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Abstract: Stringent mitigation measures have reduced wintertime PM;s concentrations by
42.2% from 2013 to 2018 in the BTH. The observed nitrate aerosols have not exhibited a
significant decreasing trend and constituted a major fraction (about 20%) of the total PMs,
although the surface-measured NO, level has decreased by over 20%. It still remains elusive
about contributions of nitrogen oxides (NOx) emissions mitigation to the nitrate and PM, 5
level. The WRF-Chem model simulations of a persistent haze episode in January 2019 in the
BTH reveal that NOx emissions mitigation does not help lower wintertime nitrate and PM; s
concentrations under current conditions in the BTH, because the substantial Os increase
induced by NOx mitigation offsets the HNOj3 loss and enhances sulfate and secondary organic
aerosols formation. Our results are further consolidated by occurrence of the severe PM
pollution in the BTH during the COVID-19 outbreak with a significant reduction of NO..

Plain Language Summary: Rapid industrialization and urbanization have caused severe
particulate matter (PM) pollution in winter in Beijing-Tianjin-Hebei (BTH) region, China.
Strict mitigation measures have been conducted to improve the air quality, but heavy PM
pollution still frequently engulfs the region. The observed nitrate aerosols have not exhibited
a significant decreasing trend and constituted a major fraction (about 20%) of the PM;s,
although the surface-measured NO, level has decreased by over 20%. We quantify the
contributions of nitrogen oxides (NOx) emissions mitigation to the nitrate and PM,s level in
the BTH using a fully coupled WRF-Chem model and further explore how to efficiently
alleviate nitrate aerosols under current situations. Our simulations of a persistent heavy haze
episode in January 2019 in the BTH reveal that NOx emissions mitigation does not help
lower wintertime nitrate and PM;s concentrations under current conditions in the BTH and
mitigation of NH3 emissions constitutes the priority measure to effectively decrease the

nitrate and PM. 5 level.
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1. Introduction

The severe and persistent particulate matter (PM) pollution in China is attributed to a synergy
of massive anthropogenic emissions and unfavorable synoptic situations, as well as the
topography (An et al., 2019; Bei et al., 2016a, b; Long et al., 2016). Great efforts have been
made by the Chinese central and local governments to mitigate anthropogenic emissions
since 2013 with release of “Air Pollution Prevention and Control Action Plan” (APPCAP) (Li
et al., 2019; Zhang et al., 2019). Although anthropogenic emissions of major air pollutants,
including sulfur dioxide (SO,), nitrogen oxides (NOx), black carbon (BC) and organic carbon
(OC) have decreased considerably since 2013 (Zhang et al., 2019; Zheng et al., 2019),
persistent and heavy PM pollution still frequently engulfs the Beijing-Tianjin-Hebei (BTH)
during wintertime, and observations have revealed that nitrate aerosols concentration has
progressively increased in recent several years and constituted a major fraction of PM;s in
the BTH (Sun et al., 2015; Tao et al., 2017; Zhang et al., 2015). It still remains elusive about
the contribution of NOx emissions mitigation to the nitrate and PM, s level.

Nitrate aerosols are formed via nitrous acid (HNO3) to balance inorganic cations in the
particle phase, and the reaction of NO, with OH to form HNO3 and with NO3 to form N,Os
constitute the major HNO3 formation pathway in the atmosphere (Liu et al., 2019). Hence,
the nitrate formation is not only dependent on its precursor (NOx) and inorganic cations (such
as NH,4"), also significantly influenced by the atmospheric oxidizing capability (AOC) which
is mainly determined by O3 and its photochemical derivative OH, as well as existence of
sulfate aerosols (Brasseur et al., 1999; Seinfeld and Pandis, 2006). Therefore, effective
mitigation of the nitrate aerosols is still challenging considering the complexity of its
formation process.

