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a b s t r a c t

Water-soluble inorganic ions (WSIIs) play a pivotal role in atmospheric chemical reactions, particularly

influencing the formation of secondary particulate matter. A comprehensive grasp of the vertical distri-

bution of atmospheric pollutants holds immense significance in understanding the diffusion and trans-

portation of these pollutants. This study investigates the WSIIs of PM2.5 and size-segregated particles at

the top (∼2060m a.s.l.) and foot of Mt. Hua during the winter of 2020. All the measured ions present

significant higher concentrations (1.9∼6.9 times) at the foot than the top. Cl− and K+ at the foot are more

than 4 times of those at the top, whereas Ca2+ and Mg2+ are only 1.3–1.9 times higher. The particle size

distribution of NO3
−, SO4

2−, K+ and Cl− demonstrate a single peak distribution (0.7–1.1 μm) at the foot,

but with a bimodal distribution (0.7–1.1 μm and 4.7–5.8 μm) at the top. These differences suggest that

the aerosol at the alpine region is mainly transported via long-distance from Northwest/North China, but

limited influenced by vertical transport through valley breeze. The changes of concentration and size dis-

tribution of WSIIs in dust event and non-dust period indicate that the effects of dust event on aerosols

at ground surface were weaker than that of the free troposphere of Guanzhong Plain. Notably, our study

underscores the dominant influence of NO3
− in shaping the gas-particle distribution of ammonia within

the winter free troposphere. Our results highlight the significant role of long-range transport on aerosols

in the free troposphere in Guanzhong Plain, Northwest China.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

PM2.5 can carry toxic substances with long retention time

and far transmission distance in the air [1], which affect the

human health [2] and environment [3]. The main components

of PM2.5 include carbonaceous components, water-soluble com-

pounds, crustal elements and various trace elements [4]. Water-

soluble ions (WSIIs) serve as indicators of atmospheric pollution

sources [5], typically constitute 20%–80% of the total mass concen-

tration within PM2.5 [6,7]. The study of the concentration and vari-

ation characteristics of WSIIs is helpful to understand the forma-
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tion mechanism of secondary aerosol [8]. High concentrations of

NO3
−, SO4

2− and NH4
+ (collectively known as SNA) are important

components that contribute to haze pollution [9] and determine

the aerosols acidity, as quantified by pH [10].

At present, there are relatively few researches on the verti-

cal distribution characteristics of atmospheric aerosol physical and

chemical properties. The present studies find that the concentra-

tion, composition and particle size of water-soluble inorganic ions

and secondary ions of atmosphere in different regions have differ-

ent vertical characteristics with the change of height. It is mainly

due to the change of source, precursor, aging of long-distance

transport of air mass, boundary layer movement, meteorological

condition variations [11,12]. The cloud/fog process, photochemical

https://doi.org/10.1016/j.cclet.2024.109636
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Table 1

Mass concentration of water-insoluble inorganic ions in PM2.5 at the top and foot of Mt. Hua in winter.

Top Foot RF/T

Daytime Nighttime Average Daytime Nighttime Average

PM2.5 31.9± 30.1 29.9± 22.3 30.7± 21.8 154± 78.2 125± 68.2 141± 56.7 4.59

Ca2+ 1.53± 1.29 1.45± 1.21 1.49± 1.10 3.30± 1.33 2.39± 1.37 2.84± 1.07 1.91

K+ 0.183± 0.114 0.173± 0.073 0.178± 0.078 0.832± 0.435 0.587± 0.284 0.710± 0.329 4.00

Mg2+ 0.180± 0.082 0.170± 0.066 0.175± 0.063 0.260± 0.081 0.203± 0.074 0.232± 0.061 1.33

