions with pronounced
anthropogenic emissions were still underestimated. So the molar yields of glyoxal from
anthropogenic precursors were considered in case 4. With these additional mole yield
changes (a two-fold increase), the improved concentrations agreed better with the
measurements in regions of the lower reaches of the Yangtze River and Yellow River in
January but not in July.
© 2018 The Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences.
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Introduction

Organic aerosol (OA) accounts for a large fraction of fine
particulate matter (20%–90%) (Kanakidou et al., 2005), and
has significant impacts on atmospheric chemistry, air
quality, and climate (Fu et al., 2008). OA can be classified
into primary organic aerosol (POA) and secondary organic
aerosol (SOA). The former is directly emitted through the
combustion of anthropogenic and biogenic sources, while the
latter is produced through the oxidation of volatile organic
compounds (VOCs), followed by the partition of semi-volatile
organic compounds (SVOCs) into the aerosol phase (Fuzzi
et al., 2006; Seinfeld and Pankow, 2003). However, studies
have shown that SOA is underpredicted in models by a factor
between 8 and 100 (de Gouw et al., 2005; Volkamer et al.,
2006), resulting in underestimation of OA (Fu et al., 2012;
Jiang et al., 2012; Li et al., 2017a; Lin et al., 2016; Matsui et al.,
2014; Utembe et al., 2011). One of the reasons for this is the
uncertainty in emission sources of VOC precursors (Carlton
et al., 2009; Goldstein and Galbally, 2007; Li et al., 2017a).

Glyoxal, one of the most prevalent dicarbonyl compounds
in the atmosphere, has been identified as a potentially
important precursor of SOA through aqueous-phase chemi-
cal processes (Altieri et al., 2008; Carlton et al., 2007, 2006;
Lim and Ziemann, 2005; Zhao et al., 2006). Although glyoxal
can be directly emitted during biofuel combustion and biomass
burning (Fu et al., 2008), it is primarily produced through
the oxidation of hydrocarbons with no fewer than two carbon
atoms (Calvert et al., 2000, 2002). Due to the lack of information
about the distribution of direct and indirect sources of glyoxal
(Vrekoussis et al., 2009), large uncertainties exist regarding the
sources of glyoxal. Recent studies have reported a substantially
underestimated glyoxal vertical columndensity (VCD) (Fu et al.,
2008; Myriokefalitakis et al., 2008; Liu et al., 2012), and this
discrepancy, which may potentially contribute to the underes-
timation of SOA, implies the existence of additional sources, or
an underestimation in the known sources of glyoxal (Stavrakou
et al., 2009). However, fewstudies have investigated this further.
Stavrakou et al. (2009) investigated this discrepancy using
an inversion scheme to constrain the missing indirect and
direct sources of glyoxal based on glyoxal and formaldehyde
columns observed by the SCIAMACHY sensor. However, this
approach introduced a number of new uncertainties such as
unspecified glyoxal precursors, assumptions in the emis-
sions rate, etc. A few years later, Liu et al. (2012) used space-
based SCIAMACHY (SCanning Imaging Absorption
spectroMeter for Atmospheric CHartographY) glyoxal VCDs
and the Regional Chemical Transport Model to show that the
discrepancy between the simulated and the observed glyoxal
amounts emanates from a substantial underestimation in
the aromatic emission inventories. They concluded that “the
specific causes for the large underestimation of aromatics
emissions merit further investigations”.

In the present study, four sensitivity simulations were
performed with the RAMS-CMAQ (the Regional Atmospheric
Modeling system coupled with Community Multiscale Air
Quality modeling system) modeling system to examine the
potential impacts on glyoxal VCDs over China of two factors,
namely, the molar yields of glyoxal in the chemical
Please cite this article as: Li, J., et al., Investigating missing s
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mechanisms (FYIE, discussed here for the first time), and the
emissions of aromatic compounds (FEMIS). The base model
settings and the observation data are described in Section 1. In
Section 2, the model performances are evaluated, and the
influences of the two factors on glyoxal VCDs are discussed
through comparisons between the results of the simulation
cases and satellite measurements. The study's conclusions
are summarized in Section 3.
1. Model and data

