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a b s t r a c t
−
+
High time-resolved measurements of aerosol SO2−
4 , NO3 , NH4 and their precursor gases HNO3, SO2, NH3 between
27 and 02 January/February and 19–01 August/September 2015 were carried out by applying AIM-IC at a rural site
located on the coast of the Eastern Mediterranean, Erdemli, Turkey. The comparison between online and ofﬂine
+
−
techniques revealed better correlation coefﬁcients for SO2−
4 and NH4 (r N 0.90) than that of NO3 (0.63). Mean
(2814
ng
m−3) N NH+
concentrations of water-soluble species were found in decreasing order SO2−
4
4
−3
(1371 ng m−3) N NO−
). NH3 (3390 ng m−3) concentration was more than enough to neutralize
3 (495 ng m
2−
−3
−3
SO2 (879 ng m ) and HNO3 (346 ng m ). The gas-to-particle conversion ratios (N0.3) implied that SO4 ,
+
2−
−
+
NO−
3 and NH4 were mainly inﬂuenced by non-local sources. SO4 , NO3 , NH4 , HNO3, SO2 exhibited remarkable
decrease (leastways 40%) in the atmosphere over the Eastern Mediterranean throughout ﬁfteen years. In winter,
day time NH3 concentrations illustrated signiﬁcant relationship with temperature (positive) and humidity (negative), implying evaporation of dew or emission from plant stoma. Whereas, diurnal cycle of SO2−
4 and SO2 was
considerably inﬂuenced by populated City of Mersin in winter. During summer, HNO3 and SO2 (r = 0.74) demonstrated similar diurnal cycle, suggesting a common source for these precursor gases whilst NH3 was considerably affected by biomass burning emissions. Variability of all species was governed by local or nearly mesoscale
transport in winter possibly due to frequent rain events. In summer, air ﬂow from Eastern Mediterranean denoted
aged air masses (GPC N 0.65) containing rather uniform concentrations of SO2−
(~65 nmol m−3) and NH+
4
4
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(~140 nmol m−3). The highest NH3 along with the greatest % KBB contribution to PM2.5 mass was observed under
the inﬂuence of Northerly airﬂow, exhibiting signiﬁcance of biomass burning emissions as a source of NH3 in
summer.
© 2019 Elsevier B.V. All rights reserved.

1. Introduction
Aerosols consist of complex mixtures of soluble and insoluble particles and they play an essential role in various geophysical and geochemical processes such as altering the earth's climate directly by scattering
and absorbing incoming solar radiation (Haywood and Shine, 1997),
inﬂuencing the concentration and size distribution of cloud droplets,
the distribution of rainfall and their radiative properties (Levin et al.,
2005; Huang et al., 2006; Rosenfeld et al., 2008), acting as reaction surfaces in the atmosphere (Arimoto, 2001; Usher et al., 2003; Krueger
et al., 2004), supplying macro and micro nutrients to the surface of the
world oceans (Mahowald et al., 2005; Jickells et al., 2005; Paytan et al.,
2009; Jordi et al., 2012) and impacting health (Salma et al., 2002;
Hauck et al., 2004).
Conventionally, aerosol water-soluble ion composition is determined by ofﬂine analytical methods. First, atmospheric particles are collected on ﬁlters drawing air through a ﬁlter by means of a vacuum pump
and then the determination of water-soluble ions in the aerosol is
achieved by using ion chromatography after extraction. During such
sampling or sample storage, chemical and physical changes may occur
(Schaap et al., 2004). Therefore, ofﬂine techniques may lead to positive
and negative artefacts during sampling and storage (Lipfert, 1994; Tsai
and Perng, 1998; Hering and Cass, 1999; Pakkanen et al., 1999; Schaap
et al., 2002; Schaap et al., 2004; Wieprecht et al., 2004; Keck and
Wittmaack, 2005; Chow et al., 2008; Vecchi et al., 2009; Cheng et al.,
2012). Ofﬂine sampling errors result from gas absorption by sampling
material, gas-particle/particle-particle interactions, evaporation of collected aerosol species from ﬁlters, and meteorological conditions
(such as temperature and humidity). Glass-ﬁber, quartz and cellulose
acetate ﬁlters have been found to adsorb gaseous SO2 and HNO3
(Appel et al., 1984; Savoie et al., 1992). Acidic gases may also adsorb
onto pre-existing alkaline particles such as sea salt and mineral dust.
Such errors lead to positive bias. Nitrate volatilization may occur
owing to (i) thermal decomposition, particularly when ambient temperature exceeds 20 °C and (ii) chemical reactions between NH4NO3
and H2SO4 and HCl (Appel et al., 1980; Appel and Tokiwa, 1981).
Hering and Cass (1999) have reported about 30% loss of nitrate from
Teﬂon ﬁlters and this volatilization has been attributed to either
(i) scavenging of nitric acid and ammonia in the sampler inlet or (ii)
heating the ﬁlter substrate. Schaap et al. (2004) have demonstrated
that Teﬂon ﬁlters were more prone to evaporation losses than those of
quartz ﬁlters.
In order to minimize sampling errors and improve temporal resolution for better comprehension of the atmospheric chemistry and
physics of the aerosols, ion chromatography based high time-resolved
measurements has been developed. Particle-Into-Liquid-Sampler
coupled to ion chromatography (PILS-IC) was developed in the beginning of 2000 (Weber et al., 2001). On one hand, PILS-IC is capable of carrying out rapid, automated online measurements of ionic composition
in PM2.5 on the other hand, it is incapable of detecting precursor gases.
Gas/Particle Ion Chromatography (GPIC, Ullah et al., 2006) has been utilized to determine ionic composition of PM2.5 and precursor gases. This
instrument is capable of measuring water-soluble ions and precursor
gases such as chloride, nitrate, sulfate, ammonium, hydrochloric acid,
nitric acid, sulfuric acid and ammonia. However, GPIC is not able to detect cations such as sodium, potassium, magnesium and calcium. Furthermore, gas and particle measurements cannot be carried out
simultaneously, rather they must be staggered by 20 min. Monitor for

AeRosols and Gases (MARGA, Applikon Analytical BV) has dual ion
chromatography and it is capable of measuring water-soluble anions
and cations (Ten Brink et al., 2007). Similar to MARGA, Ambient Ion
Monitor – Ion Chromatography (AIM-IC) is an instrument capable of
carrying out continuous, hourly simultaneous measurements of watersoluble ions in PM2.5 and their precursor gases with a high accuracy
and precision (Markovic et al., 2012).
−
There are few near real time measurements of aerosol SO2−
4 , NO3 ,
NH+
and
their
precursor
gases
(HNO
,
SO
,
NH
)
in
the
Western
Medi4
3
2
3
terranean (Di Gilio et al., 2015; Malaguti et al., 2015), however, based on
our knowledge, there is no such studies in the Eastern Mediterranean.
Thus, the current study presents for the ﬁrst time high time-resolved
sulfate, ammonium and nitrate in PM2.5 and their precursor gases concentrations in winter and summer as well as gas-to-particle conversions
in the atmosphere over the Eastern Mediterranean. This study aims to
−
+
(i) compare online and ofﬂine results for SO2−
4 , NO3 and NH4 (ii) ex−
+
plore decreases in SO2−
,
NO
,
NH
,
HNO
,
SO
,
and
NH
over
the East4
3
4
3
2
3
ern Mediterranean during last decade, (iii) investigate temporal and
diurnal variability for winter and summer and (iv) assess the inﬂuence
−
+
of the transport of air masses on SO2−
4 , NO3 , NH4 and their precursor
gases.
2. Material and method
2.1. Sampling site description
−
+
High time-resolved measurements of SO2−
4 , NO3 , NH4 , HNO3, SO2,
and NH3 were carried out at a rural site located on the coast of the Eastern Mediterranean, Erdemli, Turkey (36.57°N, 34.26°E). The site is
surrounded by cultivated land and greenhouses, while the city of Mersin with a population of 800.000, with soda, chromium, and fertilizer
producing industries and a thermic power plant on its periphery, is located 45 km to the east of the study area (for more details see Kubilay
and Saydam, 1995; Koçak et al., 2012).