In the present study, we report analyses of nitrate measurements in the BTH during

wintertime, and perform simulations of a persistent and heavy PM pollution episode in
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January 2019 using a fully coupled WRF-Chem model to quantitatively estimate
contributions of NOx emissions mitigation to the nitrate and PM, s level and seek an efficient

measure to further alleviate PM pollution in the BTH under current situation.

2. WRF-Chem model and configurations

The WRF-Chem (Weather Research and Forecasting model coupled with Chemistry) model
(Fast et al., 2006; Grell et al., 2005) modified by Li et al. (2010; 2011a, b; 2012) is used in
the present study to simulate the particulate pollution episode. The wet and dry deposition of
aerosols follows the method used in the CMAQ (Community Multiscale Air Quality Model)
module (Binkowski and Roselle, 2003) and Wesely (1989), respectively. The photolysis rates
are calculated using the FTUV (Fast Radiation Transfer Model), considering both the aerosol
and cloud effects on photolysis (Li et al., 2005, 2011b; Tie et al., 2003). The inorganic
aerosols are calculated using ISORROPIA (Version 1.7) (Nenes et al., 1998). Besides the SO,
gas-phase oxidations by OH and sCl, a SO, heterogeneous reaction parameterization is
adopted in the model, in which the SO, oxidation in aerosol water by O, catalyzed by Fe** is
limited by mass transfer resistances in the gas-phase and gas-particle interface (Li et al.,
2017). The secondary organic aerosol (SOA) is predicted using the volatility basis-set (VBS)
modeling method, with contributions from glyoxal and methylglyoxal (Molkamer et al., 2007;
Zhao et al., 2006).

In the present study, the WRF-Chem model adopts one grid with horizontal resolution of 6
km (301 x 301 grid points) centered at 38.0°N, 116.0°E (See Figure S1), and 35 sigma
vertical levels with a stretched vertical grid with spacing ranging from 30 m near the surface,
to 500 m at 2.5 km and 1 km above 14 km. The meteorological initial and boundary
conditions are from the NCEP (National Centers for Environmental Prediction) 1° x 1°

reanalysis data, and the chemical initial and boundary conditions are interpolated from the 6 h
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output of WACCM (Whole Atmosphere Community Climate Model) (Marsh et al., 2013;
Neale et al., 2013). The spin-up time of the WRF-Chem model is 100 hours. The SAPRC-99
(Statewide Air Pollution Research Center, version 1999) chemical mechanism is used in
simulations. The anthropogenic emission inventory used in this study is developed by Zhang
et al. (2009) and Li et al. (2017). The biogenic emissions are calculated online using the
MEGAN (Model of Emissions of Gases and Aerosol from Nature) developed by Guenther et
al. (2006). More detailed model configurations (Table S1) and monitoring data are provided

in SI Appendix.

3. Results and discussion

3.1 Variations of air pollutants and aerosol species from 2013 to 2018 in the BTH
Aggressive emission mitigation measures have been carried out in the BTH to decrease air
pollutants since implementation of the “Action Plan” in 2013 (Zhang et al., 2019; Zheng et
al., 2019). Table 1 shows comparisons of the average mass concentrations of air pollutants
during wintertime (referred as to the period from 1 December of the year to 28 February of
the next year) in the BTH from 2013 to 2018. The wintertime SO, level has been remarkably
decreased by around 78.3% from 2013 to 2018, and the average PM,s concentration has
decreased from 153.0 to 88.5 pg m™, or by 42.2%. However, the O3 concentration displays an
increasing trend, with the enhancement of around 30.3%. Besides, NO, concentration
exhibits a slow decreasing trend compared to SO, reduced by about 22.0%.

