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Abstract
The diurnal and seasonal variations of water-soluble ions (WSIs) in fine particles were investigated in an area predominantly 
affected by traffic emissions in Beşiktaş, Istanbul between 2017 and 2018. PM2.5 samples were collected at high time resolu-
tions of 2 h during the daytime and 12 h during the nighttime for six sampling campaigns over all seasons. Five inorganic 
water-soluble ions (SO4

2−, NH4
+, NO3

−, PO4
−3, and NO2

−) were determined using ion chromatography. Source analysis was 
investigated with principal component analysis (PCA) and bivariate polar plots. In descending order, WSIs concentrations 
were SO4

2−>NH4
+> NO3

−> PO4
−3>NO2

− during the different seasons. The high time-resolved concentrations ranged as 
follows: sulfate 1.2–1118.1, ammonium 0.3–289.9, phosphate 2.9–107.6, nitrate 4.6–179.7, and nitrite 0.8–9.0 ng/m3, with 
yearly averages of 226.5, 59.0, 58.4, 37.9, and 3.3 ng/m3, respectively. Except for phosphate, all WSIs had strong seasonal 
variations with high concentrations during the winter and low concentrations during the summer. Molar ratios revealed that 
the formation of ammonium sulfate was less likely than ammonium nitrate. Principal component analysis resolved secondary 
aerosols (43.9%), residential heating (34.6%), shipping emissions (8.7%), and vehicle emissions (6.7%) as the major sources 
of WSIs, OC, EC, and PM2.5 in Beşiktaş, Istanbul. Sulfate aerosol originated mainly from two nearby areas, SW and NE, of 
the sampling site tentatively due to residential heating and shipping emissions, respectively.
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Introduction

Atmospheric aerosols consisting of solid and liquid particles 
can be released from man-made or biogenic sources into 
the atmosphere (Begam et al. 2017). The primary inorganic 
aerosols such as Al, Fe, Mg, Ca, and Cl arise from natural, 
seawater, and man-made sources whereas secondary inor-
ganic aerosols such as sulfate, nitrate, and ammonium can 
be derived from neutralization reactions (Shon et al. 2012). 
Aerosols can change the properties of the clouds by act-
ing as cloud condensation nuclei and can absorb and scatter 
incident solar radiation (Venkataraman et al. 1999). Aerosols 
may also have serious effects on the decrease of visibility 
and air quality in the atmosphere and the impairment of 

human health (Shon et al. 2012). The diameter of the parti-
cles varies depending on their origin and the reactions they 
undergo in the atmosphere (Canepari et al. 2019). Fine par-
ticles having diameters smaller than 2.5 μm (PM2.5) mainly 
originate from traffic emissions and production activities 
such as electricity or they can be derived from the process of 
gas-to-particle conversion in the atmosphere (Chakraborty 
and Gupta 2010). In particular, studies conducted in urban 
areas have shown that traffic emissions represent a signifi-
cant source of secondary aerosols (Custodio et al. 2016). The 
chemical composition of PM2.5 is varied (Ye et al. 2017), 
and the predominant species are secondary inorganic aero-
sols consisting of sulfate, nitrate, and ammonium in PM2.5 
(Dao et al. 2014; Lin 2002; Zhao et al. 2015). The forma-
tion of these ions is directly related to the precursor gases 
(He et al. 2018). The main pathway to produce sulfate is 
the oxidation of SO2 which is mainly obtained from fossil 
fuel combustion. Sulfate can be also formed by ammonium 
sulfate ((NH4)2SO4) and ammonium bisulfate (NH4HSO4), 
where these ammonium salts consist of a reaction between 
ammonia (NH3) and sulfuric acid (H2SO4) (Bozkurt 2018). 
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The oxidation of NOx and ammonium nitrate particles, 
which is formed by the reaction of nitric acid and ammo-
nia, is the production pathway of nitrate (Shon et al. 2012). 
These water-soluble inorganic ionic species can exacerbate 
visibility impairment and affect the acidic (Gao et al. 2011) 
and hygroscopic properties of aerosols (Shen et al. 2009). It 
is necessary to determine their composition to better under-
stand the environmental effects, properties, and reactivity of 
these ionic species (Deshmukh et al. 2010).

Istanbul is one of the second-largest metropolitan areas in 
the East Mediterranean with a population of over 15 million. 
Most of the pollution sources are derived from intense traf-
fic and industry so that urbanization areas experience poor 
air quality levels (Krzyzanowski et al. 2014). According to 
Kanakidou et al. (2011), air quality limits of ozone and aero-
sol are often exceeded in the East Mediterranean. Poor quality 
coal used for residential heating caused the particulate matter 
(PM) and sulfur dioxide (SO2) concentrations to exceed the 
air quality standard in Istanbul (Im et al. 2010). The climate 
of Istanbul is highly influenced by the proximity of the city 
to the sea and shows a transition between the Mediterranean 
and the Black Sea climate (Karaca et al. 1995).

In this work, high time-resolution PM2.5 samples were 
collected to better understand the exchange of secondary 
water-soluble ions in the atmosphere and to interpret their 
possible sources. Firstly, the seasonal and diurnal variations 
of water-soluble ions were shown, and their relationship with 
meteorological factors was analyzed. Organic and elemental 
carbon together with water-soluble ions makes up the majority 
of fine particles (Ahmad et al. 2020). OC and EC concentra-
tions reported by Flores et al. (2020a) and water-soluble ions 
were used in principal component analysis (PCA) in order to 
investigate their potential sources. This study is the first with 
its high sampling number and high time resolution covering 
four seasons for secondary water-soluble ions in Istanbul. This 
study on secondary ions is important in terms of helping to 
evaluate their adverse effects on humans and the atmosphere, 
as well as determining sources in a large metropolitan area 
such as Istanbul, especially in an area with high traffic.

