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Ammonia emission reduction is increasingly being considered one of the control measures to mitigate wintertime fine
particulate matter (PM2.5) pollution. Three wintertime observations from 2012 to 2018 in Wuhan, China, were ana-
lyzed to examine the effectiveness of ammonia control inwintertime PM2.5 reduction based on the critical total ammo-
nia concentration (CTAC, i.e., the inflection point of effective ammonia control for PM2.5 mass reduction based on the
asymmetric response of PM2.5 to ammonia control). The CTAC gradually approached 0% (immediate effectiveness),
with values of−26% in 2012,−23% in 2015, and−9% in 2018. At the observed ambient conditions, there were sig-
nificant positive correlations of the CTACwith sulfate and total nitrate changes, in contrast to the negative correlation
of the CTAC with total ammonia change. An approximately 10% total ammonia reduction could offset the decline in
CTAC attributed to a 30–40% sulfate or 20–30% total nitrate reduction in Wuhan. This study indicates that the com-
bined control of SO2 + NOx (NO+NO2) remains the preferred way to reduce inorganic particles in Central China at
present, despite a tendency of the ambient chemical state moving towards effective ammonia control. However, as
the CTAC approaches 0%, the effectiveness of ammonia and NOx reduction measures targeting wintertime PM2.5

can greatly exceed that observed during the 2012–2018 period in Central China.
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1. Introduction

With the continuous demand for fine particulate matter (PM2.5) reduc-
tion (Zhou et al., 2022; An et al., 2019; Bai et al., 2019), there is increasing
concern regarding ammonia control (Gu et al., 2021; Ma et al., 2021; Liu
et al., 2019), due to its role as a precursor in particle formation (Cheng
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et al., 2021; Chu et al., 2019; Behera and Sharma, 2010). The main concern
is the realization of effective emission control to improve the air quality
(Plautz, 2018). Previous studies have demonstrated the necessity of ammo-
nia abatement in fine particulate matter reduction in the United States
(Pinder et al., 2007) and Europe (Backes et al., 2016). However, the uncer-
tainty surrounding the effectiveness of ammonia control has remained and
resulted in regulators in China not formulating or implementing ammonia
emission control policies and measures (Fu and Chen, 2017).

PM2.5 pollution can be affected by ammonia emissions (An et al., 2019;
Liu et al., 2019; Wu et al., 2016). An increase in the ammonium concentra-
tion can reduce the benefits of secondary inorganic aerosol concentration
reduction resulting from SO2 and NOx emission control (Fu et al., 2017).
Wang et al. (2011) indicated that the nitrate concentration was sensitive
to ammonia emissions in the Pearl River Delta, while the nitrate concentra-
tion was more sensitive to NOx emissions in the North China Plain and
Yangtze River Delta. Guo et al. (2018) suggested that the effect of NHx

(total ammonia; NHx = NH3 + NH4
+) control in terms of inorganic PM2.5

reduction in Beijing was not as notable as that of TNO3 (TNO3 = NO3
− +

HNO3) and SO2 control unless the NHx reduction degree exceeded 60%.
In contrast to the United States or Europe, there occurs a higher PM2.5 con-
centration in China (Wang et al., 2017; Cao, 2012), especially in winter
(Yang et al., 2016; Cao et al., 2012), and a higher atmospheric ammonia
concentration (Zhang et al., 2017; Huang et al., 2012). It is necessary to ex-
plore the effectiveness of ammonia emission control in terms of PM2.5 re-
duction and scientifically formulate emission control strategies.

Previous studies have noted that the effect of ammonia control on inor-
ganic particulate matter depends on the aerosol thermodynamic equilib-
rium between the total ammonia and the sum of the total nitrate and net
negative charge excluding H+ and NH4

