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Abstract

Scavenging of pollutants emitted to the atmosphere from natural resources and anthropogenic activities changes the
chemical composition of rainwater. However, determination of the extent of atmospheric pollution and identification of
pollution sources have not been regularly carried out in Sri Lanka. The objective of this research is therefore to analyze
bulk deposition samples collected during a 7-month period from 10 June 2017 to 6 January 2018 in three different loca-
tions in Sri Lanka, Katunayake, Gampaha and Lunugama, followed by analysis of rainwater quality parameters including
anions and cations using standard methods. These locations differ from each other in geography, industrialization and
urbanization. Acid rain was not encountered in any of the three locations during the sampling period according to the pH
measurements. The volume-weighted mean ion concentration in the three locations determined by ion chromatography
varied as K* <NH,* <Mg?* < Ca®* <Na*. The dominant cations were Ca?* and Na*, while CI~ and SO,*~ were identified as
the dominant anions in all locations. The ratios between Na* and the ions CI~, SO,2~, Ca®*, K* and Mg?**, calculated using
the enrichment factor, indicate that some ions from marine and anthropogenic activities contribute to the rainwater.
The Katunayake sampling location showed the highest Pearson correlation between Na* and CI~ because of the sea
breeze, while Ca?* and Mg?* showed the highest Pearson correlation in the Gampaha and Lunugama locations because
of soil dust. Although rainwater is not acidic according to pH measurements, it can be neutralized by calcium salts. This
masking effect should thus be considered in risk assessment strategies. Continuous monitoring of rainwater quality is
necessary to reach sound conclusions and make predictions about atmospheric quality.
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1 Introduction Primary air pollutants, such as carbon monoxide, sulfur

dioxide and suspended particulate matter, which exist in

Air is mainly polluted by anthropogenic activities. Hence,
air quality problems are increasing because of the rapid
development of the industrial and agricultural sectors,
which emit various types of pollutants into the atmosphere
[1]. Consequently, air quality monitoring plays a key role in
air pollution management programs. It has been reported
that in Sri Lanka SO, and O, levels have exceeded the WHO
permitted standards in certain atmospheric samples [2].

the atmosphere in the same form as in source emissions,
are emitted directly into air in harmful forms [3]. On the
other hand, secondary air pollutants, when released into
the air, become hazardous after reacting with substances
in the atmosphere. They form in the atmosphere as a result
of hydrolysis, oxidation and/or photochemical oxidation
[3]. Acidic mists, chlorofluorocarbons and photochemical
oxidants such as ozone are some examples.
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Atmospheric deposition, the removal of gases and par-
ticulates from the atmosphere, has two types, wet and dry
deposition, which are collectively called bulk deposition.
Wet deposition of any form of precipitation removes pol-
lutants from the atmosphere and delivers it to the Earth'’s
surface, while dry deposition occurs in the absence of pre-
cipitation. Both wet and dry deposition events are scav-
enging processes that remove both inorganic and organic
pollutants from the atmosphere [4-6]. Major ions found in
bulk deposition are Na*, K*, Mg®*, Ca**, NH,*, F~, CI”, Br",
NO,~and SO,*". Therefore, the extent of atmospheric pol-
lution, and hence the chemical composition of rainwater,
varies depending on many factors, including the influence
of local sources, rain events, transport of atmospheric pol-
lutants and geographical location [7-11]. Determination
of quantitative changes of these parameters thus helps to
understand the relative contribution of different sources
of atmospheric pollution.

Atmospheric deposition leads to acid rain if the pH of
rainwater is < 5.6 [12]. Acid rain is a potential environmen-
tal hazard, especially in highly industrial and urban areas,
due to the emission of acidic pollutants to the atmosphere.
The two types of gases contributing most to acid rain are
sulfur dioxide and nitrogen dioxide. Sulfur dioxide nor-
mally comes from burning coal in thermal power plants
and roasting of metal sulfides, while nitrogen oxides come
from the combustion of nitrogenous compounds in fos-
sil fuels and direct combination of nitrogen and oxygen
in motor vehicle engines. When sulfur dioxide and nitric
oxide are introduced into the atmosphere, they are oxi-
dized, forming sulfuric acid and nitric acid, respectively
[13]. In addition to the above gases, the pH of rainwater
decreases to < 7.0 because of the ionization of carbonic
acid, which occurs when atmospheric carbon dioxide is
dissolved in rainwater. Acid rain and other pollutants can
be contributed by neighboring countries as a result of
transboundary air pollution, which has become a severe
regional atmospheric environmental problem [14]. For
instance, neighboring countries in South and South-East
Asia can contribute to the acidity of the rain in Sri Lanka
[15].