1.1. Base model settings

CMAQ version 4.7.1 was chosen as the base model, configured
with the gas chemical mechanism, SAPRC99 (1999 Statewide Air
Pollutant Research Center) (Carter, 2000), to assess the contribu-
tionsof the twomissing sourcesof glyoxal. In this version, glyoxal
production from hydrocarbons was accounted for, where the
precursors included isoprene, terpene, propane and acetylene
(combined as ALK2), ethylene, toluene (combined with other
aromatics as ARO1), xylene (combined with other aromatics as
ARO2), and phenol. Along sinks due to photolysis and oxidation
by OH/NO3 radicals, another important glyoxal sink is its role in
the formation of in-cloud SOA, which was also incorporated into
the model (Carlton et al., 2008). The aqueous chemistry, subgrid
clouds, and scavenging processes (bothwithin and below clouds)
were parameterized in the cloud module, in a similar way as in
RADM (Regional Acid Deposition Model) (Chang et al., 1987).

The meteorological fields from RAMS were read into
CMAQ to drive the model. A detailed description of RAMS
and its capabilities is given by Cotton et al. (2003). In this
study, RAMS has been operated in the four-dimensional
data assimilation mode using nudging analysis. The syn-
optic meteorological fields used in RAMS were the National
Centers for Environmental Predictions (NCEP) datasets
(temporal resolution: 6 hr; spatial resolution: 1° × 1°). Weekly
mean sea surface temperature (SST) and monthly observed
snow cover information were used as the boundary conditions
for the RAMS computations.

Anthropogenic emissions, including power, industry, resi-
dential, transportation and agriculture, were adopted from the
monthly emissions inventory for the base year of 2012 with a
spatial resolution of 0.25° × 0.25°, and chemical species included
in the inventorywere black carbon (BC), organic carbon (OC), SO2,
NOx, CO, non-methane VOCs (NMVOCs), NH3 and other partic-
ulatematters (Li et al., 2017b). Speciation of NMVOCs compatible
with SAPRC99 was also provided (Li et al., 2014). More details can
be found at http://www.meicmodel.org. Biogenic emissionswere
derived from theModel of Emissions of Gases and Aerosols from
Nature (MEGAN) (Guenther et al., 2012). The Global Emissions
InventoryActivity (GEIA) (a 1° × 1°monthly inventory) (Benkovitz
et al., 1996) provided the lighting NOx, while the open biomass
burning emissions were obtained from the Global Fire Emissions
Database, Version 4 (Randerson et al., 2015). Dust emissionswere
calculated online with an empirical dust model developed by
Han et al. (2004) and sea salt by the scheme of Gong (2003),
respectively. The Model of Ozone and Related Tracers, version
4 (MOZART-4) (Emmons et al., 2010) provided the boundary
conditions for the model calculation.
ources of glyoxal over China using a regional air quality
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The model domain was 6656 × 5440 km2 on a rotated
polar-stereographic map projection centered at (35°N, 110°E)
(shown in Fig. 1). The horizontal resolution was 64 km. The
blue box in Fig. 1 shows the region of interest. The vertical
dimension of the CMAQ simulation was divided into 15 layers
and extended from the surface to approximately 23 km high,
with the lowest 7 layers in the bottom 2 km to resolve the
planetary boundary layer.

1.2. Observational data

The observational data used in this study were derived from
satellite and surface measurements taken in 2014. To evaluate
the emission biases of aromatic compounds, comparisonswere
made between simulated and observed concentrations, accord-
ing to Zhang and Ying (2011). Aromatic compound concentra-
tions were measured every Thursday at 14:00 local standard
time (LST) with a gas chromatography mass spectrometer
(GC–MS) at three sites (Beijing, Xinglong, and Yucheng; shown
in Fig. 1). The detailed methods of sampling and analysis are
given in Sun et al. (2016) andWu et al. (2016).

