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Abstract

We use a chemical transport model to examine the change of sulfate-nitrate-
ammonium (SNA) aerosols over China due to anthropogenic emission changes of
their precursors (SO,, NO, and NH3) from 2000 to 2015. From 2000 to 2006, annual
mean SNA concentrations increased by about 60 % over China as a result of the 60 %
~ 80 % increases in SO, and NO, emissions. During this period, sulfate is the domi-
nant component of SNA over South China (SC) and Sichuan Basin (SCB), while nitrate
makes equal contribution as sulfate over North China (NC). Based on emission reduc-
tion targets in the 12th (2011-2015) Five Year Plan (FYP), China’s total SO, and NO,
emissions are projected to change by —16 % and +16 % from 2006 to 2015, respec-
tively. However, the amount of NH; emissions in 2015 is uncertain, given our finding
that bottom-up inventories tend to overestimate China’s ammonia emissions during the
2000-2006 period. With no change in NH; emissions, SNA mass concentrations in
2015 will decrease over SCB and SC compared to their levels in 2006, but increase
over NC where the magnitude of nitrate increase exceeds that of sulfate reduction.
This suggests that the SO, emission reduction target set by the 12th FYP, although
effective in reducing SNA over SC and SCB, will not be successful over NC for which
NO, emission control needs to be strengthened. If NH; emissions are allowed to keep
their recent growth rate and increase by +16 % from 2006 to 2015, the benefit of SO,
reduction will be completely offset over all of China due to the significant increase of
nitrate, demonstrating the critical role of NHj in regulating nitrate. The effective strategy
to control SNA and hence PM, 5 pollution over China should thus be based on improv-
ing understanding of current NH; emissions and putting more emphasis on controlling
NH3 emissions in the future.
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1 Introduction

Sulfate, nitrate and ammonium (simplified as SNA) are the predominant inorganic
species of fine particulate matter with diameters less than 2.5 ym (PM, 5), making up
approximately half of total PM, 5 mass (Querol et al., 2004, Pinder and Adams, 2007;
Tsimpidi and Karydis, 2007; Yang et al., 2011). SNA aerosols have adverse effects on
human health, visibility degradation, and global climate change (Hillamo et al., 1998;
Adams and Seinfeld, 1999; Watson, 2002; Park et al., 2004, 2006; Pathak et al., 2009;
Leibensperger et al., 2012a, b). Most of SNA aerosols are formed in the atmosphere
through oxidation and neutralization of precursor gases: sulfur dioxide (SO,), nitrogen
oxides (NO, = NO + NO,), and ammonia (NHj3). SO, is oxidized in the atmosphere by
hydroxyl radicals (OH) in the gas phase, and by hydrogen peroxide (H,O,) and ozone
(O3) in the cloud. It is believed that the latter is the dominating approach of sulfate
formation. Nitric acid (HNO;) is formed through NO, oxidized by OH and hydrolysis
of N,Og. Sulfuric acid (H,SO,) and HNOgy are neutralized by NH3. (NH,4),SO, is the
preferential species due to its stability. NH,NOj is formed if excess NH; is available be-
yond the sulfate requirement. NH,NQO; is volatile and its formation is more significant in
winter (Meng and Seinfeld, 1994; Ansari and Pandis, 1998; Seinfeld and Pandis, 1998;
Adams and Seinfeld, 1999). SNA aerosols are water-soluble and subject to wet and
dry deposition.

The concentrations and compositions of SNA aerosols are determined primarily by
their precursors’ emissions, which are mainly of anthropogenic origin. While SO, and
NO, emissions in the North Atlantic basin have been stabilized or are in decline, Asian
emissions are still increasing (Benkovitz et al., 1996; Cofala et al., 2007; Smith et al.,
2001, 2011). Emissions of SO, and NO, in China increased dramatically by more than
60 % and 80 % respectively from 2000 to 2006 (Zhang et al., 2009; Lu et al., 2011). NO,
emissions in China were estimated to have maintained a mean annual growth rate of
6.7 % from 2006 to 2009 (Lamsal et al., 2011). Chinese SO, emissions were reported
to have decreased by 9.2 % from 2006 to 2010 (Lu et al., 2011), driven primarily by wide
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implementation of flue gas desulfurization in power plants. Agriculture is the largest
contributor to NH; emissions. Bouwman et al. (1997) estimated that the global NH5
emissions for 1990 were about 54 Tg Nyr'1 — about half of which were from Asia, with
China accounting for the largest portion (Bouwman et al., 1997; Streets et al., 2003). In
the 12th FYP (2011-2015), China set the emission reduction target for SO, and NO, of
8 % and 10 %, respectively in 2015, compared to 2010 levels (http://www.gov.cn/zwgk/
2011-09/07/content_1941731.htm). In light of the significant impact of SNA aerosols on
public health and climate, it is important to understand the extent of SNA concentration
changes in response to past and future changes of SO,, NO, and NH5; emissions in
China and to evaluate the effectiveness of currently-available emission control policies.

Previous studies have explored the response of SNA to precursor emission changes
(Pinder and Adams, 2007; Tsimpidi and Karydis, 2007, 2008). They found that com-
posite SNA levels did not respond linearly to SO, or NO, emission changes with NH;
playing an important role in determining total SNA concentrations. Most of the previous
studies have focused on the US, where precursor emissions of SNA have been effec-
tively controlled and PM, 5 has been successfully incorporated into the national ambi-
ent air quality standard (NAAQS) and extensively monitored. China, despite facing se-
rious PM, 5 pollution problems, has not drawn up the corresponding control standard or
monitoring network for SNA or PM, 5. As a result, it is difficult to generate observation-
based spatial distribution and temporal trend of SNA across China to guide the precur-
sor control policies. It would require a credible chemical transport model, evaluated by
scattered in-situ aerosol sampling in China; or satellite-derived proxies such as aerosol
optical depth, to simulate the SNA distributions, associate their concentrations with pre-
cursor emissions, and predict the concentration changes in response to future emission
changes.

