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Abstract Aromatics in the atmosphere are a large contributor to ozone and secondary organic aerosol
formation and have an adverse impact on human health. Observation‐based emissions are urgently
needed for air quality management and decision making due to the large uncertainties in the emissions
inventories. Atmospheric aromatics were continuously observed at one urban site in Shanghai of China in
2015, which were compared with the simulations of the Community Multiscale Air Quality (CMAQ) model.
Large differences were found in the temporal variations between the model and measurements,
corroborating with previous studies that the current bottom‐up emission inventories are highly biased. We
corrected the aromatic emissions biases of the emission inventories using the observations with the CMAQ
simulations, with the assumption that the response relationship of the emissions input and aromatic
concentrations was reasonable on a monthly basis in CMAQ simulations, suggesting that the results are
dependent on the model performance. The resulting aromatic emissions exhibited clear monthly variations,
increasing from 5.5 ± 2.1 Gg month−1 in February to 17.4 ± 7.7 Gg month−1 in July, being different from the
flat monthly pattern in the current bottom‐up emissions inventory. Toluene, xylenes, and ethylbenzene
dominated aromatic emissions, accounting for ~74% on average but with considerable monthly variations,
which was different from the nearly uniform value of 77% throughout the whole year in the emissions
inventory. These highly temporally resolved and speciated in situ aromatics measurements provide
observation‐based constraints on aromatic emissions, which cannot be obtained from satellite
measurements. This study proposes a top‐down emission estimation method constrained by
ambient measurements.

1. Introduction

Aromatics hydrocarbons (referred to as aromatics herein) are of great interest in the atmosphere due to their
important roles in tropospheric photochemistry (Atkinson, 2000; Cabrera‐Perez et al., 2016; Seinfeld &
Pandis, 2012). Aromatics have been found to be the largest contributor of ozone formation (or formation
potential) either through direct observation or via the calculation of emission inventories in most urban
areas in China (Barletta et al., 2005; Kansal, 2009; Lee et al., 2002; Liu et al., 2012; Ran et al., 2009).
Meanwhile, aromatics are the most important anthropogenic volatile organic precursors of secondary
organic aerosols (SOA) in urban areas in eastern China, which contributed more than 80% of SOA formation
from anthropogenic volatile organic compounds (VOCs) (Ding et al., 2012; Guo et al., 2014; Kanakidou
et al., 2005; Yuan et al., 2013).

Aromatics are mainly emitted from anthropogenic activities, including combustion processes, solvent usage,
vehicular exhausts, and industrial chemical and petrochemical processes (Ceron‐Breton et al., 2015; Kumar
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et al., 2018; P. Shao et al., 2016;Wang, Chen, et al., 2013). The variety, complexity, and colocation of aromatic
sources make it difficult to accurately estimate emissions from individual sources (Fu et al., 2007; Liu
et al., 2012; Zhang et al., 2017). The “bottom‐up” inventory approach, which involves summing the products
of activity data and emissions factors for all known individual sources, results in emission inventories with
large uncertainties.

In contrast, “top‐down” emission inventories are constrained by observations of relevant data, including
ground observations (de Gouw, 2005; Hsu et al., 2010; M. Shao et al., 2011; Wang et al., 2014) and satellite
observations (Fu et al., 2007; Liu, Wang, Vrekoussis, et al., 2012; Zhang et al., 2017); “top‐down” inventories
are increasingly used to validate the bottom‐up emission inventories. Using the ground measurements, de
Gouw (2005) developed a parameterized method to estimate VOC emissions from carbon monoxide (CO)
emission inventories and emission ratio of VOCs to CO, assuming that VOCs and CO were coemitted from
the same sources (specifically, from combustion sources). Unfortunately, this assumption was unsuitable for
most regions of China, where VOCs were emitted from complex sources, and aromatics in particular arise
from a variety of industrial processes (Liu et al., 2019; Wang et al., 2013). Chen et al. (2010) modified the
Taiwan Air Quality Model by correcting VOC emission inputs using ratios of observed VOCs and primary
model results (Chen et al., 2010).

Satellite observations, which are usually combined with model simulations, are useful for estimating and
validating aromatic emissions but suffer from low time and speciated resolution (Fu et al., 2007; Liu,
Wang, Vrekoussis, et al., 2012; Zhang et al., 2017).

This study explored a new approach for estimating aromatic emissions by combining ground observations
with the Community Multiscale Air Quality (CMAQ) 3‐D regional air quality model simulations.
Observation‐constrained aromatic emissions in Shanghai, China in 2015 were used to validate the monthly
variations and specific compositions of the emission inventories available.