Materials and methods

Study area and sampling site

Istanbul is the central city of Turkey and a highly populated 
megacity with a population of 15.52 million and an area of 
5313 km2. Diurnal measurements of fine particulate mat-
ter (PM2.5) were carried out in the Beşiktaş district. The 
sampling station (41.0464 N, 29.0079 E) is on Barbaros 
Boulevard approximately 600 m North of the Bosphorus 
strait (Fig. 1). Istanbul is affected by various natural and 
anthropogenic emission sources. The sampling site is the 

receptor of road traffic and shipping emissions, the usage 
of poor quality coal for domestic heating during the heating 
season, and industrial activities in some parts of Istanbul. 
This area is also affected by airfield emissions.

Sample collection

Approximately 300 highly time-resolved PM2.5 samples 
were collected on 8 × 10 in2 quartz fiber filters (part number 
TE-QMA, Tisch Environmental, OH, USA) on selected 
days from January 2017 to January 2018 using a Tisch PNY-
1123 high volume sampler. Samples were collected during 
the daytime with 2-h intervals between 7:00 and 19:00 and 
during the nighttime with 12-h intervals between 19:00 and 
7:00. To investigate the influence of seasonal variations due 
to meteorology, samples were collected on selected periods 
as follows: Winter 1 (28/01/2017–04/02/2017), Winter 2 
(17/02/2017–23/02/2017), Spring (03/05/2017–09/05/2017), 
Summer (06/07/2017–12/07/2017), Fall (20/10/2017–26/10/2017), 
and Winter 3 (05/01/2018–11/01/2018). Additional details about 
sampling preparation, collection, and instrument operation can be 
found elsewhere (Flores et al. 2020a).

Water‑soluble ion analysis

Portions of PM2.5 filter samples were placed in clean 50-ml 
polypropylene (pp) conical tubes with 10 ml ultrapure deionized 
water. The tubes were subjected to ultrasonic extraction for 60 
min then centrifuged for 4 min at 2000 rpm. The extracted solu-
tions were filtered with 0.22-μm microporous PTFE membranes. 
Finally, the filtered samples were transferred to 2-ml pp vials 
and stored at −4 °C until chemical analysis. A Shimadzu Promi-
nence ion chromatography (IC) analyzer (HIC-20a Super) was 
used to determine the concentrations of anions (NO2

−, NO3
−, 

SO4
−2, PO4

−3) and a cation (NH4
+). Calibration curves were 

performed for each working day, and blanks (deionized water) 
were analyzed every 10 samples to evaluate possible carryover 
from previous samples. Contamination from previous samples 
was not observed for any of the blank analyses.

Principal component analysis (PCA)

The potential sources of water-soluble ion species were evalu-
ated by principal component analysis (PCA) (Hopke 2003). 
The purpose of PCA is to reduce the variables into a smaller 
number of components. The total contributions from various 
factors (i.e., sources) represent the measured concentration of 
the ion species at the receptor site (Ahmad et al. 2020). Con-
trary to other source analysis methods, in PCA, detailed knowl-
edge of the sources is not required, and related studies about 
this can be widely found in the literature (Wei et al. 2019). 
In this study, OriginPro 2018 v.9.5.1.195 (OriginLab Co., 
Northampton, MA, USA) was used to carry out multivariate 
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analysis via PCA. The input to the PCA was a 294 × 7 matrix 
with highly time-resolved concentrations of WSI determined 
in this study, and PM2.5, organic carbon (OC), and elemental 
carbon (EC) concentrations reported by Flores et al. (2020a).

Meteorology and traffic data

Temperature (°C), dew point (°C), humidity (%), 
wind direction, wind speed (km h−1), pressure (hPa), 

Fig. 1   Study area and location of the sampling station
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precipitation (mm), and solar radiation (W m−2) were 
obtained from Weather Underground at the closest mete-
orological station (i.e., Balmumcu, 41.0580 N, 29.0169 
E) located 1570 m NE of the sampling station. Traffic 
density (number of vehicles per unit time) was obtained 
from the department of transportation in Istanbul for a 
sensor located nearly 460 m from the sampling site. Traf-
fic data was not available for spring and summer sampling 
campaigns.

Results and discussion

Comparison of the WSIs with other studies 
in the world

The WSI concentrations obtained in this study were com-
pared with other studies in the world. All studies were per-
formed in urban areas with the exception of Tutsak and 

Koçak (2019) who performed the study in a rural (i.e., agri-
cultural) area. The studies were selected based on geographi-
cal distribution and availability of seasonal concentrations 
in the fine fraction (PM2.5). The seasonal and annual average 
concentrations are shown in Table 1. Overall, the highest 
concentrations among all selected studies were found in Jinan 
and Wuhan China (Gao et al. 2011; Zhang et al. 2022) and 
Delhi India (Jain et al. 2020) and were followed by a study 
in Seoul Korea (Lee et al. 2021). The lowest concentrations 
were observed in the urban traffic sites selected in this study: 
Erdemli Turkey (Tutsak and Kocak 2019), Oporto Portugal 
(Custódio et al. 2016), and Paris France (Bressi et al. 2013).

