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Abstract Ammonia control has received increasing attention as a measure to decrease particulate
concentrations. Modeling analysis of observation data from central China over the period of September
2015 to August 2016 shows clear asymmetric responses of particulate pH and mass to ammonia emissions.
With a change of ±80% of NHx (NH3 + NH4

+), the corresponding ΔpH are +0.5 and −3.0, respectively,
and the corresponding particulate NH4

+ changes are +2.62% and −61.8%, respectively. This asymmetry
implies that there is a Critical Total Ammonia Concentration, above which particulate pH and mass are
insensitive to ammonia control. Analysis of the observation data suggests that the Critical Total Ammonia
Concentration is −25%. The estimated cost for an NHx reduction of 25% is $140 – 320 million for Hubei
province, which is the initial cost barrier before ammonia control can effectively affect particulate pH and
mass in central China. This cost barrier will increase as NOx and SO2 emissions decrease.

1. Introduction

Aerosol acidity is one factor that impacts organic (Cao & Jang, 2010; Jang et al., 2002; Pathak et al., 2011;
Surratt et al., 2007) and inorganic secondary aerosol formation (Manktelow et al., 2010; Underwood et al.,
2001; Wang et al., 2016) through gas‐particulate phase partitioning (Grassian, 2001; Keene et al., 2004),
acid‐catalyzed heterogeneous reactions (Jang et al., 2002; Nemitz et al., 2004; Xu et al., 2015), and the
migration of redox minerals and metals (Meskhidze et al., 2003). It is also an area of concern considering
its environmental effects (Liu et al., 2017; Tian et al., 2018; Zhou et al., 2018).

As the primary alkaline gas in atmosphere (Seinfeld & Pandis, 2006; Sun &Wexler, 1998; Wang et al., 2015),
ammonia (NH3) is mainly emitted from agricultural activities, including fertilizer application, livestock
waste volatilization, and crop burning (Huang et al., 2012; Reis et al., 2009; Van Damme et al., 2014;
Zhang et al., 2017). Industrial and vehicle emissions are also important sources in urban areas (Livingston
et al., 2009; Suarez‐Bertoa et al., 2014). Ammonia emission control has received a lot of attention especially
for controlling the severe haze pollution in China. Wang et al. (2011) speculated that a 90% increase in
ammonia emissions during 1990 – 2005 contributed to about a 50% – 60% increase in sulfate and nitrate aero-
sol concentrations. NO3

−will be further enhanced if ammonia emissions are not reduced, and the reduction
in ammonia emissions is beneficial to PM2.5 control for most regions (Wang et al., 2011). Recently, An et al.
(2019) indicated a 50% reduction in ammonia yielded a 10% reduction in PM2.5 in a haze event in North
China. Liu et al. (2019) also implied that a 50% reduction in ammonia emissions with a 15% reduction in
sulfur dioxide and nitrogen oxides can reduce PM2.5 by 11% − 17%. On the other hand, Guo et al. (2018)
suggested that the effect of NHx control on reducing ionic masses of PM2.5 is not as good as controlling
TNO3 and SO4

2– unless NHx is reduced by more than 60% in Beijing.

Particulate mass control by ammonia emission reduction is affected by particulate pH (Guo et al., 2018).
However, particulate pH is determined by many factors, such as chemical components and meteorological
conditions (He et al., 2012; Liu et al., 2017). Few studies investigated particulate pH variation with changes
(both increases and decreases) in chemical and meteorological parameters. Ammonia is a key factor
affecting aerosol acidity due to its alkaline property (Liu et al., 2017) although the effect of ammonia on
aerosol pH is buffered (Weber et al., 2016).
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Based on 1‐year continuous observation of hourly water‐soluble inorganic ions in PM2.5 and precursor gases
from September 2015 to August 2016, the sensitivities of chemical components and meteorological
parameters using a thermodynamic model were carried out to assess the influence of each component on
particulate pH and aerosol water content (AWC). Specifically, the responses of pH and fine particle mass
to different ammonia emission change scenarios and the significance of increasing or decreasing ammonia
emissions for particulate mass control were investigated. By exploring the observation‐based sensitivities,
we defined a Critical Total Ammonia Concentration (CTAC), which is the inflection point of effective
ammonia control for particulate mass reduction. Hence, there is an initial cost barrier of ammonia control,
significant impacts of which are realized only after the economic expense of ammonia emission reduction
to reach the CTAC.