In this study, we used a nested-grid version of a global chemical transport model
(GEOS-Chem) to conduct full-year simulations of SNA over China. Model results are
evaluated with a few surface observations in and around China. Our purpose is to un-
derstand the main factors determining the seasonal and spatial distributions of SNA
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over China, investigate the influence of precursor emission changes on SNA concen-
tration changes from 2000 to 2015, and provide policy suggestions for controlling SNA
levels in China. The GEOS-Chem model and observation data used in this work are
described in Sect. 2. The simulation results are evaluated with observations in Sect. 3.
In Sect. 4, we will analyze the spatial and temporal distribution of SNA and their re-
lationships to precursor emissions. The concentration changes of SNA in response to
the 20002015 emission changes are discussed in Sect. 5. The concluding remarks
are presented in Sect. 6.

2 Model and observation
2.1 Model and simulations

GEOS-Chem is a global 3-D chemical transport model driven by assimilated meteoro-
logical observations from the Goddard Earth Observing System (GEOS) of the NASA
Global Modeling Assimilation Office. In this study we use the nested-grid capability of
the GEOS-Chem model version 8-02-01 over East Asia (11° S-55°N, 70° E-150° E;
Fig. 3) with a horizontal resolution of 0.5° latitude x 0.667° longitude as developed
initially by Wang et al. (2004) and extended to the GEOS-5 meteorology by Chen
et al. (2009).

The SNA simulation coupled with gas-phase chemistry was developed originally by
Park et al. (2004). The aerosol thermodynamic equilibrium in v8-02-01 uses the MARS-
A model (Binkowski and Poselle, 2003) which calculates the gas-aerosol phase parti-
tioning of a H,SO,—HNO3;-NH;-H,0 equilibrium system. The wet deposition scheme,
including rainout in cloud and washout below cloud, is described by Liu et al. (2001).
Dry deposition is based on the resistance-in-series scheme of Wesely (1990) as im-
plemented by Wang et al. (1998).

The GEIA (Global Emission Inventory Activity) inventory (Benkovitz et al., 1996) is
the baseline anthropogenic inventory in the GEOS-Chem global model and the global
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anthropogenic ammonia emissions are from Bouwman et al. (1997). Scale factors
based on energy statistics and other information are used to obtain the emission inven-
tory for the simulation year, as implemented by van Donkelaar et al. (2008) following
on the work of Bey et al. (2001) and Park et al. (2004). The GEIA inventory is over-
written by regional emission inventories when available. For East Asia, anthropogenic
emissions of NO, and SO, are taken from the inventory of Zhang et al. (2009) for 2006
and NH3 emissions are taken from Streets et al. (2003) for 2000.

We conducted five series of 15-month simulations with different emissions but the
same meteorology from October 2006 to December 2007, with the first 3 months for
initialization and the next 12 months for analysis. The simulations are summarized in
Table 1. The emission scenarios were formulated on the basis of SO, emissions that
have long been the primary target of air pollution control policy in China since the 11th
FYP. We choose year 2000 to represent the past condition when SO, emissions were
lowest since 1996 (Lu et al., 2011), 2006 to represent the present case when SO,
emissions peaked, and 2015 to represent the future scenario, assuming a successful
implementation of the 12th FYP to control SO,. In the 2000 case simulation (2000C),
anthropogenic emissions, including SO,, NO, and NHj, were taken from the 2000
emissions inventory by Streets et al. (2003) for East Asia. In the 2006 case simulation
(2006C), we adopted the 2006 anthropogenic emissions inventory for East Asia by
Zhang et al. (2009), including NO, and SO, but not NH;. The 2015 case simulation
(2015C) uses the same emissions inventory as 2006C but scales the national total
of SO, and NO, emissions from their 2006 levels by factors determined as follows:
compared to 2006 levels, the national total emissions in 2010 are 9.2 % lower for SO,
(Lu et al., 2011) and 29.6 % higher for NO, (Lamsal et al., 2009). According to the 12th
FYP, reductions of 8 % and 10 % were applied to SO, and NO, respectively from their
emission levels in 2010 to obtain emissions in 2015. The emissions inventory of NH;
in 2000 from Streets et al. (2003) is used in both 2006C and 2015C. As the emissions
estimate for NH; is more uncertain than SO, and NO, (Dong et al., 2010; Huang et al.,
2011; Huang et al., 2012; Kim et al., 2006; Streets et al., 2003; Zhang et al., 2010), we
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set up two more cases — 2006A and 2015A — to investigate the sensitivity of SNA to
various NH5; emissions. Ammonia emissions in 2006A and 2015A are 30 % lower and
16 % higher than those in 2006C and 2015C, respectively. More detailed discussion
of NH5 emissions will be given in Sect. 3. Monthly variation in emissions was adopted
from Zhang et al. (2007) for NO,, Lu et al. (2011) for SO,, and Fisher et al. (2011) for
NH;. The monthly variability of emissions is the same for all the simulations.

The spatial distributions of SO,, NO, and NH; emissions over China in 2006C are
presented in Fig. 1. High emissions of the three species were concentrated mainly over
three regions: North China (NC, 32—42° N, 110-120° E), South China (SC, 22-32°N,
110-120° E), and the Sichuan Basin (SCB, 27-33°N, 102—-110° E). Total emissions
from the three regions accounted for more than 2/3 of total SO,, NO, and NH3 emis-
sions in China. Among the three regions, emission intensity was highest in NC. The
emission intensity of SO, was also large in SCB. On the molecular basis, NH; emis-
sions was less than the sum of SO, and NO, emissions, indicating poor NH5 conditions
through China in 2006. Figure 2 shows the seasonal variation of the emissions. Emis-
sions of SO, and NO, were highest in DJF and lowest in JJUA, whereas NH5; emissions
were highest in JJA and lowest in DJF. The former pattern was driven by heating de-
mand and industry, and the latter was caused by agriculture practice and temperature.
The seasonal variation was much larger for NH5 than for SO, or NO,,.

