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itivity of PM2.5 mass to ammonia
and nitrate availability in Hong Kong based on four-
year hourly measurements

Zijing Zhang a and Jian Zhen Yu *ab

Ammonium and nitrate are major components of PM2.5, and their fractional contributions to urban PM2.5 in

China have increased in recent years, largely due to successful sulfate reductions. Owing to their semi-

volatile nature, ammonium and nitrate in PM2.5 are strongly affected by gas–particle partitioning, which

depends on temperature, relative humidity, and the ionic composition of PM2.5. Quantifying the

sensitivity of PM2.5 mass to precursor availability under locale-specific atmospheric conditions is

therefore essential for air quality management. In this study, we analyzed four years (2013–2017) of

hourly concentrations of inorganic ions and their gaseous precursors at an urban site in Hong Kong. We

estimated aerosol water content (AWC) and aerosol pH and conducted a detailed seasonal analysis. Our

results revealed distinct sensitivities of PM2.5 to ammonia and nitrate availability, modulated by aerosol

pH and AWC. In fall, sulfate-dominated PM2.5 exhibited low sensitivity to HNO3, while in winter,

increased partitioning ratios led to higher PM2.5 sensitivity to HNO3. Quantitative assessment showed

that reductions in water-soluble inorganic PM were proportional to decreases in total nitrate (TNO3,

including gaseous HNO3 and particulate nitrate) and sulfate, but exhibited a parabolic relationship with

reductions in total ammonia (TNH3, including gaseous NH3 and particulate ammonium). As TNH3 levels

are further reduced, the sensitivity of PM2.5 to NH3 would increase. Our findings highlight the importance

of synergistic reduction of NH3 and NOx emissions in effectively mitigating PM2.5 pollution. This analysis

provides valuable insights to inform the development of targeted, integrated air quality management

strategies for urban environments.
Environmental signicance

Urban PM2.5 is increasingly dominated by semi-volatile nitrate and ammonium, challenging one-size-ts-all precursor control. We show why local thermo-
dynamics matter using four years of hourly observations in Hong Kong. We constrain aerosol pH and water and quantify PM2.5 sensitivity to precursor
availability. PM2.5 composition is under “ammonium-rich” regime with substantial NH4NO3, and the sensitivity to TNO3 is higher in winter than fall. Water-
soluble inorganic PM falls linearly with total nitrate and sulfate but nonlinearly with total ammonia, yielding larger marginal benets as NH3 declines.
Therefore, synergistic NH3–NOx controls, tuned to season, would offer efficient PM2.5 reductions in Hong Kong and analogous urban environments.
1. Introduction

Fine particulate matter (PM2.5) adversely affects human health,
contributing to respiratory diseases and cardiovascular diseases.
Secondary inorganic aerosols (SIAs), including sulfate, ammo-
nium, and nitrate, constitute a major portion of PM2.5 worldwide
and are therefore central to air quality management and public
health. In Hong Kong, SIA species account for over 40% of
ambient PM2.5 mass.1–3 Over the years, the composition of PM2.5

in Hong Kong has changed markedly in response to emission
y, Hong Kong University of Science and

g Kong. E-mail: jian.yu@ust.hk

University of Science and Technology,

y the Royal Society of Chemistry
controls targeting SIA precursor gases. For example, SO2 emis-
sions from public electricity generation and navigation decreased
by around 40% and 50%, respectively, from 2013 to 2017.4

Consistent with these reductions, annual PM2.5 and sulfate
concentrations at the urban Tsuen Wan site in Hong Kong
showed a clear decline from 2013 to 2017, as documented by
Chow et al.2 In comparison, nitrate concentrations based on lter
samples remained roughly stable from 2013 to 2016 and
increased in 2017, while ammonium concentrations showed
minimal interannual variability. Consequently, NH4

+ and NO3
−

have taken up an increasing mass fraction of PM2.5 in Hong
Kong. Nitrate forms via atmospheric oxidation of NOx; following
stricter vehicle-emission controls, nitrate levels declined notably
from 2008 to 2013 in Hong Kong.2 Recent studies further suggest
that ammonia abatement can be a cost-effective lever for PM
Environ. Sci.: Atmos.
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reduction, with benet-to-cost ratios as high as 4.6.5,6 Given
ongoing NOx controls and the substantial potential for NH3

emission reductions—particularly from agriculture in mainland
China—both NOx and NH3 remain key considerations for
formulating strategies to further lower PM2.5 in Hong Kong.

In Hong Kong, major NOx sources in 2017 included public
electricity generation (37%), marine navigation (27%), and road
transport (20%).4 Ammonia emissions are dominated globally
by agriculture (livestock and nitrogen fertilizer use),7–9 and
China is a recognized hotspot due to intensive agricultural
activities.8,10 Additional NH3 sources include urban transport
and certain industrial processes.8,9 Vehicular NH3—produced
by catalytic aertreatment chemistry—can be important locally
in Hong Kong given high traffic volumes, with emission rates
dependent on vehicle technology, operating conditions, and
catalyst age.11,12 Ammonia readily partitions into the particle
phase as ammonium sulfate and ammonium nitrate; the
abundant NH3 oen yields a strong correlation between sulfate
and ammonium in Hong Kong.2 Although sulfate remains the
dominant inorganic PM2.5 component on average, nitrate
frequently dominates during pollution episodes, especially in
fall and winter. Suburban observations indicate that nitrate
episodes oen occur under “ammonium-rich” conditions,
highlighting the increasing role of ammonium during such
events.13 These ndings imply that reducing the availability of
both HNO3 and NH3 would help curb episodic PM2.5, especially
during fall and winter.