Although the wintertime PM, s concentrations in 2018 have decreased substantially compared
to that in 2013, the occurrence frequency with daily PM, s concentrations exceeding 75 pg
m™ in the winter of 2018 is about 53.3%, showing persistent particulate pollution in the BTH.
Figure 1 shows the variations of the filter measured average concentrations and percentage of

the PM,s constituents at an urban site in Beijing from 2013 to 2018 during wintertime
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123 pollution days with PM, 5 concentrations exceeding 75 ug m™. The average wintertime PM 5
124 concentration at the site in Beijing decreases from 170.4 pg m™in 2013 to 108.3 pg m~in
125 2018, reduced by about 36.4% (See Figure S2), which is primarily contributed by decreases
126 in sulfate (51.6%), unspecified constituents (mainly mineral dust, 47.1%), organic aerosols
127 (41.0%), ammonium (37.5%), and nitrate (12.5%). However, the black carbon concentration
128 increases from 2.9 to 4.3 ug m™, with an enhancement of 48.3%, which is likely caused by
129  the rapid growth of vehicles in Beijing.

130  Figure 2 presents variations of wintertime sulfate, nitrate, and ammonium concentrations
131 from 2014 to 2018 in Tianjin, Tangshan, Baoding, and Shijiazhuang in the BTH when the
132 PMys level exceeds 75 ug m™. Generally, the wintertime sulfate concentrations exhibit a
133 decreasing trend in the four cities, particularly in Shijiazhuang with the sulfate reduction of
134  about 27.4%. However, the nitrate and ammonium concentrations do not display a decreasing
135  trend, and their contributions to PM, s have increased from 11.1% to 18.9% and 5.9% to 10.1%
136 on average in the four cities, respectively (See Figure S3). Due to lack of effective mitigation
137 measures for NHs, the NH3; emissions in China still remain stable since 2010 (Zheng et al.,
138 2019). Therefore, when the metal cation (mainly contained in mineral dust) decreases, NH3
139  becomes the dominant contributor of cation to balance anion in the particle phase. Although
140  sulfate aerosols have decreased in the four cities from 2014 to 2018, the ammonium
141  concentration does not decrease or even increase due to decreased competence of metal
142 cation and/or increased nitrate concentrations.

143

144 3.2 Contributions of NOx emissions mitigation to nitrate and PM,s level in the BTH

145  The NOx emissions have been effectively mitigated since 2013 in China (Zheng et al. 2019)
146 and the observed wintertime NO, concentrations have decreased by more than 20% in the

147 BTH from 2013 to 2018 (Table 1). However, nitrate concentrations do not exhibit an evident
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decreasing trend in the BTH and have become a major fraction of PM,5 in the BTH with
contributions of around 20% in 2018 (Figure 1b and S3). Therefore, simulations of a
persistent and heavy particulate pollution episode from 29 December 2018 to 29 January
2019 in the BTH have been performed using the WRF-Chem model to quantitatively evaluate
contributions of NOx emissions mitigation to nitrate and PM, s concentrations and investigate
how to effectively alleviate nitrate aerosols. In the base simulation with the emission
inventory of the base year of 2018 (F_BASE), the model performs reasonably well in
simulating air pollutants (PM.5, O3, NO,, and SOy), sulfate, nitrate, ammonium and organic
aerosols and NHjs. See SI Appendix for detailed model validation and quantitative statements
of model biases (Figure S4-S7).

Pan et al. (2016b) have redefined the importance of nitrate aerosols during PM pollution and
indicated that controlling NOx emissions should be a priority in mitigating the serious air
pollution. Previous studies have also shown that decreasing NOx might represent a positive
feedback mechanism to reduce the conversion of primary gas pollutants into secondary
aerosols (He et al., 2014; Ma et al., 2010; Xu et al., 2015; Wang et al., 2014). Therefore, a
sensitivity simulation is firstly conducted in the present study, in which the NOx emission in
the base year of 2013 is used (F_EM13). Compared to F_EM13, on average in the BTH, the
NO, concentration in F_BASE decreases by around 17.1% but the O3 concentration increases
by 44.2%, which is generally consistent with the observed NO;, and Os trend from 2013 to
2018 (Table 1). However, the average PM, 5 concentration in F_BASE is 91.8 pg m™, 2.9%
higher than that in F_EM13 (Figure 3a). The PM,s enhancement in F_BASE against
F_EM13 is contributed by the increase in secondary aerosols, i.e., sulfate (0.5 ug m™), nitrate
(0.9 pg m), ammonium (0.3 pg m™), and SOA (0.9 ug m).

