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ABSTRACT: Nitrogen oxide (NOx) abatement has become the focus
of air quality management strategies. In this study, we examined NOx
sources and the atmospheric conversion of NOx in Karachi, Pakistan, a
megacity in South Asia with serious particulate pollution problems.
Oceanic contributions to NOx were quantified for the first time based
on a novel approach using nitrogen/oxygen isotopic analysis in nitrate
(δ15N−NO3

−; δ18O−NO3
−) and a Bayesian model. Our results

showed that δ15N−NO3
− in Karachi varied between −10.2‰ and

+12.4‰. As indicated by the δ18O−NO3
−
findings (+66.2 ± 7.8‰),

the •OH pathway dominated NOx conversion throughout the nearly
two-year observation, but high NO3

− events were attributed to the O3
pathway. Coal combustion was the most significant source (32.0 ±
9.8%) of NOx in Karachi, with higher contributions in the autumn and winter; a similar situation occurred for biomass burning +
lightning (30.3 ± 6.5%). However, mobile sources (25.2 ± 6.4%) and microbial processes (12.5 ± 7.5%) exhibited opposite seasonal
trends. The oceanic contributions to NOx in Karachi were estimated to be 16.8%, of which lightning, shipping emissions, and
microbial processes accounted for 20.3%, 46.3%, and 33.4%, respectively, emphasizing the dominance of shipping emissions as an
oceanic NOx source.

■ INTRODUCTION

Nitrogen oxides (NOx, consisting mainly of NO and NO2)
make up a large proportion of the reactive nitrogen and are the
main precursors of particulate nitrate (NO3

−) in the
atmosphere.1 NOx is thought to be closely linked to a wide
range of environmental issues, including ozone problems, acid
rain, soil acidification, and increasingly serious particulate
pollution (Supporting Information SI, Text S1).2−4 Thus, NOx
abatement has become the focus of pollution control and
quantitative analysis of its emission a premise of governance.
Generally, NOx is emitted from a wide range of sources,
including biomass burning, fossil energy consumption (e.g.,
coal combustion, vehicle exhaust, and shipping emissions),
microbial processes, and lightning.5 These sources include
emissions occurring over the terrain and ocean, respectively;
however, presently, few source-parsed researches have been
conducted and were typically focused on the former.6 In fact,
oceanic sources, such as shipping emissions, lightning in ocean
areas, and microbial processes in marine sediment and
estuaries, are important contributors to NOx emissions,
especially in areas affected by ocean winds.6,7 Globally, about
15% of the world’s NOx is emitted from oceangoing ships, and

5%−15% can be attributed to lightning.8 A simulation by Ding
et al. indicated that shipping emissions contribute up to 5%−
20% to local NOx concentrations in densely populated coastal
regions of China.9 Therefore, the insufficient analysis of NOx

sources, especially quantifying the contributions of oceanic
ones, complicates the mitigation efforts of NOx pollution.
Several methods for apportioning NOx emissions have been

accepted, such as air quality models and satellite observa-
tions.9,10 However, each is accompanied by certain imperfec-
tions. As for air quality models, parameter setting could lead to
source contributions that can differ in magnitude. A
comparative study shows that for a particular data set the
CAMx model results are usually 10%−20% higher than that of
CMAQ.10 In satellite observations, it is still difficult to relate
NOx emissions to the derivative patterns (e.g., atmospheric
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NO3
− concentration and deposition) due to their extended

lifetimes relative to NOx, which restricts its application.
Compared with these simulations, the real-measured methods
may better resolve the uncertainty in source apportionment of
NOx. The nitrogen isotope technique using atmospheric-
derived nitrate (δ15N−NO3

−) has been applied extensively to
track NO3

− and NOx because the nitrogen isotopic signature
of different NOx sources generally varies over a large
range.11−14 The technology roughly originated in the 1950s
and was mainly applied to the source analysis of NO3

− in
rainwater.15−17 For example, based on the feature of δ15N−
NO3

−, Hoering postulated that NO3
− in rain partly arose from

the oxidation of ammonia.18 With the need of environmental
governance, sources of NO3

− in aerosols are gradually
apportioned by this technology, and NO3

− targets also vary
from TSP to PM10 to PM2.5.

14,19−23 For more detailed
historical researches, please refer to SI Text S2 and Elliott et
al.24 In addition, δ15N−NO3

− analysis results have steadily
moved from qualitative to quantitative assessment. This
progress is attributable to (i) continuous enrichment of the
actual δ15N−NOx source values detected,25−30 (ii) quantifica-
tion of isotope fractionation that occurs with the conversion of
NOx to NO3

−,31,32 and (iii) the application of isotopic mixing
models.33 In this context, the ability to quantify comprehensive
δ15N−NO3

− analysis results (including the terrestrial and
oceanic nature) is expected to facilitate mitigation and
management efforts to reduce NOx pollution levels.
South Asia is experiencing serious air quality issues