The abundance of ammonium and nitrate in the particle
phase is governed by their thermodynamic equilibrium with
gaseous NH3 and HNO3 and is strongly modulated by aerosol
acidity (pH). As a result, equal total ammonia (TNH3 = NH3 +
NH4

+, i.e., combined gaseous NH3 and PM NH4
+) or total nitrate

(TNO3=HNO3 + NO3
−, combined gaseous HNO3 and PMNO3

−)
can yield different particle-phase NH4

+ and NO3
− concentra-

tions depending on aerosol pH. Therefore, the effectiveness of
reducing PM mass per unit decrease in TNH3 or TNO3 depends
on acidity; quantifying this effectiveness, hereaer referred to
as PM mass sensitivity, is essential for designing efficient
control strategies.

Aerosol pH exhibits signicant spatial and temporal vari-
ability, inuenced by PM composition and mass concentration,
aerosol water content (AWC), relative humidity (RH), and
temperature. Reported pH during pollution episodes in
northern China (e.g., Tianjin and Beijing) typically ranges from
∼4 to 5.4,14–17 decreasing to below 3 during cleaner periods with
reduced dust, alkaline species, and AWC.17 In the Yangtze River
Delta (YRD) region, Shanghai's aerosol pH decreased from 3.30
± 0.58 in 2011 to 3.06 ± 0.58 in 2019.18 In the Pearl River Delta
region, for example Hong Kong, average aerosol pH is far more
acidic (e.g., −0.03 ± 0.77).19 Similarly low pH (∼0–1) has been
observed in the southeastern United States despite >60% sulfate
reductions from 1999 to 2014.20 Given the central role of pH in
controlling gas–particle partitioning and its variability, updated
assessments for recent years are needed to inform control
policy.

The effect of aerosol pH, temperature and relative humidity
on the gas–particle partitioning ratio of nitrate and ammonium
Environ. Sci.: Atmos.
was intensively investigated and established in earlier
studies.21–25 As the partitioning ratios 3(NO3

−) and 3(NH4
+) are

functions of pH, temperature and AWC, Nenes et al.26 recently
developed a thermodynamic regime framework that classies
PM response to NH3 and HNO3 availability. Four regimes—
Insensitive, HNO3-Sensitive, NH3-Sensitive, and Both-Sensi-
tive—are dened by threshold partitioning ratios in the
framework. For example, when 3(NO3

−) exceeds a threshold
(e.g., 0.1, indicating >10% of TNO3 in the particle phase), the
conditions are classied as “HNO3-Sensitive”; if both 3(NO3

−)
and 3(NH4

+) exceed the threshold vale, the system is Both-
Sensitive. Applying this framework to observations enables
identication of dominant controlling precursors. For instance,
analysis in Tianjin by Zhao et al.27 indicated predominant HNO3

sensitivity, with NH3 sensitivity increasing with sulfate due to
ammonium sulfate formation.

Here, using four years of hourly SIA and related measure-
ments (2013–2017), we quantied trends and variability in
aerosol pH in Hong Kong and applied the Nenes framework to
assess how PM2.5 responds to changes in NH3 and HNO3

availability under varying PM loadings and across seasons. We
further examine nitrate formation under both ammonium-poor
and ammonium-rich regimes. More importantly, we quantied
PM2.5 mass responses to incremental reductions in TNH3 and
TNO3 in a real-world urban environment through simulations,
providing a predictive framework for designing effective control
strategies. Our results inform control strategies targeting NH3

and HNO3 to mitigate PM2.5 in Hong Kong and offer broader
insights for urban regions facing analogous challenges.

2. Methods
2.1 Data sources

Sampling was conducted at the Yuen Long Air Quality Moni-
toring Station (YL AQMS; 22°2604800 N, 114°01021.700 E), an urban
site within the Hong Kong Air Quality Monitoring Network.
Measurements spanned July 2013 to June 2017, with a suspen-
sion from September 2015 to August 2016. The YL site is char-
acterized by heavy nearby traffic and is therefore considered to
be under notable inuence of vehicular emissions. Supporting
evidence includes distinct diurnal patterns of NH3 and NH4

+ at
YL compared with suburban sites (Fig. S1 and S2).

Hourly concentrations of water-soluble inorganic ions in
PM2.5 (Na+, NH4

+, K+, Mg2+, Ca2+, Cl−, NO3
−, and SO4

2−) and
corresponding semi-volatile gases (NH3, HNO3, and HCl) were
measured using a Monitor for AeRosols and Gases in ambient
Air (MARGA 2S ADI2080, Metrohm Applikon). Gaseous species
were collected in a wet rotating denuder (WRD) using H2O2 as
the absorbent, while particles were dissolved in a steam-jet
aerosol collector (SJAC). The resulting solutions were analyzed
by ion chromatography, with each sample calibrated using an
internal LiBr standard. Data validation procedures for MARGA
are provided in Section S1. Concurrently, hourly PM2.5 mass was
measured with a Synchronized Hybrid Ambient Real-time
Particulate Monitor (SHARP 5030, Thermo Scientic), and NOx

data were obtained from the Hong Kong Environmental
Protection Department (HKEPD) air quality database.
© 2026 The Author(s). Published by the Royal Society of Chemistry
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2.2 Calculation of aerosol pH and aerosol water content