2.2 Observations

There has been no in situ measurement network of aerosols in China that are pub-
licly accessible (Chan and Yao, 2008). We had access to weekly-mean observations
of SNA concentrations at two rural sites in China: the Miyun (MY, 40°29'N, 116°47'E)
site in Beijing and the Beibei (BB, 29°50’ N, 106°25' E) site in Chongqing. MY is located
at the northern edge of North China Plain, about 100 km northeast from Beijing’s ur-
ban center. There are no distinct anthropogenic pollution sources within 1 km radius of
the site. The sampling time was from Januar to December, 2007. BB is located in the
Sichuan Basin in Southwest China. It is 10 km from the Beibei city center (a small city
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with a population of 650 000) and there are no distinct anthropogenic pollution sources
within 2 km of the site. The sampling time was from Februar 2005 to April 2006. At both
sites, the aerosol samples were taken with a low flow sampling instrument that collects
PM, 5 every week. The chemical composition of PM, 5 was analyzed in the laboratory.
Previous studies (Yang et al., 2011; He et al., 2012) based on SNA observations from
these two sites have revealed the concentration levels and composition characteris-
tics, and they indicated that PM, 5 compositions at the two sites can be regarded as
representative of regional conditions in North and Southwest China.

We also collected annual mean SNA observations during the 2004—-2008 period from
published studies (Feng et al., 2007; Hagler et al., 2006; Yang et al., 2005; Yang et al.,
2008; Wang et al., 2006; Zhang et al., 2012). For model evaluation purposes, monthly
mean observations of SNA concentrations in East Asia were obtained from the Acid
Deposition Monitoring Network in East Asia (EANET, http://www.eanet.cc/). Wet depo-
sition fluxes of SNA were also collected from EANET to evaluate the simulated SNA
budget. Geographical locations of all the observational sites used in this study are
shown in Fig. 3 which depicts the nested-grid East Asian model domain (11° S-55° N,
70° E-150° E). Although many of the EANET sites are located outside of China, they lie
within the East Asian model domain and thus provide useful observations to evaluate
the model.

3 Model evaluation

The GEOS-Chem simulation of SNA has been evaluated with extensive surface obser-
vations in the US (Park et al., 2004, 2006; Pye et al., 2009; Leibensperger et al., 2012a;
Zhang et al., 2012) and with aircraft measurements of East Asian outflow in springtime
(Park et al., 2004; Heald et al., 2005). The model was found capable of reproducing
the spatial and seasonal patterns of total SNA and its components. The model gener-
ally had small biases in simulating sulfate concentrations and deposition, but tended to
overestimate nitrate at the surface. Our model evaluation with observations will focus
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on the spatial and seasonal distribution of total SNA (TSNA) and all three components
(sulfate, nitrate and ammonium) at the surface over China and East Asia, using simu-
lation results from 2006C.

Figure 4 presents simulated annual-mean distribution of sulfate, nitrate, ammonium,
and TSNA at the surface over China, overlaid with surface observations at a few sites.
The model has excellent ability in reproducing the observed spatial heterogeneity of
TSNA and all three components across China, with high concentrations over NC for
all species, over SCB for sulfate and ammonium, and over SC for sulfate. SNA con-
centrations are lowest in the west, where annual mean TSNA is less than 10 ug m~3.
The model has relatively small biases in simulating sulfate, ammonia and TSNA across
China, but overestimates nitrate in East China. As indicated before, nitrate overestima-
tion is a common problem found in previous GEOS-Chem studies (Park et al., 2004;
Leibensperger et al., 2012; Zhang et al., 2012) as well as in other chemical transport
models (Fountoukis et al., 2011; Kim et al., 2006). The reasons are partly attributed
to the difficulties in precisely measuring nitrate and partly to the model’s treatment of
deposition and uncertainties of ammonia emission inventory to be discussed below.

The scatter plot of simulated versus observed seasonal-mean sulfate, nitrate, am-
monium and TSNA concentrations at 22 sites in East Asia (20 from EANET, plus MY
and BB) are displayed in Fig. 5, with the regression slope and square of correlation
coefficient (F.’z) given in insert. The model represents a good performance on sulfate
simulation with relatively high R? (0.64 ~ 0.79 by season) and small biases, ranging
from =18 % (MAM) to 7 % (SON). The annual mean model bias of sulfate was —10 %.
The model had large positive biases (+31 % annually) and poorer correlation for nitrate,
with the annual mean R? of 0.42 and seasonal-mean R? ranging from 0.22 (MAM)
to 0.69 (JJA). For ammonium, the model had an annual-mean bias of 35 % and the
largest overestimation occurred in JJA (43 %). Despite the bias, the model reproduced
the variability of ammonium observation (Fn’2 = 0.73 annually and 0.57—-0.83 by season)
well. For the composite TSNA, the model successfully captured the spatial variability
(Fi2 = 0.58-0.78) and concentration levels of observations with an annual mean bias

24251

Jadedq uoissnosiq | Jadeq uoissnosigq |  Jadeq uoissnosiqg | Jaded uoissnosig

ACPD
12, 24243-24285, 2012

Sulfate-nitrate-
ammonium aerosols
over China

Y. Wang et al.

: “““ “““


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/12/24243/2012/acpd-12-24243-2012-print.pdf
http://www.atmos-chem-phys-discuss.net/12/24243/2012/acpd-12-24243-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

of 6 %. This is because the underestimation of sulfate and overestimation of nitrate
cancel out in TSNA. As sulfate is the largest component of TSNA in China, the better
simulation of sulfate dominates in the comparison for TSNA.