(particulate pollution), resulting in a significant rise in
health-related morbidity with chronic exposure to air
pollution.34 Thereinto, Karachi, a metropolitan city in Pakistan
with a population of 14.9 million (2017 Census) is the
representative city. Khan et al. reported that daily concen-
trations of particulate matter with diameters less than 2.5 μm
(PM2.5) approached 177.4 μg m−3, averaging levels 4−10-fold
higher than World Health Organization guidelines.35 Khwaja
et al. revealed sobering morbidity rates among an estimated
population of 15 million as a result poor air quality.36 These
data highlight the urgency of taking immediate measures to
address the air pollution problem in Karachi. However, the
research still lacks data on the source characteristics of NOx
,and native δ15N−NO3

− remains poorly understood at Karachi,
and even South Asia (SI Text S3). These deficiencies have
limited the ability to enact measures to control indigenous air
pollution there. Additionally, Karachi is located on the coast
between the Arabian Sea (AS) and South Asian continent
(SAC), characterized by sea−land breezes and prevailing
northeast and southwest winds.37 This makes Karachi, a typical
coastal city, susceptible to mixed sources of air pollution, both
terrestrial and oceanic in nature.
In response to the insufficient comprehension on the sources

of NO3
− or NOx in Karachi, this study conducts a nearly 2-year

sampling of particulate matter. The objectives are to (i)
explore the annual, seasonal, and diurnal variations in NO3

−,
(ii) investigate the sources and conversion features of NOx
using nitrogen/oxygen isotopic analysis (δ15N−NO3

−, δ18O−
NO3

−), (iii) quantitatively apportion the year-round NOx
sources relying on a Bayesian mixing model, and (iv) quantify
the contribution of oceanic sources to NOx emissions based on
a derivative approach. This study aims to originally reveal the
δ15N−NO3

− at Karachi in South Asia and to apportion the
source of precursory NOx. In addition, the results from this

study are expected to pave the way to quantify oceanic sources
of NOx in coastal regions.

■ MATERIALS AND METHODS

Sampling Campaign. Sampling of total suspended
particulates was conducted in Karachi (24°51′ N; 67°02′ E)
from 2 February 2016 to 23 November 2017. The sampling
point is on the top floor of an office building of a government
agency (about 12 m in height), which is located in the west of
Karachi, on the edge of the main district (SI Figure S1). No
agricultural land, but some semiarid bushes, surround it. In
addition, there are some government departments gathering
here, where no nearby anthropogenic NOx sources are
apparent. Samples were collected using a glass fiber filter and
a high-volume sampler (KC-1000, Longtuo) at a flow rate of
1.13 m3 min−1. The diurnal sampling (12/12 h; day: 10:00
am−22:00 pm; night: 22:00 pm−10:00 am, local time) was
carried out once a week every month. In total, 159 samples
were collected over the sampling campaign. To minimize
contamination, all filters were preheated at 450 °C for 6 h in a
muffle furnace before sampling. After sampling, the filters were
folded and stored in a refrigerator (−20 °C) until further
analysis.
The synoptic system in Karachi was dominated by southwest

and northeast winds. Here, 70% (B1:11% + B2:59%; SI Figure
S2) of the backward trajectories, i.e., from the ocean to the
land, originated from the AS; the remaining 30% (B3) came
from the SAC. For the forward trajectories (i.e., from the land
to the ocean), 69% (F1:39% + F2:30%) of the air mass
continued to move over terrain areas, and 31% (F3:13% +
F4:18%) was transferred to the ocean. Such interactions
between the land and ocean enable pollutant transfer and
exchange, leading to mixed-source air pollution in Karachi.

Chemical and Isotopic Analysis. For NO3
− species,

briefly, a punch cutout (diameter: 47 mm) was removed from
the sample collection filter and immersed in Milli-Q water.
Samples were extracted ultrasonically for 20 min, and the
extracts were filtered. NO3

− concentration was measured using
an ion chromatograph (Dionex ICS3000, Thermo Fisher
Scientific).38 The detection limit was 10 ng mL−1 with less
than a 5.2% error. The nitrous oxide (N2O) isotopic procedure
was applied to quantify δ15N−NO3

− and δ18O−NO3
− (n =

159).39 In brief, NO3
− extract was diluted to 15 μmol L−1 in a

5 mL solution with 0.5 mol L−1 NaCl. Then, 0.3 g of cadmium
powder was added to the solution, and its pH was adjusted to
9 by injecting 0.1 mL of imidazole (1 mol L−1). Capped tightly
with rubber septa, the processed samples were ultrasonically
oscillated for 2 h at 40 °C. In this study, the reduction rate of
NO3

− to NO2
− by cadmium reduction was 97.8% ± 8.3%.