2. Materials and Methods
2.1. Monitoring Site

Continuous measurements were performed on the rooftop of a building (~15 m above ground level) in the
Shanghai Academy of Environmental Sciences (SAES, 31.17°N, 121.43°E), which is located in an urban area
in southwest central Shanghai, China. Vehicular and domestic emissions were the dominant VOC emissions
in this area; petrochemical and chemical industrial facilities located 50 km south and southwest of the mea-
surement site may impact the VOC composition observed at the measurement site under specific meteoro-
logical conditions (Wang, Chen, et al., 2013). Northwest and southeast winds prevail in this region during
the cold and warm seasons, respectively (H. L. Wang et al., 2016); thus, the SAES site, which can be consid-
ered a receptor site, is influenced by a wide mixture of emissions and their evolution.

2.2. Measurements

A total of 17 aromatics were observed, including benzene; toluene; ethylbenzene; m‐, p‐, and o‐xylene; styr-
ene; iso‐ and n‐propylbenzene; m‐, p‐, and o‐ethyltoluene; 1,3,5‐, 1,2,4‐, and 1,2,3‐trimethylbenzene; and m‐

and p‐diethylbenzene. These species were measured continuously at 30‐min resolution from January to
December 2015 using online high‐performance gas chromatograph with a flame ionization detector
(Chromato‐sud airmoVOC C6‐C12 #2260308, France). The detection limits of these compounds were
between several tens to hundreds of pptv, and the statistics results of the measurements of each species were
summarized in Supporting Information Table S1. As shown, more than 75% concentrations of benzene,
toluene, ethylbenzene, and xylenes were higher than the detection limit, which were focused on in the pre-
sent study. Concentrations of the other species were generally lower than the detection limit, of which
uncertainties were relatively high as listed in Table S1.

The calibration of the gas chromatograph with a flame ionization detector in this study included two parts.
One was the multiple‐point calibration with the standard gases (Spectra, United States) each month, and the
calibrated concentrations were 0.0, 0.5, 1.0, 2.0, and 4.0 ppbv. The calibration curve was used to recalculate
the concentrations of the target species. The other one was the stability validation of the instrument response
by the single‐point calibration using the standardmatter (benzene) in the permeation tube, and the response
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of the instrument was stable with the fluctuations with ±10%, as shown in Figure S1. Detailed instrument
procedures have been described previously (Wang, Chen, et al., 2013).

2.3. CMAQ Model

Because aromatics were measured at only one ground‐level site, spatial and vertical distributions of aro-
matics concentrations were simulated by CMAQ v5.0 (https://www.cmascenter.org/cmaq/). The Carbon
Bond 05 chemistry, Regional Acid Deposition Model (RADM) aqueous chemistry, AERO5 aerosol, and
the SOAP SOA chemistry mechanisms were used in the CMAQ simulations.

Two‐way nested domains were adopted in CMAQ herein. The parent domain covering the whole China had
a horizontal grid resolution of 36 km and contained 136 × 196 grid cells in each vertical layer. The nested
domain covering the Yangtze River Delta region had a finer scale, with 12‐km grid resolution and includes
105 × 120 grid cells. The D01 and D02 domains were based on a Lambert conformal projection with a refer-
ence longitude of 118°E and latitude of 32°N. The 27 vertical layers fromWeather Research and Forecasting
(WRF) model were mapped onto 14 vertical layers extending from the surface to 100 mb in CMAQ. WRF
(Ver 3.7.1; http://www2.mmm.ucar.edu/wrf/users/) was run simultaneously for the two nested domains
with two‐way feedback between the parent and the nest grids. Shanghai domain included 10 × 10 horizontal
grids with grid resolution of 12‐km spacing (Figure S2). The CMAQmodel has been detailed elsewhere (L. Li
et al., 2016; L. Li et al., 2012). The emissions inventory used for the D01 domain was based on theMEIC‐2012
anthropogenic inventory for China, which was developed by Tsinghua University (http://www.meicmodel.
org/) (M. Li et al., 2014). The emissions inventory used for the Yangtze River Delta region was updated in
2014. Biogenic inventories for D01 and D02 were driven by Model of Emissions of Gases and Aerosols from
Nature (Liu et al., 2018). The domain settings were provided in Figure S2.

WRF performance for the simulation of hourly surface temperature, relative humidity, and wind speed and
direction was evaluated through comparison with observations from the meteorological measurements at
Pudong International Airport in Shanghai. Mean bias, gross error, root mean square error, and index of
agreement are commonly used for the evaluation of meteorology variables. The ranges of biases, summar-
ized in Table S2, mostly met the model performance criteria recommended by Emery et al. (2001) for retro-
spective regional‐scale model applications that are ≤±0.5 K, ≤±1.0 g/kg, ≤±0.5 m s−1, and ≤±10°,
respectively, suggesting that the meteorology simulations in this study were acceptable. The evaluation of
WRF performance ensured that there was no significant bias in the meteorological fields used in the
coupled model.