NH4
+ 3.20± 2.79 3.17± 2.21 3.19± 2.20 8.87± 5.06 8.08± 3.78 8.48± 4.21 2.66

Cl− 0.540± 0.452 0.456± 0.355 0.493± 0.341 3.77± 1.75 3.03± 1.23 3.40± 1.33 6.90

SO4
2− 3.71± 1.89 3.23± 1.52 3.47± 1.36 9.67± 4.84 7.60± 3.02 8.63± 3.64 2.49

NO3
− 5.28± 5.31 4.93± 3.65 5.11± 4.01 18.0± 14.9 14.6± 10.4 16.3± 11.9 3.19

SNA 12.2± 9.38 11.33± 6.81 11.8± 7.12 36.6± 24.3 30.3± 16.8 33.4± 19.4 2.83

TWSIS 14.6± 9.85 13.6± 7.1 14.1± 7.38 44.7± 26.0 36.5± 17.7 40.6± 20.6 2.88

NH3 2.82± 1.31 2.56± 1.06 2.69± 1.17 na∗ na na na

pH 6.02± 1.48 6.18± 1.43 6.10± 1.29 na na na na

NHR 0.447± 0.186 0.487± 0.193 0.467± 0.162 na na na na

∗ na: not available since the instrumentation problem.

oxidation, and mountain plant emission in high air, which also

make it significantly different from the lower land [13,14]. In gen-

eral, it is consistent that secondary ions (such as NH4
+ and SO4

2−)
are mainly distributed in the fine particles [15,16], crustal ions are

mainly distributed in coarse particles [17].

Alpine regions experience a distinct atmospheric conditions

characterized by low temperature, high humidity, and strong solar

radiation, differing from those in lowland areas [18]. The alpine re-

gion is the bottom layer of the troposphere directly affected by the

underlying surface. The descent of the planetary boundary layer

(PBL) during winter or summer night can make to the emergence

of mountaintop into the free troposphere (FT). The FT are primarily

influenced by transported sources from remote areas [19] and sig-

nify the atmospheric characteristics across the regional scale [13].

Consequently the change of PBL height alters the chemical and

physical characteristics of atmospheric particles on the mountain-

top [20]. Additionally, valley breeze can uplift the aerosols and pre-

cursors from the ground surface to mountaintop in daytime, and

thus affect atmospheric conditions in the FT [21]. Understanding

the vertical distribution in alpine regions of atmospheric pollu-

tants, especially WSIIs, are of great importance for a comprehen-

sive understanding of pollutant diffusion and transport.

In this study, PM2.5 and size-segregated particles were col-

lected simultaneously between Dec. 17, 2020 to Jan. 12, 2021 from

the mountaintop (∼2060m a.s.l.) (referred to as “Top”) and the

foothills (referred to as “Foot”) of Mt. Hua, which is adjacent to

the heavily polluted Guanzhong Plain, Northwest China. The de-

tail sampling and analysis methods are shown in supplement. We

firstly compared the differences in WSIIs characteristics and par-

ticle size distribution between lowland and tropospheric atmo-

spheres. The major sources, formation mechanisms and estimated

acidity of aerosols, as well as their influencing factors, at the Alpine

region were further discussed.

The average concentration of PM2.5 at the Top (30.7±
21.8 μg/m3) is about 4.6 times lower than that at the Foot (141±
56.7 μg/m3), because there is no obvious anthropogenic emission

at the alpine region (Table 1). At the Foot, PM2.5 concentration

during the daytime (154± 78.2 μg/m3) is notably higher than the

nighttime (125± 68.2 μg/m3). The increase of temperature (Fig. S1

in Supporting information) during daytime would cause an as-

cent of the PBL, which is favorable for vertical diffusion of pollu-

tants in near-ground troposphere. Thus, the higher PM2.5 concen-

tration during daytime should be caused by the more intensified

anthropogenic emission, including vehicle exhaust, industry activ-

ities, and/or civil combustion sources. However, PM2.5 concentra-

tions at the Top do not present a significant difference in daytime

(31.9± 30.1 μg/m3) and nighttime (29.9± 22.3 μg/m3).

The total WSIIs concentration at the Foot (40.6± 20.6 μg/m3)

is approximately 2.88 times higher than that at the Top (14.1±
7.38μg/m3). Similarly, the diurnal variation characteristics of most

WSIIs exhibit higher values during the daytime at the Foot

(Table 1). In contrast, there is no exhibit significant day-night dif-

ference at the Top. The two secondary anions, NO3
− and SO4

2−,
are the most abundant ions in PM2.5 at both sites.