2.2. Ambient Ion Monitor Ion Chromatography (AIM-IC) measurements
Ambient Ion Monitor Ion Chromatography (AIM-IC) consists of two
major components: (i) the sampling unit for the simultaneous
collecting of aerosols in PM2.5 and their precursor gases (AIM 9000D,
URG Corp., Chapel Hill, NC) and (ii) the sample analysis unit, ion chromatography (ICS-5000, Thermo-Dionex) for the determination of anionic and cationic ions in the collected aqueous solution.
The online sample collection is carried out by drawing ambient air at
3 L min−1 through a pre-impaction (cyclone) assembly which intercepts the atmospheric particles that are bigger than 2.5 μm equivalent
aerodynamic diameter. Therefore, only the atmospheric particles
smaller than 2.5 μm are directed into the parallel-plate wet denuder.
The parallel-plate wet denuder consists of two cellulose membranes
(one per plate) that are continuously supplied with 5 mM of ultrapure
hydrogen peroxide (H2O2) solution at 10 mL hr−1. As the ambient air
passes between the plates, soluble precursor gases are separated from
the atmospheric particles by diffusion and dissolution into the denuder
solution. The resultant solution from the denuder having dissolved
gases is splinted into two 5 mL syringes for the detection of anionic
and cationic species in the liquid. The air free of precursor gases, then
ﬂows into the particle supersaturation chamber, comprising of (i) a
steam generator (ii) mixing/condensation chamber and (iii) a cyclone.
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In the supersaturation chamber, the particles are activated by steam in
order to initiate hygroscopic growth in the mixing/condensation chamber. The cyclone removes large and heavily solvated particles from the
bulk air ﬂow. The resultant solution from the supersaturation chamber
is splinted into two 5 mL syringes for the determination of anionic and
cationic species in the liquid. Before reaching the diaphragm pump,
the remaining humidiﬁed air passes through Vigreux to eliminate
water from the ﬂowing air. After the sampling, the solutions are automatically injected into the ion chromatography instrument.
High time-resolved measurements of water-soluble anionic/cationic
species in PM2.5 and precursor gases were carried out under identical
conditions by using an ICS-5000 ion chromatography instrument.
−
Water-soluble anions (SO2−
4 , NO3 ) and gases (HNO3 and SO2) were determined by applying AS11-HC separation column, KOH (gradient from
18 to 59 mM) eluent and AERS-500 (4 mm) suppressor whereas watersoluble cations (NH+
4 ) and precursor gas (NH3) were detected electrochemically by using a CS12-A separation column, MSA (20 mM) eluent
and CSRS-300 (4 mm) suppressor (Product Manual for Dionex IonPac
AS11-HC-4 m, IonPac CS12A Manual). The anions and cation calibrations (Dionex six cation standard-II for cation and seven anion
standard-II for anion) were performed at the beginning and at the end
of each campaign (winter: from January 27 to February 3, summer: between August 19 and September 2). The limit of detection for SO2−
4 ,
−3
+
NO−
.
3 , NH4 , HNO3, SO2, and NH3 was better than 0.1 μg m
Near real time hourly measurements were performed using the
AIM-IC during the winter period between January 27 and February 3
and the summer period between August 19 and September 2, 2015.
From time to time, the measurements were temporarily interrupted
for technical reasons during the online sampling campaigns. 127 and
307 measurements were attained in the winter period and the summer
period, respectively. In order to compare results from online measurements, ofﬂine PM2.5 samples were simultaneously collected during the
sampling campaign. Ofﬂine PM2.5 samples were collected on 47 mm
Teﬂon ﬁlters (0.8 μm pore size) by using a Thermo-Scientiﬁc 2000i
Partisol Air Sampler with a ﬂow rate of 16.7 L min−1. Ofﬂine aerosol
sampling campaign commenced on 21 August 2015 and ended on 02
September 2015. The samples were stored in a deep-freezer (−20 °C)
directly after collection until analysis. In order to determine concentrations of major water-soluble ions in the aerosol, one quarter of the ﬁlter
was extracted for 45 min in 20 mL of ultra-pure water (18.2 Ω) by mechanic shaker. The extraction was treated with about 100 μL chloroform
to prevent biological activity (Bardouki et al., 2003; Koçak et al., 2007).
The water-soluble ions concentrations were measured by using the ICS5000 ion chromatography instrument as described above. The detection
−3
−
+
limit for water-soluble SO2−
while
4 , NO3 and NH4 was b0.001 μg m
the blank contributions were smaller than 1%.
2.3. Local meteorology, cloud cover and air mass back trajectory
categorization
Meteorological parameters (for statistical summary see Table S1)
play a vital role in the variability of aerosols and their precursor gases
as well as gas-to-particle conversions. Winter was the wettest season
and hence rain was particularly intensive from 27th to 31st of the January 2015, which is likely to lead to the removal of aerosols and their precursor gases from the atmosphere by wet deposition. In contrast, there
was no rain in the summer during sampling. Surface air temperature
was at least 2 times higher in summer (28.2 °C) compared to winter
(11.5 °C). The sea surface pressure was higher in winter (1016.4 hPa)
than in summer (1007.9 hPa), implying comparatively stable weather
conditions in winter. During the winter the average relative humidity
was 75.6%, whilst it was 59.6% during summer. Wind direction and
speed exhibited a great difference between winter and summer (see
Fig. S1). The wind speed was higher in summer (1.6 m s−1) than that
observed in winter (1.2 m s−1). During winter most of the winds originated from the north, explaining 82.3% of the wind direction whilst the

highest wind speeds were associated with Easterlies (2.0 m s−1) and
East-North-Easterlies (1.6 m s−1). It is worth mentioning there was no
southerly winds during the winter campaign. During summer, northerly
and southerly winds had almost equal importance, arising during 45.7%
and 41.4% of the period, respectively. In general, the northerly winds
were more sluggish (varying from 0.7 m s−1 to 1.6 m s−1) than those
observed for southerly winds (ranging between 1.6 m s−1 and
2.6 m s−1). Hourly total cloud fractions were produced averaging values
of grids over the region between 34°E-35°E and 36°N-37°N from
MERRA-2 (M2T1NXRAD).
Since there was no statistical difference between air masses back trajectories in winter (implying local or nearly mesoscale transport rather
than long range transport, for more details see Section 3.7), the categorization of air masses for winter will not be discussed in this section.
Hourly two-day backward trajectories arriving at Erdemli for the summer campaign were calculated using the HYSPLIT Model driven by
Global Data Assimilation System (GDAS) data (HybridSingle Particle
Langrangian Integrated Trajectory; Draxler, 1999; Stein et al., 2015).
The planetary boundary layer (PBL) heights were computed with
HYSPLIT every 3 h employing the Kantha-Clayson vertical turbulence
scheme. Air mass back trajectories reaching the height of 200 m were
applied considering the lowest planetary boundary height that was observed in summer (see Fig. 6).
Hourly air masses back trajectories for summer were categorized
into four groups (see Fig. S2, Koçak et al., 2009 and references therein).
Starting from northwest, this airﬂow (Northwest: NW) emerged from
Greece; then, air masses passed through the Aegean Sea and the west
region of Turkey before arriving at the sampling site, explaining 3.2%
of the trajectories. The second (North: N) airﬂow originated from
north Turkey, clarifying 58.2% of the air masses. The third category
(Southwest-short: SWS) exhibited sluggish airﬂow originating from
the Mediterranean Sea, then sweeping the south coastline of Turkey before reaching the site, accounting for 32.7% of the trajectories. The fourth
group (Mediterranean: MED) indicated airﬂow coming from the center
of the Mediterranean Sea, explaining 5.8% of air masses back trajectories.