Because aerosol pH is not directly measurable, we estimated it
using ISORROPIA-II,28 which calculates the equilibrium parti-
tioning of inorganic gases and aerosols and outputs aerosol
water content of inorganic species (Wi) and hydrogen ion
concentration c(H+). We ran ISORROPIA-II in forward mode
using measured total concentrations of semi-volatile species
(HNO3 + NO3

−, NH3 + NH4
+, HCl + Cl−) as inputs, which reduces

sensitivity to measurement errors compared with reverse
mode.29,30 Because the model computes the equilibrium parti-
tioning of NH3/NH4

+ and HNO3/NO3
−, its predications were

compared with MARGA measurements to assess the perfor-
mance of model calculation. Overall, the model reproduced the
measurements from MARGA, indicating reliable model predic-
tions in our study (Fig. S4). When the RH decreases below the
deliquescence RH, the aerosol would not crystalize immediately
but instead constitute a supersaturated aqueous solution.15,31

Considering Hong Kong's wet climate with average RH as high
as 64% ± 14% in our study, the calculation was based on
metastable state assumption (i.e., all salts in the aqueous phase
without precipitated salt). Aerosol pH was computed as:

pH ¼ �lggHþ � cðHþÞ � 1000

W
¼ �lggHþ � cðHþÞ � 1000

Wi

(1)

where gH+ is the H+ activity coefficient (assumed unity), c(H+) is
in mmol m−3, W is the total AWC in mg m−3, and Wi is the AWC
attributable to inorganic species (mg m−3).29 We set W = Wi,
following prior studies showing that using inorganic AWC alone
provides a reasonable estimate of aerosol pH, even when
organics constitute a fraction as large as 70% of PM2.5 mass.29,31
2.3 Determining PM sensitivity to TNO3 and TNH3

PM2.5 responses to precursor availability are governed by gas–
particle partitioning thermodynamics. For a given TNO3,
a higher nitrate partitioning ratio 3(NO3

−) yields a larger frac-
tion of TNO3 in the particle phase and thus a greater PM mass
response to incremental HNO3. Analogously, PM sensitivity to
TNH3 scales with the ammonium partitioning ratio 3(NH4

+). To
maintain comparability with prior studies, we adopt a parti-
tioning threshold of 0.1. For example, 3(NO3

−) > 0.1 indicates
that, for a unit increase in HNO3, 10% of it partitions to the
particle phase, producing a meaningful PM mass response; we
therefore classify 3(NO3

−) > 0.1 as HNO3-Sensitive and 3(NH4
+) >

0.1 as NH3-Sensitive.26,27

Gaseous HNO3 is in equilibrium with particulate nitrate
through dissolution of HNO3 and acid dissociation. With these
two processes of equilibrium, the theoretical 3(NO3

−) can be
calculated using eqn (2):26,29

3ðNO3
�Þ ¼ HHNO3

Kn1WRT

gNO3
�gHþ � 10�pH þHHNO3

Kn1WRT
(2)

where HNO3
is the Henry's law constant of HNO3, Kn1 is the acid

dissociation constant of HNO3,W is the aerosol water content, R
is the ideal gas constant, T is the measured ambient tempera-
ture, and gNO3

− and gH+ are the activity coefficients of NO3
− and

H+ from ISORROPIA-II. 3(NO3
−) is a sigmoid function of aerosol
© 2026 The Author(s). Published by the Royal Society of Chemistry
pH and depends on W and T. Similarly, the equilibrium
between gaseous NH3 and particulate NH4

+ also includes the
processes of dissolution and dissociation, and 3(NH4

+) can be
expressed as eqn (3),26,29

3ðNH4
þÞ ¼

gHþ � 10�pH

gNH4
þ

HNH3

Ka

WRT

1þ gHþ � 10�pH

gNH4
þ

HNH3

Ka

WRT

(3)

where HNH3
is the Henry's law constant for NH3, Ka is the acid

dissociation constant of NH4
+, and gNH4

+ is the NH4
+ activity

coefficient. Predicted partitioning ratios from ISORROPIA-II
were found to be in good agreement with measured data.29

We applied the thermodynamic regime framework of Nenes
et al.26 to classify each hourly observation into four sensitivity
regimes, namely “HNO3-Sensitive”, “NH3-Sensitive”, “Both-
Sensitive”, and “Insensitive”, based on 3(NO3

−) and 3(NH4
+),

which are functions of pH, W, and T. To examine how PM
loadings and meteorology modulate sensitivity, we further
stratied the data by PM2.5 concentration and by season. This
stratication enables evaluation of regime frequency and PM
response across contrasting conditions.
3. Results & discussion
3.1 Interannual and seasonal variability of pollutant
concentrations

Monthly averages (Fig. 1) show consistent seasonality for PM2.5,
TNO3, and TNH3, with maxima in fall–winter and minima in
summer. From 2013 to 2016, wintertime PM2.5 and NOx

decreased by approximately 40% and 33%, respectively (Table
1). TNO3 declined by 37% over the same period, consistent with
reductions in NOx emissions. However, TNH3 concentration
only decreased by 7.1%, much less than other compounds. Even
in summer (the least polluted season), PM2.5, NOx, TNO3, and
SO4

2− all exhibited year-on-year decreases, while TNH3 was even
higher in 2016 than 2013. This divergence indicates that while
controls on SO2 and NOx were effective, ammonia emissions
have not been effectively controlled, and its availability
remained relatively stable. Notably, as PM2.5 concentrations
declined, the fractional contribution of SIA to PM2.5 increased,
highlighting a growing relative importance of ammonium and
nitrate. This shi underscores the need to complement ongoing
SO2 and NOx controls with strategies targeting NH3 and HNO3

precursors, particularly to address semi-volatile SIA compo-
nents that become more inuential at lower PM loadings.
3.2 Aerosol pH in Hong Kong