The air mass trajectories during the sampling period, as il-

lustrated in Fig. S2 (Supporting information), predominantly di-

rected towards the alpine region of Mt. Hua from the northwest

and north, originating in areas such as Mongolia, Inner Mongolia,

and Xinjiang Autonomous Region. These regions are rich in dust

due to the proximity of desert source. Consequently, the compara-

ble PM2.5 concentrations observed at the Top during both daytime

and nighttime can be attributed to their primarily originating from

long-range transport originating in Northwest China. Our previous

studies prove that aerosols from the Foot could affect the aerosols

at the Top via vertical transport under the influence of daytime

valley breeze, even though the altitude of Mt. Hua is beyond the

boundary layer most of time [22]. However, no significant correla-

tion is found in any composition in the two sites in this study, pre-

liminary suggesting the insignificant contribution of vertical trans-

port by valley breeze in winter.

Previous studies indicate that particles originating from biomass

burning are well-known enriched with Cl− and K+ [23], whereas

Ca2+ and Mg2+ are two pivotal markers of dust-related emissions

[22]. Table 1 additionally provides the average concentration ratio

of each component at the Foot relative to that at the Top (RF/T). Re-

markably high RF/T values are observed for Cl− and K+, suggesting
the significant contribution from biomass burning on PM2.5 in the

surrounding areas of the Foot. Additionally, the highest RF/T of Cl−

and K+ compared to other WSIIs also suggest that anthropogenic

emissions at ground level are difficult to vertically transport to the

FT region during winter, when PBL is always lower than the sub-

mit of Mt. Hua (nearly 2100m a.s.l.). In contrast, Ca2+ and Mg2+

exhibit the lowest RF/T values, again confirming that aerosols at

the Top are subject to greater influence from dust-related sources

through long-distance transport.

As shown in Table S1 (Supporting information), the concen-

trations of WSIIs in fine particles (the sum of particles with size

< 2.1 μm) at the Foot (37.8± 4.92μg/m3) are significantly higher

than those (11.2± 2.09μg/m3) in coarse particles (the sum of par-

ticles with size > 2.1 μm), while the concentrations of coarse are

higher than fine particles at the Top (6.29± 1.02μg/m3 and 5.34±
0.850μg/m3, respectively). Previous studies have proved particles

released from anthropogenic mainly present as fine grain, while

mineral dust primarily exists with coarse grain [24]. This reaf-
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Fig. 1. Particle size distribution of water-soluble ions at the Top and Foot.

firms that the significance of mineral dust emission as a substantial

aerosol source at the Top.

Nearly all the WSIIs in both fine and coarse particles exhibit

higher geometric mean diameter (GMD) at the Top compared to

the Foot (Table S1 in Supporting information), in accordance with

the fact that particles at the Top experience more coagulation dur-

ing the long-range transport. The particle size distribution of NO3
−

and SO4
2− demonstrate a single peak distribution (0.7–1.1 μm) at

the Foot, but with a bimodal distribution (0.7–1.1 μm and 4.7–

5.8 μm) at the Top (Fig. 1). Meanwhile, the GMD values at the Top

are 2.13± 0.758μm and 2.97± 1.04μm, respectively. This preva-

lence is primarily attributed to heterogeneous reactions occur-

ring on the coarse mineral dust surfaces [24]. Interestingly, both

the K+ and Cl− present a peak value at 0.7–1.1 μm at the Foot

with GMD values 0.649± 0.177μm and 0.706± 0.156μm, respec-

tively, suggesting their primary occurrence in fine particles from

biomass burning. Conversely, K+ and Cl− present bimodal distri-

butions (0.7–1.1 μm and 4.7–5.8 μm) at the Top, with the GMD

2.79± 1.29μm and 5.15± 2.00 μm, confirming that tropospheric

air is influenced not only by anthropogenic pollution sources but

also by long-distance transport of dust. Ca2+ and Mg2+ exhibit sin-

gle peak distributions (4.7–5.8 μm) with high GMD values at both

sites, indicating that mineral dust is the primary source of Ca2+

and Mg2+ at Mt. Hua during the winter. However, the particle size

distribution of NH4
+ demonstrates a single peak distribution (the

range of 0.7–1.1 μm) at both the Top and Foot, with the GMD of

0.960± 0.178μm and 0.602± 0.185μm, respectively, which indicat-

ing a predominant presence in fine particles. This is because that

particulate ammonium is secondarily formed via heterogeneous re-

actions of gaseous ammonia with H2SO4 and HNO3, and mainly

exists in accumulate mode of particles in the form of (NH4)2SO4,

NH4HSO4, and NH4NO3 [25].