3. Results and discussion
3.1. Comparison of online and ofﬂine measurements
In order to evaluate and compare the results from online and
ofﬂine techniques, 24 hourly data obtained from AIM-IC were utilized to calculate the arithmetic means to be comparable with the
collection time of the ofﬂine samples. The percentage difference (%
D, see Eq. (S1)) for each sample between the online and ofﬂine
values (see Table S2) were calculated as suggested by Malaguti
et al. (2015).
Comparison of online and ofﬂine measurements has been made by
several authors (Drewnick et al., 2003; Nie et al., 2010; Xue et al.,
2011; Makkonen et al., 2012; Malaguti et al., 2015). These studies
have shown that results obtained from the two techniques for sulfate
and ammonium were comparable exhibiting good correlation coefﬁcients. In contrast, comparisons of nitrate have indicated poor correlation coefﬁcients with a remarkable difference in concentrations
attained from online and ofﬂine measurements (Nie et al., 2010;
Malaguti et al., 2015). Fig. 1 shows plots of online concentrations against
ofﬂine for sulfate, ammonium and nitrate achieved from online and
ofﬂine measurements. The residual correlation coefﬁcients (R2) for sulfate (0.99) and ammonium (0.91) were considerably better than that
achieved for nitrate (0.63). The slope of the regression lines for sulfate
and ammonium were higher than unity, being 1.33 and 1.08, respectively, whilst the slope for nitrate was 0.4. The slope of the regressions
suggests a positive bias for sulfate and ammonium and a negative bias
for nitrate. Negative biases have been reported for ofﬂine nitrate as
well as ammonium sampling compared to online measurements
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Fig. 1. Scatter plots of sulfate (a), ammonium (b) and nitrate (c) obtained from AIM-IC and Teﬂon Filters.

(Chow et al., 2008; Nie et al., 2010; Makkonen et al., 2014; Malaguti
et al., 2015).
Sulfate concentrations from the online technique for all measurements were lower than those obtained from the ofﬂine technique, having a % difference varying between −16 and −31% (see Table S2).
Nonetheless, the % difference between online and ofﬂine measurements

Fig. 2. Scatter plot of enhanced non sea salt sulfate (en-nssSO2−
= ofﬂine-nssSO2−
4
4
+
online-nssSO2−
4 ) and ofﬂine-Na .

for ammonium and nitrate was relatively complex compared to sulfate.
At the beginning of the experiment the % difference was positive then it
was negative until the end of the experiment. Fig. 2 shows the relationship between enhanced non sea salt sulfate (en-nssSO2−
= ofﬂine4
+
nssSO2−
- online-nssSO2−
(indicator of sea salt) in
4
4 ) and ofﬂine-Na
−2
−2
neq m−3. nssSO2−
4 concentration was calculated as nssSO4 = SO4 −
+
Na ∗ 0.252,where the coefﬁcient of 0.252 is the usual sulfate to sodium
mass ratio in bulk seawater (Millero and Sohn, 1992; during the study
the sea salt contribution to sulfate in PM2.5 was not N2%). A statistically
signiﬁcant residual correlation coefﬁcient (R2 = 0.85) was found be+
tween en-nssSO2−
4 and Na . Therefore, the difference between ofﬂine
and online techniques for sulfate might be ascribed to the enhancement
of sulfate because of either (i) the reaction between acidic H2SO4 and
preexisting sea salt particles or (ii) oxidation of SO2 on the surface of
preexisting sea salt particles.
It has been stated that the gas-particle partitioning may promote
dissociation of ammonium nitrate (Vecchi et al., 2009). The partial
correlations between temperature/relative humidity/particle-togas ratio and ammonium/nitrate are given in Table S3. The percent
difference for ammonium and nitrate was mainly inﬂuenced by
partitioning between gas and aerosol phase. % D increased with decreasing ammonium in particle phase for ammonium, whilst % D decreased with increasing nitric acid likely owing to adsorption of
nitric acid on alkaline particles. % D for ammonium and nitrate also
exhibited a statistically important relationship with temperature,
suggesting evaporation from the Teﬂon Filters during off-line sampling. On the other hand, the % D of nitrate denoted increase under
dry conditions, promoting nitrate evaporation from the ﬁlter substrate with increasing temperature.
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Table 1
−3
−
Statistical summary for SO24; NH+
) and their precursor gases along with gas-to-particle (molar) ratios.
4 , NO3 in PM2.5 (ng m
Species

Arithmetic mean

Standard deviation

Minimum

Maximum

Median

Geometric mean

Skewness

SO2−
4
NH+
4
NO−
3
SO2
NH3
HNO3
2−
SO2−
4 /SO4 + SO2
NH4+/NH4+ + NH3
−
NO−
3 /NO3 + HNO3

2814
1371
495
879
3330
346
0.62
0.38
0.50

2620
1016
568
1329
4896
168
0.27
0.24
0.17

120
39
64
101
72
55
0.02
0.01
0.09

10,233
4796
3891
10,334
54,927
1440
0.95
0.86
0.90

1755
1168
260
499
1394
302
0.68
0.35
0.46

1701
958
320
574
1834
320
0.53
0.28
0.47

1.11
0.90
2.59
4.63
4.66
3.03

3.2. General characteristics of data set
+
−
The statistical summary for SO2−
4 , NH4 , NO3 (in PM2.5), SO2, NH3
and HNO3 including arithmetic mean, standard deviations, median,
minimum and maximum, and geometric mean for the Erdemli site are
presented in Table 1. The minimum and maximum concentrations as
well as the standard deviations exhibit large variability in both period.
Such high variability has been reported for semi-continuous SO2−
4 ,
−
NH+
4 , NO3 , SO2, NH3 and HNO3 measurements (Godri et al., 2009; Du
et al., 2010; Shi et al., 2014; Tian et al., 2017). The large variability may
be ascribed to (i) local meteorological parameters (such as temperature,
relative humidity, rain, solar irradiance and wind direction), (ii) type of
source, (iii) emission strength of source, (iv) proximity to source,
(v) history of air masses and (vi) chemical transformation and removal
of species throughout middle and long range of transport.
In general, the arithmetic mean, median and geometric mean values
+
−
for SO2−
4 , NH4 , NO3 , SO2, NH3 and HNO3 showed considerable difference between arithmetic mean concentrations and geometric means/
medians, the former being higher than those of later whereas geometric
means and medians were comparable. The skewness also indicates that
the species were not normally distributed. The non-parametric
Kolmogorov-Smirnov statistical test exhibited that the above mentioned species were lognormally distributed within the 90% conﬁdence
level (see Fig. S3).
Of the water-soluble ions in PM2.5, sulfate and ammonium were the
dominant species. Arithmetic mean sulfate and ammonium concentrations were 2814 ng m−3 and 1371 ng m−3, ranging between 120 and
10,233 ng m−3 and 39–4796 ng m−3, respectively. Aerosol nitrate
ranged between 64 ng m−3 and 3891 ng m−3 with an arithmetic
mean of 495 ng m−3. Among the precursor gases, ammonia exhibited
the highest concentration with a value of 3330 ng m−3, ﬂuctuating between 72 ng m−3 and 54,927 ng m−3. Sulfur dioxide and nitric acid concentrations varied from 101 to 10,334 ng m−3 to 55–1440 ng m−3, with
mean concentrations of 879 ng m−3 and 346 ng m−3, respectively. Taking into account precursor gases concentrations, it is clear that alkaline