+ (Zheng et al., 2019). Xu et al.
(2019) defined the molar ratio between these two terms as R, and
Blanchard et al. (2000) defined the difference between these two terms as
the excess NH3 (please refer to supporting information for details). In re-
gard toR and excess NH3, the theoretical indicators values for NHx partition
transition are 1 and 0, respectively (Xu et al., 2019; Blanchard et al., 2000).
In addition, Guo et al. (2018) proposed that effective NH3 control occurs at
particulate pH values below 3. Zheng et al. (2019) analyzed the asymmetric
responses of the particulate mass to ammonia emissions and defined the
critical total ammonia concentration (CTAC), which is the inflection point
of effective ammonia control for inorganic particulate mass reduction.
The CTAC value of −25% reported in Zheng et al. (2019) implied that
only after NHx reduction exceeds 25% can ammonia control effectively re-
duce the inorganic PM2.5. In that study, the CTAC point correspond to the
condition in which the NHx molar concentration was not equal to but
40–50% higher than the sum of TNO3 and the net negative charge exclud-
ing H+ and NH4

+.
With three datasets of wintertime observations of the hourly water-

soluble inorganic ions in PM2.5 and precursor gases in 2012, 2015 and
2018 in Wuhan, the variation in PM2.5 chemical components was eluci-
dated. These periods corresponded to the periods before, during and after
the implementation of the Air Pollution Prevention and Control Action
Plan in China, respectively. With the use of the CTAC concept, the changes
of the effectiveness of ammonia emission control on inorganic particle mit-
igation from 2012 to 2018 were analyzed using a thermodynamic model.
Furthermore, we estimated the impact of sulfate, total nitrate and ammonia
changes on the CTAC and quantified their relationship. Finally, the effects
of emission control measures (including SO2, NOx, and NH3 and their com-
binations) on PM2.5 reduction as a function of the CTAC were examined.

2. Materials and methods

2.1. Observations

The observation site (114.36°N, 30.53°E) is located in a representative
mixed commercial/residential area with no nearby industrial emissions in
Wuhan, a megacity in Central China (Fig. 1). Water-soluble ions including
Cl−, NO3

−, SO4
2−, NH4

+, Na+, Mg2+, K+, and Ca2+ in PM2.5 and gaseous
2

NH3, HNO3 and HCl were synchronously observed with an online ion chro-
matography analyzer at a 1-h resolution (MARGA-ADI 2080) (Li et al.,
2019; Zheng et al., 2019). Relevant quality assurance (QA)/quality control
(QC) procedures have been reported in our previous studies (Zheng et al.,
2019). Three wintertime observation campaigns (three cases) were per-
formed from 2012 to 2018. Case 1 lasted from December 16, 2012, to Jan-
uary 24, 2013. Case 2 ranged fromDecember 1, 2015, to January 21, 2016.
Case 3 extended from December 1, 2018, to January 30, 2019. These three
cases encompassed a total of 120 days, and the number of effective hours
per day reached at least 20 h. Hourly PM2.5, SO2 and NO2 concentrations
were synchronously monitored with β-ray, ultraviolet fluorescence and
chemiluminescence online monitoring equipment, respectively (Zheng
et al., 2019), except for December 2012 due to instrument installation. Me-
teorological parameter data, including relative humidity (RH), ambient
temperature (T),wind speed and direction, and precipitationwere obtained
from the local observatory.

2.2. Simulations

The thermodynamic ISOROPPIA-II model (http://nenes.eas.gatech.
edu/ISORROPIA) (Fountoukis and Nenes, 2007; Nenes et al., 1998) was
adopted to predict the existing form of species (gas or aerosol phase) and
calculate their concentrations under chemical equilibrium, with inputs of
Cl−, NO3

−, SO4
2−, NH4

+, Na+,Mg2+, K+, Ca2+, ambient RH, T, and gaseous
precursors (HNO3, HCl and NH3) (Song et al., 2018; Murphy et al., 2017).
Following previous studies (Guo et al., 2016; Weber et al., 2016; Guo
et al., 2015; Hennigan et al., 2015), this work is based on the observed con-
centrations and the effects of transport and deposition were not considered,
although ~70% of the observations were taken with wind speed<2 m s−1.
The forward mode with metastable state was applied due to its better per-
formance and more accurate and robust results (Guo et al., 2016; Weber
et al., 2016; Guo et al., 2015; Hennigan et al., 2015; Fountoukis and
Nenes, 2007). The observed lowest RH reached 25.6%, which meets the
model operation assumption that the considered inorganic ions occur in
the aqueous phase (Guo et al., 2017; Bertram et al., 2011; Fountoukis and
Nenes, 2007; Ansari and Pandis, 2000). The concentrations of the inorganic
components (SO4

2−, NO3
− and NH4

+) predicted with the ISOROPPIA-II
model coincided well with the corresponding measured concentrations
(Fig. S1).