2. Method and Model
2.1. Observation

The observation site (30.53°E, 114.36°N) is located at a representative residential/commercial mixed area
with no nearby industrial emissions in Wuhan city, central China (Figure S1 and Text S1 in the supporting
information). Water‐soluble ions including SO4

2−, NO3
−, NH4

+, Cl−, K+, Na+, Mg2+, and Ca2+ in PM2.5

and gaseousHNO3, HCl, andNH3were synchronouslymonitored by an online ion chromatography analyzer
(MARGA‐ADI 2080) with 1‐hour resolution (Li et al., 2019). A wet rotating denuder was used to collect the
gases. Aerosols were collected by a steam jet aerosol collector with a PM2.5 cyclone inlet. Gas and aerosol
liquid extracts were analyzed by ion chromatograph. The sampling flow rate for the MARGA system was
16.7 L min−1. Details about its maintenance can be found in previous literature (Rumsey et al., 2014).
Quality assurance and quality control for the MARGA system were also performed (Text S2). Continuous
hourly monitoring was carried out over 1 year, from September 2015 to August 2016, with no data collected
in February due to equipmentmaintenance. Data for periods of precipitation and dust storms were excluded.
Hourly PM2.5, NO2, and SO2 were measured by β‐ray, chemiluminescence, and ultraviolet fluorescence
online monitoring equipment, respectively. Meteorological parameters including temperature and RH were
obtained from a local observatory. The data quality check can be found in Text S3.

2.2. pH Calculation

The thermodynamic model ISOROPPIA‐II (http://nenes.eas.gatech.edu/ISORROPIA) (Fountoukis &
Nenes, 2007; Nenes et al., 1998) was applied to compute particulate pH, AWC, and the partition between
gas and particulate phases. Model inputs include observed SO4

2−, NH4
+, NO3

−, Cl−, Na+, K+, Mg2+, Ca2+,
ambient RH, T, and gaseous precursors (NH3, HNO3, and HCl) (Murphy et al., 2017; Song et al., 2018).
The forward mode with metastable state was employed due to its better performance (Fountoukis &
Nenes, 2007; Guo et al., 2015; Guo et al., 2016; Hennigan et al., 2015; Weber et al., 2016). The observed RH
in this study are all above 20% which fits the model assumption of inorganic ions being in aqueous phase
(Ansari & Pandis, 2000; Malm & Day, 2001; Fountoukis & Nenes, 2007; Bertram et al., 2011; Guo et al.,
2017;). The calculated inorganic partitioning by ISOROPPIA‐II agreed well with their measured concentra-
tions (Figure S3).

3. Results
3.1. Responses of Particulate pH and AWC to Chemical and Meteorological Parameters

The PM2.5 mass concentration inWuhan averaged 65.3 ± 41.5 μgm−3 annually (Table S3), approximately 1.9
times the annual secondary ambient air quality standard of PM2.5 in China. Sulfate, nitrate, and ammonium
were the dominant components, accounting for 23.7%, 22.3%, and 16.1% of PM2.5, respectively. The aerosol
pH inWuhan varied in the range of 1.54 – 4.65, with amean value of 3.27, suggestingmoderate aerosol acidity
(Figure S4). It was higher in winter (3.69) than summer (2.86); the seasonal difference was in agreement with
previous studies (Table S4). Themonthly variation of pHwas similar to that of AWC (Figure S4) as was found
by Liu et al. (2017).

To further explore the impacts of chemical and meteorological parameters on particulate pH and AWC,
changes in pH and AWC (ΔpH and ΔAWC) were evaluated corresponding to the changes of SO4

2−, TNO3

(NO3
‐ + HNO3), NHx (NH3 + NH4

+), TCl (Cl‐ + HCl), RH and T, respectively. Each component was
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increased or decreased in steps from 0% to 80%, while the other model inputs were kept constant. For the
sensitivities of meteorological parameters, the values of RH and T were changed in a range of ±10% and
±10 °C, respectively, while the other inputs were kept constant. The range of RH sensitivity was regulated
between the upper limit of 100% and the lower limit of 20% along with the actual RH variation in Wuhan.
Corresponding responses of pH were shown in Figure 1. The base value corresponded to 0% expansion and
reduction in all plots.