In order to further assess the impact of NOx emissions mitigation on the nitrate and PM;5

level in the BTH, the first sensitivity scenario is designed, in which the NOx emission in
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F_BASE is reduced from 10% to 50% with a 10% interval. As shown in Figure 3a, the
variations in PM, s concentration are not as expected, with an average enhancement of about
3.2% (3.0 pg m™) in the BTH when NOx emissions are reduced by 50%. Although the NO,
level is decreased monotonically from 6.4% to 40.0% in the BTH with NOx emissions
decreased from 10% to 50% (Figure 3Db), the nitrate concentration increases by 1.1% and then
decreases by 10.3%. Additionally, the SOA, sulfate, and ammonium concentrations are
increased from 3.3% to 10.9%, 4.4% to 26.7%, and 1.9% to 6.3% in the BTH, respectively
(Figure 3a).

Therefore, mitigation of NOx emissions is not beneficial to the air quality at present during
wintertime in the BTH (Figure 3c-3d). Decreasing NOx emissions does not proportionally
reduce the nitrate concentrations, and particularly enhances formation of sulfate, ammonium,
and SOA, which is primarily caused by the increase in Oz concentrations (Figure 3b). In
winter in the BTH, the weak insolation significantly decrease photolysis and slow the Os;
formation. During PM pollution period, the lower atmosphere is stable or stagnant, which is
quite favorable for accumulation of air pollutants. The titration of NOx (mainly NO)
emissions remarkably influence the O3 level in the PBL. Figure S8 shows the variations of
observed O3 and NO, concentrations as a function of the PM, s level over all the monitoring
sites in the BTH during the wintertime from 2013 to 2018. With deterioration of PM
pollution, the O3z concentration decreases but it is opposite for the NO, concentration.
Therefore, when the NOx emissions are decreased from 10% to 50%, the O3 concentration is
increased from 11.8% to 83.8% in the BTH (Figure 3b). Increased O3 concentrations enhance
the AOC, not only promoting the SOA and sulfate formation, but also accelerating conversion
of NO, to HNO3 to counterbalance HNO3 decrease due to mitigation of NOx emissions.

Our results on contributions of NOx emission mitigation to PM;s concentrations are also

supported by occurrence of the severe PM pollution in the BTH during outbreak of the
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Coronavirus Disease 2019 (COVID-19) pandemic with a significant reduction of NO,. Due
to the outbreak of COVID-19, the nationwide preventive lockdown has been carried out since
late January 2020 in China, by shutdown of commercial activities and restrictions of
population movement. The nationwide lockdown has lasted for more than three weeks and
caused remarkable reductions in emissions of air pollutants (Huang et al., 2020; Le et al.,
2020; Shi and Brasseur, 2020). Observations from the Tropospheric Monitoring Instrument
(TROPOMI) have shown a more than 70% decrease of the column-integrated NO, amount
during the lockdown period in 2020 over eastern China, compared to that in the same time
period in 2019 (Le et al., 2020). Surface measurements have also revealed that the NO;
concentrations have decreased by about 60% between the period 1-22 January 2020 and the
period 23 January-29 February 2020 in northern China (Shi and Brasseur, 2020). However,
several severe PM pollution events have still occurred in the BTH, with the maximum daily
PM.5 concentration exceeding 250 ug m™ in Beijing, although the observed NO, level has
decreased substantially. Therefore, additional two sensitivity experiments have been devised
based on F_BASE, in which the NOx emissions are further decreased by 60% and 80% to
represent variations of the NOx emission mitigation during the lockdown period. When the
NOx emissions are decreased from 60% to 80%, the NO, concentrations in the BTH are
reduced from 51.0% to 75.7% compared to those in F_BASE (Figure 3a), which is within the
range of the observed NO, variation due to the nationwide lockdown. However, the PM; 5
level is increased by 2.2% with a 60% reduction of NOx emissions and decreased by 3.2%
with an 80% reduction of NOx emissions (Figure 3a), showing the significant NOx emissions
reduction does not help lower the PM s level during the lockdown period in the BTH. The
main reason is that the substantial increase in Oz concentrations (more than 100%) causes