To determine the impacts of the molar yields of glyoxal
in the chemical mechanisms and the emissions of aromatic
compounds on glyoxal, the mean tropospheric glyoxal vertical
column abundances for each month were calculated from
satellite measurements using the Ozone Monitoring Instrument
(OMI) (Levelt et al., 2006). A detailed description of the glyoxal
retrieval technique, the updated differential optical absorption
spectroscopy (DOAS) method, is given by Alvarado et al. (2014),
which accounts for different interferences species in the wave-
length range and is one part of a homogenized retrieval from
multiple satellite platforms as described in Alvarado (2016).
Fig. 1 – Geographic locations of the measurement stations in the m
Qingdao; 6: Changsha; 7: Nanchang; 8: Fuzhou; 9: Guangzhou; 10: U
which parameters were compared at each station: red filled circle:
compound concentrations; purple blank circle: both meteorologica
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To constrain the sources of glyoxal, space-based formaldehyde
(HCHO) measurements were utilized, since the two gases have
common precursors (isoprene, terpene, ethylene, and ALK2 in
our model) and are correlated through chemistry. The data of
monthly mean tropospheric HCHO VCDs retrieved from the OMI
instrument were obtained from the Tropospheric Emissions
Monitoring Internet Service (TEMIS) and the relevant data
information can be found in De Smedt et al. (2015). Due to the
difficulty in retrieving glyoxal columns over oceans [caused by
interference from liquid water absorption (Alvarado et al., 2014;
Lerot et al., 2010; Wittrock et al., 2006)], and to the fact that
the HCHO columns over oceanic areas lie close to the detection
limit of the instrument, the main focus of this study was limited
to continental regions. In order to evaluate the impacts of
NO2 concentrations on the ratios between averaged glyoxal
and formaldehyde VCDs (RGF) (the detailed impacts of NO2 on
RGF are described in Section 2.2), tropospheric NO2 columns
derived from the OMI instrument were obtained from the NASA
Goddard Earth Sciences (GES) Data and Information Services
Center (DISC) (http://disc.sci.gsfc.nasa.gov/data/Aura_OMI _Level3/
OMNO2d.003/2014) and the detailed product information are
given in Krotkov et al. (2016).

To evaluate the performance of RAMS-CMAQ, the simu-
lated meteorological factors, including temperature (T),
relative humidity (RH), wind speed (WS), wind direction (WD),
and PM2.5 concentrations were compared to themeasurements
over 10 stations (presented in Fig. 1). The hourly observations
of meteorological parameters were collected from the
Meteorological Information Comprehensive Analysis and
Process System (MICAPS), while the hourly observed PM2.5

data were derived from the Chinese National Environmental
Monitoring Center (CNEMC).
odel domain. 1: Beijing; 2: Hohhot; 3: Datong; 4: Jinan; 5:
rumqi; 11: Xinglong; 12: Yucheng. The colored shapes denote
meteorological parameters; green blank rectangle: aromatic
l parameters and aromatic compound concentrations.
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Table 2 – Sensitivity studies performed to verify the
impacts of two underestimated factors.

Sensitivity
simulation

Description

Case 1 To examine the impacts of aromatics
emissions: increase the emissions of ARO1 in
July and ARO2 in January and July by a factor of 3

Case 2 To examine the impacts of molar yields of
glyoxal from biogenic precursors: increase the
relevant molar yields by a factor of 5

Case 3 To examine both the impacts in cases 1 and 2
Case 4 To examine the molar yields of glyoxal from

anthropogenic precursors based on case
3: increase the relevant more yields by
a factor of 2
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2. Results and discussion

Due to the spatial and temporal variability in the emissions of
aromatic compounds, the impacts of corresponding emissions
biases need to be considered for different seasons. The summer
and winter cases were selected because the dominant sources
in these two seasons are from biogenic and anthropogenic
emissions, respectively. January and July were selected for
investigation. The simulations periods were from 0000 UTC 29
December 2013 to 2300UTC 31 January 2014, and from0000 UTC
27 June to 2300UTC31 July 2014,with the first three days of each
period being the spin-up time.