The seasonal average concentrations of nitrate, sulfate, 
and ammonium found by Gao et al. (2011) in Jinan were 
in the range of 10190–21770 ng/m3, 27110–64270 ng/m3, 
and 13280–29190 ng/m3, respectively. These high concen-
trations were attributed to a combination of local emission 
sources such as traffic and residential heating and regional 
transport. Seasonal average concentrations in Wuhan 

Table 1   Nitrate, sulfate, and ammonium concentrations (ng/m3) in this study and in other urban and rural areas in the world

Region Site Season NO3
− SO4

2 NH4
+ PO4

3− Reference

Istanbul, Turkey 2017–2018 Urban Winter 42.12 227.83 75.70 37.33 This study
Spring 11.47 103.22 16.46 32.10
Summer 37.10 263.79 84.08 25.28
Fall 50.70 265.88 83.26 35.43
Annual 34.94 219.25 64.07 34.61

Erdemli, Turkey 2015 Rural Winter 517 648 459 - (Tutsak and Kocak 2019)
Summer 256 1224 1715 -

Jinan, China 2007–2008 Urban Winter 21770 42840 29,190 - (Gao et al. 2011)
Spring 10190 27110 13280 -
Summer 19220 64270 28010
Fall 11690 30990 15130 -

Wuhan, China 2014–2015 Urban Winter 23210 14080 7440 - (Zhang et al. 2022)
Spring 7800 18070 5300 -
Summer 1130 14530 4830 -
Fall 15180 12870 7960 -

Paris, France 2009–2010 Urban Annual 2900 2000 1400 - (Bressi et al. 2013)
Oporto, Portugal 2013–2014 Urban Winter 1550 1090 560 (Custódio et al. 2016)

Spring 840 1850 530
Summer 860 3330 890
Fall 1240 1690 480
Annual 1140 1950 620

Seoul, Korea 2012–2013 Urban Winter 11900 9300 6800 (Lee et al. 2021)
Spring 10300 7800 5500
Summer 800 6800 2700
Fall 3800 4500 2200

Delhi, India 2013–2016 Urban Winter 20200 18600 16600 (Jain et al. 2020)
Spring 6450 10400 6710
Summer 3500 9790 3020
Fall 18400 18100 14900
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(Zhang et al. 2022) were in the range of 1130–23210 ng/
m3 (nitrate), 12870–18070 ng/m3 (sulfate), and 4830–7960 
ng/m3 (ammonium) and were also attributed to a combina-
tion of local emission sources (i.e., industrial emissions, coal 
combustion, vehicle emissions, and fugitive dust) as well as 
regional and long-range transport. The high concentrations 
of 3500–20200 ng/m3 (nitrate), 9790–18600 ng/m3 (sulfate), 
and 3020–16600 ng/m3 (ammonium) reported by Jain et al. 
(2020) were mainly attributed to local sources such as bio-
mass burning and traffic emissions, as well as transbound-
ary sources for sulfate aerosol. The lower concentrations 
found in this work (i.e., nitrate 34.9 ng/m3, sulfate 219.2 
ng/m3, and ammonium 64 ng/m3) compared to other urban 
areas in the world may be attributed to the location of the 
sampling station away from industrial and residential areas 
contributing to residential heating emissions during the win-
ter as will be explained in the following sections. Different 
seasonal variations were observed for different ion species 
in the selected studies. In our work, we found higher con-
centrations in the fall and winter and lower concentrations 
in the spring and summer for all target analytes. Similar 
results were obtained by Lee et al. (2021), Jain et al. (2020), 
and Zhang et al. (2022). In general, high concentrations in 
the winter have been attributed to an increase in emission 
sources such as biomass burning for residential heating 
during the cold season and traffic emissions, whereas high 
concentrations in the summer are due to an increase in the 
photochemical production of secondary inorganic aerosol.

Seasonal variation of WSIs

Figure 2 shows the fractional composition of water-soluble 
ions in PM2.5 during the different seasons. Overall, the most 
abundant ion was sulfate with approximately 59 and 67% in 
the winter and spring, respectively. The second most abun-
dant ion was variable. Both ammonium and phosphate con-
tributed to approximately 20% of the investigated ions in the 
winter-fall and summer, respectively. The least abundant ions 
were nitrate and nitrite. Nitrate showed variations of approxi-
mately 7–11% in the summer and winter, respectively. While 
nitrite had abundances of 0.2–0.4% throughout all seasons.

The seasonal variation of water-soluble ions in PM2.5 is 
shown in Fig. 3. In descending order, the concentrations are 
SO4

2−> NH4
+> NO3

−> PO4
−3> NO2

−. The average seasonal 
concentrations ranged as follows: sulfate 103.22–265.88 ng/
m3, ammonium 16.46–87.67 ng/m3, nitrate 11.47–50.70 ng/
m3, phosphate 25.28–39.38 ng/m3, and nitrite 0.66–2.02 ng/
m3. Overall, two types of seasonal trends can be observed 
among the target compounds. Nitrite, nitrate, and phosphate 
show a decreasing trend from winter 1 to summer or fall, 
followed by an increasing trend in winter 3. On the other 
hand, sulfate and ammonium show an increasing trend from 
winter 1 to spring, and fall to winter, with lower concentra-
tions in the summer.

All of the water-soluble ions measured in fine particles, 
with the exception of phosphate, were detected at the low-
est concentrations in the summer. Sulfate was the most 

Fig. 2   Fractional composition 
of WSIs in PM2.5 during differ-
ent seasons
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abundant ion in fine particles, accounting for approximately 
60% of the total ions. Both SO4

2− and NO3
− secondary ions 

showed the highest concentrations during winter 3. It was 
observed that the changes in ammonium concentrations cor-
respond to nitrate concentrations in three sampling periods 
(spring>winter 1>summer) while the sulfate concentrations 
in two sampling periods (winter 1>summer).