In Section 3.2, which describes CTAC sensitivity simulations, the input
SO4

2−, TNO3 or NHx concentrations were subject to interannual replacement.
For instance, the average input SO4

2− concentration in 2012 was replaced by
the average concentration in 2015. In summary, the hourly SO4

2− concentra-
tion in 2012wasmultiplied by the average SO4

2−concentration ratio between
2015 and 2012, with the other model inputs unchanged. The same
simulation approach was applied to both TNO3 and NHx and the chemical
components in 2015.

3. Results and discussion

3.1. Variation in wintertime inorganic components from 2012 to 2018

The three wintertime episodes were characterized by high levels of
PM2.5 and inorganic components. Although the SNA (SO4

2−, NO3
− and

NH4
+) concentrations were decreased from 2012 to 2018 (Table 1), their

fractions in PM2.5 gradually increased, with total average fractions of
51.3%, 62.9% and 63.8%, respectively. Secondary inorganic particles com-
prise the dominant components of PM2.5 under wintertime pollution condi-
tions in Central China, similar to a previous study (Zheng et al., 2019), and
the SNA fraction increases are attributed possibly to the increasing atmo-
spheric oxidation (Fig. S5, Table 1) (Fu et al., 2020; Zhang et al., 2020;
Wang et al., 2019) and decreasing primary PM2.5 emissions (Zhang et al.,
2019).

The changes in SO4
2−, TNO3 and NHx from 2012 to 2018 are shown in

Fig. 2. SO4
2− and NHx decreased, while TNO3 notably increased by 30.2%

after a slight decrease. In the low-concentration quartile, the SO4
2−

http://nenes.eas.gatech.edu/ISORROPIA
http://nenes.eas.gatech.edu/ISORROPIA


Fig. 1. Location of Wuhan, Hubei Province in China.
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frequency significantly increased by 200%, while TNO3 exhibited a 40%
decrease from 2012 to 2018. In contrast, the frequency of high SO4

2− con-
centrations largely decreased by 88%, but the high TNO3 concentration
quartile obviously increased by 86%. More attention should be paid towin-
tertime high-TNO3 concentration days in the future. In regard to NHx, the
fourth high-concentration quartile decreased by 57% from 2012 to 2018,
while there was no obvious increase in the low-concentration quartile, indi-
cating a decrease in high-concentration emissions in past and nonnegligible
low-concentration days under ammonia control.

The SO4
2− reduction from 2012 to 2018 was mainly attributed to effec-

tive SO2 emission control (Jin et al., 2016) (Fig. S2). Gradually decreasing
ammonia emissions mainly from agriculture (Fig. S3) in the observed
Table 1
Statistic of the mass concentrations, species proportions andmeteorological param-
eters in the three winters in Wuhan.

Case 1 (Winter
2012)

Case 2 (Winter
2015)

Case 3 (Winter
2018)

SNA (μg m−3) 79.2 ± 40.6 67.6 ± 45.1 62.0 ± 33.6
O3 (μg m−3)a 22.1 ± 27.6 26.0 ± 23.4 27.6 ± 24.9
SO4

2−/PM2.5 (%) 19.1 ± 6.4 21.2 ± 7.7 11.3 ± 8.0
NO3

−/PM2.5 (%) 19.1 ± 4.8 26.0 ± 8.4 36.5 ± 18.2
NH4

+/PM2.5 (%) 13.1 ± 3.1 15.8 ± 4.4 16.0 ± 6.0
NOx/SO2

b 4.58 ± 3.24 8.97 ± 7.84 10.9 ± 11.5
RH (%) 79.5 ± 16.8 79.8 ± 19.4 79.2 ± 15.9
T (K) 276.9 ± 3.13 280.0 ± 3.07 279.6 ± 3.62

SNA: including sulfate, nitrate and ammonium.
RH: relative humidity.
T: temperature.

a Hourly concentration in January.
b Molar concentration ratio in atmosphere, NOx including NO and NO2.

