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HIGHLIGHTS
* The NH,* concentrations showed no significant
differences at different altitudes. - W
* The 3!5N-NH," values decreased with increasing {f; (il S

Volatilization sources

altitude in urban areas.

* Combustion source was the largest emitter for NH,
in the PRD region.

* The contributions of different sources to NH; vary
with height.

ABSTRACT: Ammonia (NHj,) is a key precursor of fine particulate matter (PM, ;) in the air; however,
its emission sources at different heights remain poorly understood in the Pearl River Delta (PRD) region
of China. In this study, we simultaneously collected PM, 5 samples at three atmospheric heights (ground,
118 m, and 488 m) based on the atmospheric observatories of Canton Tower, the tallest structure in the
PRD region. Our results showed that the average NH,* concentrations were 2.7 + 1.4, 3.0 + 1.8, and 2.6
£ 1.7 pg/m3 at the ground site, 118 m, and 488 m during the sampling campaign, with no significant
difference (p > 0.05) among the three heights. However, the stable nitrogen isotope composition values
in NH,* (8'>N-NH,") displayed a significant correlation with height (p < 0.05). We further calculated the
initial 8'SN-NH; values and performed source apportionments using the Bayesian Isotope Mixture
Model. The results indicated that the mean contributions of agriculture, waste, vehicle, biomass burning,
NH, slip, and coal combustion were 9.9% + 4.4%, 8.3% + 5.5%, 29% + 8.0%, 16% + 2.2%, 25% =+
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6.0%, and 12% =+ 3.4%, respectively, at the ground site during the sampling campaign. By contrast, the

contributions of sources at 488 m remained relatively stable due to the limited influence of local

activities. Overall, our study highlights the dominant role of combustion sources in NH; emissions in the

PRD region, with their contribution being highly dependent on atmospheric height.

KEYWORDS: Ammonia, Stable nitrogen isotope, Source apportionment, Canton Tower, PRD

region

1 Introduction

As the most abundant alkaline gas in the atmosphere,
ammonia (NH;) can effectively react with acidic
substances (e.g., SO, and NO,) and transfer to
ammonium aerosol (NH,"), which is a significant
component of fine particulate matter (PM, ;) with an
aerodynamic diameter of less than 2.5 um (Wei et al.,
2023). On average, the mass contribution of NH," in
PM, s is approximately 5% globally (Weagle etal,
2018). Yet, this contribution would increase to
10%—-20% during severe haze pollution events in
regions with intensive anthropogenic activities, such as
East Asia and South Asia (Nirmalkar et al., 2023; Wang
etal., 2023a). To date, both field observations and
simulation model studies have confirmed that reducing
NH, emissions is a cost-effective strategy for the
mitigation of PM, s pollution in the world (Gu et al.,
2021; Xu etal., 2022; Zheng etal.,, 2022; Vo and
Christiansen, 2024).

Technology-based bottom-up emission inventories
(EI) indicate that atmospheric NH, primarily originates
from fertilizer application, livestock, waste, vehicle,
coal combustion, and biomass burning. Agricultural
sources, namely fertilizer application and livestock, are
generally considered the largest emitter globally,
contributing 83% (U.S.EPA, 2023), 93% (EEA, 2023),
83% (Li et al., 2021), and 81% (Sahoo et al., 2024) in
the USA, Europe, China, and India, respectively.
However, a large uncertainty exists in estimating NH,
emissions based on EI methodology due to the highly
variable emission factors of key sources. For instance,
Farren etal. (2020) measured NH, emissions from
230000 passenger cars and found that current EI-
derived NH, emissions are underestimated by a factor
of 17. In addition, long-term global satellite
observations have revealed that industry is a substantial
source of atmospheric NH; and is underestimated by at
least one order of magnitude by EI (Van Damme et al.,
2018). Since the adopted emission factors and the
associated activities of sources depend on the
information obtained by researchers, El-based NH,
estimates for specific regions (e.g., China) often lack

sufficient convergence (Li et al., 2017a; Li et al., 2021).
This may lead to significant errors when formulating
NH; reduction policies and assessing the impacts of
NH, reductions on air quality using atmospheric
chemical transportation models.