During the sampling periods, the total sulfate concentra-
tion appears to be approximately 3–4 times higher than the 
ammonium concentration, which has the highest concen-
tration after sulfate. The high concentration of sulfate can 
be attributed to a high oxidation rate of sulfur dioxide (Lai 
et al. 2007). The decrease in ambient temperature, lower 
atmospheric deposition rates, increase in emissions from 
residential heating, and gas-to-particle conversion in the cold 
season may be associated with the accumulation of sulfate 
in the atmosphere and these high concentrations (Gao et al. 
2011; Gao et al. 2019; Javed et al. 2015; Tutsak and Kocak 
2019). In this work, it was observed that the sulfate concen-
tration reaches high levels not only in the winter but also in 
the spring and fall seasons, which can be explained by the 
increasing sulfur dioxide conversion rates with increasing 

temperature and relative humidity (Jiang et al. 2018). In 
addition, the contribution of traffic emission to sulfate in 
PM2.5 plays also a role in the high concentration levels (Zhao 
et al. 2011). Ammonia reacts with acidic gases in the atmos-
phere to form ammonium salts. Ammonium sulfate is the 
most common in the air because it is more stable than others. 
Ammonium nitrate exists in the atmosphere as a particulate 
form of nitrate although it is not stable enough (Lai et al. 
2007). In high-temperature conditions, ammonium nitrate 
can decompose to nitric acid and ammonia (Javed et al. 
2015; Tsai et al. 2016). Nitrite (NO2

−), which originates 
from fossil fuel combustion, can be also transformed into 
nitrate particles by photo-oxidation reactions. The seasonal 
average concentrations of phosphate in decreasing order 
are winter 1 (39.38 ng/m3), spring (38.26 ng/m3), winter 2 
(37.19 ng/m3), winter 3 (35.43 ng/m3), summer (32.10 ng/
m3), and fall (25.28 ng/m3). The sources of phosphate have 
been reported in the literature as agricultural activities and 
the use of fertilizer (Bozkurt 2018; Chakraborty and Gupta 
2010; Tsai et al. 2015); however, other sources include bio-
mass burning, fossil fuel combustion, vehicle emissions, and 
mineral dust (Indris et al. 2020; Shi et al. 2019). The absence 

Fig. 3   Seasonal variation of WSIs
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of large variations during the different seasons may indicate 
that phosphate is emitted continuously from the same source 
during all seasons. Nitrite is not discussed in further sections 
due to its low concentrations compared to other ions.

Diurnal variation of WSIs

In order to understand the diurnal variation of WSIs, high 
time-resolved PM2.5 samples were collected during different 
seasons at time resolutions of 2 h between 7:00 and 19:00 
and 12 h during the nighttime (19:00–07:00). The average 
2-h and 12-h concentrations are shown in Fig. 4 and are 
discussed according to each season. Figure 5 shows the time 
series of high time-resolved WSI concentrations (ng/m3) in 
2-h and 12-h PM2.5 samples.

Winter

For all winter sampling campaigns (i.e., winter 1, win-
ter 2, and winter 3), the lowest sulfate concentration was 

observed in the morning hours between 7:00 and 9:00. A 
gradual increase in the sulfate concentrations was observed 
from 07:00–09:00 to 15:00–17:00, possibly indicating a 
more predominant contribution of traffic emissions in this 
traffic sampling site. The maximum concentrations were 
observed at 15:00–17:00 and 13:00–15:00 in winters 1–2 
and winter 3, respectively, which is consistent with diurnal 
patterns of traffic in this sampling site (Fig. 5a, (Flores et al. 
2020a)). Higher concentrations during the daytime may be 
also explained by enhanced photochemical reactions due to 
stronger solar radiation (i.e., Fig 5c, (Flores et al. 2020a)). 
Overall, sulfate concentrations during the winter nighttime 
(19:00–07:00) were higher than early in the morning (i.e., 
7:00–09:00), which may indicate the accumulation of pol-
lutants with decreasing boundary layer height during this 
period (Gao et al. 2011). Contrary to sulfate, nitrate con-
centrations did not show strong diurnal variations. The low 
traffic density observed in the first hours of the morning may 
be the reason for the lower nitrate concentration during the 
07:00–09:00 time interval in winter 1–3 sampling campaigns 

Fig. 4   Diurnal variability of water-soluble ion concentrations during the various sampling campaigns
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(Fig. 5a, (Flores et al. 2020a)). The nitrate concentrations did 
not change significantly during the daytime by maintaining 
the thermodynamic balance with the decreasing tempera-
tures in the winter period (Gao et al. 2011). Ammonium con-
centrations varied in the range of 35.05–62.66, 59.09–99.03, 
and 55.32–96.64 ng/m3 in winter 1–3 sampling campaigns, 
respectively (Fig. 4d). Ammonium concentrations steadily 
increased during the day and reached the maximum concen-
trations during the nighttime. The reasons for this may be 
connected with an increase in relative humidity and accu-
mulation of particles by a decrease in the boundary layer 
height (Tutsak and Kocak 2019). The phosphate concen-
tration did not show any significant diurnal pattern in all 
winter periods; however, concentrations were much lower 
during the nighttime (i.e., 9.50–15.79 ng/m3) than in the 
daytime (i.e., 61.04–63.72 ng/m3). This may be an indica-
tor of a decrease in transport from local or regional sources 
during the nighttime.