3. Results and Discussion
3.1. Comparison Between Field Measurements and CMAQ Model Simulations

The annual concentration of aromatics in Shanghai urban was 5.4 ± 1.1 ppbv (mean ± standard variations of
monthly concentrations) on average, taking up 23% of the concentration of nonmethane hydrogen carbons,
based on the 1‐year measurement at SAES site in 2015. Among them, toluene was the most abundant spe-
cies, accounting for 34% of total aromatics, followed by m‐ and p‐xylene (19%), ethylbenzene (15%), benzene
(14%), and o‐xylene (6%), and the other species measured in this study contributed 12% of aromatics
together. Aromatic concentrations and compositions had large monthly variations with a “W” mode, and
three peaks of concentrations were observed, that is, in January, June, and December, as shown in
Figures 1a and 1b. These observed monthly patterns arose from a combination of meteorological conditions,
local emissions, and photochemical process in Shanghai, which was discussed previously (Wang, Chen,
et al., 2013). Toluene and benzene proportions in total aromatics were lower in summer than those in other
seasons, while the monthly C9~C10 aromatic (sign as others in Figure 1) proportions were opposite with
those of toluene. It suggested that the relative contribution of combustion emissions, indicated by benzene,
increased in cold seasons, while the higher proportions of C9~C10 aromatics in summer suggested more
emissions from solvent usage (Wang et al., 2014). The proportions of other species were relatively flat. In
terms of the diurnal patterns, as shown in Figure 2, the lowest concentrations presented at 13:00, mainly
due to the strongest photochemistry and the highest mixing layer height during noontime, and the relative
contribution of benzene, the most inert species among aromatics, increased correspondingly. Toluene
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concentrations and its relative contributions in the early morning before 8:00 increased significantly, and the
increase of traffic emissions might be one important reason.

Monthly variations in aromatics from (Figures 1a and 1b) in situ observations and (Figures 1c and 1d) the
base CMAQ model simulation were shown for each month in Figure 1. The yearly average aromatics con-
centrations of base CMAQ result (6.9 ± 1.2 ppbv, mean ± standard variations of monthly concentrations)
were higher than that of the observed result above. In terms of the monthly variations, the base CMAQ
results presented a “U” mode, being different from the “W” mode of observations above. Specifically, base
CMAQ failed to reproduce the observed June aromatics peak although CMAQ reproduced the January
and December peaks (Figure 1). As to the speciation, the proportions of toluene and ethylbenzene were
higher in observed result than those in model result, and benzene's was close, which were opposite for other
species, as shown in Figure 3.

The base model‐measurement deviations suggested large uncertainties in the aromatic emission inventory
used in the model. Emission validation was essential to evaluate the accuracy.

3.2. Observation‐Constrained Aromatic Emissions Calculation

Ambient aromatics concentrations were influenced by emission strength, chemical loss, deposition, trans-
port, and mixing layer depth (Borbon et al., 2013; Saito et al., 2009). The inclusion of these processes in
the emissions calculation are discussed below.

We treated Shanghai city as a single three‐dimensional box with mixing layer depth (h) and area (S). Here,
the value of hwas 2,000 m, ensuring that the planetary boundary layer (PBL) is below the chosen height, and
S was the Shanghai domain in the model. In general, the change in the aromatics concentration could be
calculated via equation 1 as follows:

d Aro½ �
dt

¼ E
S × h

− k O½ � Aro½ �− T
S × h

−
D

S × h
; (1)

where [Aro] is the average aromatics concentration in Shanghai (μg m−3); E is the emission rate (μg s−1); k is
the reaction rate constant of the atmospheric oxidants (O) with the aromatics (m3 μg−1 s−1); [O] is the con-
centration of O, including OH radicals, ozone, and NO3 radicals (μg m

−3); k[O][Aro] is the chemical loss rate
of aromatics (μg m−3 s−1); T is the net transport rate out of Shanghai (μg s−1), which is the gross regional
export of aromatics minus regional import for the Shanghai box; and D is the dry deposition rate (μg s−1).

Figure 1. Monthly patterns of aromatic concentrations and speciation from (a, b) in situ observations, (c, d) base CMAQ model simulation, and (e, f)
observation‐constrained CMAQ model simulation.