The stable nitrogen isotope composition (5!°N) is a
reliable tool for source apportionment of atmospheric
NHj;, as it provides distinct signatures of §'SN-NH; in
key emission sources. For example, Pan etal. (2016)
quantified the relative contributions of agricultural
emission, NH; slip, and fossil fuel in atmospheric NH,
in Beijing, China, finding that agricultural contributions
accounted for 84% on clean days and 10% on hazy
days. In Colorado’s Front Range urban corridor, Felix
et al. (2023) found that vehicle was the largest emitter
(37%) of atmospheric NH,, followed by biomass
burning (34%), livestock (18%), and fertilizer (12%).
Most §13N-related studies focusing on the source
apportionment of NH; or NH," have primarily
examined the atmosphere near ground level (Xiao et al.,
2020; Chang etal., 2021; Feng etal., 2022; Walters
et al., 2022; Feng et al., 2023; Kawashima et al., 2023;
Li etal, 2023; Zhang etal., 2023). However,
knowledge of its vertical distribution remains poorly
constrained due to the difficulties associated with
sampling (Li et al., 2017b; Wu et al., 2019; Wu et al.,
2024). For example, Wu etal. (2019) measured the
concentration and 85N signatures of NH," in PM,
samples collected at three atmospheric heights (8 m,
120 m, and 260 m) on a 325 m tower in Beijing, North
China. Their results indicated that the relative
contributions of emission sources to NH," were not
uniform, with combustion sources playing a more
significant role at the ground level compared to higher
atmospheric altitudes. This finding was further
corroborated by a recent study based on tower
observations conducted at the same site (Wu etal.,
2024). However, these studies were limited to North
China and specific seasons, with the maximum
sampling height restricted to 260 m. Such limitations
hinder a comprehensive understanding of the sources of
atmospheric NH; across different seasons, regions, and
higher altitudes. Compared to the ground site, the
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higher atmosphere is less affected by local sources, thus
better representing the regional characteristics of the
research area. In this study, year-long PM, ; samples
were simultaneously collected from three different
heights (ground, 118 m, 488 m) using atmospheric
observatories at Canton Tower in Guangzhou, the
largest city in South China. We also measured the §1°N
signatures of NH," and systematically investigated the
vertical variations in the relative contributions of key
NH, sources, which will significantly enhance our
understanding of NH; sources and provide valuable
insights for formulating effective emission reduction
policies in this megacity.

2 Materials and methods
2.1 Aerosol sampling

The sampling campaign was conducted as part of the
PRD region Aerosol Isotope Observation (PRDAIO)
project (Chen etal., 2022; Jiang etal., 2022; 2023;
Wang et al., 2023b). Three high-volume PM, 5 samplers
(PM, ;-ASM-1, Guangzhou Mingye Environmental
Protection Technology Co., Ltd., China) with a flow
rate of 1 m3/min were installed at three atmospheric
observatories (ground, 118 m, and 488 m) at the Canton
Tower in Guangzhou (113.3°E, 23.1°N), China.
Guangzhou, the largest city in South China, is situated
in the Pearl River Delta region (PRD) and is a highly
urbanized metropolis with a  population of
approximately 18 million. The Canton Tower, the
tallest structure in the PRD region, is located in
downtown Guangzhou and is surrounded by dense
traffic networks and residential areas. A total of more
than 100 48-h PM,. samples were simultaneously
collected using quartz microfiber filters (0.052 m2,
Whatman, UK) at the three heights from October 2018
to August 2019.