3

region were beneficial to NHx reduction (Pinder et al., 2008). Except for a
decline in fertilizer application (Das et al., 2009) (Fig. S4), the Chinese gov-
ernment announced the plan of “Resource Utilization of Livestock and
Poultry Waste” (China State Council, 2017) in June 2017, which may
have also facilitated a decrease in ammonia emissions. Atmospheric NO
and NOx continuously decreased from 2012 to 2018, while NO2 rebounded
by 18.5% in 2018 (Fig. S5) due in part to the increasing atmospheric oxida-
tion resulting from a nearly doubled NO2/NO ratio from 2015 to 2018
(Fig. S5). The growing NO2 benefited to increase HNO3 and formed nitrate
(Seinfeld and Pandis, 2006).

3.2. Approaching effective wintertime ammonia control in PM2.5 reduction from
2012 to 2018

The responses of the total water-soluble ions (WSIs, including NH4
+,

NO3
−, SO4

2−, HSO4
−, Cl−, Na+, K+, Ca2+ and Mg2+) to NHx changes are

shown in Fig. 3. These WSIs exhibited logarithmic responses to NHx varia-
tion, consistent with a previous study (Zheng et al., 2019). With an in-
crease/decrease of 80% in NHx, these WSIs changed by +0.22%/
−48.4%, +0.44%/−52.0%, and +1.93%/−63.3% during the winters
of 2012, 2015 and 2018, respectively.

The transition in the WSIs response from fast to slow was explored, at
1% NHx intervals. The CTAC where the absolute value of the second-
order derivative reached a maximum was regarded as the inflection point
of the WSIs response to ΔNHx. During winters of 2012, 2015 and 2018,
the CTAC values were−26%,−23% and−9%, respectively, correspond-
ing to required NHx reduction of 6.56, 5.03 and 1.82 μg m−3, respectively,
before reaching the inflection point. The variation in CTAC indicated a de-
clining need to reduce NHx before the effectiveness of ammonia control in
terms of PM2.5 reduction could be realized.



Fig. 2. Concentration changes in SO4
2−, TNO3 and NHx and the daily frequency by

the quartile in winters of 2012, 2015 and 2018.

Fig. 3.Changes in the WSIs as a function of ΔNHx. The vertical lines indicate the
CTAC during the three winter episodes (a), replacing the average SO4

2−, TNO3

and NHx concentrations in 2012 with those in 2015 (b) and replacing the
average SO4

2−, TNO3 and NHx concentrations in 2015 with those in 2018 (c).
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To further examine the driving factors of the CTAC, the CTAC sensi-
tivity was evaluated corresponding to the observed changes in SO4

2−,
TNO3 or NHx from 2012 to 2015, and from 2015 to 2018 (please refer
to Section 2.2 for details). The corresponding responses of the consid-
ered WSIs are shown in Fig. 3. The CTAC changed from −26% to
−34%, and from −23% to −40%, respectively, with the SO4

2− in
2012 and 2015 replaced by those in 2015 and 2018, respectively. Re-
garding TNO3 substitution, compared to 2012–2015 and 2015–2018,
the CTAC changed by −1% and +16%, respectively. In regard to NHx

replacement in 2012 and 2015, the CTAC increased from −26% to
−11%, and from −23% to −13%, respectively. In contrast to NHx,
the increase in SO4

2− and TNO3 resulted in an increase in the CTAC
value. The cumulative results for SO4

2−, TNO3 and NHx substitution
(ΔCTACTotal) were generally consistent with the CTAC changes deter-
mined based on the observation data (ΔCTACActual) (Table S1), indicat-
ing that SO4

2−, TNO3 and NHx were the key factors influencing the
effectiveness of ammonia control on PM2.5 reduction. The difference be-
tween ΔCTACTotal and ΔCTACActual within 5% mainly attributed to the
cumulative deviation in the linear relationship (Fig. 4).