After normalizing for 12 h, 4 mL of reacted solution was
transferred to a new sample bottle. Sodium azide (1:1 of 20%
acetic acid and sodium azide, purged with helium at 70 mL
min−1 for 10 min) was injected for a 30 min reaction. Finally,
the reaction was stopped by 0.4 mL of 10 mol L−1 NaOH. The
isotopes δ15N and δ18O of N2O were analyzed using an isotope
ratio mass spectrometer (MAT253, Thermo Fisher Scientific).
The values of δ15N−NO3

− and δ18O−NO3
− are reported in

parts per thousand relative to the standard guidelines (IAEA-
NO-3, USGS32, USGS34, and USGS35)

N ( N/ N) /( N/ N) 1 100015 15 14
sample

15 14
standardδ = [ − ] ×

(1)
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O ( O/ O) /( O/ O) 1 100018 18 16
sample

18 16
standardδ = [ − ] ×

(2)

Analytical precision, as calculated using replicates, was less
than 0.4‰ for δ15N−NO3

− and 0.6‰ for δ18O−NO3
−. The

concentrations of NO2
− were mostly lower than the detection

limit and less than 0.2% of NO3
−, which were ignored during

the isotopic analyses. The NO3
− concentration for each sample

was recalculated by subtracting the average blank value; δ15N−
NO3

− and δ18O−NO3
− was determined for each sample by

mass balance (SI Text S4).
Monte Carlo Simulation. Monte Carlo simulation refers

to a method that uses random or pseudorandom numbers to
solve many calculation problems.40 Its process is to construct
the estimated value of the unknown quantity to be obtained by
sampling the random number xi (i = 1, 2, . . ., N). The main
theoretical basis is the central-limit theorem

N x
N

( )
(0, 1)N i

N
i

1
1 μ

σ

∑ −
∼=

(3)

where xi is the random number, μ and σ represent the mean
and standard deviation, respectively, and N tends to infinity. In
this study, the Monte Carlo method was performed to get the
feasible solutions of the Bayesian mixing model and the
module for qualifying oceanic contributions, respectively.
Bayesian Mixing Model. Source apportionment of NOx

in Karachi was resolved using an improved Bayesian mixing
model. Except for the basic Bayesian principle,41 this model
was perfected by incorporating the isotopic fractionation of the
equilibrium/Leighton reaction during the conversion of NOx
to NO3

−. Briefly, isotopic fractionation can be regarded as the
mixed contribution of two dominative transformations from
NO to HNO3 (neglecting the isotope fractionation from
HNO3 to NO3

−).32 The first transformation is the oxidizing
reaction from NO to NO2 and the reaction from NO2 to
HNO3 by photochemically produced •OH, as abbreviated by
the •OH pathway. The second involves the oxidizing reaction
from NO to NO2, an NO3 radical by O3, and the hydrolysis
reaction of N2O5 on a wetted surface to form HNO3, i.e., the
H2O pathway. Thus, the nitrogen isotopic fractionation
contributed by transformation from NO to HNO3 via both
the •OH and H2O pathways can be represented as

N NO N NO

(1 ) N NO

15
3

15
3 OH

15
3 H O2

δ γ δ

γ δ

Δ[ − ] = × Δ[ − ]

+ − × Δ[ − ]

− −

−
(4)

where Δ[δ15N−NO3
−]OH and Δ[δ15N−NO3

−]H2O represent
the differences in the nitrogen isotope composition between
HNO3 (NO3

−) and NO caused by the •OH and H2O
pathways, respectively. Assuming no kinetic isotopic fractio-
nation associated with the reaction between NO2 and •OH,
Δ(δ15N-HNO3) and Δ(δ15N-HNO3)H2O can be calculated
using mass balance, respectively, as follows

( N HNO ) ( N NO )

1000
( 1)(1 f )

(1 f ) ( f )

15
3 OH

15
2 OH

15
NO /NO NO

NO
15

NO /NO NO

2 2

2 2 2

Ä

Ç

ÅÅÅÅÅÅÅÅÅÅÅ

É

Ö

ÑÑÑÑÑÑÑÑÑÑÑ

δ δ

α

α

Δ − = Δ −

= ×
− −

− + × (5)

( N HNO ) ( N N O )

1000 ( 1)

15
3 H O

15
2 5 H O

15
N O /NO

2 2

2 5 2

δ δ

α

Δ − = Δ −

= × − (6)

where 15αNO2/NO is the equilibrium isotopic fractionation factor
between NO2 and NO, and 15αN2O5/NO2 refers to the
equilibrium isotopic fractionation factor between N2O5 and
NO2, which are all temperature-dependent functions (eq 10; SI
Table S1).31 fNO2 is the fraction of NO2 in the total NOx,
typically ranging from 0.2 to 0.95.42 γ is the contribution of the
•OH pathway; its variable range for a specified sample can be
assessed by δ18O−NO3

− in the sample formed by the •OH
and H2O pathways

O NO O NO

(1 ) O NO

18
3

18
3 OH

18
3 H O2

δ γ δ

γ δ

[ − ] = × [ − ]

+ − × [ − ]

− −

−
(7)

where [δ18O−NO3
−]OH and [δ18O−NO3

−]H2O represent
δ18O−NO3

− formed by the •OH and H2O pathways,
respectively. The [δ18O-NO3

−]OH can be further expressed as32

f

f f

O HNO
2
3

( O NO )
1
3

O OH

2
3

1000 ( 1)(1 )

(1 ) ( )
N NO

1
3

( O H O) 1000 ( 1)