10.1029/2019JD031815Journal of Geophysical Research: Atmospheres

WANG ET AL. 4 of 13



Equation 1 can be rearranged to solve for the aromatic emission rate (E), yielding equation 2:

E ¼ S × h ×
d Aro½ �
dt

þ k O½ � Aro½ � þ T
S × h

þ D
S × h

� �
; (2)

Hourly data were used in the budget calculation. The following sections detail the determination of each
parameter in equation 2.

Figure 2. Diurnal variations of aromatic concentrations and speciated compositions based on the field measurements in
Shanghai urban.

Figure 3. Speciation of aromatics (by the mixing ratio proportion) from an in situ observations and b the CMAQ model
simulation.
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3.2.1. Aromatic Concentrations in the Shanghai “Box”, [Aro]
Equation 2 requires horizontal and vertical spatial variations in [Aro]. However, the aromatics measure-
ments included in this study were limited to a single surface location, at SAES. Thus, the [Aro] vertical
and horizontal profiles were determined using CMAQ simulations. Monthly vertical profiles of aromatics
and PBL height from model are shown in Figures S3 and S4. Aromatic concentrations in each layer varied
correspondingly with the PBL height. Aromatic concentrations were highest near the surface and decreased
with altitude, which became more weighted to longer‐lived aromatics with height. Near the surface, night-
time concentrations are higher than daytime because of slow mixing and chemical loss at night. Above
300 m, on the other hand, nighttime concentrations are lower than daytime despite higher chemical loss
in daytime because slowmixing of surface emitted aromatics to higher altitude at night. This vertical pattern
of aromatics was indicative of strong surface emissions, which could be influenced by turbulent mixing, sur-
face emissions, and atmospheric processing. Aromatic concentrations in each vertical layer could be
obtained from vertical profiles and ground layer concentrations.

In terms of the horizontal variation, the aromatics concentrations at the SAES site were assumed to be repre-
sentative of those in the Shanghai area because of two reasons. One was that there were no significant dif-
ferences between Shanghai domain mean aromatic concentrations and aromatic concentrations in the
SAES grid cell based on the model results (as shown in Figure S5; the regression slope was 1.1 with a corre-
lation coefficient [R2] of 0.73). More statistics results were listed in Table S3. The other was based on themea-
surements at 23 sites in Shanghai (Lin et al., 2019), which presented that both the concentrations and the
individual compositions were similar in the averages of 23 sites and at the SAES site, with mean concentra-
tions of 5.1 and 4.7 ppbv, respectively, although the results of the 23 sites were measured in August of 2017
and SAES results were measured in the summer (June, July, and August) of 2015, as shown in Figure S6.
Hence, the measurement results at the SAES site could be used as the ground layer aromatics concentra-
tions, and vertical concentrations were retrieved as mentioned above. Finally, [Aro] was calculated by com-
bining the field measurements at the SAES site and the spatial variations frommodel with the uncertainty of
19% on average, which did not include the uncertainty of vertical patterns.
3.2.2. Chemical Loss of Aromatics, k[O][Aro]
Atmospheric aromatics were mainly consumed by OH radicals, ozone (O3), and NO3 radicals, and among
them, chemical loss by OH radical was dominant (Alberto Taccone et al., 2016; Atkinson & Arey, 2003;
Yuan et al., 2013). Losses of aromatics via reaction with OH, O3, and NO3 are estimated and combined to
evaluate the total chemical loss within the Shanghai box. Direct observations of these oxidants are lacking;
assumptions regarding their concentrations are discussed below.
3.2.2.1. OH Radical Concentration
OH radical model results were presented in Figure S7, and diurnal variations in ground level OH were pre-
sented in Figure S8. Three characteristics were found. First, OH radical concentration diurnal variations
exhibited maxima at noon (as shown in Figure S9), which was attributed to the dependence of OH formation
on solar radiation intensity (Kulmala et al., 2005; Xue et al., 2013), and has been reported in other urban stu-
dies (Kanaya et al., 2007; Lu et al., 2012). Second, in the vertical distribution, the OH radical concentration
increased slowly with the peak at a height of 1~2 km, which was approximately two times of that in the
ground level (see Figure S7). To the most of our knowledge, there were few measurements of the detailed
vertical distribution of OH radical concentrations in the troposphere. The model results of the OH radical
concentrations increased by a factor of ~3 near the cloud layer (from 1 to 2 km) in the Amazon Basin
(Karl et al., 2007; Kleffmann, 2005; Kuhn et al., 2007). Third, the OH radical concentration exhibited seaso-
nal variations, with lower monthly average values in December (0.1 × 106 molecule per cubic centimeter)
and higher values in August (1.9 × 106 molecule per cubic centimeter) (Figure S8). Moreover, maximum
OH radical concentrations at noon increased from 0.6 × 106 molecule per cubic centimeter in December
to 8.1 × 106 molecule per cubic centimeter in August (Figure S9), which was consistent with previous find-
ings in Beijing (Lu et al., 2013; Yuan et al., 2013). Tan et al. (2019) studied the OH radical concentrations in
summer of Shanghai by observation‐based model, and their results were very close to our simulated OH
radical concentrations. The abovementioned to some extent proved that our simulated results were reason-
able. The OH radical concentrations from the CMAQ model were employed in the calculations herein
because OH radical concentrations have never been measured in Shanghai. The impact of the OH concen-
tration uncertainty on the results of these calculations is discussed in section 3.4.
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3.2.2.2. NO3 Concentration
NO3 radical concentrations were from the model simulations. Based on the model results, the average mix-
ing ratio of NO3 radical was about 0.010 ± 0.006 ppbv during nighttime in the first layer (0~50 m) of the
model. This value had the same order of magnitude with the measurements. Ambient NO3 radical concen-
trations in the ground level were measured from 15 August to 17 October 2011 at Fudan University site
(Wang et al., 2013), an urban site ~20 km northeast of SAES site, with the observed mean mixing ratio of
0.016 ±0.009 ppbv (ranging from 0.008 to 0.095 ppbv) and a detection limit of 0.008 ppbv. In terms of the ver-
tical distribution, the NO3 radical mixing ratio increased with the height and the peak value
(0.017 ±0.035 ppbv) appeared in the height of 335~500 m.
3.2.2.3. O3 Concentration
O3 concentrations from the model simulations were directly used in the calculation. The simulated O3 con-
centrations on the ground were validated by the measurements at SAES site, and the statistical results were
summarized in Table S4. In general, the bias of the simulated O3 concentrations was 3.4 ppbv on average,
with the correlation coefficient of 0.74, suggesting that the simulated O3 concentrations were acceptable.
The uncertainty of this assumption was estimated below.