2.2 Measurements of NH,* concentration and stable
nitrogen isotope

Before sampling, all quartz filters were heated in a
muffle furnace at 450 °C for 6 h to eliminate potential
impurities. After sampling, all filter samples were
stored in a refrigerator at —20 °C until analysis. Quartz
filters were treated with 20 mL of ultrapure water and
sonicated for 40 min. Subsequently, the extracted
solutions were filtered through 0.22 pm membranes,
and the concentrations of NH," in the solutions were
determined using an ion chromatograph (Dionex ICS-
5000, Thermo Fisher Scientific Inc., USA). The mean

instrumental detection limit (LOD) and measured
precision were < 5 pg/L and = 5%, respectively (Chen
etal., 2022).

For the 8!°N measurements, the NH," was initially
converted to nitrite (NO,”) using hypobromite (BrO")
(AR, Sinopharm Chemical Reagent Co., Ltd, China),
which was subsequently transformed into nitrous oxide
(N,0) using hydroxylamine (NH,OH) (AR, Sinopharm
Chemical Reagent Co., Ltd, China) under strongly
acidic conditions. Finally, the isotopic analysis was
conducted using an isotope ratio mass spectrometer
(MAT253, Thermo Fisher Scientific, USA) (Liu et al.,
2018). The 3'SN-NH," values are reported relative to
the standard (atmospheric N,) and expressed in parts
per thousand (%o) according to the following equation
(Eq. (1)):

6" N%o) = [("N/"N)gumpie = "N/ N)\ungural
("N/"N)gngra X 1000. (1

Each sample was calibrated using three international
reference  materials (IAEA-N1, USGS25, and
USGS26), which have 815N values of 0.4 %o, —30.4 %o,
and 53.7 %o, respectively. The analytical precision for
the 3!'°N-NH," measurements was better than 0.3 %o
(Liu et al., 2014).

2.3 Calculation of the initial 315N-NH,

The initial 8'N-NH; can be calculated using the
isotope mass balance model (Pan etal., 2016) as
follows (Eq. (2)):

615N_NH3(E35) = 6ISN_NHZ(aerosol) — E(NH;-NH;) X (1 - f) (2)

In the above equation, 8'"N-NH,,,, and &'>N-
NH," (eroso) denote the 315N value of mitial NH; and
the measured 8'°N value of aerosol NH,*, respectively.
The parameter f means the fraction of NH; converted
into aerosol NH,*. Since NH,; was not collected during
the sampling campaign in this study, the f value was
derived from a previous study that simultaneously
measured the concentrations of NH; and NH," in the
PRD region (Yue et al., 2015). ¢ is the nitrogen isotopic
enrichment factor (Eq. (3)), which is a function of
temperature (7, Kelvin) (Urey, 1947; Li etal., 2012;
Kawashima and Ono, 2019; Walters et al., 2019):

o iy = 12.4678 X 1000/T —7.6694.  (3)

2.4 Isotope mixing model
The Stable Isotope Analysis in R (SIAR) package was

used to quantify the relative contributions of major
sources to atmospheric NH, (Parnell et al., 2010). SIAR
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integrates the isotopic signatures (5§!5N) and associated
uncertainties  of  potential  sources, providing
probabilistic estimates of their contributions. The initial
8!°N-NH; in the atmosphere was treated as a mixture of
multiple sources. The isotopic endmembers of key
sources were parameterized using a prior distribution
based on a newly established NH, source profile,
incorporating both the mean and variance. The model
applies Monte Carlo simulations to reconcile the initial
815N-NHj value of the mixture with the distributions of
potential source endmembers. Each stimulation
iteration generated percentage data for source
contribution estimates. Final results, derived from
10000 potential solutions, account for variability in
isotopic measurements, fractionation processes, and
uncertainty in source proportion estimation. This
methodological approach enables detailed
quantification of source apportionment and provides
critical insights into dominant contributors under
varying atmospheric conditions.