O
x

18
3 OH

18
2 OH

18
OH

18
NO /NO N

NO
18

NO /NO NO

18

18
2

18
OH/H O

2 2

2 2 2

2

Ä

Ç

ÅÅÅÅÅÅÅÅÅÅÅÅÅ

É

Ö

ÑÑÑÑÑÑÑÑÑÑÑÑÑ

δ δ δ

α

α
δ

δ α

[ − ] = [ − ] + [ − ]

=
× − −

− + ×
+ [ − ]

+ [ − + × − ]

(8)

and [δ18O-NO3
−]H2O can be determined as follows

O HNO
5
6

( O N O )

1
6

( O H O)

18
3 H O

18
2 5

18
2

2
δ δ

δ

[ − ] = −

+ −
(9)

where 18αNO2/NO and 18αOH/H2O are the equilibrium isotope
fractionation factors between NO2 and NO, and •OH and
H2O, respectively, which are temperature-dependent functions
(SI Table S1).

1000( 1)
A

T
10

B
T

10

C
T

10
D
T

10

m
X/Y 4

10
3

8

2
6 4

α − = × + ×

+ × + ×
(10)

On the basis of the computing theory, a Monte Carlo
simulation was performed to generate 10,000 feasible
solutions, which determined that the error between predicted
and measured δ18O was less than 0.5‰. For the particular
model framework and computing method, readers are referred
to Zong et al.43

In this study, coal combustion (+13.7 ± 4.6‰),25,44

biomass burning + lightning (+0.9 ± 3.9‰),18,26 mobile
sources (−7.2 ± 7.4‰),28,29,44,45 and microbial processes
(−35.4 ± 10.7‰)27,30,46,47 were considered end members in
our Bayesian simulation (SI Text S5; Figure S3; Table S2).
The Bayesian mixing model was run for four patterns,
specifically as overall, seasonal, monthly, and clustering
simulations, to investigate the comprehensive NOx sources in
Karachi.

Module for Qualifying Oceanic Contributions. To
distinguish the oceanic contribution from Bayesian modeling
source apportionment, this model was further modified by
adding a module for sample sectionalization and an analytical
module (Figure 1). The grouping module was divided into
several sample subgroups according to the cluster data of the
backward trajectories operated by the HYSPLIT model. The
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HYSPLIT model is a complete system for computing simple
air parcel trajectories to complex dispersion simulation.48 It is
available on the National Oceanic and Atmospheric Admin-
istration Air Resource Laboratory website (www.arl.noaa.gov/
ready/hysplit4.html). In this study, the model was adopted to
generate 72 h forward and backward trajectories encountered
(500 m) with 6 h intervals at Karachi (SI Text 6). The
obtained 318 trajectories were then bunched into clusters by
the clustering function of this model. In Karachi, there are four
trajectories related to ocean areas (SI Figure S2): two
backward trajectories from the ocean to the land (B1 and
B2, referred to as the OL trajectory) and two forward
trajectories from the land to the ocean (F3 and F4, the LO
trajectory). Source contributions from the four Bayesian
scenarios were weighted to distinguish the oceanic contribu-
tion in subsequent analytical modules.
On the basis of the terrestrial source nature of NO3

− in the
OL trajectory in Karachi (SI Text S7), the NO3

−
flux of the

OL trajectory is approximately equal to the product of the sum
of the concentration of NO3

− in the LO trajectory undergoing
removal processes (e.g., atmospheric deposition) and the
concentration of NO3

− originating from the ocean and the
corresponding wind speed

F U C U (1 )C COL OL OL LO LO Oη= = [ − + ] (11)

where FOL, UOL, and COL represent the flux of NO3
−, the wind

speed, and the concentration of NO3
− in the OL trajectory,

respectively. ULO and CLO refer to the wind speed and the
concentration of NO3

− in the LO trajectory, respectively. η is
the removal efficiency of NO3

− from the atmosphere, and CO
is the concentration of NO3

− emitted by the ocean. According
to the results of the Bayesian model, we can resolve the
contributions of the four types of emission sources (coal
combustion, biomass combustion + lightning, mobile sources,
and microbial processes) into COL and CLO. Of these, only coal
combustion shows a pure terrestrial nature; thus, its oceanic

contribution would be zero. Equation 11 can be decomposed
into the following

F (C) U C g U (1 )C f

F (B) U C g U (1 )C f C e

F (T) U C g U (1 )C f C e

F (V) U C g U (1 )C f C e

OL OL OL 1 LO LO 1

OL OL OL 2 LO LO 2 O 2

OL OL OL 3 LO LO 3 O 3

OL OL OL 4 LO LO 4 O 4

η

η

η

η

= = −

= = [ − + ]

= = [ − + ]

= = [ − + ]
(12)

where FOL(C), FOL(B), FOL(T), and FOL(V) refer to the NO3
−

flux contributed by coal combustion, biomass combustion +
lightning, mobile sources, and microbial processes, respec-
tively, in the OL trajectory; g1, g2, g3, and g4 are the
contribution ratios for coal combustion, biomass combustion +
lightning, mobile sources, and microbial processes, respec-
tively, in the OL trajectory; f1, f2, f3, and f4 are the contribution
ratios for coal combustion, mobile sources, biomass
combustion + lightning, and microbial processes, respectively,
in the LO trajectory; and e2, e3, and e4 refer to the contribution
ratios of biomass combustion + lightning, mobile sources, and
microbial processes from marine sources, respectively. In light
of the pure terrestrial nature of coal combustion, the parameter
η can be transformed into