enhancement of SOA and sulfate to offset the nitrate loss.
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3.3 Priority measure to alleviate wintertime PM pollution in the BTH under current
situation

Apparently, mitigation of NOx emissions alleviates Og titration during wintertime in the BTH,
increasing Oz concentrations and further the AOC to enhance formation of secondary
aerosols. Therefore, decreasing the AOC might effectively lower the nitrate and PM, s level
in the BTH. The second sensitivity scenario is therefore designed, in which the VOCs
emission in F_BASE is reduced from 10% to 50% with a 10% interval to lower the O3
concentration. With a 50% reduction of VOCs emissions, the O3 concentration is decreased
by 19.6% in the BTH (See Figure S9b), showing considerable weakening of the AOC.
However, the decreases in sulfate, nitrate, and ammonium concentrations are not substantial,
only about 13.0%, 18.6%, and 6.1%, respectively (See Figure S9a). The SOA concentration
is decreased by about 37.6%, caused to a large degree by the reduction of SOA precursors.
Overall, the decrease in PM,5 concentration is not significant (See Figure S9c-9d), around
6.9% (6.3 ug m™) in the BTH, when VOCs emissions are reduced by 50%.

As a large agricultural country, China produces a huge amount of NH3 emissions, with
agricultural activities accounting for more than 80% (Huang et al., 2012; Paulot et al., 2014;
Zhang et al., 2018). Recent studies have pointed out that NH3 plays an important role in the
PM, s formation and NH3 control has been advocated as a potential measure by policy makers,
given that atmospheric NH;z facilitates secondary inorganic aerosol formation, i.e.,
ammonium sulfate/bisulfate and ammonium nitrate (Fu et al., 2017; Guo et al., 2018; Weber,
et al., 2016). Figure S9 presents the pattern comparisons of simulated and measured
near-surface NHz; mass concentrations averaged during January 2019. Compared with
measurements, the WRF-Chem model reasonably well simulates the spatial distributions of
the NH3 mass concentrations in the BTH. The NHs level is quite high in the plain region of

the BTH, with mass concentrations exceeding 5 pg m™. It is well known that the major
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248  source of NHjs is agricultural activities, mainly including livestock and fertilizer use (Huang
249 et al., 2012; Streets et al., 2003). Additionally, nonagricultural sources (e.g., vehicles, coal
250  combustion, etc.) are also responsible for the high NH3z emissions in China, especially in
251  urban areas (Chang et al., 2016; Pan et al., 2016a).

252 Thus, we have further performed the third sensitivity scenario, in which the NH; emission in
253 F_BASE is reduced from 10% to 50% with a 10% interval. With a 50% reduction of NH3
254  emissions, the nitrate and ammonium concentrations are decreased by 34.5% and 36.5% in
255 the BTH (Figure 4a), respectively. The sulfate concentrations are also reduced by 6.5%,
256 which is mainly caused by the loss of aerosol liquid water due to decrease in nitrate and
257 ammonium aerosols (Wu et al., 2019). The SOA concentration in the BTH is slightly
258  decreased by 0.1% when the NH3; emissions are reduced by 10% and then increased from 0.1%
259  to 0.6% when the NH3 emissions are reduced from 20% to 50%. The PM, s decrease is about
260  12.3% (11.3 pg m™®) in the BTH (Figure 4c-4d), when NH; emissions are reduced by 50%,
261  showing mitigating NH3z emissions is much more effective to reduce PM pollution in the
262  BTH than NOx and VOCs emissions.