Figure 1 shows the sensitivity results. The pH values responded linearly to SO4
2− variation since SO4

2− is
nonvolatile. The range of ΔpH was −0.73 – 0.59 when SO4

2‐ varied by ±80%. A least squares regression gave
a slope of ∂pH/ ∂SO4

2‐≈−0.007 (m3 μg−1) (R2 = 0.61), implying that pH increased (decreased) 0.14 unit with
SO4

2− decreasing (increasing) by 20%. In the case of TNO3 change, particulate pH only changed slightly
when TNO3 increased, with a 0.41 unit decrease in pHwhen TNO3 increased by 80%. ForWuhan, a decrease
of TNO3 did not obviously affect particulate pH. The sensitivity of particulate pH to TCl is also very low.

In comparison to SO4
2−, TNO3, and TCl, the effect of NHx can be much larger. While the increase of pH with

increasing NHx was moderate, the decrease of pH with decreasing NHx was logarithmic. Corresponding to
an 80% change of NHx, the increase of pH was 0.5 unit but the decrease of pH (due to NHx reduction) was
about 3.0 units, that is, that particulate [H+] increased by 3 orders of magnitudes. This large asymmetric
response of particulate pH to NHx was due to the changes of AWC and semivolatile NHx partitioning
(Bougiatioti et al., 2016; Guo et al., 2016; Weber et al., 2016), which we will discuss further in section 3.2.

A partial derivative ∂pH/ ∂T ≈ ‐0.05 (°C−1) was obtained for pH dependence on temperature, suggesting a
0.1‐unit decrease (increase) of particulate pHwith a temperature increase (decrease) by 2 °C. An exponential
relationship between ΔpH and ΔRH was found. Considering the objectivity and insignificant interannual
fluctuations of RH and T, as reported−0.81%/10 years of RH (Suonan et al., 2018) in Wuhan, more attention
should be paid to the influence of anthropogenic and controllable pollutants changes on aerosol acidity,
especially that of NHx.

The effects of SO4
2−, TNO3, NHx, TCl, RH, and T changes on AWC were shown in Figure 2. AWC showed

nearly linear variations with ΔTNO3, ΔSO4
2−, and ΔTCl. ΔTNO3 exhibited a more obvious impact on

ΔAWC than ΔSO4
2− and ΔTCl in part because NO3

− molar concentrations were higher than SO4
2− and Cl−

(Table S3). In the range of particulate pH in Wuhan, nearly all TNO3 was in the particulate phase (Figure S5).

As pH, the largest AWC sensitivity was found for NHx and the sensitivity was highly asymmetric. While
there was a negligible increase of AWC with ΔNHx increasing from 0% to 80%, AWC decreased by nearly

Figure 1. Sensitivity analysis of ΔpH (pH changes) to the change in SO4
2−, TNO3 (NO3

‐ + HNO3), NHx (NH3 + NH4
+),

TCl (Cl‐ + HCl), RH, and T, respectively. Each pollutant is increased or decreased in steps from 0% to 80%, while
keeping the other model inputs constant. The ranges for RH and T changes are ±10% and ±10 °C, respectively.
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60% with a NHx decrease of 80%. The asymmetric response was due in part to the gas‐particulate partition of
NHx as a function of pH (Figure S5). The increase of NHx only increased NH3 concentrations in the gas phase
but not particulate NH4

+, leading to no changes in AWC. As NHx decreased, particulate pH decreased
(Figure 1) and the particulate NH4

+ fraction in NHx, ε (NH4
+), increased toward 100%. Besides, and the

particulate NO3
− fraction, ε (NO3

−), decreased toward zero as to pH decreases when NHx descent (Figure
S5). As a result, the reduction of NHx led to a corresponding reduction of NH4

+ and NO3
− water uptake.

For meteorological parameters, Figure 2 shows that the change of T had a relatively weak impact on AWC,
within only a 5 μg m−3 AWC change when ΔT varied by ±10 °C. However, AWC increased by almost an
order of magnitude when RH increased by 10%, explaining a tendency towards hazy conditions when RH
was high in Wuhan.