3 Results and discussion

3.1 Vertical profile of meteorological parameters and
NH,* concentration level

The meteorological parameters observed at the Canton
Tower exhibit strong associations with altitude (Fig. 1).
For example, the average temperature during the
sampling campaign was 24.6 = 5.1 °C at the ground
site, while it decreased to 23.1 = 4.8 °C at 118 m and
20.3 + 4.5 °C at 488 m (Table S1). By contrast, wind
speed exhibited a significant increasing trend with
increasing height. During the entire observation period,
the wind speeds at the ground site, 118 m, and 488 m
were 0.63 + 0.2, 22 + 0.9, and 3.1 = 1.2 m/s,
respectively. Obviously, this vertical variation in
meteorological parameters is beneficial for the transport
of air pollutants from the ground to higher altitudes.
Furthermore, the atmospheric environment at 488 m is
more susceptible to the impacts of regional
transportation due to its strongest wind speed among
the three heights.

The average NH,* concentrations at the ground site,
118 m, and 488 m were 2.7 £ 1.4,3.0 £ 1.8, and 2.6 +
1.7 pg/m3, respectively. However, the differences in
NH,* concentrations among the three heights were not
statistically significant (p > 0.05) (Fig. 1), suggesting
that the NH," was uniformly mixed across the heights
during the 48-h sampling period. We further
investigated  the  correlation  between = NH,*
concentrations and meteorological parameters. The

results showed that all NH," concentrations at all three
heights were not significantly correlated with
temperature or humidity (p > 0.05), with low R values
(Figs. S1-S3). However, significant and negative
correlations ~ were  observed  between  NH,*
concentrations and wind speed at 118 m and 488 m (p <
0.05) (Figs. S2 and S3), suggesting that NH," levels at
higher altitudes are more influenced by regional
transportation. By contrast, no significant correlation
was found between NH," concentration and wind speed
at the ground site (p > 0.05) (Fig. S1), reflecting the
strong impact of local NH; emission on the ground
NH," concentration. Overall, the average mass
percentage of NH,” in PM, in this study was
approximately 6% and PM, s concentrations at all
heights showed a strong increase alongside rising NH,"
concentrations (p < 0.001), indicating that NH," is a
key component regulating the PM,. pollution in
Guangzhou area.

3.2 Vertical profile of 3'5N-NH,* signature

Although NH,* concentrations did not vary
significantly across altitudes, we found that §'SN-NH,*
values at Canton Tower exhibited significant variation
with heights (p < 0.05) (Fig. 1 and Table 1). The
average 8!SN-NH," values at the ground site, 118 m,
and 488 m were 16%o £ 5.2%o0, 12%o0 + 3.8%o0, and 7.4%o
+ 7.1%o, respectively. The observed 8'°N-NH,* values
in this study displayed a decreasing trend as NH,*
concentrations increased, with a more pronounced
negative correlation at higher altitudes (Fig. S1-S3),
indicating that the increase in NH,* concentration at
high heights is associated with greater 1°N depletion.
The 8'SN-NH," values in this study were approximately
2 to 3 times higher than those observed in Beijing,
North China, using a 325 m meteorological tower
(Table S2). Given the substantial difference in §!3N-
NH,* values between the two cities, we inferred that
NH,; in Guangzhou may be more impacted by
anthropogenic  sources  characterized by &°N
enrichment, resulting in higher 8N compared to
Beijing. Additionally, we found that the §'’N-NH,"
values in both Guangzhou and Beijing decreased with
increasing height (Table S2) (Wu et al., 2019; Wu et al.,
2024), suggesting that the upper atmosphere is more
susceptible to low §'SN-NH, sources such as livestock
and fertilizer application in the adjacent areas.

3.3 3!5N-NH; endmembers of sources

The current bottom-up emission inventory indicates that
nearly all NH; in the PRD region comes from the
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Fig.1 The left panel displays the time series of temperature (°C), relative humidity (%), wind speed (m/s), PM,
concentration (pg/m?), NH,* concentration (ug/m?), 8SN-NH,* (%o), and the initial 3'>N-NH, (%o). The right panel presents the
average values at different heights, highlighting statistically significant differences.

emissions of vehicle exhaust, biomass burning, coal
combustion, NHj slip, livestock, fertilizer application,
and waste (Huang et al., 2021). Therefore, it is essential
to revisit the 81°N-NH; endmembers of these sources to
improve the accuracy of NH, source apportionment
based on 1N measurements. Since a large 1N diffusion
fractionation occurs during the process of passive

sampling for NH; (Pan etal., 2020), only §'SN-NH,
values of the sources using the active sampling
technique were considered in this study.