Acid rain affects all components of the ecosystem.
Acidification of soil causes an increase in the exchange
between H* and nutrient cations, such as K*, Mg?* and
Ca%*,in the soil. Consequently, acidic water contributes to
the washout of nutrients and other useful minerals before
they can be absorbed by flora, leading to nutrient defi-
ciency of the soil, thereby weakening trees and crop plants
[16]. The main atmospheric pollutants that affect trees are
nitrates and sulfates. Mixing of acidic water with soil also
causes the release of toxic substances, such as aluminum,
into the soil, harming the vegetation [17]. Furthermore,
the decomposition rate and the nitrogen cycle are also
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negatively affected because of the acidity of the soil. It
has been reported that photosynthesis is decreased at
acidic pH values [18]. In fish, acid rain increases the mortal-
ity rate and reproductive failure, and reduces the growth
rate, causing skeletal deformities [13]. Deterioration of
concrete structures is also caused by acid deposition, and
the impact on structures made of marble and limestone
is high. For instance, the Taj Mahal in India, the Acropolis
in Greece and Renaissance buildings in Italy have already
been affected by severe acid rain damage [19]. In some
parts of Poland, railway tracks have been damaged by acid
rain [20].

Sri Lanka is an island surrounded by the Indian Ocean.
Therefore, its climate changes rapidly because of the wind.
The inter-monsoon period (March-mid May), South-West
monsoon period (mid May-September), second inter-
monsoon period (October-November) and North-East
monsoon period (December-February) are the main cli-
matic seasons in Sri Lanka [21]. Pollutant levels are affected
by the seasonal climate of the area where the impact of
the relatively high North-East monsoon is strongly felt
compared to the South-West monsoon. Despite the global
need for a rainwater quality database, reports on rainwater
analysis and atmospheric modeling in Sri Lanka are lim-
ited. Nevertheless, with the expansion of economic activi-
ties in Sri Lanka, particularly urbanization and industriali-
zation, levels of atmospheric pollution need monitoring. In
this context, the objectives of this research were to study
the chemical composition of rainwater, the variation of the
chemical composition of rainwater at selected locations
in Gampaha District of Sri Lanka and the effect of human
activities that alter the chemical composition of rainwater.
Investigation of the chemical composition of rainwater will
be useful for formulating remedial measures to reduce the
extent of air pollution due to anthropogenic activities.

2 Materials and methods
2.1 Description of sampling points

Sampling locations used in this study were Katunayake,
Gampaha and Lunugama, which were selected because
of their industrialization, urbanization and geographi-
cal variation. Katunayake is an industrialized as well as
urbanized area. Katunayake export processing zone
(KEPZ), which has various atmospheric pollution-emitting
industries, Bandaranaike International Airport and the
ocean are near the Katunayake site. Environmental pol-
lution caused by aircraft operations is an important issue
to consider regarding atmospheric pollution in this area
[22]. Gampaha is a major urban city in the Western Prov-
ince situated northeast of the capital city, Colombo. It has
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been reported that the annual average NO, and SO, levels
in 2014 in Gampaha exceeded the 24-h guideline value
[23]. The many diesel-powered trains frequently traveling
through Gampaha may have a significant impact on air
pollution. Lunugama, a rural area, is the third sampling
point, located in Dompe Divisional Secretariat. In rural
areas, air pollution is caused by natural sources, such as
forest and coal fires [18]. Meteorologic factors also play
an important role in the air quality in rural areas, and
winds help dispere and dilute pollutants. In this study;, it
is expected that few anthropogenic activities take place
in the Lunugama area.

The GPS coordinates of the Katunayake sampling
point are (44 N) 377647 E 796236 N. Distances from KEPZ,
Bandaranaike International Airport and the beach to the
sampling point are 3.5 km, 1.0 km and 6.0 km, respectively
(Fig. 1). Negombo lagoon and Negombo town are located
within 6.0 km of the sampling point. As sea wind can come
to this area, sea salt (Na* and CI) can be deposited, chang-
ing the chemical composition of the bulk deposition.

The GPS coordinates of the Gampaha sampling point
are (44 N) 388907 E 784316 N. As shown in Fig. 2, the loca-
tion adjoins the railway tracks opposite the railway station
and near a bus stand. The other bus stands of Gampaha
city are also located within 300 m from the sampling point.
Road traffic mostly occurs because of the narrow roads
and high density of vehicles. Therefore, vehicular emis-
sion levels are very high in this area. The contribution from

Katunayake Sampling point

}

‘Sea / : ‘Negombo town,

"6 Km

vehicular emissions to the acidity of rain is probably more
in this area than in the other study areas.

The GPS coordinates of the Lunugama sampling point
are (44 N) 399168 E 771975 N. Lunugama is a rural area,
and neither industries nor vehicle traffic is encountered
in the area. There are many paddy fields in the areas sur-
rounding the sampling point (Fig. 3). In this research,
Lunugama is considered an environmentally safe area
compared to the other two sample areas.