Preliminary exploration revealed that the changes in SO4
2− and TNO3

within ±80% nearly imposed a linear impact on ΔCTAC (Fig. 4), with
the CTAC decreasing by 3–4% and 3–7%, respectively, corresponding to a
10% reduction in the mass concentration. TNO3 reduction in 2018 caused
a larger decline in ε(NH4

+) (particulate NH4
+ fraction, ε(NH4

+) = NH4
+/

NHx) (Fig. S6), with greater NHx partitioning into the gas phase than that
4

under SO4
2− control, resulting in more ammonia control required to reduce

PM2.5 under the former control measure.
Further regression analysis between the CTAC and SO4

2−, TNO3 and NHx

mass concentrations was conducted. The CTAC responses to the SO4
2−, TNO3

or NHx mass concentration at 20% change steps were considered, except for
the extremely low SO4

2− concentration such as a reduction over 80%. A total
of 67 datasets verified the linear relationships between the CTAC and SO4

2−,
TNO3, and NHx concentrations. The equation was fitted as:

CTAC ¼ 0:011 SO4
2−� �þ 0:014 TNO3½ �−0:039 NHx½ � R2 ¼ 0:92, p<0:001

� �
(1)

or

CTAC½ � ¼ 0:28 SO4
2−� �þ 0:36 TNO3½ �− NHx½ � R2 ¼ 0:98, p<0:001

� �
, (2)

where CTAC in Eq. (1) is in the unit of % and [CTAC] in Eq. (2) is in the unit
of μg m−3. [SO4

2−], [TNO3] and [NHx] are sulfate, total nitrate and total am-
monia mass concentrations (μg m−3), respectively. A positive CTAC or
[CTAC] value indicates that ammonia reduction can be directly implemented
to effectively reduce PM2.5. In contrast, a negative CTAC or [CTAC] value
suggests that there is an initial cost of ammonia reduction that does not re-
duce inorganic PM2.5 until the reduction of [NHx] reaches [CTAC].

Eqs. (1) and (2) indicated that the CTAC changes were more sensitive to
changes in the NHx mass concentration than to SO4

2− and TNO3 mass con-
centration changes, consistent with the substitution-based simulation



Fig. 4. CTAC changes as a function of SO4
2− and TNO3 variations relative to the

baseline results with no SO4
2− or TNO3 reduction during the three winter episodes.
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results listed in Table 2. For example, changes of 11.7 μg m−3 SO4
2−, 8.9 μg

m−3 TNO3 and 3.3 μg m−3 NHx led to similar amplitudes of CTAC changes
(15–17%, corresponding to a [CTAC] value ranging from 3.5–3.7 μg m−3;
please refer to Table 2). This suggested that approximately 10% total am-
monia reduction could offset the decline in CTAC attributed to a 30–40%
sulfate or 20–30% total nitrate reduction.

3.3. Emission reduction measures based on the CTAC

Although effective ammonia control is increasingly accomplished from
2012 to 2018, the most effective PM2.5 reductionmethod should be further
confirmed. Here, we evaluate the relative effectiveness of individual SO2,
NOx, and NH3 control and their joint control measures in regard to PM2.5

mitigation as a function of the CTACwith a thermodynamicmodel, thereby
adopting an emission control ratio of 20% during the three winter periods.
Variations in PM2.5 are evaluated under achieved changes in SO4

2−, TNO3,
and NHx, representing SO2, NOx, and NH3 emission control measures (Guo
et al., 2018), respectively. The effect of various emission control measures
on PM2.5 reduction as a function of the CTAC is shown in Fig. 5.
Table 2
The changes of concentrations, CTAC and its corresponding mass concentration in
response to the substitute of SO4

2−, TNO3 or NHx from 2012 to 2015, and from
2015 to 2018, respectively.

ΔConcentrations ΔCTAC Δ[CTAC] (μg m−3)

SO4
2− 2012–2015 −7 μg m−3 −23.6% −8% −2.02

2015–2018 11.7 μg m−3 −51.5% −17.0% −3.72
TNO3 2012–2015 −1.2 μg m−3 −3.9% −1% −0.25

2015–2018 +8.9 μg m−3 +23.2% +16.0% +3.50
NHx 2012–2015 −3.3 μg m−3 −13.1% +15.0% +3.78

2015–2018 −1.7 μg m−3 −7.8% +10.0% +2.19

5

Combined SO2+NOx control was generally the most effective PM2.5

reduction measure when the CTAC was lower than zero. The CTAC
value corresponding to the observed winters ranged from −26% to
−9%, as marked in the shaded areas in Fig. 5. This suggests that SO2