Spring

The maximum concentrations of sulfate were observed in the 
spring at 13:00–15:00 and 15:00–17:00 (Fig. 4c). Although 
traffic density data was not available during the spring, the 
maximum sulfate concentrations coincide with the diurnal 
traffic patterns in other seasons as shown by Flores et al. 
(2020a). In addition, meteorological conditions such as low 
boundary layer height and high temperature (Fig. 6) may 

have contributed to the enhanced production of sulfate par-
ticles during the spring compared to other seasons. The diur-
nal variation of nitrate and phosphate exhibited similarity 
with sulfate, with maximum and minimum concentrations 
at the same time intervals. Similar variations among these 
three secondary ions may indicate similar sources in the 
spring season.

Summer

Contrary to the cold season, sulfate reached its lowest con-
centration during the nighttime (19:00–07:00) in the warm 
season. The decline in the photochemical reactions due 
to the lack of solar radiation and the effect of prevailing 
northerly winds (N, NNE, and ENE) may be the reason for 
the lower concentrations during the nighttime. The dilution 
of pollutants owing to boundary layer height in the warm 
season may also influence the decreased concentrations 
during the nighttime. The maximum sulfate concentration 
was observed at 17:00–19:00 which was similar to the early 
morning period (07:00–09:00). High concentration values at 
07:00–09:00 can be explained by poor atmospheric dilution 
due to very low boundary layer heights (Fig. 6). Although 
the boundary layer height increased at 17:00–19:00 and 
the wind speed reached its highest value (4.99 m/s), sulfate 
showed a high concentration during this period, which may 
indicate the influence of atmospheric transport from nearby 
regions. Ammonium and nitrate concentrations showed a 

Fig. 5   Highly time-resolved 
concentrations of water-soluble 
ions in Istanbul
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similar trend except for the nighttime period. Nitrate was 
measured at its minimum concentration in the nighttime 
(7.70 ng/m3) while ammonium concentration showed a 
slight increase in the concentration (18.10 ng/m3) compared 
to the daytime. The reason for lower nitrate concentration 
during the summer may be attributed to the decomposition 
of NH4NO3 under the effect of higher temperatures (Gao 
et al. 2011). On the other hand, an increase in the ammonium 
concentration during the nighttime may be due to variations 
in meteorological conditions. Phosphate concentrations did 
not show significant variation during the daytime; however, 
the concentrations significantly decreased during the night-
time possibly due to reduced transport from local emissions.

Fall

The maximum concentration of sulfate (328.70 ng/m3) was 
observed at 17:00–19:00. Contrary to spring and summer, 
sulfate concentration was found at low levels at 9:00–11:00, 
rising slowly until 19:00 and decreasing during the night-
time. The lack of a sharp increase in the concentrations 

during the daytime may be due to lower solar radiation dur-
ing the fall, compared to spring and summer. Nitrate (52.99 
ng/m3) and ammonium (91.36 ng/m3) concentrations peaked 
at 09:00–11:00 and 17:00–19:00 time intervals, respectively. 
Unlike other seasons, it was observed that sulfate, nitrate, 
and ammonium were at a high concentration in the fall sea-
son between 7:00 and 09:00, which may be due to a combi-
nation of low boundary layer height and wind speed.

The molar ratios between ionic species can be used as a 
first analysis to understand variations of emission sources 
and processes involved in the formation of secondary inor-
ganic aerosol. Table 2 shows the diurnal and seasonal vari-
ation of molar ratios SO4

2−/NO3
−, NH4

+/NO3
−, and NH4

+/
SO4

2−.
The average values of SO4

2−/NO3
− ratios ranged from 5.5 

to 9.4 during the different seasons. Similar average ratios 
were observed in the spring (7.7) and fall (7.4) whereas sig-
nificant variations were observed in the winter and sum-
mer, with lower ratios in the winter (5.5) and higher ratios 
in the summer (9.4). Although a dramatic decrease in the 
concentrations was observed for both sulfate and nitrate 

Fig. 6   Diurnal variability of temperature, relative humidity, and boundary layer height during the various sampling campaigns
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aerosol during the summer, in addition to traffic emissions, 
high concentrations of sulfate aerosol are also due to ship-
ping emissions near the sampling site. The diurnal values of 
SO4

2−/NO3
− ratios ranged 4.4–6.1, 5.3–9.1, 7.4–10.5, and 

4.6–8.2 in the winter, spring, summer, and fall, respectively, 
with lower ratios in the morning (07:00–11:00) and higher 
ratios in the late afternoon (17:00–19:00). This diurnal vari-
ation may indicate the predominance of local sources from 
traffic emissions in the morning and the transport of sulfate 
aerosol in the afternoon due to variations in the boundary 
layer height, particularly in the summer (Fig. 6). Higher 
ratios in the summer compared to the winter may also be 
due to variations in temperature that favor the formation of 
sulfate aerosol and degradation of nitrate aerosol during the 
summer (i.e., high temperature) and formation of nitrate 
aerosol during the winter (i.e., low temperature) (Jain et al. 
2020).