NO3
− is the most important secondary component in WSIIs of

PM2.5 at both sites (Fig. S3 in Supporting information). The aver-

age proportion of NO3
− in WSIIs accounts for 36.3% at the Top,

which is lower than the Foot (40.2%). In contrast, the average pro-

portions of SO4
2− and NH4

+ in WSIIs (24.6% and 22.7%) at the Top

are higher than those at the Foot (21.2% and 21.0%). This observed

trend is primarily attributed to the inherent instability, volatility,

and short-lived nature of nitrates, and its formation is readily re-

placed by sulfate which is non-volatile [26]. As a result, sulfate,

with higher acidity and lower volatility than nitrate, demonstrates

a propensity for continuous formation during long-range transport.

At both the Top and Foot, the primary constituents of fine parti-

cles comprise of SO4
2−, NH4

+, and NO3
−, and the sum of the three

ion concentrations contributing to 86.8% and 79.5% to total WSIIs,

Fig. 2. Ternary phase diagrams of SO4
2− , NH4

+ , and NO3
− molar equivalents in

coarse and fine particles at the Top (a) and Foot (b). Ternary phase diagrams of

SO4
2− , Ca2+ , and NO3

− molar equivalents in coarse and fine particles at the Top (c)

and Foot (d).

respectively (Table S1 in Supporting information). Meanwhile, the

main components of coarse particles are SO4
2−, NO3

−, and Ca2+,
and the total concentration of the three ions accounts for 90.5%

and 89.8% of WSIIs, respectively (Table S1 in Supporting informa-

tion). It can be observed in Fig. 2 that the percentage of NO3
−

in coarse particles are comparable with fine particles at the Top,

meanwhile the mean value at the Top is higher than those at the

Foot. Notably, Fig. 2 also shows higher percentages of NO3
− and

Ca2+ in coarse particles at the Top. The accumulation of NO3
− in

coarse particles at the Top are primarily attributed to the pres-

ence of NH4NO3 in fine particles, which are highly volatile and

easily converted into gaseous NH3 and HNO3. The HNO3 can react

with cations (such as Ca2+, Mg2+) in coarse particles to form non-

volatile salts, leading to the migration of nitrate from fine particles

to coarse [27].

As shown in Fig. S1 (Supporting information), the PM2.5 con-

centration exhibit a rapid increase from Jan. 9 to Jan. 11, 2021 at

both sites. The satellite observation (Fig. S4 in Supporting informa-

tion) proves that it mainly attributes to the dust event transport

from the northwest of China. The strong enhancement of dust-

indicative ions (Ca2+ and Mg2+), but weak increase of other com-

ponents, agreeing well with the high dust contribution during the

event. Moreover, due to that aerosols are mainly affected by an-

thropogenic emissions, the increase of PM2.5 at the Foot is much

lower that at the Top.

The size distributions of most WSIIs during the dust event ex-

hibit a marked difference to that observed in non-dust period

(Fig. S5 in Supporting information). At the Top, NO3
− predomi-

nantly reside in fine particles, displaying a primary peak within

the 0.7–1.1 μm range during non-dust period. In contrast, it mainly

exists in coarse particles with a major peak spanning the 4.7–

5.8 μm size range during the dust period. This result proves the

enhanced effect of NO3
− evaporation in the fine particles and sub-

sequently adsorption of gaseous HNO3 onto coarse particles that

contain more alkaline species [28] during the dust event. SO4
2−

exhibits a transformation from a bimodal size distribution during

non-dust period to a single coarse modal size distribution during

the dust event. This alteration could be attributed to the presence

of certain amounts of SO4
2− [29]. Cl−, Ca2+, and Mg2+ are mostly
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Fig. 3. Correlations of NHR with (a) AE/CE, (b) ratio of equivalent charges of NH4
+

to sum of SO4
2− and NO3

− (A/(S + N)), (c) NO3
− concentration, and (d) SO4

2− con-

centration in PM2.5 at the Top.

exited in coarse particles in both periods, however, their concen-

trations increase more than twice during the dust event. Interest-

ingly, NH4
+ exhibits a single fine modal size distribution during

non-dust period, but a bimodal distribution during the dust event.