+ NOx control measures can currently be implemented to optimally
achieve wintertime PM2.5 reduction in Central China. SO2 or NOx reduc-
tion can decrease ammonium due to ammonia gas-particle phase
partitioning affected by the aerosol pH (Fig. S7), while NH3 control
mainly reduces gaseous ammonia under ammonia-rich conditions
(Guo et al., 2018; Blanchard et al., 2000). For example, in 2018, a
20% reduction in NHx decreased ammonium by approximately 6.3%,
while total nitrate and sulfate reduction decreased ammonium by ap-
proximately 14.5% and 5.0%, respectively. In addition, changes in sul-
fate basically imposed no effect on particulate nitrate in this abundant
ammonia system (Fig. S8) (Dennis et al., 2008). The average PM2.5 con-
centration in the winter of 2018 reached 97.2 μg m−3, exceeding the
standard limit of 75 μg m−3 by 22.8% if the daily average standard
were adopted. Fig. 5 indicates that it is necessary to strengthen emission
control, e.g., a greater than 20% reduction in SO2 + NOx, so that the
PM2.5 concentration may reach the standard.

After reaching the CTAC, the effectiveness of ammonia control in terms
of PM2.5 reduction gradually increased. The combination of NOx + NH3 is
the best PM2.5 reduction approach at a CTAC value ranging from approxi-
mately 0–60%, as shown in Fig. 5. In this ammonia-poor system, NH3 or
NOx reduction can effectively reduce ammonium and nitrate, as their re-
duction can result in the release of associated ammonia or nitric acid
(Dennis et al., 2008; Blanchard et al., 2000). For instance, at a CTAC
value higher than 30%, not only an approximately 20% particulate ammo-
nium reduction but also an approximately 20% nitrate reduction can be
achieved via a 20%NH3 reduction.We can further speculate that NH3 emis-
sion control alone can be comparable to joint NOx +NH3 control based on
the higher linear slope of the former impact, specifically at CTAC value
larger than 60%. When the CTAC is larger than 23%, it is worth noting
that NH3 emission control alone is more effective for PM2.5 reduction
than joint SO2 + NOx control. Sulfate reduction releases ammonia to
react with nitric acid and potentially increases nitrate at CTAC values larger
than zero due to the relative ammonia-poor conditions (Dennis et al., 2008;
Blanchard et al., 2000). Therefore, it is not highly advisable to reduce PM2.5

by decreasing SO2 at positive CTAC values, except for SO2 and NH3 joint re-
duction for inorganic PM2.5 reduction target within 10% at CTAC values
higher than 18%.
Fig. 5. Changes in PM2.5 with the reduction in SO4
2− (S), TNO3 (N), NHx (A) and

their combinations as a function of the CTAC, adopting a reduction ratio of 20%
in the winters as an example. “S + N” indicates that both SO4

2− and TNO3 are
reduced by 20%. The shaded areas correspond to the observed winter periods in
Central China.
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Four control ratios, i.e., 10%, 20%, 30% and 50%, were further em-
ployed to verify the effect of the above emission reduction measures
(Fig. 6). At any reduction ratio, the SO2+ NOx combination currently con-
stitutes the most effective way to reduce inorganic PM2.5 in Central China,
with a 1.54–16.3% greater WSIs reduction than that achieved by the NOx

+ NH3 combination. With increasing reduction ratio, the advantage of
SO2 + NOx over NOx + NH3 in terms of particle pollution mitigation in-
creased (Fig. S9). The achieved decrease in [NH4

+] via SO2 + NOx joint re-
duction was 1.73–15.3% larger than that achieved by NOx + NH3 joint
reduction, although the former scheme did not reduce ammonia emissions
(Fig. S10). The SO2 + NOx reduction combination resulted in NHx

partitioning into the gas phase due to ε(NH4
+) decreased (Fig. S11). The

NOx + NH3 combination notably increased ε(NH4
+), thereby promoting

the conversion of ammonia into ammonium (Fig. S11). In addition, since
SO4

2− is nonvolatile, the SO2 + NOx combination could effectively reduce
sulfate (Fig. S10).