The molar ratios NH4
+/NO3

− and NH4
+/SO4

2− are help-
ful to show the likely formation of ammonium nitrate 
(NH4)2NO3 and ammonium sulfate (NH4)2SO4, respectively, 
through neutralization reactions. Ratios greater than 1 and 2 
indicate the presence of sufficient ammonium aerosol in the 
atmosphere to completely neutralize the nitrate and sulfate, 
respectively, and favor the formation of secondary inorganic 
aerosol. In this work, the molar ratios NH4

+/NO3
− were 

greater than 1 during all seasons and times of the day, with 
the exception of summer 09:00–11:00 and 13:00–15:00 
which were 0.9 in both cases, indicating the formation of 
ammonium nitrate during most of the sampling campaigns. 
The ratios ranged as 1.4–2.1, 1.0–2.1, 0.9–2.4, and 1.5–2.9 
in the winter, spring, summer, and fall, respectively with the 
highest ratios (2.1–2.9) in nighttime samples (19:00–07:00). 
High ratios observed during the nighttime may be likely 
due to the decrease in nitrate aerosol from traffic emissions 
(Fig. 4a). The molar ratios of NH4

+/NO3
− did not show sig-

nificant seasonal variations in the winter, spring, and sum-
mer with values of 1.7–1.8. However, greater values were 
observed in the fall (2.4). These high ratios in the fall may 
be due to a decrease in the nitrate aerosol (Fig. 4a) and an 

increase of ammonium aerosol (Fig. 4d) available during the 
nighttime (i.e., ratio 2.9, 19:00–07:00, Table 2).

Contrary to NH4
+/NO3

− ratios, the formation of ammo-
nium sulfate was less likely than ammonium nitrate since 
ratios of NH4

+/SO4
2− did not exceed the value of 2 estimated 

by thermodynamic models during the daytime and nighttime 
samples at all seasons. In addition, the ratios did not show 
strong diurnal and seasonal variations and were in the range 
of 0.1–0.4. One possible explanation is that sulfate aerosol 
and ammonia may be emitted by different sources and are 
present at different geographical locations inhibiting the for-
mation of ammonium sulfate. Bivariate polar plots in further 
sections will show that nitrate and ammonium aerosols are 
present in high concentrations near the sampling site, while 
sulfate aerosol is transported from nearby areas in the SW 
direction (Fig. 7). Another possible explanation may be due 
to the presence of organic material in this urban traffic site, 
coating the aerosol and retarding the formation of ammo-
nium sulfate as explained by Silvern et al. (2017).

Bivariate polar plots

Bivariate polar plots were used to identify potential 
sources of WSIs. Polar plots were created with the open-
source package openair (Uria-Tellaetxe and Carslaw 
2014) with high time-resolved concentrations (i.e., 2 h 
and 12 h averages) of PM2.5 and WSI concentrations. Fig-
ure 7 shows the annual polar plots of PM2.5 and WSIs. 
Polar plots identified various sources for PM2.5 and water-
soluble ions. In general, during the study period, north-
east (NE) was the dominant wind direction with wind 
speeds as high as 8.5 m s−1. Southwesterly (SW) and 
southeasterly (SE) winds were also observed with lower 
frequencies and wind speeds (i.e., 4 m s−1). In this traf-
fic site, high concentrations of PM2.5 (Fig. 7a), nitrate 
(Fig. 7c), sulfate (Fig. 7e), and ammonium (Fig. 7f) were 
observed during stable conditions or episodes with wind 
speeds lower than 2 m s−1. Transport from the SW direc-
tion resulted in high concentrations of nitrite (Fig. 7b), 

Table 2   Molar ratios between sulfate, nitrate, and ammonium ions in PM2.5

SO4
2−/NO3

− NH4
+/NO3

− NH4
+/SO4

2−

Winter Spring Summer Fall Winter Spring Summer Fall Winter Spring Summer Fall

07:00–09:00 5.2 5.3 9.4 5.1 1.4 1.2 0.7 1.5 0.3 0.2 0.1 0.3
09:00–11:00 4.4 8.0 7.5 4.6 1.4 1.6 0.9 1.5 0.3 0.2 0.1 0.3
11:00–13:00 5.0 7.3 7.5 6.5 1.5 1.2 1.3 1.7 0.3 0.2 0.2 0.3
13:00–15:00 5.3 7.5 7.4 7.5 1.6 1.0 0.9 1.9 0.3 0.1 0.1 0.3
15:00–17:00 5.7 8.9 8.1 7.4 1.7 1.3 1.0 2.3 0.3 0.1 0.1 0.3
17:00–19:00 6.1 9.1 10.1 8.2 1.8 1.5 1.0 2.3 0.3 0.2 0.1 0.3
19:00–07:00 5.8 7.8 10.5 8.2 2.1 2.1 2.4 2.9 0.4 0.3 0.2 0.4
Average 5.5 7.7 9.4 7.4 1.8 1.7 1.7 2.4 0.3 0.2 0.2 0.3
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phosphate (Fig. 7d), sulfate, and in lower quantities of 
nitrate and ammonium. A fraction of ammonium ion 
was also transported from the SE. An additional source 
identified NE of the sampling site was associated with 
lower concentrations of nitrite, phosphate, and sulfate 
ions. These results are consistent with previous studies 
that have identified sources such as traffic emissions near 
the sampling site at low wind speeds, shipping emissions 
from the NE and SE directions, and fossil fuel combustion 
from residential heating from the SW and SE directions 
(Baykara et al. 2019; Flores et al. 2020b; Flores et al. 
2022; Şahin et al. 2020).

Source identification by principal component 
analysis (PCA)

Principal component analysis was performed with OriginPro 
2018 v.9.5.1.195 (OriginLab Co., Northampton, MA, USA). 
The input matrix was composed of 300 highly time-resolved 
concentrations of nitrate, phosphate, sulfate, and ammonium 
ions. PM2.5, OC, and EC concentrations (Flores et al. 2020a) 
were also used to aid in the identification of sources. Overall, 

four factors resolved 93.9% of the total variance of the data. 
Table 3 shows the extracted coefficients.