263

264 4. Conclusions

265  The Chines government has made great efforts to mitigate emissions of primary PM, SO, and
266 NOx to alleviate PM pollution since 2013. The observed near-surface wintertime
267  concentrations of PM,s, SO,, and NO, have decreased by 42.2%, 78.3% and 22.0% from
268 2013 to 2018 in the BTH, respectively, but persistent PM pollution still frequently occurs.
269  Observations show that nitrate aerosols have not exhibited a significant decreasing trend and
270  play an increasing role in PM pollution during wintertime in the BTH, with a PMy5s
271 contribution of about 20%. Our sensitivity simulations of a persistent heavy PM pollution

272  episode in January 2019 in the BTH reveal that NOx emissions mitigation does not help
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lower nitrate and PM, s concentrations during wintertime. A 50% reduction of NOx emissions
only decreases nitrate mass by 10.3% but increases PM,s concentrations by around 3.2%
because the O3 increase induced by NOx mitigation offsets the loss of HNO3; and enhances
sulfate and SOA formation. Our results are also consolidated by occurrence of server PM
pollutions in the BTH during the COVID-19 outbreak when the NOx emissions have been
remarkably reduced and the observed NO; level has decreased by more than 60%.

Although the emissions reduction of VOCs has been proposed to be particularly important to
mitigate PM pollution, our results reveal that a 50% reduction in VOCs emissions decreases
PMas concentrations by around 7% in the BTH. However, when NH; emissions are reduced
by 50%, the PM, 5 level is decreased by about 12%, mainly caused by substantial decreases in
nitrate and ammonium aerosols. Therefore, we suggest that, in addition to primary PM
emissions, mitigating NH3z emissions is the priority measure to effectively alleviate PM

pollution during wintertime in the BTH under the current situation.
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Table 1. Comparisons of the average mass concentrations of air pollutants during wintertime

in the BTH from 2013 and 2018.

Air pollutants PMys (ugm?) O3 (ugm?) NO,(ugm?) SO, (ugm?) CO (mgm?)
2013 153.0 37.9 69.2 108.7 2.6
2014 112.0 42.4 60.3 82.2 2.4
2015 106.8 43.4 63.3 58.3 2.4
2016 136.9 48.2 71.8 52.0 2.6
2017 78.7 47.6 50.6 28.8 15
2018 88.5 494 54.0 23.6 15
0,
petweon 20n3 and 2ot 422 303 220 783 423
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Figure 1. Variations of the filter measured average (a) mass concentrations of the PM; 5
constituents and (b) their contributions to the PM, s mass at an urban site in Beijing from
2013 to 2018 during wintertime PM pollution days with PM, 5 concentrations exceeding 75

ug m.
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Figure 2. Variations of the filter measured wintertime sulfate, nitrate, and ammonium
concentrations from 2014 to 2018 when the PM level exceeds 75 pg m™ in (a) Tianjin, (b)
Tangshan, (c) Baoding and (d) Shijiazhuang in the BTH.
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Figure 3. Variations of average concentrations of PM, s and secondary aerosols (a) as well as
the gas pollutants (b) in the BTH during the episode with the NOx emissions changes, and
mass (c) and percentage (d) distributions of the PM, s variation during the simulation period
when the NOx emissions are reduced by 50%. The shading area in (a) and (b) shows the
scenario of the NOx emission reduction during the lockdown period due to the COVID-19

outbreak.
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Figure 4. Variations of average concentrations of PM; s and secondary aerosols (a) as well as
the gas pollutants (b) in the BTH during the episode when the NH3 emissions are reduced
from 10% to 50%, respectively, and mass (c) and percentage (d) distributions of PM;s
reductions when the NH3 emissions are reduced by 50%.
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