The phenomena agrees well with the conclusion in previous study

[28], which indicates a heterogeneous reaction of NH4NO3 on hy-

groscopic coarse particle surfaces during dust events [26].

The alterations in ion size distribution between the two periods

at the Foot are comparatively less pronounced than that observed

at the Top. For instances, both NO3
− and NH4

+ show single fine

mode size distributions in both periods, the increases in Ca2+ and

Mg2+ concentrations are relatively smaller. These results also imply

that the influence of the dust event on the aerosols at ground sur-

face is comparatively weaker than that on the free troposphere of

the Guanzhong Plain. However, it is important to note that the in-

creases of SO4
2− and PM in the coarse mode still prove the height-

ened impact of crustal materials on aerosols at the Foot during the

dust event.

Acidity plays an important role in understanding the properties

and reaction processes of air aerosols. The estimations of aerosol

pH are exclusively applied for the samples collected at the Top.

In applying ISORROPIA-II (details are provided in Supporting infor-

mation), aerosols are assumed as internally mixed, existing within

a single aqueous phase, i.e., in a “metastable” condition [30]. In

this study, we initially employ the “forward, metastable” parame-

ters considering both NH3 and NH4
+ concentration in ISORROPIA-

II [31]. The calculated pH values are shown in Table 1. The average

pH of PM2.5 at the Top is 6.10± 1.29, with no obvious difference

between daytime (6.02± 1.48) and nighttime (6.18± 1.43). These

results substantially exceed those recorded in most ground-level

regions, such as the pH of 4.3± 0.4 in Beijing [32], 0.94± 0.59

in the southeastern United States [33], and 1.25± 1.14 in Greece

[34]. This divergence could be primarily attributed to the substan-

tial load of dust-related compositions at the Top of Mt. Hua during

the winter.

The buffering effect of ammonia plays an important role on

atmospheric aerosols acidity, thus the gas-particle partitioning of

ammonia is extremely important in the atmosphere [35]. The ob-

served values of ammonium conversion ratio (NHR) at the Top

are 0.447± 0.186 in the daytime and 0.487± 0.193 in the night-

time, respectively, suggesting that ammonia is comparably existed

in each phase at the Top [36]. The correlation between NHR and

the ratio of anion to cation equivalents (AE/CE) is found to be weak

(Fig. 3). However, a markedly strong correlation is observed be-

tween NHR and the ratio of equivalent charges of NH4
+ to sum of

SO4
2− and NO3

− (A/(S + N)), indicating that the gas-particle dis-

tribution of ammonia is largely governed by the charge balance of

SNA. Additionally, it is noted that NHR exhibits a strong correlation

with NO3
− concentration, while such a correlation is not observed

with SO4
2− concentration (Fig. 3). This observation further under-

scores the predominant role of NO3
− in driving the gas-particle

distribution of ammonia within the free troposphere region during

the winter.

In summary, this study encompasses concurrent observations

of WSIIs in PM2.5 and size-resolved particles at the Top and Foot

of Mt. Hua. The differences of mass concentrations, chemical com-

positions, and size distributions between the two sites all confirm

that the inorganic aerosols at the alpine region are primarily trans-

ported via long distances from northwestern and northern regions.

Although aerosols at the Foot were highly affected by local/regional

anthropogenic emissions in Guanzhong Plain, these pollutants are

difficult to vertically transport to the FT through valley breeze in

daytime. The nearly neutral character of PM2.5 is mainly attributed

the high loading of dust-related compositions at the Top. More-

over, NHR values unveil the predominant influence of NO3
− in de-

termining the gas-particle distribution of ammonia at the FT region

during the winter.
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