In total, more than 300 3!'N-NH, values for 7
sources were obtained based on 13 studies (Table S3).
Obviously, the §'SN-NH; values in the combustion-
related sources were significantly higher than those in
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Table 1 Measure 3'SN-NH," values (%o) at three heights of the Canton Tower

81SN-NH,* 81SN-NH,*
Season Sampling time Ground 8m prey Season Sampling time Gromnd 1Sm ey
Autumn 2018/10/18 17 / / Winter 2019/1/19 15 9.9 -1.1
Autumn 2018/10/20 7.5 / / Winter 2019/2/26 15 9.4 6.4
Autumn 2018/10/22 21 / 12 Spring 2019/3/6 25 17 /
Autumn 2018/10/24 / -17 Spring 2019/3/15 / 8.0 2.8
Autumn 2018/10/26 15 / 7.8 Spring 2019/3/23 19 14 1.2
Autumn 2018/10/28 17 / 5.6 Spring 2019/4/2 9.6 11 6.7
Autumn 2018/10/30 14 / 12 Spring 2019/4/17 13 18 4.8
Autumn 2018/11/1 22 / -2.9 Spring 2019/4/24 19 / 11.2
Autumn 2018/11/3 22 / 22 Spring 2019/5/14 17 / /
Autumn 2018/11/5 17 / 3.6 Spring 2019/5/22 28 17 11
Autumn 2018/11/7 17 / / Spring 2019/5/29 14 18 17
Autumn 2018/11/9 17 / 4.5 Summer 2019/6/7 / 6.1 11
Autumn 2018/11/11 21 / 9.9 Summer 2019/6/15 / 13 13
Autumn 2018/11/13 11 / 5.6 Summer 2019/6/17 / 21 /
Autumn 2018/11/15 21 / 1.5 Summer 2019/6/18 / 15 /
Autumn 2018/11/17 14 / / Summer 2019/6/23 / 11 9.9
Winter 2018/12/17 14 7.8 8.0 Summer 2019/7/16 3.5 10 15
Winter 2018/12/25 16 11 8.1 Summer 2019/7/25 13 13 16
Winter 2019/1/2 7.1 11 / Summer 2019/8/2 12 11 19
Winter 2019/1/11 9.9 11.0 / Summer 2019/8/10 / / 16

Notes: The data for autumn were obtained from the study by Chen et al. (2022). “/” indicates that the data are missing.

volatilization sources. Also, all 8°N-NH; values
among sources were significantly different (p < 0.05),
except for the values between fertilizer application and
livestock (p > 0.05) (Fig. 2), suggesting that it is
preferable to combine fertilizer application and
livestock into a single agricultural source. Therefore,
the 5!°N-NH, endmembers were categorized as follows
(Table S4): agriculture (—25%o £ 6.1%0), waste (—33 %o
+ 5.0 %o), coal combustion (—18 %o + 6.5 %0), biomass
burning (—11%o £ 6.4 %), NH; slip (—2.8 %o £ 7.8 %),
and vehicle exhaust (3.4%o + 5.0%o). Furthermore, the
six primary ammonia sources were divided into two
distinct types: combustion-related sources (—7.1 %o *
3.2 %0) and volatilization sources (—28 %o = 3.2 %o).
Combustion-related sources include vehicle exhaust,
NH, slip, and coal combustion, while volatilization
sources comprise agriculture and waste.