2.1. Model evaluation

Table 1 presents statistical summaries of the meteorological
parameters and the PM2.5 concentrations in January and
July 2014.

For meteorological parameters, due to the limited resolution
of the model, several under- and overestimates still existed in
the simulated results. However, in the aggregate, the model
successfully reproduced the temporal variations in the surface
temperature, RH, and wind speed (shown in Figs. S1–S3), with
the IOAs of these parameters reaching 0.96, 0.83 and 0.63 in
January, and 0.91, 0.87 and 0.61 in July, respectively. These were
comparable to the results obtained by Feng et al. (2016). TheMBs
of the three parameters were 0.09°C, 0.61% and −0.07 m/sec in
January, and−0.53°C, 0.53%and−0.46 m/sec in July, respectively,
indicating small biases. The RMSEs of T and RH were 3.38°C and
16.45% in January, and 2.50°C and 15.19% in July, respectively,
comparable to the results of Gao et al. (2016), indicating a
reasonable performance of themodel. The RMSEs of wind speed
fulfilled the performance criteria (|RMSE| ≤ 2 m/sec) proposed by
Emery et al. (2001). Although wind directions (Fig. S4) were not
Table 1 – Performance statistics for meteorological
parameters and PM2.5.

Variable Month N Cmod Cobs MB RMSE IOA

T (°C) Jan. 4072 1.20 1.11 0.09 3.38 0.96
Jul. 5386 25.79 26.32 −0.53 2.5 0.91

RH (%) Jan. 4072 55.98 55.37 0.61 16.45 0.83
Jul. 5386 68.49 67.96 0.53 15.19 0.87

WS (m/sec) Jan. 4072 2.16 2.23 −0.07 1.84 0.63
Jul. 5386 1.75 2.21 −0.46 1.75 0.61

Variable Month N Cmod Cobs FB (%) FE (%) IOA
PM2.5 (μg/m3) Jan. 6513 112.91 100.53 7.99 56.13 0.76

Jul. 5902 62.54 46.27 15.83 64.04 0.64

Variables Month N P22.5° (%) P45° (%)

WD (°) Jan. 4072 26.91 46.71
Jul. 5386 29.17 50.00

N: total sample quantity; Cmod and Cobs, mean modeled and observed
values, respectively; IOA, index of agreement; MB, mean bias; FB,
fractional bias; RMSE, root-mean-square error; FE, fractional error;
P22.5° and P45°, percentages of the comparison points at which
the absolute biases between the modeled and observed WD are
within 22.5° and 45°, respectively. The definitions of these statistical
parameters are given by Juda-Rezler et al. (2012).

Please cite this article as: Li, J., et al., Investigating missing s
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reproduced that well compared to the other three factors, P22.5°
and P45° were 26.91% and 46.71% in January, and 29.17% and
50.00% in July, respectively, also implying a reasonable perfor-
mance by the model for WD. Overall, the model performed well
in simulating the meteorological parameters, which ensured
reliability for the following simulations.

The corresponding comparisons for PM2.5 are presented
in Fig. S5. The model overestimated PM2.5 compared to
the observations, probably due to the uncertainties in the
emissions inventory, impacts of background transport, and
the inherent limitation of themodel resolution. However, the
system performed well in capturing the variations in PM2.5,
especially in January, when pollution was more pronounced
and appeared more frequently. As presented in Table 1, the
IOA of PM2.5 reached 0.76 and 0.64 in January and July,
respectively, indicating good agreement of the fine particle
matter simulations with measurements. Moreover, both
the FBs and FEs of PM2.5 in January and July were within
the performance criteria (|FB| ≤ 60%, FE ≤ 75%) proposed by
Boylan and Russell (2006). This indicated that the model
performed reasonable simulations of chemical species, both
spatially and temporally.

2.2. Sensitivity simulations and analyses

Before examining the influence of FYIE and FEMIS studied in
this work, the original simulations (base case) in the model
were investigated and compared to observations. Fig. 2 shows
the observed and simulated monthly mean tropospheric
glyoxal and HCHO VCDs for January and July 2014.