ammonia (g) concentration was more than enough to neutralize acidic
gases. The arithmetic mean of gas-to-particle ratios for sulfate, ammonium and nitrate were respectively found to be 0.62 ± 0.25, 0.38 ±
0.24 and 0.50 ± 0.17. The gas-to-particle ratios for sulfate, ammonium
and nitrate ﬂuctuated from 0.01 to 0.97. It has been argued that ratios
b 0.3 indicates local sources (Di Gilio et al., 2015 and references therein).
In contrast, ratios larger than 0.3 denotes aged air masses with higher
values implying older air masses and/or larger travelling distances (Di
Gilio et al., 2015 and references therein). Thus, regarding arithmetic
means of gas-to-particle conversion ratios for sulfate, ammonium and
nitrate, it might be suggested that the concentrations of these species
were mainly inﬂuenced by non-local sources.
3.3. Comparison of the current real time study with data from literature
In order to deﬁne spatial and long term difference in the concentrations of sulfate, ammonium, nitrate, sulfur dioxide, ammonia and nitric
acid two types of data from literature will be used namely, (i) online and
(ii) ofﬂine (for more information see Section S3.3).
The concentrations of sulfate, ammonium, nitrate, sulfur dioxide,
ammonia and nitric acid obtained from online measurements along
with ofﬂine measurements carried out in the Eastern Mediterranean
are presented in Table 2. Generally, the highest concentrations of sulfate, ammonium, nitrate and ammonia concentrations were found
over China (Du et al., 2011; Gao et al., 2011, 2016). Aerosol sulfate
(from 14,000 to 40,000 ng m−3), ammonium (from 9000 to
22,000 ng m−3), nitrate (from 15,000 to 33,000 ng m−3), sulfur dioxide
(Beijin: 6650 ng m−3) and ammonia (Beijing: 24540 ng m−3), concentrations over China were an order of magnitude higher than those of observed for Erdemli. The sampling sites at China were heavily inﬂuenced
by anthropogenic emissions such as trafﬁc, fossil fuel combustion, man
induced biomass burning and construction (Du et al., 2011; Gao et al.,
2011, 2016). Aerosol sulfate, ammonium, nitrate and nitric acid concentrations over Italy (Bari and Trisaia) were comparable to the values obtained at Erdemli. In contrast, the mean ammonia (3330 ng m−3)

Table 2
Arithmetic mean concentrations of sulfate, ammonium, nitrate, sulfur dioxide, ammonia and nitric acid (ng m−3) obtained from online for different sites of the world and ofﬂine for the
Eastern Mediterranean.
Site

SO2−
4

NH+
4

NO−
3

SO2

NH3

HNO3

Reference

Character

Online
Erdemli, Turkey
Bari, Italy
Trisaia, Italy
Shanghai, China
Jinan, China
Beijing, China
Singapore
Seoul, Korea
Bakersﬁeld, USA

2810
2430
18,700
28,710
38,330
14,800
4410
5800
530

1370
2800
1030
19,310
21,260
8900
1760
3910
460

490
400
520
32,930
15,770
15,180
1290
13,780
800

880
2040
–
–
–
6650
21,770
3580
1830

3330
1570
–
–
–
24,540
2470
4800
13,690

350
320
–
–
–
–
3000
8710
360

This study
Di Gilio et al. [2015]
Malaguti et al. [2015]
Du et al. [2011]
Gao et al. [2011]
Gao et al. [2016]
Behera et al. [2013]
Shon et al. [2012]
Markovic et al. [2014]

Rural
Urban
Rural
Urban
Urban
Urban
Urban
Urban
Urban

3940

1010

1630

12,290

–

–

4000
–
17,790

310
3200
–

1860
2600
–

Kouvarakis et al. [2001, 2002]
Danalatos and Glavas [1999]
Luria et al. [1996]

Natural
Urban
Rural

Ofﬂine
Finokalia, Greece
Patras, Greece
Jerusalem, Israel
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concentration at Erdemli was about two times higher compared to that
of Bari (1570 ng m−3), Italy. However, the detected sulfur dioxide
(880 ng m−3) concentration for Erdemli was half of that observed at
Bari (2040 ng m−3). This distinct difference might be attributed to the
inﬂuences at the sampling sites, the former being surrounded by cultivated soil and the latter being urban and inﬂuenced by the comparatively high emissions from heavy trafﬁc. The highest nitric acid
concentrations were observed at Seoul (8710 ng m−3) and at
Singapore (3000 ng m−3) where concentrations were at least nine
times higher than those detected at Erdemli (350 ng m−3). These high
values might be ascribed to the night time production of nitric acid
due to NOx emissions from heavy trafﬁc close to the vicinity. Although
ammonia concentrations at the Erdemli site are inﬂuenced by cultivated
soil, the value observed at Bakersﬁeld (13,690 ng m−3) was 4 times
higher than that of Erdemli (3330 ng m−3) since Bakersﬁeld is located
in a huge agricultural region.
Taking into account this study and historic off-line measurements,
there was a decreasing trend in the concentrations of sulfate, nitrate
and their precursor gases in the Eastern Mediterranean atmosphere. Nitrate, sulfur dioxide and nitric acid were respectively found to show 3.3,
4.6 and 5.3 times decreases compared to results reported by Kouvarakis
et al. (2001, 2002). Similar decreases in the concentrations of sulfur dioxide and nitrate have respectively been reported for the Mediterranean (Lelieveld et al., 2002) and the Black Sea (Koçak et al., 2016). The
decrease for sulfate was 1.4 relative to Finokalia, however, sulfate concentration was 4.4 times less than that of Jerusalem. Ammonium and
ammonia concentrations at Erdemli were larger than those for Finokalia
because the Erdemli site is surrounded by an agricultural area. Table 3
shows the recent (January 2014–April 2015) and historical (March
−
+
2001–April 2002) ofﬂine nssSO2−
4 , NO3 and NH4 concentrations at
Erdemli. During the thirteen years, the percentanges of decreases for
−
+
nssSO2−
4 , NO3 and NH4 at the Erdemli sampling site in ofﬂine measurements were 55%, 40% and 50%, respectively. These results also support
the negative trend in the concentrations of sulfate, nitrate and
ammonium.
3.4. Temporal variations of sulfate, ammonium, nitrate in PM2.5 and their
precursor gases
A number of studies have demonstrated that sulfate, ammonium
and nitrate in PM2.5 as well as their precursor gases may exhibit large
hourly variability in their concentrations (Nie et al., 2010; Makkonen
et al., 2012; Markovic et al., 2014; Malaguti et al., 2015). As stated
above, such a high variability may arise from (i) local meteorological parameter (such as temperature, relative humidity, rain, solar irradiance
and wind direction), (ii) type of source, (iii) emission strength of source,
(iv) proximity to source, (v) history of air masses and (vi) chemical
transformation and removal of species throughout middle and long
range transport.
Fig. 3 shows the hourly variations in the concentrations of SO2−
4 ,
−
NH+
4 , NO3 , SO2, NH3 and HNO3 together with corresponding gas-toparticle conversion ratios and local meteorological parameters from
27 January to 03 February 2015 and from 19 August to 01 September
2015 at the Erdemli station. It is clear that all species exhibit a considerable variability, with the concentrations of the individual species ﬂuctuating up to an order of magnitude from one hour to another during the
Table 3
−3
−
+
Recent and historical ofﬂine nssSO2−
).
4 , NO3 and NH4 concentrations at Erdemli (ng m
Species