3.4 Source apportionment of NH, in different heights
in the PRD region

In this study, the average of the initial 3!SN-NH; values
at the ground site, 118 m, and 488 m were —2.3 %o =+

5.2 %o, —5.8 %o £ 3.9 %o, and —11 %0 = 7.3 %o,
respectively. The average value of the initial §'N-NH,
at the ground level was 2.5 and 4.7 times higher than
those at 118 m and 488 m, indicating that NH; at the
ground level is more influenced by §!'SN-rich emission
sources than by those in the higher atmosphere.
Figure 3 illustrates the source apportionment of
atmospheric NH; using the estimated initial 8'°N-NH,
values based on two assumptions. Whether NH,
emissions are assumed to originate from six sources
(vehicle, NH, slip, biomass burning, coal combustion,
agriculture, waste) or two sources (combustion and
volatilization), the results consistently indicate that
combustion sources are significant contributors to NH,
in this megacity of the PRD region. In the case of six
sources, the largest source of NH; at the ground site
was vehicle (29%), followed by NH, slip (25%),
biomass burning (16%), coal combustion (12%),
agriculture (10%), and waste (8%), meaning that the
contributions of combustion sources and volatilization
sources were 82% and 18%, respectively. This result is
very close to the scenario where only two sources are
considered in the SIAR model, which showed that the
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Fig. 2 Endmembers of §'°N-NH; from different emission sources
obtained using active sampling techniques. Data were sourced from
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contribution of combustion sources to NH, at the
ground site was 87% with the remaining 13% from
volatilization sources (Fig. 3). This strong agreement
between the two scenarios suggests that the dataset of
the 3!°N-NH, endmembers in sources is reliable for
source apportionment of NH,. It is important to note
that the influence of volatilization sources on NH,
becomes more pronounced with increasing height, as
confirmed by observations in North China (Zhang et al.,

B Agriculture [l Waste [l Vehicle
[EBiomass burning ] Ammonia slip [l Coal combustion
(2)100 -

®
(=]
1

Source contribution (%)
2
1

Ground

118 m 488 m

(b)100 -

2020), mainly due to the limited influence of local
combustion-related emissions at higher altitudes.

Different seasonal characteristics of NH, source
apportionments were found at different heights (Fig. 4).
At the ground site, which is easily influenced by the
local sources, the largest NH, source is vehicle with a
contribution of 32% in autumn, followed by NH, slip
(28%), biomass burning (15%), coal combustion (11%),
agriculture (8%), and waste (6%). This meant that the
volatilization sources accounted for only 14% during
this season. Similar source contribution profiles were
also observed during winter and spring at the ground
site. However, in summer, the volatilization sources
contributed as much as 40% due to the high
temperatures during this season, which may strongly
enhance the emission of NH; from these types of
sources. The seasonal variation of the NH; source
contribution profile at 488 m is notably different from
that at the ground site. The contributions of all sources
exhibit a relatively stable level throughout the year at
an altitude of 488 m, indicating that NH,* particles at
this height are less influenced by direct NH, emissions
from various sources and can serve as a more reliable
receptor site for the PRD region. Nevertheless, the
contribution of volatilization sources (27%—35%) to
NH; at 488 m remains considerably lower than that of
combustion sources (65%—73%) throughout all seasons.
Taken together, all the seasonal and vertical variations
in the source apportionment of NH; in this study
strongly suggest that combustion activity is the
dominant source of NH; in the PRD region.

- Combustion sources D Volatilization sources

80

60 -

40 4

20 -

0 1 1 1
118 m 488 m

Ground

Fig.3 Contributions of different sources to NH; based on the SIAR model under the scenarios of (a) six sources and (b) two

sources.

https://journal.hep.com.cn/fese | https://link.springer.com/journal/11783


https://doi.org/10.1007/s11783-025-1997-4
https://doi.org/10.1007/s11783-025-1997-4
https://doi.org/10.1007/s11783-025-1997-4
https://doi.org/10.1007/s11783-025-1997-4
https://doi.org/10.1007/s11783-025-1997-4
https://doi.org/10.1007/s11783-025-1997-4
https://doi.org/10.1007/s11783-025-1997-4

Mengzhi He et al., Front. Environ. Sci. Eng. 2025, 19(6): 77

https://doi.org/10.1007/s11783-025-1997-4

Volatilization sources [ Combustion sources

[ Agriculture ] Waste [l Vehicle B Biomass burning

488 m

i

19

@

17

‘. 34
o

y

118 m

v (g

16

Winter

Ground 28

5]