As presented in Fig. 2, the model generally underestimated
the glyoxal vertical column densities over the selected region.
Even so, the simulated glyoxal columns showed similar patterns
as those retrieved from the OMI observations. Over China, in
January, thehighest values (generally (3–5) × 1014 molecules/cm2)
were observed in areas including the Sichuan Basin, south of the
middle and lower reaches of the Yangtze River, and the North
China Plain (NCP), while the modeled values over these regions
were (0.5–3) × 1014 molecules/cm2 (underestimated by a factor
between 2 and 10). The lowest measured values (generally less
than 2 × 1014 molecules/cm2) appeared in the western regions of
China, and were again underestimated by the simulations.
In July, the highest VCDs were concentrated in the regions of
the Sichuan Basin, NCP and the Yangtze River Delta (YRD), and
ources of glyoxal over China using a regional air quality
016/j.jes.2018.04.021
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Fig. 2 – Observed and simulatedmonthlymean tropospheric glyoxal and HCHOVCDs (molecules/cm2) for January and July 2014
(left: OMI observations; right: base case simulations).
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were higher than the modeled results by a factor between 4 and
10. Similarly, in the western regions, the measurements were up
to 20 times higher than the simulations. Outside China, high
values were seen over northeast India, both in January and July,
Please cite this article as: Li, J., et al., Investigating missing s
model (RAMS-CMAQ), J. Environ. Sci. (2018), https://doi.org/10.1
with a 2–8-fold difference between the observed and simulated
quantities. When comparing HCHO, the results over the region
showed that the model captured the spatial pattern of the
observed HCHO columns in both January and July, and was quite
ources of glyoxal over China using a regional air quality
016/j.jes.2018.04.021
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successful in reproducing the intensity of the measurements in
July, except over several high concentration areas (e.g., the NCP,
with high population densities).

Following these comparisons, four sensitivity cases (cases 1 to
4) were designed to examine the impacts of two underestimated
factors: the emissions of aromatic compounds and the molar
yields of glyoxal from precursors. These cases are described in
Table 2 and the reasons are explained in the following text.

For case 1, the potential underestimations in the emissions of
aromatic compounds for different seasons were first identified
and discussed. Fig. 3 shows the ratio of the observed to base case
predicted concentrations (O/P ratio) of ARO1 and ARO2 for
January and July. As seen in Fig. 3a, in January, with the current
emission rates of aromatic compounds, the mean differences in
measured andmodeled ARO1 were not obvious, while the mean
O/P ratios of ARO2 were around 2. In July, the O/P ratios of both
ARO1 andARO2 showed large biases. ThemeanO/P ratio of ARO1
was comparable to the median value and close to 2, while the
mean ratio of ARO2 was as high as 16. This clearly demonstrated
underestimations in the emissions of aromatic compounds,
both in January and July. Referring to the results of Liu et al.
(2012) (who reported emissions underestimated by a factor
between 4 and 10), and considering the limited availability of
observations and the nonlinear relationship between emissions
and final concentrations, the increase in the emission rate of
ARO1 was conservatively estimated to be a factor of 3 in July,
while the emissions of ARO2 were conservatively estimated to
have increased by the same scale both in January and July, for the
purposes of the simulation in case 1. The corresponding O/P
ratios of case 1 are shown in Fig. 3b. As presented, the mean
differences in measured and modeled ARO2 in January were
smaller and the mean O/P ratio was around 1. In July, the O/P
ratios of both ARO1 and ARO2 were much more concentrated.
ThemeanO/P ratio of ARO1 comparable to themedian valuewas
close to 1, while both the mean ratio and the median value of
ARO2 significantly decreased. All of these indicated the reason-
able increases in the emissions of aromatic compounds in the
emission inventory. The final results of glyoxal VCDs in case 1 are
shown in Fig. 5a, b. Compared to theoriginal results, glyoxalVCDs
for the twomonths in case 1were improved. The areas of highest
Fig. 3 – Box and whisker plots of the observation to prediction (O
case; (b) case 1. The observed concentrations were measured eve
spectrometry (GC–MS) at three sites (Beijing, Xinglong, and Yuche
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concentrations during the two months were extended from the
North China Plain to the south of the Yangtze River, especially in
January, and the corresponding concentrations in these areas
were increased by a factor of almost 2, contributing to more
distinct distributions, which were similar to the observations.
However, biases still existed in the results of case 1.