The total chemical loss of aromatics by OH, O3, and NO3 was calculated as k[O][Aro], where k was the rate
constant between aromatics and the oxidant and [O] is the concentration of the oxidant (Atkinson, 1986;
Atkinson et al., 2006; Atkinson & Arey, 2003).

As a result, the chemical loss of aromatics was 48.7 ±12.7 Gg year−1 in Shanghai in 2015, with an average of
4.1 ±1.1 Ggmonth−1. The chemical loss of aromatics presented large monthly variations with the peak value
of 9.4 ±3.0 Gg month−1 in July and the lowest value of 1.3 ±0.5 Gg month−1 in December, as shown in
Figure 4a. OH‐initiated oxidation dominated aromatics consumption (99.6%, Figure S10), followed by reac-
tion with NO3 radicals (0.3%) and O3 (0.1%). The dominant role of OH radicals in the chemical loss of aro-
matics was consistent with previous works (Atkinson, 1986; Yuan et al., 2013). Obviously, the uncertainties
of chemical loss of aromatics, k[O][Aro], were mainly from the uncertainties of OH radical concentrations
and aromatics concentrations, which were much higher than that of the use of model results of NO3

Figure 4. (a) Monthly observationally constrained aromatic emissions from this study; speciated monthly aromatic emis-
sions (b) from this study and (c) from the MEIC aromatic emissions inventory (M. Li et al., 2019; B. Zheng et al., 2018).
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radical and O3 concentrations in the calculation. The uncertainty of OH radical concentrations was assumed
with a factor of 2 due to lack of measurements to validate. Accordingly, the uncertainty of the chemical loss
was estimated as 26% on average, with a range of 18~38% in different months.
3.2.3. Transport Rate of Aromatics Into/Out of Shanghai, T
Aromatics transport rates out of (into) Shanghai were dependent on the surface concentrations of aromatics
in Shanghai box, the surface area of Shanghai domain, and the horizontal wind speed below 2,000‐mheight,
which were the upper boundary of the ninth layer where the maximum PBL height fell in. The transport
rates out of Shanghai (T) could be calculated via equation 3.

T ¼
∑m

i¼1 ∑
n

j¼1
Aro½ �i;j × vi;j

� �

m × n
× C × h; (3)

where [Aro]i,j was the aromatics concentration in the grid in i and column j of the Shanghai box surface in
horizontal direction; m was the number of surrounding grid in Shanghai domain (as outlined in section 2.3
and which number 100 herein); n was the number of vertical layers (which depended on the depth of the
mixing layer); vi,j was the horizontal wind speed (“+” for transport out of box and “−” for transport into
the box) in the ith row and jth column; C was the circumference of the Shanghai domain; and h was
2,000 m.