The month to month variation of simulated and observed concentrations of SNA at
the MY and BB site is displayed in Fig. 6. At MY, sulfate peaked in JJA, while nitrate
and ammonium exhibited double peaks in JJA and DJF. Simulated sulfate levels at MY
corresponded well with observations in terms of both variability and concentrations.
The model captured the seasonal patterns of observed nitrate and ammonium at MY,
but overestimated their concentrations throughout the year by an average of 177 %
and 78 %, respectively. The model’s bias for nitrate was largest in JJA. At BB, sulfate,
nitrate and ammonium all showed a winter maximum and summer minimum. The model
reproduced the seasonal variability of observations at BB, with mean biases of —12 %,
46 % and 28 % for sulfate, nitrate and ammonium, respectively.

Wet deposition is the main removal pathway of SNA aerosols from the atmosphere.
To evaluate the model’s ability of simulating wet deposition, we compared the simulated
and observed wet deposition fluxes of SNA at 25 EANET sites (Fig. 7), including 5
Chinese sites and 20 sites in other East Asian countries around China. We found that
the model had relatively poor ability in capturing the observed variation of SNA wet
deposition (/%’2 = 0.18-0.4). The model underestimated wet deposition of sulfate and
nitrate by more than 40 %, but the model bias for ammonium wet deposition was not
significant. The model’s underestimation of nitrate deposition may be one explanation
for the model’s large overestimation of nitrate concentrations.

As shown above, the major model discrepancy was significant overestimation of ni-
trate concentrations in China. This is similar to previous studies using GEOS-Chem
model (Park et al., 2004 and 2006; Leibensperger et al., 2012; Zhang et al., 2012)
and other models such as CMAQ (Kim et al., 2006) and PMCAMXx (Fountoukis et al.,
2011). The model's underestimation of nitrate wet deposition can partly explain the
overestimation of nitrate. In addition, the model overestimated ammonium surface con-
centrations, indicating that there may be an overestimation of ammonia emissions in
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the model. Overestimation of NH3 favors partitioning of nitrate in the aerosol phase, as
ammonium nitrate’s formation requires free NH5 that has not reacted with sulfuric acid.
Estimates of NH5 emissions in China vary greatly among published papers (Streets
et al., 2003; Kim et al., 2006; Dong et al., 2010; Zhang et al., 2010; Huang et al.,
2011; Huang et al., 2012), suggesting that NH5; emissions inventories are subject to
large uncertainties in China. The most recent estimate of NH; emissions in China by
Huang et al. (2012) is 9.8 Tg for year 2006, which is much lower than that of 13.5Tg
for 2000 from Streets et al. (2003) and 16.07 Tg for 2006 from Dong et al. (2010). Kim
et al. (2006) suggested that the ACE-ASIA NH; emissions (Streets et al., 2003) used
in their model should be reduced by 20-75 % in order to adjust for the overestima-
tion of nitrate over East Asia. To evaluate the sensitivity of nitrate simulation to NH3
emissions in the model, we set up the 2006A case, in which NH5; emissions were re-
duced by 30 % compared to 2006C. Simulated nitrate and TSNA concentrations were
reduced by more than 30% and 10% in 2006A, respectively, compared to 2006C,
matching better with observations. As expected, there was little change on sulfate con-
centrations. This suggests that the overestimation of NH; emissions in China was the
primary reason for nitrate overestimation in the model. Considering the model biases
in nitrate and ammonium and the fact that the emission inventory of NH; by Streets
et al. (2003) for year 2000 was already 38 % too high compared to the latest estimate
by Huang et al. (2012) for year 2006, we chose to use the NH; inventory for year 2000
from Streets et al. (2003) in 2006C and 2015C, without applying additional increasing
factors by year.

Figure 8 shows the observed and simulated (2006C and 2006A) annual mean SNA
compositions at the MY and BB sites where we had bi-weekly continuous observations.
As discussed before, MY can be regarded as representative of NC and BB as repre-
sentative of SCB. Observed annual-mean sulfate concentrations were 190 % higher at
BB than at MY, which largely contributed to the overall higher TSNA levels at BB than
MY. Nitrate concentrations were 10 % higher at BB than at MY. The fractional contribu-
tion of sulfate and nitrate to TSNA was 50 % and 26 % at MY, respectively, compared
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to that of 66 % and 14 % at BB. The model (both 2006C and 2006A) successfully cap-
tured the concentration gradient of TSNA and its components between MY and BB.
The 2006C case overestimated the absolute concentrations of nitrate and ammonium
and their fractional shares in TSNA at both sites. The overestimation was especially
serious for nitrate at MY. In the 2006A case with reduced NH5 emissions, the model
results were much closer to observations.

In summary, the model has good accuracy in simulating the spatial and seasonal
distribution of TSNA and its components over China, and has small biases in repro-
ducing surface concentrations of sulfate and TSNA. The overestimation of nitrate was
mainly caused by the fact that the currently available bottom-up inventory used in the
model overestimated ammonia emissions in China over the 2000-2006 period. Given
the model’s ability, the following analysis will mainly focus on the changes of TSNA and
sulfate in response to precursor emissions changes from 2000 to 2015. We will also
examine the changes in nitrate and ammonium from 2000 to 2015, but more in the
relative sense, and will involve the NH; sensitivity cases (2006A and 2015A).

4 Spatial and seasonal patterns of SNA across China

Since the model can accurately capture the spatial distributions and seasonal patterns
of SNA aerosols, we used the model to examine the key factors determining the spatial
and seasonal variations of SNA aerosols over China in the present-day case (2006C).
This analysis form the basis of understanding the past and future changes of SNA
presented in the next section.