Erdemlia
2014–2015

Erdemlib
Historical

% Decrease

nssSO2−
4
NO−
3
+
NH4

1880
1110
420

4150
1860
850

55
40
50

a
b

Unpublished data.
Koçak et al. (2007).
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study period. Aerosol sulfate and ammonium in PM2.5 showed their
lowest concentrations in winter particularly during rain events since
these particles were efﬁciently scavenged by wet precipitation. For instance, a rain event started at around 23.00 pm on 29th of January
2015 and lasted 8 h. Just one hour before the rain started, aerosol sulfate
and ammonium (nitrate) concentrations were 913 ng m−3 and
1035 ng m−3 (3890 ng m−3), respectively. Within a few hours of consequential rain, aerosol sulfate and ammonium (nitrate) exhibited an
order of magnitude decrease in their concentrations reaching down to
100 ng m−3 and 50 ng m−3 (280 ng m−3) respectively. In addition to removal of particles by rain, lower gas-to-particle conversion may also
contribute to observed lower concentrations of these aerosol species
due to inferior solar radiation in winter. Even though, aerosol nitrate
concentration was inﬂuenced by wet scavenging in winter, it exhibited
lower concentrations in summer. This might be attributed to
(i) evaporation of nitrate due to either elevated temperatures (reaching
up to 40 °C during the day), (ii) reaction between H2SO4 and NH4NO3
(Appel et al., 1980; Appel and Tokiwa, 1981) or (iii) emission from
vehicles and stagnant air masses in winter (Di Gilio et al., 2015). High
concentrations of SO2 were observed in winter compared to summer.
In winter, elevated concentrations of SO2 might resulted from
(i) residential heating, (ii) enhanced power generation by using high
sulfur containing coal combustion, (iii) inferior gas-to-particle conversion, (iv) lower boundary layer height which prevents dilution of sulfur
dioxide. In contrast, gas NH3 exhibited lower concentrations in winter
than during summer. The soil moisture and temperature have been
identiﬁed as one of the controlling factors for NH3 emissions (Roelle
and Aneja, 2002). On the one hand, it has been demonstrated that
NH3 ﬂux increases with increasing soil temperature, although, Roelle
and Aneja (2002) suggested that rainwater may ﬁll pores of the soil
and prevent NH3 diffusion from the soil to the air. Prevailing meteorological conditions such as rain and temperature may lead to lower
NH3 concentrations in winter. HNO3 also demonstrated large variability
whereas, observed concentrations in winter and summer were comparable. SO2 and NH3 concentrations were also inﬂuenced by rain events
however, the decrease in their concentrations were less remarkable
compared to aerosols. During the aforementioned rain events, SO2 and
NH3 concentrations were respectively found to decrease from
2100 ng m−3 to 600 and from 500 ng m−3 to 240 ng m−3. Gas-toparticle conversion ratios for sulfate, ammonium and nitrate remarkably changed from one hour to another. Except for nitrate, the conversion ratios for summer were higher than that calculated for winter.
To illustrate the inﬂuence of air mass transport on the temporal variation of the measured concentrations, an event characterized from August 25th to 27th will be discussed. Before the event, on 24th August, air
masses originated from the west and southwest sectors (Fig. 4a)
reaching the Erdemli site at 200 m, with a daily mean NH3 concentration
of 1088 ng m−3. The next day, on 25th August at 07:00 am (local time),
the airﬂow shifted to a northerly direction (Fig. 4b). During the following hours, the NH3 concentration began to rise steadily and reached
2180 ng m−3 at 00:00 am on 26th August. Hourly 2-day back trajectories from 26th to 27th August showed that the transport pathway extended over the northeastern Black Sea and Russian and remained
prevailing until end of the event (Fig. 4c, d). NH3 continued to increase
and reached its highest value at 01:00 am on 27th August, attaining
54,910 ng m−3. The second maximum in NH3 concentrations was also
observed with a value of 26,180 ng m−3 at 13:00 pm on 27th August.
The arithmetic mean of NH3 values for this event was 8330 ng m−3.
The gas-to-particle conversion ratio for ammonium decreased to 0.10
during the event whilst it was around 0.65 just before the event. Since
atmospheric NH3 mostly has a life of 1 day (Seinfeld and Pandis,
1998), emission sources might be within the range of one-day trans2−
port. Meanwhile, NH+
4 (nnsSO4 ) was found to decrease by about 50%
(65%), reaching the mean concentration of 990 (1920) ng m−3 during
the event. On the other hand, SO2 increased substantially during the
event with a time lag of one day to NH3, reaching 960 ng m−3. In
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Fig. 3. Hourly variability of sulfate, ammonium and nitrate in PM2.5 and their precursor gases along with gas-to-particle conversion ratios (molar) and meteorological parameters from to
27 January–03 February 2015 to 19 August–01 September 2015 at Erdemli station.

other words, SO2 hourly variations did not show a similar pattern with
NH3. MODIS-Terra (Moderate Resolution Imaging Spectrometer) AOD
satellite images indicated a slight decrease in optical thickness over
site from 24th to 27th August. Daily concentrations from Teﬂon ﬁlters
also supported the same amount of decrease in nnsSO2−
and NH+
4
4 .
Moreover, the fraction of potassium associated with biomass burning
(KBB) and NH3 correlated well (r = 0.80) during summer time indicating their origin from similar sources. Potassium has been used as an inorganic tracer of biomass burning (Ramadan et al., 2000; Ma et al., 2003;
Liu et al., 2005; Lee et al., 2008) and KBB can be calculated via using the
+
+
2+
2+
formula (K+
BB = K − 0.036Na − 0.12 (Canss − CaBB ) suggested by Pio

et al. (2008). High levels of NH3 are also emitted through biomass burning (Hegg et al., 1988; Crutzen and Andreae, 1990). Taking into account
air mass histories and active ﬁre spots in Fig. 4, this sharp increase in
NH3 may be attributed to either man or natural induced biomass
burning.
3.5. Correlation between sulfate, ammonium, nitrate in PM2.5 and their precursor gases
Correlation between variables shows the degree to which they vary
together. Strong correlation coefﬁcients between two species may be
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Fig. 4. Two-day back trajectories demonstrating the transport of air masses to Erdemli for every hour at 200 m and MODIS aerosol optical depth (AOD) and active ﬁre (red) spots on 24
August 2015 (a), 25 August 2015 (b), 26 August 2015 (c), 27 August 2015 (d). (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version
of this article.)

because of one or more of the following common processes: (a) similar
sources (b) similar generation and/or removal mechanism and/or
(c) similar transport patterns. The signiﬁcance level of the correlation
coefﬁcient strictly depends on the number of samples. As a result, for
populations with a high number of samples, even a small correlation coefﬁcient can be statistically signiﬁcant. Thus, ﬁve different terms will be
used during the interpretation of correlation coefﬁcients derived from
the current datasets: (a) no correlation (r = 0), (b) weak correlation
Table 4
Correlation coefﬁcient matrix of water-soluble ions in PM2.5 and precursor gases along
with meteorological parameters at Erdemli in winter (a) and summer (b).
NH+
4

NO−
3

SO2

NH3

HHO3

1.00
0.90
0.44
0.15
0.49
0.70
0.33
−0.36
−0.37

1.00
0.70
0.11
0.47
0.74
0.28
−0.22
−0.31

1.00
−0.10
0.28
0.36
0.21
−0.04
−0.02

1.00
0.27
−0.02
−0.18
−0.17
−0.42

1.00
0.19
0.47
−0.44
−0.38

1.00
0.30
1.00
−0.15 −0.73 1.00
−0.21 0.01
0.44 1.00

b)
Summer

SO2−
4

NH+
4

NO−
3

SO2

NH3

HHO3 T

SO2−
4
NH+
4
NO−
3
SO2
NH3
HNO3
T
RH
AP

1.00
0.84
−0.08
−0.24
−0.44
0.09
0.23
0.54
−0.77

1.00
0.06
−0.21
−0.41
0.12
0.22
0.50
−0.55

1.00
0.17
0.28
0.24
0.04
−0.02
0.30

1.00
0.22
0.44
0.07
−0.41
0.32

1.00
0.14
−0.13
−0.38
0.36

1.00
0.01
0.00
0.03

a) Winter SO2−
4
SO2−
4
NH+
4
NO−
3
SO2
NH3
HNO3
T
RH
AP

T: temperature. RH: relative humidity. AP: atmospheric pressure.