Based on the calculation, the transport rate of aromatics was 93.4 ±32.7 Gg year−1 in 2015, with an average
of 7.8 ±2.7 Gg month−1. The transport rate of aromatics presented large monthly variations with the peak
value of 11.7 ±4.1 Gg month−1 in December and the lowest value of 4.2 ±1.4 Gg month−1 in February, as
shown in Figure 4a. Vertical transport out of (into) the layer of 2,000‐m height was estimated by the differ-
ence (less than 6%) between the results considering those over the 2,000‐m height or not, as shown in
Figure S11.
3.2.4. Dry Deposition Rate, D
Dry deposition is an important air pollutant removal mechanism (Enrico et al., 2016; Zhang et al., 2002).
Aromatics deposition rate (D) is calculated by multiplying the aromatics concentration by the aromatics
dry deposition velocity (vd):

D ¼ vd × Aro½ �: (4)

vd was calculated using the method scheme of Zhang et al. studies (L. M. Zhang et al., 2003; Zhang
et al., 2002), with the average of 1e‐2 Gg month−1, ranging from 6e‐3 to 3e‐2 Gg month−1.
3.2.5. Delta Amount, S × h × d Aro½ �

dt

d Aro½ �
dt (unit: μg m−3 s−1) in each month was calculated through dividing the difference of the beginning and

the end hourly concentrations by the total number of seconds in each month, as shown in Figure S12. The
concentrations were from the model results but scaled by the observations at SAES site. As expected, the
delta amount of aromatics in each month was close to 0.

3.3. Observation‐Constrained Aromatic Emissions

According to the approach mentioned in section 3.2, a new monthly pattern of aromatic emissions con-
strained by the observations could be obtained. Then, we iterated the observation‐constrained aromatic
emissions into the model and recalculated a new emission pattern until the chemistry stable that was indi-
cated by the OH radical concentrations. Figure 1 presented the comparison of monthly patterns of measure-
ments, base model simulation, and final iterative observation‐constrainedmodel simulation of aromatics. As
shown, by inputting the observation‐constrained aromatic emissions into the model, the monthly patterns
and speciation improved a lot, which were more similar to the measurements compared to the base
model simulations.
3.3.1. Yearly Emissions
Estimated monthly aromatic emissions in Shanghai are presented in Figure 4a, colored by dry deposition,
transport, chemical losses, and delta amount. On a yearly time scale, aromatic emissions could be divided
into two parts. One was chemically consumed (yearly average proportion of 34%), which featured a
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maximum contribution to total aromatic emissions of 54% in July and a minimum of 10% in December.
Another part was transported out of Shanghai. Roughly 66% of the yearly average aromatic emissions were
transported out of Shanghai; this value was higher (>80% in November, December, and January) in winter,
suggesting that aromatic emissions in Shanghai play an important role in air pollution in downwind regions.
The observation‐constrained aromatic emissions herein were 142.2 ± 56.7 Gg year−1 in Shanghai in 2015,
which was much lower than the 2015 emission inventories (258.1 Gg year−1) developed by M. Li et al. (2019)
and B. Zheng et al. (2018), as shown in Figure 4c. The assumptions highlighted in the previous sections
might result in some uncertainties of the total emission amount of aromatics in the present study, which
were discussed below.
3.3.2. Monthly Variation
The observation‐constrained aromatic emissions ranged from 5.5 ± 2.1 to 17.4 ± 7.7 Gg month−1. Aromatic
emissions were lowest in February (5.5 ± 2.1 Gg month−1) and highest in July (17.4 ± 7.7 Gg month−1),
which might be due to the variations of emission activities and meteorological conditions impacting emis-
sions (e.g., temperature). On one hand, the Spring Festival vacation occurred in February 2015 and lasted
half a month, during which time, most migrant employees likely returned to their hometowns. During this
time, industrial and exhaust emissions were reduced (Gu et al., 2014) compared to those of other months. On
the other hand, ambient temperature also influences aromatic emissions. Evaporation processes (e.g., gaso-
line and solvent evaporation) depend strongly on ambient temperature (Deng & Zuo, 1999; B. Zheng
et al., 2015). In addition, there might be more emission activities, like outside painting or other solvent
usages, in the summer due to the favorable diffusion. Previous studies in Shanghai (Wang, Chen, et al., 2013)
reported larger contributions to urban aromatics from solvent usage and vehicular emissions in summer.
Thus, aromatic emissions due to evaporation would be lower during winter (February) than during summer
(June, July, and August).