Autumn

Ammonia slip [/ Coal combustion

’.35 17‘.33

s

iy
16

Spring Summer
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3.5 Uncertainty analysis of fon the results of the
source apportionment using SIAR

In this study, the f value was obtained from the previous
research conducted in the PRD region (Yue etal.,
2015), which is comparable to those in other cities in
China (Table S5). A prior study found that the NH,
concentrations did not vary significantly across
different altitudes in urban areas of China (Zhang et al.,
2018). The NH," concentrations in this study also
showed no significant variation with altitude and
aligned with the vertical distribution patterns of NH; in
urban areas of China. In addition, the NH,"
concentrations were insignificantly correlated with
temperature or humidity (p > 0.05). These findings
indicate that the gas-to-particle conversion of
atmospheric NH, did not vary significantly across
different altitudes in Guangzhou during the sampling
period. Therefore, we used the f value from the near-
ground levels at all altitudes, consistent with previous
studies conducted at the 325 m meteorological tower in
Beijing (Wu et al., 2019; Zhang et al., 2020; Wu et al.,
2024).

To assess the impact of the f value on the results of
the source apportionment of NH,, a detailed sensitivity

analysis of the f value in the SIAR model was
performed. When the f values were adjusted by
decreasing or increasing them by 10%, 20%, 30%,40%,
and 50%, the average uncertainties for the NH, source
apportionments from agricultural, waste, vehicle
exhaust, biomass burning, NH; slip, and coal
combustion were 18%, 26%, 18%, 3.6%, 18%, and
10%, respectively. The average uncertainties in the NH,
source apportionment at ground, 118 m, and 488 m
were 20%, 14%, and 13%, respectively. Figure 5
demonstrates that combustion sources were the
dominant contributors to NH; at all heights, and their
contribution decreased with increasing altitude
regardless of how the fvalues varied within the range of
sensitivity analyses.

4 Conclusions

We measured NH," concentrations and their 3N
signatures at three atmospheric observatories (ground,
118 m, 488 m) at the Canton Tower in Guangzhou,
China. The average concentrations of NH," were 2.7 +
1.4 pg/m3 at the ground site, 3.0 £+ 1.8 pg/m3 at 118 m,
and 2.6 £ 1.7 pg/m? at 488 m. A strong positive
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Fig.5 Sensitivity analysis of the f'value on the results of the NH; source apportionment in the SIAR model.

correlation was observed between NH," and PM,
concentrations at all heights (p < 0.001), suggesting that
NH," is a key component driving PM, 5 formation in
the PRD region. Significant differences were found in
81SN-NH," signatures among the heights (p < 0.01),
with values of 16%o + 5.2%o at the ground site, 12%o +
38 % at 118 m, and 7.4 %o + 7.1 %o at 488 m.
Additionally, we calculated the initial 3'SN-NH; values,
and the SIAR model revealed that the contributions
from different sources varied with height. On average,
the contributions from agriculture, waste, vehicle,
biomass burning, NH; slip, and coal combustion at the
ground site were 9.9% + 4.4%, 8.3% + 5.5%, 29% =+
8.0%, 16% + 2.2%, 25% + 6.0%, and 12% =+ 3.4%,
respectively. By  contrast, the corresponding
contributions were 14% + 3.6%, 13% + 5.7%, 20% =+
5.9%, 17% + 0.84%, 19% + 4.0%, and 16% + 1.4% at
118 m, and 16% =+ 3.5%, 17% =+ 8.1%, 17% =+ 5.7%,
16% + 2.2%, 17% + 4.0%, and 16% + 1.6% at 488 m,
respectively. Overall, our findings suggest that
combustion sources are the predominant contributors to
the atmospheric NH," loading in this highly urbanized

region of China, rather than volatilization sources.
These insights should be seriously considered in future
NH; emission reduction strategies and PM, 5 pollution
mitigation efforts.
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