T

RH

RH

AP

AP

1.00
−0.34 1.00
0.01
−0.46 1.00

(r = 0–0.4), (c) moderate correlation (0.4–0.7) (d) strong correlation
(0.7–1.0) and (d) perfect correlation (r = 1.0). Correlation coefﬁcients
between variables are illustrated in Table 4 [(a) winter and (b) summer].
a) Winter

Ammonium showed strong correlation coefﬁcients with sulfate and
nitrate of 0.90 and 0.71, respectively. At the coastal Eastern Mediterranean, it has been shown that the ammonium levels were enough to neutralize acidic sulfate and nitrate during the winter (Koçak et al., 2007).
The thermal stability of the NH4NO3 increases with decreasing temperature or from hot dry summer towards cold winter (Bennett, 1972). In
order to clarify the forms of ammonium in the winter multi linear regression analysis (MLR) was applied. The results obtained were statistically signiﬁcant with p b 0.00001. Estimated ammonium concentrations
from MRL against measured concentrations of ammonium are illustrated in Fig. 5. The slope of the regression line was 1.00 with a correlation coefﬁcient value of 0.96, implying acidic species sulfate and nitrate
were completely neutralized by alkaline ammonium. Results from MRL
also demonstrated that 60% of the ammonium presented in the form of
(NH4)2SO4 whilst 40% was in the form of NH4NO3 under the prevailing
−
winter conditions. SO2−
4 (NO3 ) and SO2 (HNO3) showed a weak correlation coefﬁcient with a value of 0.15 (0.36), implying that sulfate (nitrate) primarily originated from non-local sources. HNO3 exhibited
strong correlations coefﬁcients with sulfate and ammonium, of 0.70
and 0.74, respectively. It might be argued that these species either originated from the same source or had similar transport pattern. Gaseous
ammonia exhibited moderate correlation coefﬁcients with aerosol ammonium (0.47) and sulfate (0.49). This relationship suggested that the
secondary ammonium and sulfate formation was partially inﬂuenced
by locally emitted ammonia. Moreover, ammonia and temperature

220

E. Tutsak, M. Koçak / Science of the Total Environment 672 (2019) 212–226

arising from a combination of factors: (i) meteorological parameters
such as temperature, solar inﬂux, relative humidity, rain, wind speed/
direction, sea surface pressure, cloud cover and boundary layer height,
(ii) chemical reactions, (iii) source strength, (iv) type of source and
(v) history of air masses (Kadowaki, 1986; Khoder, 2002; Wittig et al.,
2004; Gao et al., 2011; Hu et al., 2014).
The arithmetic mean diurnal variability of sulfate, ammonium, nitrate and their precursor gases as well as the gas-to-particle conversions
for winter and summer are illustrated in Fig. 6. Taking into account the
diurnal variations for winter and summer, the following general observations may be made:
(a) Winter

Fig. 5. Comparison of measured and estimated hourly concentrations from MRL for NH+
4 in
winter.

denoted a moderate correlation coefﬁcient with a value of 0.47 and this
might be attributed to (i) release of ammonium from leaf and vegetation surfaces, or (ii) evaporation of dew (Ellis et al., 2011; Wentworth
et al., 2014, 2016). By comparison, ammonia showed moderate negative
correlation coefﬁcient with RH (−0.44) most likely due to enhanced
formation of NH4NO3 under humid conditions (Chang et al., 1986).
b) Summer

As expected, there was a strong correlation coefﬁcient (0.84) between ammonium and sulfate in summer. The slope of the regression
line was 0.82 when sulfate was plotted against ammonium in neq
m−3. The value of 0.82 implies that ammonium levels were also enough
to neutralize acidic sulfate in summer. These ﬁndings contradict with
the previous results documented for the same site (Koçak et al., 2007).
This discrepancy may be chieﬂy ascribed to the enhancement of sulfate
particles throughout the off-line sampling campaigns (for more details
see Section 3.1). Correspondingly, gaseous ammonia/sulfur dioxide
and RH exhibited moderate negative and positive correlation coefﬁcients with sulfate (−0.41 and 0.54) and ammonia (−0.41 and 0.50),
suggesting an inﬂuence of RH on gas-to-particle conversions of ammonium and sulfate during more humid conditions in summer. There was
a moderate correlation coefﬁcient between SO2 and HNO3 (0.44),
denoting that these gaseous species somewhat originated from similar
source or air-mass. Sulfate and ammonium respectively indicated
strong (−0.77) and moderate (−0.55) negative correlation coefﬁcient
with sea surface pressure. Elevated levels of sulfate and ammonium
under the unsettled weather conditions might have resulted from either
middle or long range transport since these particles have a relatively
longer lifetime in summer (Koçak et al., 2007).
3.6. Diurnal variability
Typically, the concentrations of sulfate, ammonium, nitrate and their
precursor gases demonstrate large diurnal variability (Gao et al., 2011;
Shon et al., 2013; Hu et al., 2014; Makkonen et al., 2014; Markovic
et al., 2014). Short-term changes in the concentrations of aforementioned species and gas-to-particle conversions can be very complex,

SO2−
and SO2 (see Fig. 6a) concentrations did not show dramatic
4
changes from 00.00 to 02.00, demonstrating low values around 5
(480) and 16 nmol m−3 (1025 ng m−3), respectively. These low concentrations may chieﬂy be attributed to removal of both species by
wet deposition (see Fig. 6f) despite a shallow planetary boundary
layer (~450 m, see Fig. 6e). From 02.00 to 03.00, SO2−
4 and SO2 concentrations respectively increased 60 and 40% and reached the ﬁrst peak at
04.00 with corresponding values of 10.1 (970) and 37.5 nmol m−3
(2402 ng m−3), when rain events ceased between 02.00 and 05.00.
After this peak, there was a sharp decrease in the concentrations of
SO2−
and SO2 until 10.00, reaching correspondingly 4.2 (403) and
4
14.8 nmol m−3 (948 ng m−3), because of sequential rain events that occurred between 05.00 and 08.00. From 10.00 to 12.00, SO2−
4 and SO2 exhibited a signiﬁcant increase, attaining their highest concentrations
with values of 11.7 (1124) and 42.7 nmol m−3 (2736 ng m−3) when
the airﬂow originated from the highly populated City of Mersin. Both
species then demonstrated a gradual decline in their concentrations
until 17.00 in the afternoon particularly under the inﬂuence of Easterly
winds that may bring relatively less polluted air-masses originating
from the sea. SO2−
4 showed more or less constant concentrations after
sunset (from 17.00 to 23.00) however, SO2 concentrations increased
from 10 (641) to 34 nmol m−3 (2178 ng m−3) between 17.00 and
23.00. The increment in SO2 after sunset might be ascribed to
(i) residential heating due to cold, (ii) decrease in PBL, (iii) change in
airﬂow from Easterly (sea breeze) to Northerly (land breeze) and/or
(iv) relatively a less efﬁcient gas-to-particle conversion.
Ammonia exhibited a slight increase between 00.00 and 07.00 (sun
rise about at 06.45), reaching 55.1 nmol m−3 (938 ng m−3) with a 20%
increase. From sun rise (07.00) to midday (12.00), there was a considerable increase in the concentration of ammonia, which reached a maximum at 12.00 with a value of 93.7 nmol m−3 (1596 ng m−3).
Ammonia concentration gradually decreased from 12.00 to 23.00,
returning to the night time concentrations of around 50 nmol m−3
(852 ng m−3). As can be seen from Fig. 6b and d, the diurnal trend of
ammonia was coincident with the diurnal cycle of temperature and relative humidity. Correspondingly, the diurnal relationship of ammonia
with temperature and RH were positive (r = 0.88) and negative (r =
−0.83), suggesting a release of ammonia from dew as well as emissions
from vegetation under hot and dry conditions or elevated formation of
particle ammonium when the temperature is high and the relative humidity is low. Fig. 7a and b respectively exhibit the relationship of ammonia with temperature and RH for hourly measurements obtained
during day and night time. During the day time, there was a signiﬁcant
correlation coefﬁcient (r = 0.76) between ammonia concentration and
temperature, however; this relationship was insigniﬁcant during night
time. On the other hand, the correlation coefﬁcients between ammonia
concentration and relative humidity for day and night time (r = −0.56)
and night (r = −0.45) were comparable, the former being slightly
higher than that of later. Since ammonia respectively showed strong
positive and moderate negative correlation coefﬁcients with temperature and humidity, the day time increment might be ascribed to either
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Fig. 6. Diurnal variability of sulfate, ammonium and nitrate in PM2.5 and their precursor gases and meteorological parameters in winter and summer. SR and SS refer to Sun Rise and Sun
Set, respectively.