The monthly profile produced herein was not exhibited by emission inventories derived using bottom‐up
methods. Current emission inventories developed by (M. Li et al., 2019; B. Zheng et al., 2018) (Figure 4c)
did not exhibit monthly variations, indicating an inability to resolve differences in monthly
aromatic emissions.
3.3.3. Speciation
There were some monthly differences in the compositions of the aromatics broken down by individual spe-
cies, as shown in Figure 4b and Table S5. Specifically, benzene, toluene, and ethyl benzene relative contri-
butions to total aromatic emissions were higher in the winter than those in the summer by 19%, which
were opposite to the more reactive xylenes and C9 and C10 aromatics. On a yearly basis, toluene took up
29% of the total aromatic emissions, followed by m‐ and p‐xylene (24%), ethyl benzene (13%), benzene
(9%), o‐xylene (8%), and the other monocyclic aromatics contributed 17% of total aromatic emissions. The
fractional composition of aromatic emissions was different from that of ambient aromatic mass concentra-
tions. The proportions of more reactive aromatics in the total aromatic emissions are greater than the pro-
portions of these species in the measured concentrations. For example, xylenes contribute 32% to
emissions but only 27% to concentrations. The results of the more reactive species like styrene and
C9~C10 aromatics (sign as “others”) were similar to that of xylenes but with larger uncertainty due to their
uncertain measurements, as shown in Table S1. In contrast, the proportions of benzene, toluene, and ethyl
benzene are lower in emissions (52%) than in concentrations (59%). One very possible and important reason
was the enhanced removal of the more reactive aromatics prior to arrival at the SAES receptor
measurement site.

The species distribution differed from that in MEIC emission inventory developed by M. Li et al. (2019) and
B. Zheng et al. (2018) (Figure 4c), in which toluene and m‐ and p‐xylene mass fractions were 39% and 21%,
respectively, and ethyl benzene, benzene, and o‐xylene contributed 9%, 8%, and 7%, respectively. It suggested
that more insight into VOCs source profiles was critical to the development of accurate species
emission inventories.

3.4. Uncertainty Analysis

In this study, we assumed the response relationship of the emissions input and aromatic concentrations
on amonthly basis was reasonable in CMAQ simulations. Specifically, the assumption implies the following.
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3.4.1. Uncertainty of [Aro]
The first assumption was that the spatial patterns of aromatics, including
the horizontal and vertical patterns, were reasonable, and the observed
aromatics in SAES site were used to scale the model results to obtain
the spatial concentrations of aromatics in domain 03. In terms of the hor-
izontal variation, the aromatic concentrations at the SAES site were
assumed to be representative of the Shanghai area, which were discussed
in section 3.2.1. The uncertainty of the vertical distribution assumption
could not be evaluated in the present study due to a lack of
observation data.

Thus, the uncertainty of [Aro] could be estimated by the uncertainty of
aromatic measurements (listed in Table S1) and the uncertainty of hori-
zontal patterns (~10%) mentioned in section 3.2.1. As a result, the uncer-
tainty of [Aro] was estimated as about 19%.
3.4.2. Uncertainty of [O]
The second assumption was that the simulated concentrations of OH radi-
cal, NO3 radical, and O3 were reasonable. Considering the oxidation of
aromatics by NO3 radical and O3 was negligible (~0.4%), the uncertainty
of this assumption was mainly from the simulated OH radical concentra-
tions. The simulated OH radical concentrations (as shown in Figures

S7–S9) were hard to validate due to lack of measurements in Shanghai. While our simulated OH radical con-
centrations were comparable with the measurements in other cities of eastern China, like Beijing (Lu
et al., 2013; Yuan et al., 2013). Tan et al. (2019) studied the OH radical concentrations in summer of
Shanghai by observation‐based model, and their results were very close to our simulated OH radical concen-
trations. Different OH radical concentration levels (i.e., model results multiplied by factors of 1, 2, and 0.5; in
otherwords, with an uncertainty of 100%)were tested. The sensitivity analysis gave similarmonthly aromatic
emissions patterns, which were very different from that of MEIC emission inventory, as shown in Figure 5.
3.4.3. Uncertainty of the Meteorology
The third assumption was that the atmospheric physics of the model was reasonable, and the meteorological
conditions simulated in the model, including the barometric pressure, temperature, and wind speeds, were
used directly in the present calculation. The WRF performance in the ground level was validated using the
measurements at Pudong International Airport in Shanghai. The ranges of biases, summarized in Table S2,
mostly met the model performance criteria recommended by Emery et al. (2001) for retrospective
regional‐scale model applications, which are ≤±0.5 K, ≤±1.0 g/kg, ≤±0.5 m s−1, and ≤±10°, respectively,
suggesting that the meteorology simulations in this study were acceptable. The evaluation of WRF perfor-
mance ensured that there was no significant bias in the meteorological fields used in the coupled model.