Figure 9 shows the seasonal-mean concentrations of TSNA, sulfate, nitrate and am-
monium across China. Sulfate is the largest component in total SNA all over China.
All SNA species are highest in DJF, followed by SON, and lowest in MAM or JJA. This
seasonal pattern was in accordance with that of SO, and NO, emissions. Higher con-
centrations were distributed over NC, SC and SCB in all seasons, coinciding with the
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spatial pattern of highest precursor emissions. Sulfate concentrations were highest in
SCB, while nitrate, ammonium, and TSNA were highest in NC.

Figure 10 compares the mean seasonal variations of sulfate, nitrate, ammonium
and TSNA averaged over NC, SC and SCB from the 2006C and 2006A cases. As
sulfate concentrations showed little sensitivity to the 30 % reduction of NH5; emissions in
2006A, the 2006A simulation for sulfate is not shown. Sulfate showed a JJA maximum
and MAM minimum in NC, whereas an opposite seasonal pattern was found in SC
and SCB with a JJA minimum and DJF maximum. The annual mean concentration
of sulfate is more or less the same between NC and SC, and it is highest over SCB,
reaching about 14 ug m~3. Sulfate made up about 40 % of total SNA mass over NC,
and the ratio was highest in JJA (45 %) and lowest in DJF (30 %). By contrast, sulfate
contributed 50 % and 60 % to total SNA mass in SC and SCB, respectively, and its
fraction in TSNA changed little with seasons in both regions. Both gas- and aqueous-
phase oxidation of SO, were expected to peak in JJA because of higher temperature,
more abundant sunlight, and higher humidity (Yao et al., 2002; Ye et al., 2002; Wang
et al., 2006; Zhang et al., 2012). The seasonal pattern of sulfate over NC corresponds
with that of oxidation, suggesting that the limiting factor determining the seasonality of
sulfate over NC is chemical formation rate of sulfate rather than SO, emissions or wet
deposition, both of which favor a JJA minimum in sulfate. This is also supported by the
fact that annual-mean sulfate concentrations are similar between NC and SC, despite
much higher emissions of SO, over the former, particularly in winter. Over SC and
SCB, the seasonal variation of meteorological factors determining the formation rate of
sulfate (i.e., temperature, relative humidity, and solar radiation) is not as pronounced
as in NC because of lower latitude. As a result, the seasonality of sulfate over these
regions (a DJF maximum and JJA minimum) is driven more by that of SO, emissions
and wet deposition.

Nitrate shows a DJF maximum over the three regions, which can be explained in part
by higher NO, emissions in winter. As atmospheric NH,NO5 formation is constrained
strongly by temperature (Wang et al., 2006), the low temperature in winter is favorable
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for NH4,NO3 formation. Nitrate is lowest in spring over NC and in summer over SC and
SCB. Among the three regions, nitrate concentrations are highest over NC throughout
the year, as both NO, and NH; emissions are highest over this region. Ammonium and
TSNA have peak twice over NC, one in winter due to highest nitrate concentrations
and one in summer due to highest sulfate concentrations. Over SC and SCB, they are
highest in DJF and lowest in JJA, similar to the seasonality of sulfate and nitrate. All
SNA species are lowest in spring over NC. High dust loadings over NC in spring can
lead to low NO; and SOi' (Zhang and Carmichael, 1999; Yao et al., 2002; Fairlie et al.,
2010; Zhang et al., 2012). Over SC and SCB, all SNA species are lowest in summer
as precipitation, and hence wet scavenging, peak in summer.

We have shown that the mass concentration and composition of SNA aerosols differ
by season and region as a result of the temporal and spatial variability in precursor
emissions, oxidation rate, and deposition. In the present-day case (2006C), sulfate is
the dominant component of SNA over SC and SCB, while nitrate makes an equally
important contribution as sulfate over NC. Chemical oxidation rate is the dominant fac-
tor in determining SNA concentration levels and seasonality over NC, whereas the key
factors are emissions and wet deposition over SC and SCB. Given the regional dif-
ferences presented above, it is expected that future SNA concentrations over SC and
SCB may be more sensitive to SO, emission changes, while those over NC may show
more complex responses to precursor emissions.

5 SNA variations from 2000 to 2015 due to precursor emission changes

From 2000 to 2006, SO, and NO, emissions in China increased by more than 60 %
and 80 % respectively. Since 2006, China has moved aggressively to reduce SO, emis-
sions. In the 11th FYP (2006—2010), China set a goal to reduce 10 % of SO, emissions
in order to control acid rain and PM pollution. It is suggested that this goal was real-
ized and Chinese SO, emissions decreased by 9.2 % from 2006 to 2010 (Lu et al.,
2011). Zhao et al. (2008, 2010) suggested that the benefits of reducing soil acidification
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from SO, emission control may be negated by increases of NO, and NH; emissions.
NO, emission reductions were proposed later in the 12th FYP (2011-2015). As elabo-
rated before, we calculated that SO, emissions in 2015 will be lower by 16 % and NO,
emissions higher by 16 % compared to the corresponding 2006 levels. Given the large
uncertainty in current estimates of NH; emissions, we first examined the changes in at-
mospheric SNA concentrations over China driven by SO, and NO, emissions changes
from 2000 to 2015. We then discuss the sensitivity of the future SNA changes to chang-
ing NH5; emissions.

5.1 SNA changes from 2000 to 2006

Figure 11 shows the relative increase of SO, and NO, emissions from 2000 to 2006
over China. There was significant spatial heterogeneity in the emission change patterns
across China. Total SO, emissions over NC, SC, and SCB in 2006 were 44 %, 87 %,
130 % higher compared with their levels in 2000. Driven by the rapid growth of motor
vehicle population, NO, emissions increased at a faster rate than SO, emissions. Total
NO, emissions over the three regions in 2006 were more than twice of those in 2000,
with SCB experiencing the largest relative increase (140 %). The emission changes
over northwest and northeast China, although large in the relative term, were much
smaller in magnitude compared with those in other regions.