According to Vrekoussis et al. (2010), the ratio between
glyoxal and formaldehyde VCDs decreased when the NO2

column amounts increased. A value of RGF below 0.03 indicated
higher HCHO production from anthropogenic precursors, while
values between 0.04 and 0.06 implied that the biogenic precur-
sors favored glyoxal production. Since there was good agree-
ment between the observed and base case–simulated NO2 VCDs
over the region (shown in Fig. S6), the RGF in the model was not
much affected by NO2. However, the results of RGF in the base
case were quite different from the observations in 2014 (Fig. 4).
In January, with the exception of areas where the ratios
were more than 0.09, most of the observed ratios were greater
than 0.03, and sometimes as large as 0.06. The simulated results,
however, showed ratios of less than 0.03 over most of these
regions, which indicated that glyoxal derived from biogenic
precursors had been underestimated. In July, the simulated
ratios over these areas were mostly less than 0.01, while the
observations (except for the value of more than 0.09) were
mostly greater than 0.03 and as much as 0.06, demonstrating
again that the model underestimated the contributions
from biogenic sources to glyoxal. The results of RGF in case 1
(presented in Fig. S7a, b) further supported this conclusion
though the ratios in several high concentration regions were
more than 0.03 in January for the underestimated HCHO
VCDs (presented in Fig. S7e). In addition, as shown in Fig. 2,
though the HCHO VCDs were underestimated in January,
the comparable intensities of HCHO column concentrations
between simulations and observations in July, when was
dominated by biogenic sources emissions, suggested that the
emissions of isoprene and terpene in the inventory were
close to the actual emissions over most of the regions during
this month. Stavrakou et al. (2009) suggested that underesti-
mations in modeled glyoxal column concentrations might
originate from a missing secondary source accounting for
/P) ratios for aromatics during January and July 2014. (a) base
ry Thursday at 14:00 LST through gas chromatography–mass
ng). The red stars in the plot represent the average O/P ratios.

ources of glyoxal over China using a regional air quality
016/j.jes.2018.04.021
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Fig. 4 – Distribution of observed and simulated RGF (ratio between averaged glyoxal and formaldehyde VCDs) in January and
July 2014 (left: observations; right: base case simulations).
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around 50% of the global budget. It was therefore inferred
that the glyoxal molar yields from the biogenic precursors in
the chemical mechanism were underestimated.

There wereminor contribution to glyoxal from terpene (Liu
et al., 2012), and different studies (Archibald et al., 2010; Butler
et al., 2008; Kuhn et al., 2007; Lelieveld et al., 2008; Peeters
and Muller, 2010; Peeters et al., 2009; Stavrakou et al., 2010;
Zhang and Kamens, 2012) indicated the need of substantial
revisions in the degradation mechanisms of isoprene oxida-
tions, which may result in the quite different yields of glyoxal
from isoprene (Stavrakou et al., 2009). Thus this study only
discussed the molar yields of glyoxal from isoprene. In case 2,
the molar yields of glyoxal from isoprene, which contributed
globally 47% of glyoxal (Fu et al., 2008), were increased by a
factor of 5 (a half of the upper limit in the range of 2 to 10)
and the corresponding results are presented in Fig. 5c, d.
In January, there were no great changes, except for overesti-
mates in areas of Myanmar, Thailand, and eastern India, which
may be due to uncertainties in the emissions. In July, the
modeled results were quite different from the base simulations,
especially the high value ((3–5) × 1014 molecules/cm2) regions
(e.g., some parts of eastern India, north of Myanmar, Bhutan,
south of Shanxi Province, Sichuan Basin, etc.). The distributions
in glyoxal VCDs were qualitatively reproduced, with distinct
patterns similar to the satellite observations. The different
results in January and July were due to the different dominant
impact factors in the respective seasons. Due to the low
emissions of biogenic precursors in winter over China, the
impacts in January were not that obvious. Thus, it can be
concluded that the molar yields of glyoxal from isoprene in the
Please cite this article as: Li, J., et al., Investigating missing s
model (RAMS-CMAQ), J. Environ. Sci. (2018), https://doi.org/10.1
chemical mechanism of the model were underestimated and
needed to be reconsidered based on the results from July. The
RGF in case 2 (shown in Fig. S7c, d) also favored this conclusion.