1
U C g

U C f
OL OL 1

LO LO 1
η = −

(13)

From the formulas given, CO, e2, e3, and e4, are given by
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The formulas can be further used to calculate the
contributions of biomass combustion + lightning (τ2), mobile
sources (τ3), microbial processes (τ4), and their sum (τT)
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It is noted that the mean values and the associated standard
deviations (mean ± SD) were employed consistently
throughout the modeling operation. Arithmetically, a Monte
Carlo simulation was performed to generate 10,000 feasible

Figure 1. Principle and process of the calculation for oceanic NOx
sources in this study; ri refers to the contribution proportion of i
source from the Bayesian result (cc: coal combustion; bl: biomass
burning + lightning; ms: mobile sources; mp: microbial processes);
E11−E15 represents formulas 11−15, respectively; other parameters
are consistent with their meaning in the text.
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solutions (SI Figure S4), and an iterative model with a
simulation step of 0.01 was applied to achieve optimal
results.49

■ RESULTS AND DISCUSSION

Concentration Regime and Source Feature Based on
δ15N−NO3

−. From February 2016 to November 2017, the
concentration of NO3

− ranged from 0.6 to 27.5 μg m−3 in
Karachi, with a mean value of 5.4 ± 4.1 μg m−3. Compared
with previous studies, our results indicated an increase in the
NO3

− concentration, which was attributed to population
expansion and enhanced energy consumption.50,51 The
daytime concentration (5.8 ± 4.7 μg m−3) was comparable
to the concentration at night (5.2 ± 3.2 μg m−3) with no
significant difference. However, a distinct seasonal variation
was observed, with higher values (p < 0.01) in the autumn and
winter (average: 7.1 ± 5.1 μg m−3) and lower values in
summer and spring (average: 3.9 ± 2.0 μg m−3). Specifically,
the highest concentrations occurred in November, December,
and January, and the lowest values in June, July, and August
(SI Figure S5; Table S3). Annually, the second study year
exhibited higher values than the first, which is consistent with
the worsening trend of pollution in South Asia.52

Pollutant concentrations are generally governed by mete-
orological conditions and emission sources.53 The temperature
and relative humidity shared an insignificant correlation with
NO3

− concentrations, indicating a weak impact of these
meteorological parameters on the variation of NO3

−. None-
theless, the NO3

− concentrations were positively correlated
with wind speed, with r of 0.5 (p < 0.05). It suggests that the
influence of wind speed was stronger than other meteoro-
logical parameters. In addition, δ15N−NO3

− reflected the
changing character of potential NOx source types. During the
observing period, δ15N−NO3

− varied between −10.2‰ and
+12.4‰, with a mean value of +1.8 ± 4.5‰ (SI Figure S6).
Compared with the readings obtained at night (+1.4 ± 4.0‰),
there is no significant difference in the value of δ15N−NO3

− for
the daytime (+2.1 ± 4.9‰; p > 0.05), similar to the stable
tendency of the NO3

− concentration. In autumn and winter,
the average δ15N−NO3

− reading was +3.1 ± 3.9‰, which was
significantly higher (p < 0.01) than that for spring and summer
(−0.2 ± 3.1‰). Atmospheric NO3

− is derived mainly from

the oxidation of NOx, whereas the δ15N−NOx from different
anthropogenic or natural sources shows great variability.26,30

For example, NOx from coal combustion has a higher 15N
value (+13.7 ± 4.6‰),25 whereas δ15N−NOx from microbial
processes is often negative (−35.4 ± 10.7‰).27 Despite the
15N isotopic fractionation that occurs in the conversion of NOx

to NO3
−, a previous study has indicated that NOx sources can

be identified based on the δ15N−NO3
− value.54 In this study,

we corrected the corresponding δ15N−NOx by removing the
potential isotopic fractionation (SI Figure S6), manifesting a
parallel trend with δ15N−NO3

−. As such, the observed
variation in δ15N−NO3

− at Karachi can be linked to an
increase in coal combustion in the autumn and winter and to
microbial processes in the spring and summer, which could be
further verified by the subsequent results of the Bayesian
model.

Formation Pathway of NOx Inferred from δ18O−NO3
−.