Figure 12a shows the absolute difference in annual-mean mass concentrations of
sulfate, nitrate, and TSNA between 2006C and 2000C simulations, reflecting the effects
of SO, and NO, emission changes from 2000 to 2006 over all regions of China. The
concentration change (2006C minus 2000C) was positive over all regions of China,
with significant increases distributed in the east, particularly over NC, SC and SCB.
The sulfate increase was largest in SCB, by more than 6 ug m=3, compared with that
of 4pgm™ in NC and SC. The relative increase of sulfate in NC, SC and SCB were
49 %, 64 % and 86 % from 2000 to 2006, corresponding almost linearly to the relative
increase of SO, emissions in these regions. The nitrate increase was largest in NC,
by about 4 ug m's, compared with that of 1 ~2ug m~ in SC and SCB. The relative
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increase of nitrate, ranging from 40 % to 60 % in the three regions, was much less
than the relative increase of NO, emissions. As NH; emissions were held constant
from 2000 to 2006 in the simulations, given the large simultaneous increase in SO,
emissions, there was no excess NHj; available to form nitrate despite the large increase
of NO, emissions. TSNA concentrations increased by about 10 ug m~ over the three
regions, and the relative change was 54 % ~ 68 % due to the increase of sulfate and
nitrate concentrations.

The annual-mean SNA mass concentrations and speciation are summarized by re-
gion in Fig. 13. Over NC, nitrate and sulfate made up approximately equal contribution
to total mass concentrations of SNA in 2000C and 2006C, and their relative propor-
tions in SNA did not change between the two cases despite increases in their absolute
concentrations. This suggests that both SO, and NO, emission changes contributed
to increasing SNA concentrations from 2000C to 2006C over NC. Over SC and SCB,
however, sulfate was the largest contributor to SNA, making up 45 % and 53 % of mean
SNA masses over the two regions in 2000C, respectively. The fractional contribution of
sulfate in total SNA increased to 50 % over SC and 60 % over SCB in 2006C, whereas
the relative contribution of nitrate in total SNA showed a noticeable decrease from
2000C to 2006C. Over SCB, for example, the fraction of nitrate in TSNA decreased
from 21 % in 2000C to 17 % in 2006C, despite a 1.2 ug m~ increase in nitrate mass
concentrations. This suggests that the increase of SO, emissions was the main driver
of increasing total SNA concentrations over SC and SCB from 2000C to 2006C, with
NO, emission increases playing a secondary role. This is because the formation of
(NH,)»,SO, is preferential over that of NH,NO3 given under constant supply of NH;
emissions.

5.2 SNA changes from 2006 to 2015

In the 2015C simulation, under the assumption of a successful realization of SO, and

NO, emission reduction target during the 12th FYP, total SO, and NO, emissions in

China are 16 % lower and 16 % higher than those in 2006C, respectively. The spatial
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distribution of NO, and SO, emissions in China is the same between 2006C and 2015C
and NH5 emissions are kept constant.

Figure 12b shows the absolute difference (2015C minus 2006C) in annual-mean
mass concentrations of sulfate, nitrate, and TSNA due to SO, and NO, emission
changes from 2006 to 2015 over all regions of China. Sulfate decreases all over China,
and the largest decrease of sulfate occurs in SCB, reaching up to 7 ug m~3. The aver-
age reduction of sulfate over NC, SC, and SCB is -2 ug m=> or =14 %, corresponding
almost linearly to the —16 % decrease of national total SO, emissions from 2006C to
2015C. There is no obvious difference in the relative change of sulfate concentrations
between the three regions. By contrast, nitrate shows an increase all over China. The
largest absolute increase of nitrate mass concentrations is found over NC, reaching
up to +2 ug m™3 annually. The relative increase of nitrate is much higher over SC and
SCB, reaching 23 %. The average mass concentration of nitrate increases by 20 % over
China, larger than the +16 % relative increase of national total NO, emissions between
the two cases. This is because the decrease of sulfate in 2015 releases free NH3 to
make additional nitrate. TSNA is found to either decrease or increase depending on
the region. Over NC, TSNA mass concentrations increase by 2 %, suggesting that the
increase of NO, emissions outplays the decrease of SO, emissions in determining the
sign of SNA concentration change. In SCB, TSNA mass concentrations decrease by
5 %, indicating that the effect of SO, emission decrease on SNA is larger than that of
NO, emission increase. Over SC, TSNA mass concentrations change little from 2006
to 2015, indicating that the effect of NO, emission increase balances that of SO, emis-
sion decrease. Note that the relative change of SO, and NO, emissions from 2006 to
2015 is the same in magnitude although opposite in sign (-16 % for SO, and +16 %
for NO,), and such changes are applied uniformly over China without spatial or sea-
sonal differences. Therefore, the different regional change of total SNA in terms of sign
and magnitude indicates not only the strong nonlinearity of SNA to precursor emission
changes, but also the dependence of such nonlinearity on regional precursor emission
mix and composition of SNA.
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The chemical composition of SNA aerosols also changes from 2006 to 2015
(Fig. 13). There is a general increase in the proportion of nitrate in total SNA in 2015C
compared with 2006C, especially over NC where nitrate’s contribution to SNA sur-
passes that of sulfate and becomes the predominant component of SNA. Over SC
and SCB, sulfate is still the largest contributor to total SNA; especially in SCB where
sulfate’s proportion is greater than 50 %, even in 2015C. The change of concentra-
tion levels and speciation of SNA aerosols from 2006C to 2015C suggests that the
SO, emissions control target set forth by the 12th FYP is effective in reducing total
SNA over SC and SCB, but not over NC, for which NO, emissions control should be
strengthened. Furthermore, considering the highest TSNA concentrations, greater ef-
forts should be taken for emissions abatement in this region.