3.2. Asymmetric Responses of Inorganic Particulate Mass to NHx Changes

We explored the asymmetric responses of total water‐soluble ions (WSI, including SO4
2−, NO3

−, NH4
+, Cl−,

HSO4
−, K+, Na+, Mg2+, and Ca2+) to NHx changes in Figure 3. In addition to WSI, [NH4

+], [H+], and
ΔAWC, all showed little responses when NHx increased but logarithmic or exponential changes when
NHx decreased. With an NHx decrease of 80%, WSI, [NH4

+], and ΔAWC decreased by 21.6, 6.2, and
55.6 μg m−3, respectively. We added more calculations with a step change of 1% NHx reduction in the range
of −40% – 0% ΔNHx to explore the transition from slow to fast responses of WSI and the other parameters.
We defined the inflection point of the WSI response sensitivity as the CTAC. With the detailed calculations,
we found that the CTAC, where the first‐order derivative change from the left side to the right side was
largest or the absolute second‐order derivative of WSI to NHx was at a maximum, for Wuhan is −25%
([NHx] at 14.3 μg m

−3). When NHx reduction exceeded this value, the changes of WSI and other parameters
accelerated. The CTAC corresponded to a reduction of [NH4

+] by 4.84%.

The physical meaning of the CTAC can also be understood by looking at the cumulative changes. From the
CTAC (−25%) to an NHx decrease of−80%,WSI decreased by 49%. In comparison, from the CTAC (−25%) to
an NHx increase of 80%, WSI increased only by 7%. The large asymmetric sensitivity on the left and right
sides of the CTAC was largely due to increasing partitioning of NHx to the particulate phase (Figures 3
and S5) but decreasing TNO3 partitioning into the particulate phase (Figures 1 and S5), the logarithmic
decrease of AWC (Figure 2), and the exponential increase of [H+] (Figure 3), when NHx decreased on the
left side of the CTAC. AWC response to NHx change has similar asymmetry as that of WSI due to
corresponding changes of water uptake by NH4

+ and NO3
−.

Figure 2. Same as Figure 1 but for ΔAWC.
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The WSI decrease was a factor of 3.4 larger than that of [NH4
+] due to the

increasing TNO3 partitioning into gas phase and the corresponding loss of
[NO3

−] as pH decreased (Figure S5) when NHx reduction decreased from
the CTAC to −80%. The average particulate pH at the CTAC was 2.76,
corresponding to an ε (NH4

+) value of 0.63. When NHx decreased from
the CTAC to −80%, the average pH decreased from 2.76 to 0.47.
Consequently, ε (NH4

+) approached 100%, that is, the reduction of NHx

leads to an equivalent loss of [NH4
+]. Furthermore, ε (NO3

−) decreased
from 97.7% to 17.9%, suggesting that the majority of particulate NO3

−

degassed, reducing WSI. In comparison, when NHx increased from the
CTAC to 80%, the average particulate pH increased from 2.76 to 3.76
and the corresponding ε (NO3

−) and [NH4
+] increases of 2.1% and 7.7%,

respectively, were relatively small.

The −25% CTAC point is quite robust. If we only use the observation
data in the 62 days when daily PM2.5 is larger than the ambient air qual-
ity standard of China (75 μg m−3), the CTAC value is still −25%. If we

use the data in the 29 winter days of daily PM2.5 > 75 μg m−3, the CTAC value is −22%. Almost all high
PM2.5 winter days were in December and January because of instrument malfunction and maintenance
in February.

3.3. Decrease of the CTAC With SO4
2− or TNO3 Reduction

The CTAC value depends on the concentrations of SO4
2− and TNO3. Given the continued efforts in China to

reduce the emissions of sulfur dioxide and nitrogen oxide (Jin et al., 2016; Zheng et al., 2018), the CTAC
values will likely change in the future. We conducted a suite of modeling scenarios in which SO4

2− or
TNO3 was decreased by 20% or 50%. The CTAC values were at −31%, −32%, −39%, and −42% of ΔNHx for
reducing 20% of SO4

2−, 20% of TNO3, 50% of SO4
2−, and 50% of TNO3, respectively. As expected, these values

were lower than −25%, reflecting a need to reduce NHx further before the effect of ammonia control can be
realized. The corresponding average pH values were 2.88, 2.73, 3.12, and 2.64, respectively. The average
ε (NH4

+) values were 0.60, 0.63, 0.54, and 0.62, and the average NHx concentrations were 13.8, 13.6, 12.4,
and 11.7 μg m−3, respectively (Figure 4).