In the atmosphere, the main conversion processes of NOx to
NO3

− (SI SR1−SR8) include the •OH pathway (SI SR4) and
O3 pathway (SI SR5−SR7). Thus, δ

18O−NO3
− can be used to

determine NOx conversion trends, given that the reported
δ18O−H2O readings ranged from −25‰ to 0‰, showing a
significant difference with respect to δ18O−O3 readings
(+90‰ to +122‰).3 The HC/DMS pathway (NO3 +
DMS/HC reactions) is also an important conversion pathway
of NOx to NO3

−, especially in the high latitudes in the marine
boundary layer.55 Limited to the lack of Δ17O data, its
proportion in the NOx conversion could not be quantified
here. However, its contribution should be small due to the
geographical location of Karachi (SI Figure S7).56 Therefore,
this pathway was ignored in this study, which may cause some
uncertainty to the result. In Karachi, the average for δ18O−
NO3

− was +66.2 ± 7.8‰, ranging from +47.5‰ to +84.1 ‰
(SI Figure S8), well within the broad range of values reported
previously.11,57 Thus, the results revealed a seasonal trend, with
higher (p < 0.05) values in autumn and winter (average: + 69.0
± 8.6‰) than in spring and summer (average: + 63.6 ±
5.7‰); this suggests the prevalence of the O3 pathway in cold
seasons. Unlike the results from other studies,38 no significant
diurnal variation in δ18O−NO3

− was observed (p > 0.05, +
65.6 ± 10.1‰ and +66.6 ± 7.8‰ during the day and at night,
respectively), indicating no obvious change in the NO3

−

Figure 2. (a) Relationship between calculated •OH pathway ratio (pink box; mean ± standard) and NO3
− concentration (purple line). (b)

Correlation coefficients between δ18O−NO3
− and NO3

− concentration (overall correlation and correlation when limiting δ18O−NO3
− to +65‰ or

more).
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generation pathway over the course of a 24-h period. This may
be related to the high average temperature (27.1 ± 4.2 °C)
throughout the study period, showing only slight diurnal
variation. For the O3 pathway, nitrogen pentoxide (N2O5; SI
SR6) is the key intermediate; its thermolabile character
reduced the influence of the O3 pathway during the nighttime
hours in this study compared with results previously
reported.58

To further quantify the ratio of the two NOx conversion
processes, we applied certain assumptions (2/3 of oxygen
atoms in NO3

− are from O3 and 1/3 from •OH in the •OH
pathway, and 5/6 of oxygen atoms are from O3 and 1/6 from
•OH in the O3 pathway) to the Bayesian mixing model and
estimated the respective ratio using a Monte Carlo simulation.3

The mean and standard deviations of the contribution for the
•OH pathway are presented in Figure 2(a). Overall, the wide
range (20.3%−94.9%) was due to the broad range of δ18O−O3
(+90‰ to +122‰) and δ18O−•OH values (−25‰ to 0‰)
used; however, the mean values showed distinct seasonal
fluctuations. The average contribution of the •OH pathway in
autumn and winter was 52.1 ± 28.4% and that in spring and
summer was 69.9 ± 14.2%. Thus, the proportion of the •OH
pathway in autumn and winter was about 17.8% lower than
that in the spring and summer when the •OH conversion
pathway was absolutely dominant. No significant diurnal
variation was observed, with contributions of 62.0 ± 21.4% in
the daytime and 60.5 ± 22.5% at night. These values were both
consistent with δ18O−NO3

− trends discussed earlier. In
addition, the •OH pathway proportion showed a strong
negative correlation with NO3

− concentration (r = 0.6, p <
0.01). This implies that O3 may be the major contributing
factor to high NO3

− concentrations in Karachi, as further
indicated by the correlation coefficient between δ18O−NO3

−

and the NO3
− concentration (Figure 2b).59 The correlation

coefficient was 0.5 but increased to 0.6, limiting δ18O−NO3
−

to +65‰ or more. δ18O−O3 ranged from +90‰ to +122‰;
higher δ18O−NO3

− values denote a stronger effect by O3.
Thus, we can conclude that although the •OH pathway
dominated the NOx conversion in Karachi, the high NO3

−

concentration indicates a strong effect related to the O3
pathway. Thus, controlling O3 emissions may be an effective

measure to reduce the indigenous occurrence of high pollution
events.60

Source Apportionment of NOx Based on the Bayesian
Mixing Model. The overall simulation results showed that
coal combustion was the most significant source (32.0 ± 9.8%)
of NOx in Karachi, followed by biomass burning + lightning
(30.3 ± 6.5%), mobile sources (25.2 ± 6.4%), and microbial
processes (12.5 ± 7.5%). These findings are consistent with
Karachi’s characteristic forms of energy consumption.61 To our
knowledge, no studies have been conducted on the analysis of
NO3

− or NOx using nitrogen isotopes in South Asia (SI Text
S3), which greatly hinder the regional comparison. Therefore,
this study selects Beijing, one of the most polluted megacity
cities in China, as a comparison object to further analyze the
source characteristics of NOx at Karachi. The comparison
between the two cities could reflect the pollution status of
China and Pakistan, in East Asia and South Asia, respectively.
Compared with Beijing [evaluated by the same method: coal
combustion (40.5 ± 12.3%), biomass burning (21.5 ± 5.8%),
vehicle exhausts (24.1 ± 3.8%), and the microbial N cycle
(14.0 ± 7.5%)], the contributions of coal combustion and
microbial processes were lower (SI Figure S9); however,
mobile sources and biomass burning + lightning were higher.
Although Karachi is a megacity, biomass is the main
contributor to NOx emissions in slum areas located throughout
the city. Alam et al. reported that household combustion
emission comprised mainly biomass burning, an important
contributor to PM10 in Pakistan.62 In Lahore and Karachi,
biomass and coal combustion have been shown to contribute
greatly to secondary aerosol formation, especially NO3