Based on the results from cases 1 and 2, both impact factors
were considered in case 3. As shown in Fig. 5e, f, the changes to
glyoxal VCDs in case 3 were similar to those in case 2, but with
several key differences, especially in the regions dominated by
anthropogenic emissions. In January for case 3, the regionswith
relatively high values ((2–3) × 1014 molecules/cm2) over the NCP
were extended due to the increase in emissions of aromatic
compounds, which further reduced the biases compared to
observations. Similarly, in July, the areas of high concentrations
((3–5) × 1014 molecules/cm2) were also enlarged. These areas
included the Sichuan Basin, several fragmentary regions over
the NCP, and the areas around the middle reaches of the
Yangtze River, where the anthropogenic source emissions were
relatively significant.

Although the results for case 3 were better than those of the
other cases, the simulations of glyoxal VCDs in the regions of
the lower reaches of theYangtzeRiver andYellowRiver (e.g., the
regions of NCP and YRD), where major population centers
are located, were not satisfying, especially for the intensities in
July (which were underestimated by a factor of 2 to 3). Given
that there were high population densities in these areas,
two reasons for the remaining discrepancies were considered,
namely, the possibility that the emissions of anthropogenic
precursors were still underestimated (F1) and the uncertainties
in the yields of glyoxal from anthropogenic precursors (F2). The
emissions of aromatic compounds were considered first. From
the results in Fig. 3b, the emissions of aromatic compounds in
ources of glyoxal over China using a regional air quality
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Fig. 5 – Distributions of monthly mean tropospheric glyoxal VCDs (molecules/cm2) for the four sensitivity cases in January (left)
and July (right) 2014: (a, b) case 1; (c, d) case 2; (e, f) case 3; (g, h) case 4. VCDs: vertical column densities.
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January were almost within the reasonable range, and so were
the emissions of ARO1 in July. However, further increases
(a factor of 16) in the emissions of ARO2 in July (shown in
Fig. S8a) did not improve the results as well as expected in the
regions of the lower reaches of the Yangtze River and Yellow
Please cite this article as: Li, J., et al., Investigating missing s
model (RAMS-CMAQ), J. Environ. Sci. (2018), https://doi.org/10.1
River, indicating the other missing source. But there were no
significant biases between observed and base case simulated
surface concentrations of ethylene and ALK2 (mainly originate
from anthropogenic sources, shown in Fig. S9), indicating the
reasonable emissions of these two precursors. Thus F2 was
ources of glyoxal over China using a regional air quality
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taken into consideration and case 4was devisedwith a two-fold
increase in molar yields of glyoxal from aromatics, ethylene,
and ALK2 based on case 3. The corresponding results are
presented in Fig. 5g, h. Compared to the results for July,
the improvements in the areas mentioned above were more
obvious for January. The values over the high concentration
regions were comparable to the observations, generally varying
from 2 × 1014 to 5 × 1014 molecules/cm2. However, the results
in July of case 4 were similar to that shown in Fig. S8a and the
concentrations of glyoxal column over the areas of the lower
reaches of the Yangtze River and Yellow River were also not
improved as much as expected. Based on the results, both
the changes above in F1 and F2 were considered and the
results were shown in Fig. S8b. As presented, the results were
comparable to the observations especially in the areas of the
lower reaches of the Yangtze River and Yellow River, indicating
the possibilities that both F1 and F2 were underestimated.
But there were still many uncertainties. For example, it was
significant to increase the emissions of ARO2 by a factor of 16,
which were then comparable to isoprene emission rate. But for
the limitations of the observations, it was still hard to say that
the emissions of ARO2 were not underestimated after such a
significant increase, the uncertainties of which may also result
in the underestimations in parts of regions between the lower
reaches of theYangtzeRiver andYellowRiver shown in Fig. S8b.
In contrast, itwas also possible that the emissions ofARO2were
overestimated after such a significant increase, which may
cause the overestimations in some regions shown in Fig. S8b.
Thusmore observed concentrations of aromatic compounds as
well as ethylene and ALK2 in different regions are needed to
refine the results. Furthermore, there are no experimental
evidences about the underestimations in the molar yields of
glyoxal from anthropogenic precursors at the moment and the
results were only obtained from the analyses in this study,
which may also bring into large uncertainties. The further
experimental studies and more detailed discussions are also
needed to verify the results.