At a reduction of 50%, Figure 4 shows that TNO3 reduction decreased the CTAC value more than SO4
2− due

in part to the semivolatile nature of NHx and TNO3. Given the average condition of the observation data, a
50% reduction of SO4

2− led to a lager decrease of NH4
+ than that of TNO3 since ε (NH4

+) was lower and
pH was higher in the former (Figure 4). As NHx reduction increased, the difference of pH between SO4

2‐

and TNO3 reductions became larger, which can bemore clearly seen in the changes of [H+]. As a result, more
NHx was partitioned into the particulate phase with TNO3 reduction than that of SO4

2− and a larger CTAC
value was needed in the former.

At an NHx reduction of 80%, Figure 4 shows that the concentrations of WSI were similar regardless of the
scenarios of TNO3 reductions. Most TNO3 was shifted into gas phase due to low pH at large NHx

reductions (Seinfeld & Pandis, 2006; Guo et al., 2018; Figure S5). The effect of increasing TNO3 gas‐phase
partition can be more clearly seen in Figure S6. We subtracted the WSI concentration in a scenario with
20% or 50% reduction of SO4

2− or TNO3 from the base scenario with no such reduction. For ΔNHx > 0,
the computed ΔWSI values between the reduction and base scenarios were similar for SO4

2− or TNO3 at
the same reduction level. As NHx reduction increased, the corresponding ΔWSI reduction decreased due
mostly to the shifting partition of TNO3 to gas phase. Large deviations were found for the effect of
TNO3 from SO4

2− reduction scenarios at an NHx reduction of 60% – 80%. At 60% NHx reduction, ΔWSI
of 50% TNO3 reduction approached that of 20% SO4

2− reduction. At 80% NHx reduction, concurrent
TNO3 reduction had little effect on ΔWSI, while the effect of concurrent SO4

2− reduction of 50% was half
of the no SO4

2− reduction scenario (Figures 4 and S6).

The differential effects of concurrent TNO3 from SO4
2− reduction at large NHx reductions can be clearly

seen in Figure S7. In the scenario of a current reduction of 20% or 50% TNO3, the decreases of Δ[NH4
+]

Figure 3. Changes of ΔAWC, [H+], [NH4
+], WSI, and ε (NH4

+) as func-
tions of ΔNHx. The red dashed vertical line denotes the CTAC of −25%.

10.1029/2019GL084351Geophysical Research Letters

ZHENG ET AL. 5



andΔ[NO3
−], relative to no TNO3 reduction scenario, weremonotonic with decreasingNHx. However, in the

scenario of a concurrent reduction of 20% or 50% SO4
2−, Δ[NO3

−] increased with decreasing NHx. Figure S8
helps explain the differential effects. The major cations (NH4

+, K+, Ca2+, Na+, Mg2+, and H+) were in
balance with major anions (SO4

2−, NO3
−, HSO4

−, and Cl−). The ratio of [NO3
−] to the sum of [NH4

+] and
[H+] was much more sensitive to SO4

2− than TNO3 reduction because of the partitioning of TNO3

between gas and particulate phases (Figures S8 and S9). At an NHx reduction of 80%, [H+] increased to be
in the same order of magnitude of [NH4

+] and therefore we used the sum of [NH4
+] and [H+] as the

denominator in Figure S8. Higher SO4
2− and lower NHx tend to lead to more TNO3 partitioning to gas

phase. In the scenario of no SO4
2− or TNO3 reduction, decreasing NHx led to increasing partitioning of

TNO3 to gas phase and smaller ΔWSI reductions due to concurrent TNO3 reductions (Figures S6 and S7).
At an 80% reduction of NHx, the effect of concurrent TNO3 reduction on ΔWSI was close to 0.