The nonlinear response of SNA to precursor emissions change also differs by sea-
son. We summarize the relative change of SNA mass concentrations (2015C minus
2006C) over NC, SC, and SCB in winter (DJF) and summer (JJA) in Table 2. We find
that the relative decrease of sulfate in winter is twice that in summer in all three re-
gions despite the same fractional reduction of SO, emissions applied in both seasons.
As the mass concentration of sulfate peaks in winter except over NC (c.f., Fig. 10),
this suggests that SO, emissions control is more effective in reducing sulfate levels in
winter. The relative change of nitrate mass concentrations is nearly the same in DJF
and JJA. Given that mass concentrations of nitrate in winter are typically twice that
of those in summer (c.f., Fig. 10), NO, emissions control should be stressed in win-
ter. Over NC, in which we show above that the increase of NO, emissions outplays
the decrease of SO, emissions in determining annual-mean TSNA concentrations, the
fractional change of TSNA concentrations is small in magnitude (0.4 ~ 0.5 %) and sim-
ilar between winter and summer. By contrast, TSNA decreases over SC and SCB and
the relative decrease is much higher in winter than in summer.
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5.3 Sensitivity of SNA to NH; emission change

The discussion in the previous two subsections focuses on the response of SNA over
China to past and anticipated future changes of SO, and NO, emissions under the
conditions of constant NH; emissions from 2006 to 2015. The 2006A case (Sect. 2)
examines the impact of the potential high bias in the NH5 emission inventory for 2006
on simulated present-day SNA concentrations in China. In this subsection, we examine
the sensitivity of SNA in 2015 to changes in NH; emissions. Dong et al. (2010) sug-
gested that the growth rate of NH5 emissions in China was stabilized at about 1.5 %
per year from 2000 to 2006. As China has not set up any policies to control NH; emis-
sions, we assume that NH; emissions will increase at this rate from 2006 to 2015. As
a result, national total NH; emissions will increase by 16 % from 2006 to 2015, which
happens to be the same fractional increase as NO, emissions over this period. This
forms a new sensitivity case referred to as 2015A, in which the emissions of NO, and
SO, are kept the same as in 2015C.

Figure 12c shows the absolute difference (2015A minus 2006C) in annual-mean
mass concentrations of sulfate, nitrate, and TSNA due to the assumed simultaneous
changes of SO,, NO,, and NH; emissions from 2006 to 2015. Sulfate decreases by
about 13 % over China in 2015A as compared to 2006C, which is similar to the mag-
nitude of decrease found in 2015C. Although the increase of NH; emissions has no
influence on sulfate, it results in large enhancement of nitrate, reaching 34—46 % or up
to 7 g m~3 over NC, SC, and SCB. Such an increase is even larger than the linear ad-
dition of the fractional increase of both NO, and NH; emissions (2 x 16 % = 32 %), and
this is due to the release of additional free NH3 to form NH,NO; as a result of decreas-
ing SO, emissions. Driven by the large increase of nitrate, TSNA shows an increase
all over China. Compared to 2015C, the benefits from SO, and NO, emissions control
in stabilizing or reducing SNA are more than offset by the same fractional increase of
NH; emissions. As shown in Fig. 13, the increase of NH; emissions also leads to an
increase of nitrate proportion in SNA. Analysis of the 2015A case indicates that NH; is
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the key factor of determining SNA concentrations in China in the future given the an-
ticipated reduction of SO, emissions and increase of NO, emissions. NH; emissions
control needs to be enforced along with SO, and NO, emissions control in mitigating
SNA concentrations in China in the future.

6 Conclusions

The changes in ground-level mass concentrations and composition of SNA aerosols
over China from 2000 to 2015 are simulated using the nested-grid GEOS-Chem model,
based on anthropogenic emission changes of SO,, NO,, and NH; over the past and in
the future driven by emissions control target in the 11th and 12th FYP. We show that the
model using 2006 emissions has good accuracy in simulating the spatial and seasonal
distributions of SNA and its components over China. The model has only small biases
in reproducing surface mass concentrations of sulfate and TSNA. Although simulated
nitrate and ammonium concentrations correlate well with observations, the model has
a large bias of about 30 % for nitrate, which is attributed mainly to the model’s overes-
timation of ammonia emissions in China.

The response of SNA formation to precursor emissions differs by region due to dif-
ferent meteorology and emissions characteristics. The highest concentrations of all
SNA species occur over NC, SC, and SCB where the precursor emissions are high-
est. Chemical oxidation rate is the dominant factor in determining SNA concentration
levels and seasonality over NC, whereas the controlling factors are emissions and wet
deposition over SC and SCB. In the present-day case (2006), sulfate is the dominant
component of SNA over SC and SCB, while nitrate makes an equally important contri-
bution as sulfate over NC.

From 2000 to 2006, SO, and NO, emissions from China increased by 60 % and
82 %, respectively. Total SNA mass concentration increased by about 60 % all over
China, most of which was driven by SO, emission increase, except over NC where
contribution of NO, emission increase was even larger. From 2006 to 2015, SO, and
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NO, emissions from China will change by —16 % and +16 %, respectively, based on
the SO, and NO, emissions control target set by the 12th FYP. Under constant NH3
emissions, sulfate will decrease linearly with SO, emission changes, while nitrate will
increase more than the percentage increase of NO, emissions as the decrease of
sulfate releases free NH5 to make NH,NO3. TSNA concentrations will either increase
or decrease across China, depending on the competition between sulfate reduction
and nitrate increase. Over NC, TSNA concentrations will increase by 2 %, experiencing
larger impacts from NO, emission increase, whereas they will decrease by 5% over
SCB with larger effect from SO, emissions decrease. Over SC, the two effects cancel
out and there will be little change in TSNA concentrations from 2006 to 2015. This
analysis suggests that the SO, emissions control target set forth by the 12th FYP is
effective in reducing SNA over SC and SCB, but not over NC for which NO, emission
control should be strengthened.