Additionally, a comparison of the WSIs mitigation effect between SO2

+NOx and SO2+NOx+NH3 combinations is shown in Fig. S12. Regard-
less of the proportion of emission reduction, the latter scheme attained no
obvious advantage over the former scheme because ammonium under the
former scenario had already been partitioned into the gas phase under pH
increase even though no NHx reduction had occurred.

4. Implications

We made use of the wintertime observations in Wuhan in 2012, 2015,
and 2018 to examine the effectiveness of ammonia reduction control. The
thermodynamic equilibrium calculation was applied to compute the corre-
sponding CTAC values, at which points the ammonia control becomes effec-
tive. As in a previous study (Zheng et al., 2019), all CTAC points were lower
than the observed ammonia levels, implying that inorganic PM2.5 concen-
trations were insensitive to the initial reduction of ammonia. As the
Fig. 6.WSIs reduction under the scenarios of 10%, 20%, 30% and 50% reduction of SO4
2−

NHx reduction. WSIs including SO4
2−, NO3

−, NH4
+, Cl−, HSO4

−, K+, Na+, Mg2+ and Ca

6

observed concentrations of SO4
2− and NHx decreased from 2012 to 2018,

the CTAC points moved closer to the observed ammonia level. In compari-
son, the observed TNO3 concentrations did not decrease from 2012 to
2018. We attributed the observed decreases of SO4

2− and NHx and the gen-
eral improvements of air quality in China (Zhang et al., 2019; Geng et al.,
2019; Cheng et al., 2019; Geng et al., 2017) to emission reductions
(Zheng et al., 2018; Jin et al., 2016; Zhao et al., 2013; China State Council,
2013, 2018). However, transport and deposition processes also affect SO4

2−

andNHx concentrations, whichwere not considered in this study andmight
lead to uncertainties. Nonetheless, the observed chemical state of the atmo-
sphere implies that the initial barrier of ammonia control decreased from
2012 to 2018 (Fig. 3) and the partition of TNO3 shifted slightly from partic-
ulate towards gas phase (Fig. S6) in Wuhan.

Model sensitivity analysis indicated the sensitivity of CTAC to NHx

change differ from those of SO4
2− and TNO3. A reduction of NHx tends to in-

crease CTAC, making ammonia control more effective. In contrast, a reduc-
tion of SO4

2− or TNO3 tends to decrease CTAC, making ammonia control
less effective. For example, a 10% reduction in SO4

2− and TNO3 led to de-
creases of 3%–4% and 3%–7%, respectively, in the CTAC. An approxi-
mately 10% total ammonia reduction could offset the decline in CTAC
attributed to a 30–40% sulfate or 20–30% total nitrate reduction.

With the further requirements for air quality improvement (An et al.,
2019; Fu and Chen, 2017; Li and Zhang, 2014), many studies have pro-
posed the implementation of ammonia control measures to reduce PM2.5

(An et al., 2019; Wu et al., 2016). We note that many factors, such as the
abatement cost (Gu et al., 2021), acid rain (Liu et al., 2019), ozone collab-
orative control (Ou et al., 2022), health impacts (Ma et al., 2021), and nitro-
gen deposition (Pan et al., 2021), need to be considered in the decision-
making process. These factors were not considered in this study. We high-
light the fact that the efficiency of ammonia control in reducing PM2.5 dif-
fers from those due to the emission control of SO2. The effect of the latter
is immediate and corresponds nearly to the emission reduction magnitude.
, TNO3, NHx, and their combined reduction. The base scenario is no SO4
2−, TNO3 or

2+.
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The observations we analyzed here show that inorganic PM2.5 concentra-
tions do not respond sensitively to the initial reduction of ammonia from
2012 to 2018. In this regime, considerations such as costs associated with
different abatement strategies are not needed because the low cost of am-
monia control will not lead to a corresponding decrease of inorganic
PM2.5. From a short-term perspective of PM2.5 control, reducing SO2 and
NOx is effective than reducing NH3. From a long-term perspective, as emis-
sion reductions and other process lead to ammonia concentration ap-
proaching the CTAC point, a tendency of which was found in this study,
ammonia control may become more effective for PM2.5 abatement than
the controls of SO2 and NOx. The CTAC analysis will assist the formulation
of the PM2.5 reduction strategies.
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