In conclusion, after the discussions in sensitivity cases
above, there were much better agreements between the
simulated glyoxal VCDs and the measurements. However,
due to uncertainties in the individual glyoxal precursor
emissions and the corresponding yields, the other potential
sources and the uncertainties of the satellite retrievals of
glyoxal, the model was still unable to fully reproduce the
distributions and corresponding intensities of glyoxal col-
umn concentrations well. More work about the potential
sources of glyoxal needs to be done in the future. Certainly,
the impacts of the missing glyoxal concentrations on SOA
simulations are also very valuable to be discussed in the
further studies.
3. Conclusions

In this study, missing sources of glyoxal over China were
investigated with the RAMS-CMAQ model in January and
July 2014. To evaluate the influence on the modeled results
from two potentially underestimated factors (namely, the
emissions of aromatic compounds and the molar yields
of glyoxal in the chemical mechanisms), four sensitivity
Please cite this article as: Li, J., et al., Investigating missing s
model (RAMS-CMAQ), J. Environ. Sci. (2018), https://doi.org/10.1
simulations (cases 1 to 4) were performed and compared to
satellite observations. The results showed that these two
missing sources indeed had a significant impact. Due to the
temporal and spatial variations of the dominant sources of
precursors (anthropogenic or biogenic) across the region, the
influences of the two factors showed apparent differences
between January and July. The comparisons between the
simulated and measured aromatic compound concentrations
indicated an underestimation in the corresponding emissions.
For case 1, improvements were seen in both months in areas
with high anthropogenic emissions (e.g., the NCP), and areas
of high glyoxal VCDs became clearer and better reflect
the measurements, implying that the emissions of aromatic
compounds had previously been underestimated. The possi-
bility of underestimated molar yields of glyoxal from iso-
prene was considered in case 2. The concentration results
showed a stronger sensitivity to the mole yield changes in
July than in January, due to the predominance of biogenic
precursor emissions in the summer. Results in July were
3–5-fold higher than that in base case, which brought the
simulated distributions of glyoxal column densities much
closer to those of the measurements. As a result, the outputs
from case 3 (in which both factors were considered) were
similar to case 2, butwith additional improvements over several
high population density regions resulting from the increase in
emissions of aromatic compounds, which were closer to the
observations. However, not all the concentrations over high
anthropogenic emissions regions were reproduced well, and
case 4 expanded on case 3 by also considering the molar yields
of glyoxal from anthropogenic precursors. With these addi-
tional mole yield changes, the concentrations agreed better
with the measurements in regions of the lower reaches of the
Yangtze River and Yellow River in January but not in July. More
experimental studies and detailed discussions were needed in
the future.

Although the modeled glyoxal VCDs were closer to the
satellite observations after the discussions, biases still existed
because of the uncertainties in the individual glyoxal precursor
emissions, the corresponding yields, and other potential
missing sources. Further work (such as additional ground and
satellite measurements of glyoxal) will be needed to further
improve our understanding of the emissions of the precursors,
as well as the chemical mechanisms controlling the local
glyoxal concentrations, as these factors have significant influ-
ences on the representation of glyoxal sources in the models.
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