We also conducted two sensitivity studies with NH5; emissions adjusted by —30 %
(2006A) and +16 % (2015A) to examine the response of SNA to ammonia emission
changes. We found that NH; emission changes have no influence on sulfate concen-
trations, but lead to large changes in nitrate and thus total SNA concentrations. The
2006A simulation reduces the model bias in nitrate and ammonium, suggesting that
the currently available bottom-up inventories may overestimate ammonia emissions in
China over the 2000-2006 period. Therefore, the future level of NH; emissions is un-
certain given the lack of sufficient knowledge on the past and present emissions levels
of NH5 in China. If NH; emissions are allowed to increase by +16 % from 2006 to 2015
(the same percentage increase as NO,), nitrate will increase by more than 40 %, more
than offsetting the benefit of SO, emission reductions over all of China. This sensitivity
analysis demonstrates the critical role of NH3 in regulating nitrate. The policy implica-
tion is that the effective strategy to control SNA and hence PM, 5 pollution over China
should be based on improved understanding of current NH; emissions in China and
put more emphasis on controlling NH5; emissions in the future.
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Our analysis is an attempt to understand the past and perceived-future response
of atmospheric SNA aerosols to precursor emissions changes in China, and to give
policy implications for emissions control. Given the uncertainties in estimating future
precursor emissions in China especially NH; emissions and the model’s deficiency in
simulating wet deposition, our work cannot be taken as predictions of future SNA levels
in China. Further work is clearly needed to conduct careful projections of precursor
emissions in the future and to improve the model’s performance. More observations
containing longer term SNA concentration changes are also needed.
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Table 1. Simulation description.

Simulation Emission SO, emissions NO, emissions NHg emissions Year of
name Year (Tg) (Tg) (Tg) meteorology
2006C 2006 31 20.8 13.5 2007
2000C 2000 19.3 11.4 13.5 2007
2015C 2015 25.9 24.26 13.5 2007
2006A 2006 31 20.8 9.45 2007
2015A 2015 25.9 24.26 15.73 2007
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Table 2. The percentage change of sulfate, nitrate and TSNA mass concentrations from 2006C
to 2015C (2015C minus 2006C), averaged for summer (June, July, August; JJA) and winter

(December, January, February; DJF).

sulfate nitrate TSNA

NC DJF -19% 17 % 0.5%
JJA -10% 19% 0.4%

SC DJF -19% 29 % -2%
JJA -11% 21% 0.2%

SCB DJF -19% 20% 7%
JIA -10% 20% -45%
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(a) emissions of SO2

(b) emissions of NOx

(c) emissions of NH3

Fig. 1. Spatial distributions of (a) SO,, (b) NO, and (c) NH; emissions from China used in

2006C simulation.
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Fig. 3. Locations of observational data used in this study. The black triangles represent 25
sites from EANET; the red circles represent Miyun and Beibei sites with weekly observations;
blue inverted triangles represent 10 Chinese rural sites from published papers: (1) Akdala, (2)
Shangrl-La (Zhang et al., 2012); (3) Conghua, (4) Tung Chung, (5) Tap Yun, (6) Zhongshan
(Hagler et al., 2006); (7) Jinan (Yang, 2008); (8) Nanjing (Yang et al., 2005), and (9) Shanghai
(Wang et al., 2006).
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Fig. 4. Overlay of simulated (color map) and observed (colored circles) annual mean surface
concentrations of total SNA (TSNA), sulfate, nitrate and ammonium over China. Observations
are derived from the MM and BB sites with weekly measurements and from the 10 sites in
published literatures (i.e., the blue triangle sites shown in Fig. 3).
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Fig. 5. Scatter plots of simulated versus observed SNA concentrations at 23 (the 4 EANET
sites inside China have no observation data for SNA) sites in East Asia, including 2 sites in
China (BB and MY) and 21 sites from other countries. Values are seasonal mean for 2006. The
black dots represent spring, the red squares represent summer, the green triangles represent
fall, and the violet hollow diamonds represent winter. AMB = annual mean bias. The square of
correlation coefficient (/-?2), normalized mean bias, and annual mean bias (AMB) are given in

observation (ug/m3)

the figure. The y = x relationship (dashed lines) is shown.
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Fig. 7. Scatter plots of simulated (y-axis) versus observed (x-axis) SNA wet deposition fluxes.
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The square of correlation coefficient (R%) and the normalized mean bias are given.
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Fig. 9. Simulated seasonal-mean surface concentrations of sulfate, nitrate, ammonium and
TSNA (left to right) in December—February (DJF), March—May (MAM), June—August (JJA) and
September—November (SON), 2006.
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Fig. 10. Simulated seasonal mean concentrations of (a) sulfate, (b) nitrate, (¢) ammonium and
(d) TSNA over NC, SC and SCB. The black lines represent NC, red lines represent SC and
blue lines represent SCB. The solid lines represent 2006C results and dashed lines represent

2006A results.
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Fig. 11. SO, and NO, emission changes from 2000 to 2006 in China. The data shown are the

ratio of 2006 emissions to 2000 emissions.
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Fig. 12. The changes in mass concentrations of sulfate (left), nitrate (middle), and TSNA (right)
from 2000 to 2015. (a) the changes from 2000C to 2006C; (b) the changes from 2006C to
2015C; (c) the changes from 2006C to 2015A. Note that the color scale in (a) is different from
that in (b) or (c).
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(a) compositions of TSNA at NC

(b) compositions of TSNA at SC

(c) compositions of TSNA at SCB

Fig. 13. Simulated composition and concentration changes of SNA aerosols from 2000 to 2015
over (a) NC, (b) SC and (c¢) SCB. Four simulation cases are compared: 2000C, 2006C, 2015C,

and 2015A.
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