evaporation of dew or emission from plant stoma. Whereas the night
time decrease was more likely due to uptake of ammonia by plant
and/or enhanced particle ammonium formation under low temperature
(mean ~ 10 °C) and humid conditions.
−
The diurnal cycle of NH+
4 was similar to that observed for NO3 . Both
species exhibited low concentrations from 00.00 to 10.00. Within two
−
hours, NH+
4 and NO3 concentrations steeply increased and reached
their ﬁrst maximum at 12.00 with values of 46 (830) and 28 nmol m−3
(1736 ng m−3), respectively. Afterwards, their concentrations dropped
about 40% between 12.00 and 17.00, values respectively reaching

down to 26.6 (453) and 17.3 nmol m−3 (1073 ng m−3) when the site
was affected by comparatively clean Easterly (sea breeze) winds. NH+
4
as well as NO−
3 correspondingly showed a 40% and 60% rise in their concentrations peculiarly after sunset (17.00), illustrating a broader second
peak compared to the ﬁrst peak. The second peak appeared from 17.00
to 22.00 and might be connected with (i) decline in temperature and increase in RH, (ii) decrease in PBL and (iii) airﬂow from rather polluted
air-masses originating from the North. Over the next two hours, the con−
centrations of NH+
4 and NO3 exhibited a remarkable decrease, going
down to 17.3 (290) and 10.7 nmol m−3 (663 ng m−3) owing primarily
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Fig. 7. The relationship of NH3 with temperature (a) and relative humidity (b) in winter.

to efﬁcient removal of these particles from the atmospheric compartment by wet deposition. HNO3 exhibited a peak at 12.00, following the
−
NH+
4 and NO3 peaks at 11.00, which might be attributed to the dissociation of NH4NO3 owing to enhanced temperature and reduced relative
humidity.
(b) Summer

From 00.00 to 08.00, sulfate and ammonium (Fig. 6g, h) did not exhibit a considerable change in their concentrations, being around 33
(3170) and 85 nmol m−3 (1533 ng m−3), respectively. These low and
constant values may chieﬂy be attributed to the lack of photochemical
activities during the night and a sluggish northerly airﬂow associated
with low sulfate and ammonium concentrations (see Section 3.7). Sulfate and ammonium concentrations increased about 30% and 45% respectively between 08.00 and 12.00 and they demonstrated a broad
peak from 09.00 to 18.00. This might chieﬂy be attributed to enhanced
gas-to-particle conversion in spite of the dilution effect owing to elevated PBL. From 00.00 to 01.00 SO2 concentration (Fig. 6h) augmented
25% and reached the ﬁrst peak at 02.00 with a value of 12.8 nmol m−3
(820 ng m−3). After this peak, there was a decreasing tendency in the
concentration of SO2 until 07.00, reaching 7.8 nmol m−3 (500 ng m−3).
From 07.00 to 12.00, SO2 demonstrated a remarkable increase, attaining
its highest concentrations with a value of 15.1 nmol m−3 (967 ng m−3).
These two sharp peaks might be ascribed to northerly air ﬂow relatively
polluted with SO2. Following that, SO2 declined steadily until 19.00,
when it reached a value of 7.5 nmol m−3 (480 ng m−3). The decrement
in SO2 might be a result of relatively high gas-to-particle conversion and/
or an increase in the PBL. SO2 then showed more or less similar concentrations from 17.00 to 23.00. NH3 (Fig. 6h) concentration reached the
ﬁrst peak at 01.00 with a value of 437.7 nmol m−3 (7454 ng m−3).
After this peak, there was a 50% decrease in the concentration of NH3
until 03.00 when a value of 216.9 nmol m−3 (3694 ng m−3) was recorded. From 03.00 to 08.00, NH3 did not exhibit a remarkable change
in its concentration (~230 nmol m−3 or 3917 ng m−3). Then, NH3 concentration increased sharply, denoting the second peak at 09.00 with a
value of 433 nmol m−3 (7374 ng m−3). This two maxima peaks in NH3
possibly resulted from biomass burning events that affected the site
(for more details see Section 3.7). Afterwards, NH3 decreased from
10.00 to 20.00, reaching its lowest concentration with a value of
141.4 nmol m−3 (2408 ng m−3). This dramatic decrease might be linked
to either efﬁcient gas-to-particle conversion or an increase in the PBL.
NO−
3 (Fig. 6i) exhibited low concentrations from 00.00 to 08.00.

Subsequently, NO−
3 concentration increased steeply and attained its
maximum at 12.00 with a value of 7.5 nmol m−3 (465 ng m−3). Within
2 h, its concentrations dropped by about 50% and continued to decrease
until 18.00, reaching a value of 2.7 nmol m−3 (167 ng m−3). The sudden
−
decrease of NO−
3 might be attributed to thermal decomposition of NO3
with increasing temperature and/or an increase in the PBL. After sunset
(from 19.00 to 23.00), NO−
3 showed a signiﬁcant increase, going up to
5.1 nmol m−3 (316 ng m−3). The diurnal cycle of HNO3 was similar to
that of observed for SO2 (r = 0.74, p b 0.01), suggesting a common
source for these precursor gases. HNO3 illustrated rather large values
from 00.00 to 04.00, ranging between 5.5 (347) and 6.2 nmol m−3
(391 ng m−3). HNO3 exhibited a second peak at 12.00 which was coincident with NO−
3 and SO2 peaks. These HNO3 peaks may arise from night
time production of nitric acid (Brown et al., 2006) and rather polluted
northerly air ﬂow.
3.7. Inﬂuence of air ﬂow on high time-resolved measurements of watersoluble ions in PM2.5 and precursor gases
The Kruskal-Wallis (K\\W, p N 0.05) test was applied to evaluate the
impact of air masses back trajectories on the high time-resolved mea+
−
surements of SO2−
4 , NH4 , NO3 , SO2, NH3, HNO3. The results from the
K\\W test did not reveal any statistically signiﬁcant difference between
airﬂows in winter. This might be ascribed to frequent rain events (5
rainy days out of total 8 measurement days) during the winter campaign, implying local or nearly mesoscale transport rather than long
range transport. Therefore, classiﬁcation for winter was done according
to local wind direction. Fig. 8 demonstrates the arithmetic means for
sulfate, ammonium and nitrate and their precursor gases as well as
gas-to-particle conversion ratios as a function of the local wind directions in winter and air mass back trajectory clusters in summer.
3.7.1. Winter
Except for the cases of SO2−
\W test did not reveal
4 and NH3, the K\
any statistically signiﬁcant difference between local wind directions
−
+
for NH+
4 , NO3 , SO2 and HNO3. The observed concentrations of NH4 ,
NO−
3 , SO2 and HNO3 might chieﬂy originated from local sources such
as trafﬁc, residential heating and Erdemli town situated at 7 km NE of
the sampling site. The K\\W test demonstrated that SO2−
4 concentration
was remarkably higher when local airﬂow originated from the East,
being at least 40% larger than during other wind directions. These relatively high values may be attributed to the pollution plume coming from
the City of Mersin and industry areas located at the east of the sampling
site and the absence of rain in Easterly airﬂow. Similarly, the K\\W test
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Fig. 8. Arithmetic means for sulfate, ammonium and nitrate and their precursor gases as well as gas-to-particle conversion (G-P-C) ratios as a function of the local wind directions in winter
(a–b) and air mass back trajectory sectors in summer (c–d).