The results show that factors 1 and 2 had the highest 
contribution to the total variance of the data (78.5%), 
while factors 3 and 4 had a minor contribution (15.4%). 
Factor 1 had the highest contribution to the total variance 
of the data (43.9%) and was composed of nitrate, sulfate, 
ammonium, and PM2.5 and was interpreted as secondary 
inorganic aerosol (Zhang et al. 2022). Factor 2 (34.6%) 
was composed of phosphate and sulfate, which showed 
negative correlations with OC and EC. In a previous study, 
OC and EC were associated with traffic emissions near 
the sampling site and shipping emissions from the NE 
and E directions, respectively (Flores et al. 2022). Source 
analysis performed with polar plots in “Bivariate polar 
plots” section identified sources of phosphate and sulfate 
from the SW, NE, as well as sources near the sampling 
site. Since phosphate and sulfate had negative correlations 
with OC and EC which were associated with sources near 
the sampling site and NE, respectively, factor 2 was inter-
preted as fossil fuel combustion from the SW direction, 
which is consistent with emissions from residential heating 

Fig. 7   Annual polar plots of highly time-resolved concentrations of (a) PM2.5 and (b–f) water-soluble ions
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(Baykara et al. 2019). These observations are also consist-
ent with polar plots performed for each winter campaign 
(Fig. 8).

Factors 3 and 4 had the lowest contribution to the total 
variance of the data with 8.7 and 6.7%, respectively. Fac-
tor 3 was composed of sulfate and EC and had a large 

negative correlation with PM2.5 concentrations. Following 
the discussion in factor 2, factor 3 was interpreted as ship-
ping emissions from the NE direction, as shown in Figs 
7e and 8a, and due to the negative correlation with PM2.5 
concentrations emitted near the sampling site (Fig. 7a). 
Factor 4 (6.7%) had high contributions of phosphate, 
OC, and PM2.5. Since PM2.5 and OC concentrations have 
been associated with sources near the sampling site dur-
ing calm conditions, this factor may be associated with 
sources of phosphate near the sampling site. Gasoline and 
motor lubricating oils contain phosphate-based additives 
in low quantities (Indris et al. 2020; Spencer et al. 2006). 
Although the source was not clearly identified by polar 
plots (Fig. 7d), factor 4 was interpreted as a source near 
the sampling site, tentatively named as traffic.

Correlation among WSIs, air pollutants, 
and meteorological factors

In this section, the relationship among WSIs, gas-phase 
air pollutants SO2 and NO2, and meteorological factors 
are determined by Pearson correlation analysis (Table 4). 
High correlation values indicate that the pollutants originate 
from the same source or are exposed to similar atmospheric 

Table 3   Extracted principal components and their loading coefficients

Factor 1
Secondary 
aerosol

Factor 2
Resi-
dential 
heating

Factor 3
Shipping

Factor 4
Traffic

Nitrate 0.47 0.28 0.00 0.00
Phosphate −0.11 0.52 0.29 0.73
Sulfate 0.43 0.29 0.44 −0.15
Ammonium 0.52 0.16 0.00 −0.32
OC 0.29 −0.48 0.25 0.41
EC 0.18 −0.55 0.41 0.09
PM2.5 0.43 −0.10 −0.71 0.40
Eigenvalue 3.07 2.42 0.61 0.47
Percent variance 43.9 34.6 8.7 6.7
Cumulative vari-

ance
43.9 78.5 87.2 93.9

Fig. 8   Polar plots of highly time-resolved concentrations of (a) sulfate and (b) phosphate during winter 1 (left), winter 2 (middle), and winter 3 
(right)
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processes (Bozkurt 2018). It has been determined that all 
ionic compounds with the exception of phosphate and gas 
pollutants are moderately and strongly correlated with each 
other during winter 1. Secondary water-soluble ions have 
been transformed in the atmosphere under certain chemi-
cal reactions. Therefore, they have been exposed to similar 
conditions in the atmosphere (i.e., temperature and solar 
radiation). The formation of ammonium sulfate and bisulfate 
resulting from the reaction between sulfuric acid and ammo-
nium can explain the strong correlation between ammonium 
and sulfate. During winter 2, the moderate and strong cor-
relations between ammonium, nitrate, phosphate, and sulfate 
may indicate homologous anthropogenic sources (Zhang 

et al. 2019). Phosphate exhibited moderate and strong corre-
lation with sulfate in winter 2 and winter 3, respectively. The 
correlation between phosphate and ammonium may indi-
cate the formation of (NH4)3PO4 from the reaction between 
H3PO4 and NH3 in the atmosphere (Bozkurt 2018). Moder-
ate and strong correlations were found between sulfate and 
nitrate ions with their gas-phase precursors SO2 and NO2, 
particularly during the winter and fall (Wang et al. 2006). 
Wind speed determines the transport of air pollutants, allow-
ing them to dilute in the atmosphere. On the other hand, a 
positive effect between wind speed and air pollutants may 
be their transport to the receptor site after emission, thus, 
increasing their concentration in the atmosphere. It is seen 