− and
SO4

2−.63,64 In another study, 24-h levoglucosan analysis
indicated an average reading of 535 ng m−3 in Karachi from
the burning of various hardwoods and softwoods.35 In
addition, Chen et al. reported that lightning sources
contributed up to 56% of the NO3

− emissions in wet
deposition in Zhanjiang, a tropical city in China with a similar
latitude to Karachi (far below Beijing).65 Hence, together with
the factor of latitude, biomass burning + lightning is a
significant source of NOx in Karachi. Although car ownership
in Beijing reached 6 million in 2018, according to Chinese car
industry surveys (higher than that in Karachi, at 3.6 million),

Figure 3. Contributions of coal combustion, mobile sources, biomass burning + lightning and microbial processes to NOx at Karachi.
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the emission standards (National IV Standard) are much lower
than those in Karachi (European II standard), which means
that the level of pollutant gases (e.g., NOx, SO2) emitted by
each vehicle is lower.66 In addition, Karachi serves as a
transportation hub and is home to Pakistan’s two largest ports.
Thus, shipping contributes a large portion of the emissions,67

as evidenced by the results quantifying oceanic source
contributions, with shipping emissions at 7.8%; this is
discussed in the next section.
Karachi is home to 47% of Pakistan’s industries; the major

state-owned plants include Pakistani steel mills, the Karachi
shipyard, and two oil refineries that consume large amounts of
coal. In 2016, coal consumption in Pakistan was about 20
million tons.68 However, the consumption was significantly
lower than that in China (4.4 billion tons).69 Although China’s
coal NOx emissions have shown a downward trend due to the
widespread installation of pollution control equipment, its NOx
emissions due to coal are still much higher than Pakistan’s.70

Furthermore, NOx emissions are mainly concentrated in North
China near Beijing and are prominent in winter due to
residential coal burning.71 Beijing is located on the northern
edge of the North China Plain (1.3 × 106 km2) with climatic
rain and heat periods; this large agricultural area receives large
amounts of nitrate fertilizer and is susceptible to fertilizer
misuse.72 Thus, a location such as this could be a significant
microbial emission source. Illustratively, the NOx contribution
of this source in summer can reach about 20.8% in Beijing. In
contrast, the subtropical climate around Karachi, which is
almost desert-like most of the year, limits microorganism
activity in this region although there are several wetland parks.
These combined factors lead to the relatively lower
contribution of coal combustion and microbial processes in
Karachi.
Figure 3 also shows the seasonal variation in contributions

from the four sources. Coal combustion exhibited the most
obvious fluctuation, with a greater contribution in autumn and
winter (35.5 ± 5.5%) and a smaller one in spring and summer
(28.9 ± 4.8%). Biomass burning + lightning contribution
changed somewhat, with high values recorded in autumn and
winter. Mobile sources and microbial processes were consistent
in contribution variation, showing seasonal change opposite
the trends for the first two sources. Specifically, coal
combustion and biomass burning + lightning peaked in
October, November, and December. This was about a
month before high concentrations of NO3

− appeared,
indicating that the two sources, especially coal combustion,
led to the occurrence of high NO3

− pollution in Karachi. This
is consistent with the source characteristics indicated by δ15N−
NO3

−
findings discussed earlier. The sharp increases in coal

combustion and biomass burning + lightning were in
agreement with the changes in local energy demand and
wind direction (SI Text S8; Figure S10), resulting in
conspicuous reductions in the importance of the other two
sources.73 It is possible, of course, that the emission
equivalents of the mobile sources and microbial processes
did not change significantly; however, the corresponding NOx
concentrations in Karachi were not resolved in this study.
Estimation of Oceanic Contributions to NOx. The

oceanic contributions of NOx in Karachi are still not well
understood, which complicates efforts to control the air
pollution in this area.74 In this study, four trajectories were
related to the AS region: two trajectories from land areas to the
ocean (LO trajectory) and two from the ocean to the land (OL

trajectory) (SI Figure S2). The trajectories were clustered
based on the airflow trajectories over the entire sampling
period, representing the interaction characteristics of the wind
field between the land and the ocean.48 As a whole, ocean-
dominated air masses accounted for 69% of the total
contribution, whereas 31% was due to a terrestrial trajectory.
The NO3

− information was grouped based on the clustered
trajectories (Figure 4). Mean test results indicated that the

NO3
− concentration differed significantly between the OL

trajectory (B1:3.2 ± 2.0 μg m−3, B2:5.2 ± 4.2 μg m−3) and the
LO trajectory (F3:7.6 ± 5.8 μg m−3, F4:7.0 ± 3.8 μg m−3); the
OL concentration was markedly higher than the LO
concentration (p < 0.01), perhaps due to the dilution of the
OL trajectory possessing a greater proportion. δ15N−NO3