Aerosol pH is a central thermodynamic parameter that inu-
ences multiple atmospheric processes. For example, stronger
acidity accelerates acid-catalyzed pathways for secondary
organic aerosol (SOA) formation from volatile organic
compounds (VOCs), and controls the solubility of SO2, NH3, and
HNO3, thereby regulating aqueous-phase sulfate production
and the gas–particle partitioning of nitrate and ammonium.32

Because in Hong Kong both SOA and SIA constitute substantial
Environ. Sci.: Atmos.
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Fig. 1 Monthly average concentration data of select constituents for the period of July 2013–June 2017. (a) NOx, TNO3 and TNH3. (b) PM2.5,
PM2.5-associated SO4

2−, NO3
−, and NH4

+. No measurements are available for the period of September 2015–August 2016.
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fractions of PM2.5, aerosol pH fundamentally modulates
secondary aerosol formation rates andmechanisms and is a key
factor in understanding variability in the city's PM levels.33,34

Fig. 2 shows a pronounced diurnal cycle in aerosol pH
during all seasons. The method of dividing the four seasons was
based on upper-level wind, dew point and sea level pressure.35

Aerosol pH was the lowest in the aernoon and the highest
around dawn; aernoon values were typically 0.6–0.8 units
lower than the values at dawn. This diurnal variability was
comparable to interannual differences despite substantial
compositional changes over the years (Fig. 1), indicating that
meteorology (RH and temperature) dominates pH variability.
Consistently, the pH diurnal cycle tracked RH and was anti-
correlated with temperature (Fig. S5 and S6). Seasonally, winter
exhibited the highest pH despite having the lowest RH, which
would ordinarily depress pH by reducing aerosol water. This
contrast suggests that temperatures dominate the seasonal
control on aerosol pH in Hong Kong, consistent with observa-
tions in Shanghai.18

Over the ve-year period, aerosol pH remained relatively
stable even as sulfate and NOx concentrations declinedmarkedly,
paralleling trends observed in the southeastern United States.20

However, summertime pH in Hong Kong (1.5–3.0) was higher
than that typically observed in the southeastern U.S. (0–1). The
comparatively lower acidity in Hong Kong implies weaker acid-
catalyzed uptake of certain VOC oxidation products (e.g., IEPOX
from isoprene oxidation) and slower acid-driven heterogeneous
Table 1 Summer and winter average concentrations of major species in

PM2.5 (mg m−3) NOx (ppb)

2013-Summer 22.7 42.0
2013-Winter 54.2 59.3
2014-Summer 23.2 37.8
2014-Winter 58.3 56.6
2015-Summer 16.3 32.1
2015-Winter — —
2016-Summer 19.6 34.2
2016-Winter 32.7 41.4

Environ. Sci.: Atmos.
reactions,36,37 while favoring faster aqueous-phase sulfate
production from SO2. Consequently, Hong Kong's higher pH
environment likely enhances inorganic sulfate formation but
suppresses SOA yields from acid-dependent pathways, increasing
the relative contribution of inorganic aerosol compared with
regions characterized by more acidic particles.

3.3 Impact of key factors on PM sensitivity across seasons

The thermodynamic regime framework indicates that PM mass
sensitivity to TNO3 and TNH3 is governed by AWC and aerosol
pH. Because higher PM loadings enhance water uptake and
shi composition, both AWC and pH are indirectly modulated
by PM mass and species such as sulfate and ammonium. We
therefore examined how PM2.5 mass, sulfate, and TNH3 inu-
ence sensitivity across seasons.

3.3.1 Effect of PM mass. In spring, most observations fell
within the “Both-Sensitive” regime (Fig. 3a), indicating
concurrent sensitivity to TNO3 and TNH3. Under low PM
conditions, points clustered near regime boundaries, implying
weak sensitivity to both precursors. As PMmass increased, AWC
would be higher, favoring the partitioning of both HNO3 and
NH3, thus the sensitivity to TNO3 and TNH3 would be
strengthened. In summer, at low PM, the regime distribution
resembled that of spring (Fig. 3b). With increasing PM, data
shied toward “Both-Sensitive” and “NH3-Sensitive” regimes,
indicating that high-PM summer days are consistently “NH3-
Sensitive”. In fall, the distribution was dominated by “Both-
2013, 2014 and 2016

TNO3 (mg m−3) TNH3 (mg m−3) SO4
2−(mg m−3)

4.5 6.4 6.2
10.2 9.9 11.2
3.0 5.8 6.6
9.2 10.9 10.8
2.3 5.8 4.4

— — —
3.3 7.1 5.6
6.3 9.2 7.7

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Season-specific diurnal variation of aerosol pH: (a) spring, (b) summer, (c) fall, and (d) winter.
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Sensitive” and “NH3-Sensitive” regimes (Fig. 3c). Increasing PM
pushed points toward the lower-right of the regime space,
signifying enhanced NH3 sensitivity under polluted conditions.
In winter, most observations were in the “Both-Sensitive”
regime (Fig. 3d), consistent with enhanced NO3

− and NH4
+

partitioning at lower temperatures. Unlike other seasons, the
distribution showed no clear moving trend across PM gradients,
suggesting a more uniform sensitivity state in winter. The
weaker inuence of PM mass to AWC reected the lower
hygroscopicity of the dominant pollutants during winter. The
seasonal contrasts mostly reected differences in PM compo-
sition and meteorology.