Due to a lack of enough vertical measurements, the uncertainty of simulated meteorological conditions was
hard to be estimated even though we have ground measurements. Zhao and Wang (2009) investigated the
impact of meteorology on the model results by comparing the simulated tropospheric NO2 columns using
either WRF or MM5 assimilated meteorological fields, and the monthly mean of absolute error was mostly
<30% with an average of 11%. As there was no similar study of aromatics, we applied the above results (the
upper uncertainty, 30%) as the uncertainty of simulated meteorology in the present study considering the
similar lifetime of NO2 and aromatics (within one order of magnitude).

In summary, the uncertainties were estimated considering the assumptions and measurements biases as
much as possible, including the uncertainty of observations aromatics (15.8%), the representativeness of
SAES site (~10%, estimated by the difference of SAES site measurement and the spatial [23 sites] measure-
ments in Shanghai), the underestimation of transport out of the 2,000‐mheight (6%) as mentioned in section
3.2.3, the simulation of the meteorology (30%; Zhao & Wang, 2009), and the simulated OH radical concen-
trations (assuming a uncertainty of 100%). On average, the uncertainty was estimated as 36%, ranging from
32% to 43% in different months, as shown in Figure 6.

The present study provided one new approach to constrain the emissions inventory by observations combin-
ing with 3‐Dmodel, and the results were dependent on the model performance with the assumption that the

Figure 5. Sensitivity of monthly patterns of aromatic emissions under dif-
ferent OH radical concentrations, scaled by the monthly average emission.
OH*1, model‐simulated concentrations of OH radical; OH*2,
model‐simulated concentrations by a factor of 2; OH*0.5, model‐simulated
concentrations by a factor of 0.5; MEIC: monthly patterns of MEIC emis-
sions inventory.

10.1029/2019JD031815Journal of Geophysical Research: Atmospheres

WANG ET AL. 10 of 13



response relationship of the emissions input and the simulated aromatic
concentrations on a monthly basis was reasonable in CMAQ simulations.
In using this approach, the uncertainty of the results was estimated with
all accessible measurements including chemicals and meteorology in
the present study.

The level of uncertainties included in this study are no more than a typical
modeling study. We believe integrating the observations with modeling as
we did in this study will be used more and more in air quality studies, and
the associated uncertainties need to be clearly quantified as we did in this
study. Further studies and measurements are needed to assess the validity
of these assumptions and their impacts on the estimates of
aromatics emissions.

4. Conclusions

Aromatics are critically important precursors of ozone and SOA forma-
tion in the urban troposphere. However, aromatic emission inventories
based on bottom‐up method featured large uncertainties. Significant dif-
ferences in monthly aromatic trends have been found between measure-
ments and model results in Shanghai. To address this shortcoming, this
study used observationally constrained aromatic emissions to validate
the bottom‐up emission inventory. Herein, aromatic emissions con-
strained by observations were calculated using CMAQ model results and
1‐year continuous measurements of aromatics at SAES site of Shanghai
in 2015. The resulting aromatic emissions in Shanghai was
142.2 ± 56.7 Gg year−1, being much lower than that (258.1 Gg year−1) of

MEIC emission inventory. In particular, the observation‐constrained aromatic emissions exhibited monthly
variations. The largest value (17.4 ± 7.7 Gg month−1) was in July, being ~3.2 times of that
5.5 ± 2.1 Gg month−1) in February and ~1.4 times of the monthly average (11.9 ± 4.7 Gg month−1).
Toluene, xylenes, and ethyl benzene dominated the total aromatic emissions (contributing 66% on average)
but showed considerable monthly variations.

In addition to the large difference of temporal variation, the observation‐constrained emissions showed
different speciation from the bottom‐up emission inventory. In the MEIC emission inventory, toluene and
m‐ and p‐xylene were the top two species, with proportions of 39% and 21% on annual average, respectively,
followed by ethylbenzene (9%), benzene (8%), o‐xylene (7%), and C9~C10 aromatics (16%). In comparison,
toluene and m‐ and p‐xylene contributed 29% and 24% of the emissions obtained in this study, followed
by ethylbenzene (13%), benzene (9%), and o‐xylene (8%). Therefore, the relative contribution of toluene
emissions was overestimated the most in the emission inventory, while that of C8 aromatics was underesti-
mated the most in the emission inventory.

Aromatics have been reported as the most important anthropogenic VOC precursors of ozone and SOA in
most of eastern China (Gao et al., 2019; Wang, Chen, et al., 2013). With stronger solar radiation in summer,
aromatic photochemistry was more active to enhance the formation of ozone and SOA than expected due to
more emissions in summer. Further work was essential to assess the impact of the changes of emissions on
ozone and SOA estimation in Shanghai and other cities.
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