Contrary to the reduction of TNO3, concurrent reduction of SO4
2− by 20% or 50% increased the ratio of

[NO3
−]/([NH4

+] + [H+]) relative to the base scenario of no SO4
2− or TNO3 reduction and this increase

was larger with increasing NHx reduction (Figure S9). Figure S7 shows that Δ[NO3
−] was positive with

decreasing NHx in the 20% or 50% SO4
2− scenario in contrast to the TNO3 reduction scenarios. Compared

to the scenario of no SO4
2− or TNO3 reduction, the effect of concurrent SO4

2− reduction on ΔWSI decreased
with decreasing NHx (Figure S6) because of the decrease of Δ[NH4

+] reduction and increase of Δ[NO3
−]

(Figure S7). When NHx reduction increased from 60% to 80%, Δ[NH4
+] reduction continued decreasing

but Δ[NO3
−] also decreased, leading to a small increase of ΔWSI reduction (Figure S6). In the scenario of

no SO4
2− or TNO3 reduction, the decrease of the molar ratio of [NO3

−]/([NH4
+] + [H+]) from a reduction

Figure 4. Changes of WSI, [NH4
+], particulate pH, ε (NH4

+), AWC, and [H+] as functions of ΔNHx for different
scenarios: no SO4

2− or TNO3 reduction (red), 20% reduction of SO4
2− (dark green), 20% reduction of TNO3 (blue), 50%

reduction of SO4
2− (light green), and 50% reduction of TNO3 (cyan).
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of NHx from 60% to 80%was similar to the 50% SO4
2− reduction scenario (Figure S8); the difference of [NH4

+]
+ [H+] between the two scenarios was smaller at an 80% NHx reduction (Figure S10), leading to a smaller
Δ[NO3

−] between the two scenarios at the 80% than 60% reduction of NHx (Figure S7). Furthermore, in
the scenario of no SO4

2− reduction, the ratio of [NO3
−]/([NH4

+] + [H+]) approached 9.9% (Figure S8), mean-
ing that most of TNO3 was in gas phase and it was difficult to decrease ΔWSI reduction through partitioning
TNO3 into gas phase. Further NHx reduction would lead to increases of [H+] and [HSO4

−] instead. In
contrast, with a concurrent 50% reduction of SO4

2−, the ratio of [NO3
−]/([NH4

+] + [H+]) stayed at 40% with
an 80% NHx reduction, leaving a large room to further partition TNO3 into gas phase.

The CTAC is a quantitative threshold value for the effectiveness of ammonia control on aerosol WSI mass.
Previous studies noted that this effectiveness depends on aerosol thermodynamic equilibrium between NHx

and the sum of TNO3 and the net negative charge excluding NH4
+ and H+; Blanchard et al. (2000) defined

the difference between the two terms as excess NH3, and Xu et al. (2019) defined the molar ratio of the two
terms as R. The theoretical indicators for the transition of NHx partition are 0 and 1 for excessive NH3 and R,
respectively (Blanchard et al., 2000; Xu et al., 2019). Furthermore, Guo et al. (2018) suggested that effective
NH3 reduction occurs at pH < 3. In this study, we find that the CTAC values (including the observation data
and 20% and 50% reductions of SO4

2− or TNO3) correspond to excess NH3 of 0.18 – 0.24 μmol m−3, R values
of 1.39 – 1.53, and pH values of 2.64 – 3.12, reflecting the complexity in aerosol thermodynamics. Our results
indicate that the CTAC point is reached with NHx molar concentrations 39% – 53% higher than the
theoretical threshold of R = 1 when NHx molar concentration equals to the sum of TNO3 and the net
negative charge excluding NH4

+ and H+.

4. Initial Cost Barrier

In controlling particularmass via ammonia reduction, the CTAC of−25% represents an initial economic cost
barrier before the control measure becomes effective. Here we applied this CTAC value for the entire Hubei
province. Wuhan is provincial capital and the largest city in the province and therefore emissions of SO2 and
NOx are higher than other regions (Hong et al., 2018; Hubei Statistical Yearbook, 2018). On the other hand,
over 90% of ammonia emissions in China are from agriculture, mainly fertilizer applications and livestock
production (Huang et al., 2012; Reis et al., 2009; Van Damme et al., 2014; Zhang et al., 2017). Therefore,
emissions of ammonia in Wuhan are comparable to other regions of the province. Analysis in the previous
section showed that the CTAC values for rural Hubei would be < −25% with lower emissions of SO2 and
NOx, and we used −25% as the lower cost estimate bound.