To contextualize high-loading conditions, we adopted the 24-
hour PM2.5 standard of 50 mg m−3 (WHO interim target-2),38 as
used in Hong Kong's Air Quality Objectives for 2022–2025, to
dene polluted conditions. Exceedances occurred more
frequently in fall and winter (Fig. 3), so subsequent analyses of
polluted cases focus on these seasons (Fig. S7). Fall polluted
cases exhibited stronger sensitivity to TNH3 than to TNO3

(Fig. S8). In winter, sensitivity to TNO3 intensied relative to fall,
while NH3 sensitivity remained. Elevated sulfate was associated
with increased NH3 sensitivity in both fall and winter. This
mirrors the effect of higher PM in fall but contrasts with winter,
where increases in PM did not shi regimes as distinctly.
Overall, these patterns suggest that sulfate is a primary driver of
NH3 sensitivity in fall, whereas nitrate assumes a comparatively
greater role in winter, consistent with colder temperatures
favoring partitioning of HNO3 and NH3 to the particle phase.
© 2026 The Author(s). Published by the Royal Society of Chemistry
3.3.2 Impact of sulfate. Regime plots stratied by sulfate
concentration show a consistent sulfate-driven enhancement of
sensitivity across all seasons (Fig. 4). As sulfate increases, points
shi systematically toward the lower-right of the regime space,
indicating stronger NH3 sensitivity and greater NH4

+ partition-
ing. This behavior reects two concurrent effects of sulfate. First,
sulfate protonation increases aerosol acidity, which thermody-
namically favors uptake of gaseous NH3 into the particle phase
but lowers the partitioning ratio of nitrate. Second, sulfate's
hygroscopicity elevates AWC, promoting gas-to-particle conver-
sion of NH3 and HNO3. Although previous studies showed that
aerosol pH was insensitive to sulfate concentration because
higher AWC offsets the effect of sulfate protonation,39 higher
sulfate still contributes to the lower pH in Hong Kong. Therefore,
the sensitivity to TNH3 was more greatly inuenced by sulfate
concentration while the effect on the sensitivity to TNO3 was
partly offset. These results indicate that sulfate acts as a primary
modulator of NH3-driven PM responses in all seasons.

3.3.3 Impact of TNH3. Stratication by TNH3 reveals
seasonally distinct controls on sensitivity to TNH3 and TNO3

(Fig. 5). In spring and winter, higher TNH3 shis points toward
the upper-right portion of the regime map, increasing sensitivity
to TNO3 through enhanced formation of NH4NO3. Summer
displays a predominantly horizontal displacement into the
“Both-Sensitive” regime, indicating concurrent increases in
sensitivity to both TNH3 and TNO3. In contrast, in fall, increasing
TNH3 mirrors the sulfate effect by primarily strengthening NH3

sensitivity, with limited impact on HNO3 sensitivity.
Environ. Sci.: Atmos.

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ea00114e


Fig. 3 Sensitivity regime plots for (a) spring, (b) summer, (c) fall, and (d) winter. The data points are colored by PM concentration using a common
scale.
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These seasonal differences are consistent with composition-
dependent thermodynamics. During winter, elevated TNO3

facilitates NH4NO3 formation when TNH3 is abundant, so PM
mass becomes more responsive to additional HNO3. In fall,
comparatively lower TNO3 constrains NH4NO3 formation,
limiting the inuence of TNH3 on HNO3 sensitivity. Neverthe-
less, higher TNH3 increases AWC and reduces particle-phase
ammonia scarcity, both of which favor NH3 partitioning and
elevate 3(NH4

+). Consequently, regardless of season, increases
in TNH3 enhance NH3 sensitivity, while the concurrent effect on
HNO3 sensitivity depends on the availability of total nitrate and
seasonal thermodynamic conditions.
3.4 Nitrate formation under ammonium-rich and
ammonium-poor regimes

In the thermodynamic equilibrium state, the particulate
ammonium concentration constrains the simultaneous
formation of ammonium sulfate and ammonium nitrate.
Environ. Sci.: Atmos.
Signicant concentrations of particulate nitrate (as NH4NO3)
are thermodynamically sustainable only when the molar
amount of aerosol-phase ammonium exceeds that required to
associate with sulfate.40 The “excess ammonium” is dened as
[NH4

+] − K × [SO4
2−], where K is an empirical criterion molar

ratio of ammonium to sulfate.41 Following established prac-
tice,42,43 K is obtained as the x-intercept of the correlation
between [NO3

−]/[SO4
2−] and [NH4

+]/[SO4
2−]. Conditions with

[NH4
+]/[SO4

2−] > K, which means that the excess ammonium is
greater than zero, are classied as “NH4

+-rich”, and those with
[NH4

+]/[SO4
2−] < K as “NH4

+-poor”. This particle-phase classi-
cation provides a diagnostic for the thermodynamic state
resulting from the partitioning of TNH3 and TNO3. The “NH4

+-
rich” regime indicates that, given the ambient TNH3, TNO3,
and thermodynamic conditions (AWC, pH, T), the system
favors the formation of particulate nitrate. Its occurrence is
therefore modulated by factors such as AWC, which shis the
partitioning equilibrium.
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Sensitivity regime plots colored by sulfate concentration for (a) spring, (b) summer, (c) fall, and (d) winter.
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The classication of regimes is primarily controlled by the
relative emission strengths and transport of precursors, and the
regime shi is a more fundamental change in aerosol compo-
sition that typically occurs over longer timescales. Therefore,
here we separate the data by seasons. Season-resolved correla-
tion plots indicate that NH4