showed statistically signiﬁcant differences between Easterly and NW, N
as well as NE airﬂows. NH3 for the E sector was at least 30% higher than
values calculated for the remaining airﬂow directions. Additionally, the
highest temperature and the lowest humidity at the sampling site was
observed when airﬂow originated from East (for a statistical summary
of meteorology see Table S4). Regarding these peculiarities, high ammonia in Easterly airﬂow might be ascribed to both evaporation of dew/
emission from plant stoma (for more details see Section 3.6) and the inﬂuence of the City of Mersin as well as the fertilizer industry positioned
+
to the East of the site. Gas-to-particle conversion ratios of SO2−
4 , NH4
and NO−
3 for airﬂows were found to be similar, being around 0.3 and
+
−
0.70 for SO2−
4 /NH4 and NO3 , respectively. Particularly low gas-to+
particle conversion ratios of SO2−
4 and NH4 support the idea that the observed concentrations of species were mainly inﬂuenced by local or
nearly mesoscale transport rather than long range transport.
3.7.2. Summer
The K\\W test did not show any difference between air masses for
2−
NO−
(21.0 nmol m−3 or
3 , HNO3 and, SO2. The lowest SO4
−3
−3
+
2017 ng m ) and NH4 (69.8 nmol m or 1259 ng m−3) concentrations were associated with airﬂow from the North, and were at least
2.9 and 1.9 times lower than those observed for the remaining airﬂows
(K\\W test, p b 0.05). Whereas, the K\\W test did not show a statistically signiﬁcant difference for SO2−
(~65 nmol m−3 or 6244 ng m−3)
4
−3
+
and NH4 (~140 nmol m or 2525 ng m−3) between SWS, MED and
NW airﬂows with a comparatively high relative humidity (for statistical
summary of meteorology see Table S4). It has been shown that transboundary transport of secondary aerosols actively takes place over
Europe and Eurasia while the atmosphere over the Eastern Mediterranean acts as a reservoir under the prevailing summer conditions
(Koçak et al., 2011). Fig. 9 presents SO2−
surface mass concentration
4

for August 2015 from MERRA-2. A reanalysis image exhibited almost
uniform distribution of SO2−
4 over the Eastern Mediterranean including
the Aegean Sea, of around 55 nmol m−3 (5283 ng m−3) which was surprisingly similar those of observed at Erdemli under the inﬂuence of
SWS, MED and NW airﬂows. Furthermore gas-to-particle conversion ra+
tios for these airﬂows were also comparable for SO2−
4 (~0.88) and NH4
(~0.68), suggesting that the air masses arriving at the station from these
directions were aged (Luria et al., 1996). The highest NH3 concentration
(6400 ng m−3 or 375 nmol m−3) and the lowest gas-to-particle conversion ratio (0.16) were associated with northerly airﬂow, and correspondingly, their means were at least 4.7 times larger and 4.1 times
smaller than those of remaining airﬂows. As aforementioned, biomass
burning (see Section 3.4) can be an important source of NH3 (Hegg
et al., 1988; Crutzen and Andreae, 1990). Fig. 10 illustrates NH3 concentrations along with % KBB contributions to PM2.5 mass for before (under
the inﬂuence of SWS, MED and NW airﬂows), during (N airﬂow) and
after (N airﬂow) biomass burning events. % KBB contribution to PM2.5
was 0.26 before biomass burning events then % KBB contribution increased 4.5 times during biomass burning events, reaching up to
1.18%. After biomass burning ceased, the % KBB contribution dropped to
0.30. The highest NH3 concentration (8500 ng m−3 or 500 nmol m−3)
was associated with the largest % KBB contribution to PM2.5. Consequently, it might be argued that NH3 values observed in northerly airﬂow
were likely inﬂuenced by biomass burning emissions.
4. Summary and conclusion
The current study has yielded nearly real time datasets of water+
−
soluble SO2−
4 , NH4 , NO3 (in PM2.5), SO2, NH3 and HNO3 during winter
and summer at a coastal rural site on the Eastern Mediterranean.
Based on results the following summary may be made:
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Fig. 9. SO2−
4 surface mass concertation for August 2015 from MERRA-2 (atmospheric reanalysis for the satellite era using the Goddard Earth Observing System Model).

SO2−
exhibited a positive bias for the ofﬂine technique since en4
hancement of SO2−
4 would occur on the surface of preexisting sea salt
particles whereas the percent difference between online and ofﬂine
−
techniques for NH+
4 and NO3 was mainly inﬂuenced by partitioning between the gas and aerosol phase.
−3
SO2−
) concentrations were about two and ﬁve times
4 (2814 ng m
−3
−3
higher than those of NH+
) and NO−
). Precur4 (1371 ng m
3 (495 ng m
sor gases were dominated by NH3 (3330 ng m−3and the alkaline NH3
concentration was more than enough to neutralize acidic gases (SO2 =
879 ng m−3, HNO3 = 346 ng m−3). Gas-to-particle conversion ratios
+
−
for SO2−
4 , NH4 and NO3 were higher than value of 0.3, implying that concentrations of these species were mainly inﬂuenced by non-local sources.
+
−
SO2−
4 , NH4 , NO3 , SO2 and HNO3 (except for NH3) exhibited a remarkable decrease across the Eastern Mediterranean. The decrease in
SO2 and HNO3 was at least 70% whilst the reduction in water-soluble
−
+
nssSO2−
4 , NO3 and NH4 was about 40% over the Eastern Mediterranean.
−
NO3 denoted lower concentrations in summer due to evaporation of nitrate whilst SO2 exhibited larger values in winter and this
elevated concentrations might have resulted from (i) residential
heating, (ii) enhanced power generation by using high sulfur

Fig. 10. NH3 concentrations along with % KBB contributions to PM2.5 mass for before (SWS,
MED and NW), during (N) and after (N) biomass burning events.

containing coal combustion, (iii) inferior gas-to-particle conversion, (iv) a lower boundary layer height which prevents dilution
of sulfur dioxide. Prevailing meteorological conditions (such as
rain and temperature) and type of source may lead to lower NH 3
concentrations in winter compared to summer.
In winter, the diurnal cycle of SO2−
(11.7 nmol m−3) and SO2
4
−3
(42.7 nmol m ) illustrated their highest concentrations when the airﬂow originated from the highly populated City of Mersin. Day time increase in NH3 related positively with temperature and negatively with
humidity in winter, suggesting evaporation of dew or emission from
−
plant stoma. HNO3 peak (at 12.00) followed the NH+
4 and NO3 peaks
(at 11.00) and it might be attributed to the dissociation of NH4NO3
owing to enhanced temperature and reduced relative humidity. In sum+
mer, SO2−
4 and NH4 exhibited a broad peak (from 09.00 to 18.00) because of enhanced gas-to-particle conversion. The diurnal cycle of
HNO3 was similar to that of observed for SO2 (r = 0.74, p b 0.01), implying a common source for these precursor gases. The diurnal cycle of NH3
was remarkably altered by emissions from biomass burning in summer.
There was no statistically signiﬁcant difference between air masses
in winter, exhibiting the importance of local or nearly mesoscale transport rather than long range transport. In summer, airﬂow from Eastern
Mediterranean denoted aged air masses containing rather uniform con−3
−3
centrations of SO2−
) and NH+
) as well
4 (~65 nmol m
4 (~140 nmol m
as gas-to-particle conversion ratios (0.88 and 0.68, respectively). The
highest NH3 concentration was associated with Northerly airﬂow
when the % KBB contribution to PM2.5 mass was the largest (1.18%), suggesting the importance of biomass burning emissions as a source of NH3
in this air mass.
Here we have only presented a relatively short time series (total of
+
−
434 h) of near real time measurements of SO2−
4 , NH4 , NO3 (in PM2.5),
SO2, NH3 and HNO3. There is a clear need to extend temporal and seasonal resolution of such simultaneous measurements including Na+,
−
K+, Mg2+, Ca2+, Cl−, NO−
2 , NO3 ) in PM2.5 and precursor gases (HCl,
HONO) as well as NOx, CO, O3, black carbon, optical and microphysical
properties of aerosols over the Eastern Mediterranean for better comprehension of the atmospheric chemistry and physics of the aerosols.
Furthermore, the calculation of the composition and phase state of
+
+
2+
+
−
water-soluble SO2−
, Ca2+ and Cl− in
4 , NH4 , NO3 , Na , K , Mg
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thermodynamic equilibrium with precursor gases would be useful to
understand partitioning of semi-volatile inorganic species.
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