Table 4   Pearson correlation 
analysis

NO3
- PO4

- SO4
2- NH4

+ NO3
− PO4

− SO4
2− NH4

+

Winter 1 Summer
PO4

− 0.14 −0.04
SO4

2− 0.62 0.45 0.24 0.82
NH4

+ 0.9 0.4 0.89 0.56 −0.6 −0.2
SO2 0.27 0.52 0.92 0.66 0.31 −0.01 0.35 0.06
NO2 0.72 0.01 0.78 0.79 −0.18 −0.1 −0.2 −0.5
T 0.65 0.36 0.97 0.88 0.32 −0.3 −0.2 0.78
RH −0.7 −0.3 −1 −0.9 −0.23 0.45 0.3 −0.8
SR 0.84 −0.3 0.6 0.76 0.72 −0.6 −0.4 0.86
WS 0.65 0.17 0.94 0.86 0.19 0.06 0.08 0.49
P −0.1 −0.7 −0.8 −0.5 0.24 −0.4 −0.3 −0
BLH 0.67 0.16 0.95 0.87 0.03 0.09 0.15 0.42
Winter 2 Fall
PO4

− 0.33 −0.6
SO4

2− 0.18 0.54 −0.65 0.71
NH4

+ 0.51 0.58 0.93 −0.21 0.23 0.74
SO2 −0.4 −0.2 0.67 0.46 −0.89 0.43 0.79 0.48
NO2 −0.4 0.47 0.7 0.44 −0.19 −0.6 −0 0.01
T −0.2 0.09 0.85 0.69 −0.91 0.44 0.49 0.24
RH 0.25 −0.1 −0.8 −0.6 0.91 −0.5 −0.6 −0.4
SR 0.13 −0.6 0.26 0.29 −0.43 −0 −0.3 −0.6
WS 0.23 −0.7 0.02 0.12 −0.81 0.45 0.71 0.65
P 0.42 −0.5 −0.7 −0.5 0.08 −0.5 −0.7 −0.9
BLH 0.11 −0.4 0.46 0.46 −0.9 0.55 0.81 0.59
Spring Winter 3
PO4

− 0.48 0.65
SO4

2− 0.63 0.72 0.89 0.82
NH4

+ 0.71 0.01 0.39 0.9 0.42 0.85
SO2 −0.5 0.45 0.03 −0.8 −0.06 0.05 0.28 0.29
NO2 −0.1 −0.6 −0.5 0.53 0.11 −0.6 −0.3 0.17
T −0 0.56 0.65 −0.4 0.68 0.7 0.91 0.78
RH 0.08 −0.6 −0.6 0.5 −0.44 −0.7 −0.7 −0.5
SR 0.34 0.16 0.65 0.09 0.96 0.77 0.91 0.83
WS −0.3 0.47 0.49 −0.5 0.96 0.77 0.91 0.83
P 0.42 −0.6 −0.2 0.68 0.95 0.67 0.95 0.91
BLH 0.02 0.41 0.65 −0.3 0.13 0.38 0.49 0.37
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that wind speed has a positive relationship with secondary 
ions, during the different seasons, particularly during the 
winter and fall, which may indicate transport from nearby 
areas. Phosphate was negatively correlated with wind speed 
during winter 2, while no significant negative or positive 
correlation was found for other pollutants. Temperature had 
positive moderate and strong correlations with WSIs dur-
ing the different seasons, except summer. High local tem-
peratures create a favorable environment for the formation 
of secondary ions, particularly the conversion of nitrogen 
dioxide and sulfur dioxide to the particle phase (Hong et al. 
2018). However, the unstable nature of nitrate causes its 
conversion to nitric acid in gaseous form under high tem-
peratures (Wei et al. 2019). Relative humidity is inversely 
correlated with all pollutants.

Summary and conclusions

This study has yielded highly time-resolved concentra-
tions of water-soluble ions SO4

2−, NH4
+, NO3

−, PO4
−3, and 

NO2
− during six sampling campaigns and four seasons, in an 

area exposed to heavy traffic in Beşiktaş, Istanbul between 
2017 and 2018. In descending order, the averaged seasonal 
concentrations of WSIs were SO4

2−>NH4
+> NO3

−> PO4
−3> 

NO2
−, respectively. All of the water-soluble ions analyzed in 

PM2.5, with the exception of phosphate, were observed at the 
lowest concentrations in the summer. Sulfate was the most 
abundant ion in fine particles, accounting for 59–67% of 
the total ion concentrations. During all sampling campaigns, 
sulfate concentrations were approximately 3–4 times higher 
than ammonium concentrations. The high concentrations of 
sulfate can be attributed to fossil fuel combustion from resi-
dential heating from the SW and to a lesser extent shipping 
emissions from the NE. The decrease in temperatures, lower 
atmospheric deposition, increase of emissions from residen-
tial heating, and minor gas to particle conversion rate in 
the winter months may be associated with the accumulation 
of sulfate in the atmosphere and these high concentrations. 
Sulfate also showed high concentrations in the spring and 
fall, which can be explained by the increasing sulfur dioxide 
conversion rates with increasing temperature and relative 
humidity. Nitrate did not show strong diurnal variations. 
Similarly, phosphate did not show significant diurnal pat-
terns; however, concentrations were much lower during the 
nighttime. Principal component analysis resolved second-
ary aerosols (43.9%), residential heating (34.6%), shipping 
emissions (8.7%), and vehicle emissions (6.7%) as the major 
sources of WSIs, OC, EC, and PM2.5 in Beşiktaş, Istanbul. A 
shortcoming of this work is the number of possible sources 
identified by the chemical species investigated in this study. 
Future work may consider expanding this study to a larger 
number of target compounds to identify additional sources 

such as biomass burning, industrial emissions, sea salt aero-
sol, and mineral dust.
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