The total ammonia emission was estimated at 323.7 Gg (323,700 ton) for Hubei Province by Huang et al.
(2012). Recently, Zhang et al. (2017) suggested a higher ammonia emission rates in central China at 30 –

50 kg N ha−1 in Hubei Province. Using the medium value of 40 kg N ha−1 for an area of 185,900 km2 of
Hubei province, the total ammonia emission is up to 743,600 tons. Among the various measures, controlling
ammonia emissions in fertilizer applications is most cost effective (Liu et al., 2019; Pinder et al., 2007). Since
fertilizer applications account for the largest portion of total ammonia emissions at 42.4% in Hubei province
(Huang et al., 2012), we computed the initial cost barrier of ammonia control assuming that it all coming
from improving fertilizer applications. As in Liu et al. (2019), we used an estimate of $1,700 per ton of ammo-
nia emission reduction through improving fertilizer applications based on the work by Klimont and
Winiwarter (2011) and obtained a total of $140–320 million for Hubei Province. In comparison, Liu et al.
(2019) estimated a cost of $6.6 billion for a 50% ammonia emission reduction in China.

5. Conclusions

Using hourly water‐soluble inorganic ions monitoring data collected from September 2015 to August 2016 in
a megacity in central China, we analyzed the sensitivities of particulate pH and mass to NHx changes. The
average pH during the analysis period is 3.27 ± 0.49. Particulate pH and mass respond asymmetrically to
NHx change. This asymmetry is much stronger than the sensitivities of particulate pH and mass to SO4

2−

and TNO3 changes. For example, increasing NHx by 80% leads to a slight increase in pH by 0.5 and a
2.62% increase in NH4

+. In contrast, an 80% decrease in NHx results in a decrease of 3 and 61.8% in pH
and NH4

+, respectively.
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Using model simulations, we compute the CTAC, above which particulate pH and mass are insensitive to
ammonia reduction. The analysis of the observation data suggests that the CTAC is −25%. If we only use
the data with daily PM2.5 > 75 μg m−3 in winter or all seasons, the results are similar. To reach this critical
point of NHx reduction, we estimate that the control cost for Hubei province is $140 – 320 million; this is the
initial cost barrier before ammonia control can effectively affect particulate pH and mass. A further issue is
that the CTAC barrier increases as the emissions of SO2 and NOx decrease. Corresponding to a reduction of
20% in SO4

2− or TNO3, the CTAC value is −31% or −32%, respectively. If SO4
2− or TNO3 reduction is 50%,

the CTAC is −39% or −42%, respectively. Consequently, the initial cost barrier for NHx reduction will
increase with the ongoing efforts on emission reductions in central China.

The CTAC is a quantitative threshold value for the effectiveness of ammonia control on aerosolWSImass. In
this study, we find that the CTAC values in the range of −25% to −42% (including the observation data and
20% or 50% reductions of SO4

2− or TNO3) correspond to excess NH3 (Blanchard et al., 2000) of 0.18 – 0.24
μmol m−3, molar ratio R values (Xu et al., 2019) of 1.39 – 1.53, pH values of 2.64 – 3.12, and ε (NH4

+) values
of 0.54 – 0.63. Significantly, the CTAC point (at R of 1.39 – 1.53) is reached much earlier than the theoretical
threshold value of R = 1 for effective ammonia control. Despite this, we find a relatively large initial cost
barrier based on the analysis of in situ observations, implying that the effectiveness of ammonia reduction
(e.g., Liu et al., 2019) is low before reaching the CTAC point.

When a large enough NHx reduction (60% – 80%) can be achieved, our analysis result indicates that the
resulting WSI concentration decrease due to concurrent reduction of NOx or SO2 emissions is much reduced
as the partitioning of TNO3 shifted to gas phase. At an NHx reduction of 80%, concurrent reduction of TNO3

up to 50% has little effect on ΔWSI concentrations, while the effect of concurrent SO4
2‐ reduction of 50% is

half of no concurrent SO4
2‐ reduction. Although the initial cost barrier of NHx reduction is significant, after

passing the CTAC, a large enough NHx reduction can render the costs of TNO3 and even some SO4
2−

reductions unnecessary to achieve a specific WSI reduction goal. However, large NHx reductions beyond
the CTAC will effectively decrease particulate mass but increase particulate acidity, the latter of which
has negative consequences on the environment (e.g., Guo et al., 2018; Liu et al., 2019).
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