−

was +2.9 ± 4.4‰ and +3.2 ± 3.8‰ in F3 and F4, respectively,
both of which were higher (p < 0.05) than the corresponding
oceanic values of −0.1 ± 3.0‰ in B1 and +1.0 ± 3.5‰ in B2.
In terms of the isotopic distributions of different sources, the
contribution of coal combustion for NOx in the LO trajectory
was more obvious, consistent with its terrestrial nature.39

Quantitatively, the contributions of coal combustion, biomass
burning + lightning, mobile sources, and microbial processes in
F3 and F4 were 35.0 ± 9.5%, 31.1 ± 3.4%, 23.5 ± 5.7%, and
10.5 ± 5.9% and 35.3 ± 8.2%, 31.6 ± 3.0%, 23.2 ± 5.2%, and
9.9 ± 0.5%, respectively. The source contributions to F3 and
F4 showed no significant differences (p > 0.05), which may be
due to their homology with B3, as reflected in their similar
proportions (30% in B3 and 31% in F3 and F4 combined). In
addition, the correlation between source contributions in the
weighted integration of F3 and F4 and those in B3 was close to
1.0 (SI Figure S11), indicating that such contributions could
also represent the characteristics of local terrestrial sources in
Karachi.
The contributions of coal combustion in B2 and B1 were

31.1 ± 6.4% and 28.9 ± 5.2%, respectively. These
contributions were reduced compared with F3 and F4;
however, they were still close to 30%. A similar situation
occurred with the biomass burning + lightning source, which
can be explained by the effects of secondary terrestrial
emissions from the near-land sea area or local terrestrial
sources when the sea breeze blows. A comparison between B2
and B1 revealed that the contribution of coal combustion in B1
was lower and originated from a more distant sea area.

Figure 4. Characteristics of LO trajectory and OL trajectory for NO3
−

at Karachi: “F” is the forward trajectory clusters (LO trajectory), and
“B” refers to the backward trajectory clusters (OL trajectory). cc, bl,
ms, and mp represent the source of coal combustion, biomass burning
+ lightning, mobile sources, microbial processes, respectively.

Environmental Science & Technology pubs.acs.org/est Article

https://dx.doi.org/10.1021/acs.est.0c00490
Environ. Sci. Technol. 2020, 54, 7787−7797

7793

http://pubs.acs.org/doi/suppl/10.1021/acs.est.0c00490/suppl_file/es0c00490_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.0c00490/suppl_file/es0c00490_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.0c00490/suppl_file/es0c00490_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.0c00490/suppl_file/es0c00490_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.est.0c00490?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.0c00490?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.0c00490?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.0c00490?fig=fig4&ref=pdf
pubs.acs.org/est?ref=pdf
https://dx.doi.org/10.1021/acs.est.0c00490?ref=pdf


Correspondingly, mobile sources and microbial processes were
more significant in B1 (27.5 ± 3.4% and 14.5 ± 4.6%)
compared with B2 (25.9 ± 4.1% and 12.8 ± 5.4%) (p < 0.01).
Overall, the similar contributions of OL and LO trajectories
suggest that most of the NOx observed in the OL trajectory
came from secondary terrestrial source contributions, and the
decrease in the relative contributions from some sources was
due to the addition of oceanic source contributions.
On the basis of the modeling method, the oceanic

concentration of NO3
− was estimated as 0.8 μg m−3,

contributing 16.8% to NOx in the OL trajectory. This confirms
the above-mentioned characteristics of the absolute contribu-
tion of terrestrial sources to NOx in the OL trajectory. For the
oceanic contribution, biomass burning + lightning, mobile
sources, and microbial processes were 3.4%, 7.8%, and 5.6%,
respectively. Excluding terrestrial sources (e.g., biomass
burning and vehicle exhaust), the calculated 3.4% for biomass
burning + lightning mostly came from lightning, and the 7.8%
for mobile sources was due to shipping emissions, whereas the
5.6% portion for microbial processes was likely due to marine
sediment and estuaries where the denitrification of micro-
organisms is vigorous. A previous study estimated that 11.3%
of NO3

− in 2013 came from ships, particularly in the Bohai and
East China seas, which is higher than that calculated for
Karachi in the AS region.75 These findings are consistent with
the volume of ship activity in these areas (SI Figure S12).
Looking at the ocean source as a whole, lightning, shipping
emissions, and microbial process sources accounted for 20.3%,
46.3%, and 33.4%, respectively, reflecting the high contribution
of shipping emissions to the marine native NOx in the AS
region. Of course, it is conceivable that ships in East Asia,
Europe, and North America, where ship activity is more
frequent, contribute more to oceanic NOx; thus, shipping
emissions should be integrated into area air management plans
to reduce pollution levels.76

In summary, this study assessed the oceanic contributions to
NOx emissions using nitrogen isotope analysis. This novel
evaluation method is expected to have a broad application
range. It is undeniable that the apportionment results may have
a certain uncertainty due to the lack of source values (e.g., the
absence of shipping δ15N−NOx), but it is important to
emphasize the dominant role of ship emissions in oceanic
source contributions to the air pollution of surrounding areas.
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