+-rich conditions prevail in spring,
fall, and winter, whereas NH4

+-poor conditions occur more
frequently in summer (Fig. S9). Linear regressions of [NO3

−]/
[SO4

2−] against [NH4
+]/[SO4

2−], along with the derived K values
for each season, are summarized in Table 2. Note that the value
of K is not a universal constant but is inuenced by local ther-
modynamic environment. Its value ranges from 1.58 to 1.78
across seasons, and the seasonal variation in K could be
attributed to the variation in non-volatile cations, temperature
and RH. For example, temperature can inuence the activity
coefficients and the equilibrium constant for NH4NO3 dissoci-
ation, subtly shiing the K value dened by the [NO3

−]/[SO4
2−]

vs. [NH4
+]/[SO4

2−] correlation. The range of K values in our study
is consistent with that reported in prior studies.41,43,44
© 2026 The Author(s). Published by the Royal Society of Chemistry
Importantly, AWC is a key factor inuencing this local ther-
modynamic environment. By affecting the activity coefficients
and the equilibrium constant for semi-volatile species such as
NH4NO3, variations in AWC (driven by RH and inorganic mass)
contribute to the observed seasonal shis in the empirical K
value.

Using the season-specic K, we calculated “excess ammo-
nium” and examined its relationship with particulate nitrate.
Under “NH4

+-rich” conditions, excess ammonium strongly
correlates with nitrate concentration in all seasons (Fig. 6),
supporting the interpretation that NH4NO3 forms efficiently
when ammonium is available beyond that required to
neutralize sulfate. The seasonal slopes of nitrate versus excess
ammonium ranged from 0.71 to 0.84, indicating that the
majority of excess ammonium is present as NH4NO3. By
contrast, nitrate concentrations remained very low under “NH4

+

poor” conditions, reecting the constraint imposed by insuffi-
cient ammonium to neutralize nitric acid. Consequently,
nitrate-dominated aerosol states primarily occurred in “NH4

+-
Environ. Sci.: Atmos.
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Fig. 5 Sensitivity regime plots colored by TNH3 concentration for (a) spring, (b) summer, (c) fall, and (d) winter.

Table 2 Season-specific linear regression equations between [NO3
−]/

[SO4
2−] and [NH4

+]/[SO4
2−] and the K values

Season Regression equation K value

Spring Y = 0.83X − 1.31 1.58 � 0.025
Summer Y = 0.91X − 1.62 1.78 � 0.030
Fall Y = 0.80X − 1.35 1.69 � 0.034
Winter Y = 0.85X − 1.38 1.62 � 0.020
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rich” regimes, while “NH4
+-poor” conditions at the YL site were

generally associated with cleaner periods. Aerosol pH ranged
from 0.5 to 4 across all seasons. In the “NH4

+-rich” regime,
aerosol pH increased with nitrate concentration, consistent
with the thermodynamic expectation that higher pH favors
nitrate partitioning into the particle phase. Differently, aerosol
pH was more inuenced by crustal cations under “NH4

+-poor”
regime. On average, aerosol pH was 0.2 to 0.6 units higher in the
“NH4

+-rich” regime due to the higher ammonia abundance
(Table 3). This analysis underscores that substantial nitrate
formation requires not only high total precursor concentrations
but also a thermodynamic state (oen characterized by suffi-
cient AWC and higher aerosol pH) that drives TNO3 into the
particle phase.
Environ. Sci.: Atmos.
3.5 Simulation of water-soluble inorganic component
(WSIC) reduction in fall and winter

3.5.1 Single-factor sensitivity simulations. Base scenarios
were constructed using seasonally average concentrations of
water-soluble inorganic components (WSICs) and meteorolog-
ical parameters for fall and winter (Table 4). We then simulated
reductions in TNO3, sulfate and TNH3 by scaling each concen-
tration by a factor x from 1.0 to 0.4. For each perturbed scenario,
aerosol pH and AWC were computed with ISORROPIA-II, and
the corresponding shi of PM sensitivity to TNH3 and TNO3 was
mapped onto the regime plot (Fig. 7). The concentration of total
chloride (TCl = HCl + Cl−) and NVCs constituted a minor mass
fraction of PM2.5, so their inuence on aerosol pH was negli-
gible and is not discussed in this study. For example, in the fall
sulfate-reduction simulations, excluding TCl and NVCs from
the pH calculation changes aerosol pH by only 0.14± 0.05 units.

In fall, the base state lies in the “Both-Sensitive” regime.
Reducing TNH3 rapidly induces rapid decline in HNO3 sensi-
tivity; an ∼40% reduction in TNH3 shis the system to the
“NH3-Sensitive” regime. Decreasing sulfate lowers NH3 sensi-
tivity, consistent with sulfate's role in enhancing acidity and
AWC and thereby promoting NH3 partitioning. An ∼60%
reduction in sulfate drives the system toward the “HNO3-
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Correlation plots between nitrate concentration and excess ammonium concentration for (a) spring, (b) summer, (c) fall, and (d) winter
with data points colored by aerosol pH.

Table 3 Season-specific average aerosol pH under “NH4
+-rich” and

“NH4
+-poor” conditions

Season NH4
+-rich NH4

+-poor

Spring 2.4 2.0
Summer 2.1 1.9
Fall 2.2 1.6
Winter 2.6 2.0

Paper Environmental Science: Atmospheres
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Sensitive” regime. Notably, sulfate reductions have little effect
on the degree of HNO3 sensitivity itself, as points translate
largely parallel to the “HNO3-Sensitive” boundary, conrming
limited NH4NO3 formation in fall because of constrained TNO3.
In contrast, changes in TNO3 have negligible inuence on pH,
Table 4 Seasonal average concentrations of WSICs and meteorology fa

TNO3 TNH3 TCl SO4
2− N

Fall 5.0 9.9 0.66 10.9 0
Winter 8.5 10.0 0.94 9.8 0

a Unit: mg m−3 for WSICs, °C for temp. and % for RH.

© 2026 The Author(s). Published by the Royal Society of Chemistry
AWC, or regime position, indicating weak leverage of nitrate on
sensitivity under fall conditions.

Winter shows a similar baseline in the “Both-Sensitive”
regime. As in fall, cutting TNH3 quickly diminishes HNO3

sensitivity, and pH and AWC remain insensitive to TNO3

changes. However, sulfate reductions in winter increase HNO3

sensitivity, with points moving away from the “HNO3-Sensitive”
boundary and penetrating deeper into the “HNO3-Sensitive”
regime. This pattern indicates that ammonium nitrate
contributes substantially to PM in winter alongside ammonium
sulfate, so lowering sulfate frees ammonium for nitrate
formation and accentuates responsiveness to HNO3.

Using the simulated regime outputs, we further quantied
the reductions inWSIC concentrations resulting from decreases
in TNO3, TNH3, or sulfate and compared the relative efficiencies
ctors in fall and wintera

a+ K+ Mg2+ Ca2+ Temp. RH

.23 0.26 0.04 0.16 25.1 59.8

.32 0.43 0.05 0.18 17.6 55.9

Environ. Sci.: Atmos.
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Fig. 7 Changes in PM sensitivity when scaling a single factor from 0.4 to 1.0 during (a) fall and (b) winter. In each panel, the top, middle, and
bottom traces correspond to perturbations of SO4

2−, TNO3, and TNH3, respectively.
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of each control pathway in fall and winter (Fig. 8, red curve).
Sulfate abatement is the most effective strategy for reducing
WSICs because sulfate is non-volatile and its reductions directly
diminish particulate SO4

2− while simultaneously lowering the
partitioning of NH3 to NH4

+, thereby reducing particle-phase
ammonium. Consistent with the regime analysis (Fig. S10 and
S11), sulfate controls thus exert compounding benets on
WSICs.

In contrast, TNO3 reductions have minimal inuence on
aerosol pH and AWC, so they do not substantially alter
ammonia partitioning. Under these conditions, the decrease in
SIA attributable to nitrate controls is approximately the reduc-
tion in TNO3 multiplied by the particle-phase nitrate parti-
tioning ratio (Fig. 8, blue curve). TNH3 reduction would lead to
a great increase in 3(NH4

+) because of the lowered aerosol pH
(Fig. S11). Consequently, TNH3 reduction would be increasingly
Fig. 8 Efficiency of controlling sulfate, TNO3, and TNH3 for reducing to
WSIC reduction vs. the reduction factor for each precursor. Bottom pan

Environ. Sci.: Atmos.
efficient as more TNH3 is reduced, because a larger fraction of
TNH3 would be in the particle phase, producing a characteristic
parabolic relationship between WSIC reduction and TNH3

reduction (Fig. 8, pale yellow curve).
In fall, the effectiveness of reducing TNO3 or TNH3 is limited

by the low abundance of NH4NO3. For example, a 60% decrease
in TNH3 yields only about a 2 mg m−3 reduction in WSICs, and
a 60% cut in TNO3 reduces WSICs by roughly 1.4 mg m−3. By
comparison, sulfate control is markedly more efficient: a 60%
reduction in sulfate lowers WSICs by approximately 9.5 mg m−3.
In winter, higher NH4NO3 abundance increases the leverage of
both TNO3 and TNH3 controls. The marginal efficiency of TNO3

control rises to about 0.08 mg m−3 WSIC reduction per 1% TNO3

decrease, or roughly 0.85 mg m−3 WSIC reduction per 1 mg m−3

decrease in TNO3 (Fig. S12). Sulfate control remains effective
but is somewhat less efficient than in fall due to the lower
tal WSIC concentrations during (a) fall and (b) winter. Top panels show
els show the corresponding derivatives of the lines in the top plots.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Simulated WSIC concentrations as functions of TNO3 and TNH3 in the range of 0 to 20 mg m−3 during (a) fall and (b) winter. The star in
each plot denotes seasonal average conditions.
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fraction of ammonium sulfate; only about 0.14 mg m−3 of WSICs
is reduced per 1% decrease in sulfate. For modest reductions
(<20% or <2.5 mg m−3), TNH3 control is less effective than TNO3

control for lowering WSICs in winter. However, at larger
reductions (>45% or $4.3 mg m−3), TNH3 abatement becomes
the most efficient of the two semi-volatile pathways (Fig. S12).
These results support the feasibility of controlling semi-volatile
precursors, TNH3 and TNO3, for wintertime PM mitigation,
while highlighting sulfate abatement as the dominant WSIC-
reduction lever in fall.

Although our single-factor perturbation analyses provide
quantitative insights into the individual sensitivity of PM2.5

mass to these components, it is important to acknowledge their
limitation in capturing the full complexity of real-world emis-
sion scenarios. In practice, controls on TNO3, sulfate and TNH3

are likely to be implemented simultaneously, and the thermo-
dynamic system response may be non-additive due to strong
non-linear interactions. For instance, the 3(NO3

−) level is
strongly modulated by the ambient NH3 levels (Fig. S10 and
S11), so a coordinated reduction of TNH3 and TNO3 would not
be additive. Instead, it would drive the system into a regime
where the marginal PM2.5 reduction per unit of NH3 cut is
greatly amplied, representing a synergistic effect. Quantica-
tion of this synergistic effect is analyzed in the following
section.

3.5.2 Simulations with simultaneous variation of TNO3

and TNH3.We conducted simulations in which TNO3 and TNH3

were varied simultaneously from 0 to 20 mg m−3 under xed
meteorological conditions and background composition to
evaluate seasonal responses of WSICs (Fig. 9). For identical
TNO3–TNH3 combinations, winter conditions produced slightly
higher WSIC concentrations than fall because lower tempera-
tures enhance partitioning of nitrate and ammonium to the
particle phase. The contour elds also differed in structure
between the two seasons. Fall exhibited more diffuse, widely
spaced contours, reecting weaker PM sensitivity to HNO3 and
NH3 availability relative to winter, where tighter gradients
indicate stronger thermodynamic leverage of these precursors.
© 2026 The Author(s). Published by the Royal Society of Chemistry
Baseline conditions, marked according to seasonal averages
in Table 4, lie near the ridge line of the WSIC response surface
in both seasons. This placement indicates that reducing either
TNO3 or TNH3 from current levels is effective in cutting down
WSIC concentration, and that concurrent reductions in both
precursors provide an even larger benet. Accordingly, coordi-
nated TNO3 and TNH3 controls represent a thermodynamically
efficient strategy for mitigating PM2.5 during high-pollution
seasons, outperforming approaches that target only one of the
two semi-volatile precursors.
4. Conclusions

We combined hourly water-soluble ionic species measurements
with meteorological data and ISORROPIA-II thermodynamic
modeling to characterize aerosol pH and quantify PM2.5 mass
sensitivity to ammonia and nitrate availability in urban Hong
Kong. Using the sensitivity regime framework of Nenes et al.,26

we mapped seasonal regime behaviors and further quantied
sensitivities through simulations that reduced total ammonia
(TNH3), total nitrate (TNO3), and sulfate. Aerosol pH typically
ranged from 1.5 to 3 throughout the year. Its diurnal amplitude
exceeded seasonal and interannual variability, indicating that
meteorology, particularly temperature, exerts stronger control
on aerosol acidity than compositional changes under Hong
Kong conditions. Winter consistently showed higher pH than
other seasons, attributable to lower temperatures.

Pollution episodes were concentrated in fall and winter, but
seasonal differences in composition produced distinct sensi-
tivity patterns. In fall, sulfate dominated WSICs, and PM mass
was more sensitive to TNH3 than to TNO3 availability. In winter,
nitrate and ammonium contributed larger mass fractions,
yielding enhanced sensitivity to both TNH3 and TNO3.
Component-wise perturbation analyses claried these mecha-
nisms. Reducing TNO3 had negligible effects on aerosol pH or
AWC and therefore did not shi PM sensitivity regimes.
Reducing TNH3 increased NH3 sensitivity while diminishing
TNO3 sensitivity in both seasons by limiting ammonium
Environ. Sci.: Atmos.
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availability for NH4NO3 formation. Sulfate reductions
strengthened TNH3 sensitivity across seasons by lowering
acidity and AWC, with a more pronounced enhancement of
TNO3 sensitivity in winter than in fall, consistent with greater
wintertime NH4NO3 formation.

Nitrate was primarily present as ammonium nitrate. Most
observations fell within the “NH4

+ rich” regime, where nitrate is
neutralized by excess ammonium, and more than 70% of excess
ammonium was present as NH4NO3. These ndings support
TNH3 control as an effective lever for PM2.5 mitigation. Efficiency
analyses further showed that sulfate abatement reduces WSICs
slightly less efficiently in winter than in fall (approximately 0.14
versus 0.16 mg m−3 per 1% sulfate reduction). By contrast, TNO3

controls were substantially more effective in winter than in fall
due to higher NH4NO3 abundance (approximately 0.08 versus
0.03 mg m−3 WSIC reduction per 1% TNO3 reduction). Reduc-
tions in WSICs exhibited a nonlinear (parabolic) response to
TNH3 abatement; as TNH3 decreases, the marginal efficiency of
control increases. Sulfate always had the highest marginal effi-
ciency in cutting down PM mass during fall, followed by TNH3

and TNO3. In winter, the marginal efficiency of TNH3 reduction
would be higher than TNO3 with a reduction rate of 20%; once
TNH3 reductions exceed about 45%, ammonia control becomes
more effective than sulfate in lowering WSICs.

Overall, coordinated reductions of TNH3 and TNO3 provide
a thermodynamically efficient pathway for PM2.5 mitigation
during high-pollution seasons, while sulfate abatement
remains a robust year-round strategy, especially in fall when
sulfate dominates WSICs and nitrate formation is constrained.
These results highlight the importance of season-specic,
composition-aware control portfolios that target both non-
volatile and semi-volatile precursors to optimize PM2.5 reduc-
tions in urban areas that face similar challenges to those
encountered in Hong Kong.
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