2.2 Sampling and materials

A 20.6-cm-diameter funnel was attached to a polyethylene
bucket and kept on a stand for collection of bulk deposi-
tion samples. A cotton wool plug was placed in the fun-
nel mouth to prevent particulate matter and insects from
entering the sample, and the bucket was placed 150 cm
above the ground. The funnel and bucket were thoroughly
washed using deionized water followed by ultrapure water
before being placed in the sampler. Bulk precipitation was
collected once a week during a 7-month period from 10
June 2017 to 6 January 2018 at the three locations. Sam-
ples from all three locations were collected on the same
day.

The sampler that contained rainwater was consid-
ered wet deposition. The sampler with no rainwater was
considered dry deposition. The rainfall at each event
was calculated using the total volume of rain and the

&(atunay@ke Sampling point

v
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0

Fig. 1 Google map of the sampling point in Katunayake. The ocean, international airport and export processing zone are in the vicinity
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Gampaha Sampling point

Fig.2 Google map of the sampling point in Gampaha. This point is in a highly urbanized area

Lunugama sampling point
Write a description for your map

Legend
' Lunugama Sampling point

Fig.3 Google map of the sampling point in Lunugama. It is much less urbanized and is surrounded by agricultural fields

surface area of the funnel. During the sampling period,
30 samples were collected from each location. Seven dry
deposition samples were obtained at the 5th, 6th, 7th,
8th, 10th, 12th and 30th weeks in Katunayake. Four dry
deposition samples were obtained at the 5th, 8th, 24th
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and 30th weeks in Gampaha. During the sample period,
only one dry deposition sample was obtained at the 30th
week in Lunugama.

Tetrabutylammonium hydroxide (TBAOH) (2.06 M,
Dionex cation regenerant concentrate), sulfuric acid (2.0
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M, Dionex anion regenerant concentrate), 0.4 M meth-
anesulfonic acid (Dionex CS12A eluent concentrate), 4.5
mM sodium carbonate and 0.8 mM sodium bicarbonate
(Dionex AS23 eluent concentrate) were purchased from
Thermo Fisher Scientific Inc. Buffer solution of pH 10.00
(potassium carbonate-potassium borate-potassium
hydroxide buffer, 0.05 M), pH 7.00 (potassium phosphate
monobasic-sodium hydroxide buffer, 0.05 M) and pH 4.00
(potassium acid phthalate buffer, 0.05 M) was purchased
from Wisconsin Inc. Buffer solutions of HI7030L 12,880 uS
cm™" and HIZ031L 1413 uS cm™' were purchased from
Hanna Instruments.

2.3 Research methodology

Samples collected from all the three locations were
brought to the laboratory to determine the relevant chem-
ical and physical parameters. Each sample was divided into
two parts. One part was used to measure the conductiv-
ity and pH. The other part was filtered through a 0.45-um
cellulose acetate filter paper and stored in the dark at 4 °C
until ion analysis was performed.

The mass of each sample was measured using an elec-
tric balance. The volume of each sample was measured
using a graduated measuring cylinder. Conductivity and
pH were measured using 6820 VZ (Multiparameter Water
Quality Sonde). Before taking measurements, 6820 VZ
(Multiparameter Water Quality Sonde) was calibrated
using standard solutions. A Thermo Scientific Dionex ICS-
900 lon Chromotography System was used to determine
the anions (CI7, NO;~, F~ and SO,*") and cations (Na*, K*,
Ca*, NH,* and Mg?"). For anions, a Dionex ion pack AS23
(4% 250 mm) column was used, and a Dionex ion pack
CS12A (4 x 250 mm) column was used for cations.

2.4 Statistical analysis

Minitab 16 (Minitab Inc., State College, PA, USA) and IBM
SPSS statistical softwares were used to analyze ions and
other parameters. Regression analysis and Pearson correla-
tion methods were also used for data analysis.

3 Results and discussion
3.1 Variation of rainfall

As shown in Fig. 4, the highest rainfall values of 144.92 mm
and 158.60 mm were obtained in the 19th week for Katu-
nayake and Gampaha, respectively, and the correspond-
ing lowest values of 4.5 mm and 5.1 mm were obtained
in the 1st week with the exception of dry depositions.
The highest rainfall amount for the above two sampling

locations occurred in the second inter-monsoon period.
On the other hand, the highest rainfall of 160.00 mm was
obtained in the 14th week and the lowest of 7.08 mm in
the 10th week in Lunugama with the exception of dry dep-
ositions. The rainfall in Katunayake in general was lower
than that in the other two locations during the entire sam-
pling period with the exception of the 26th week.

3.2 Variation of pH at the three locations

According to the results shown in Fig. 5, the highest pH
value of depositions in Katunayake was obtained in the
1st week and the lowest in the 14th week. On the other
hand, the highest pH value of depositions in Gampaha was
obtained in the 24th week and the lowest of 5.8 in the
14th week. Figure 5 also shows that the highest pH value
of depositions in Lunugama was obtained in the 8th week
and the lowest in the 14th and 22nd weeks.

It would be expected that emission of smoke from
airplanes at Bandaranaike International Airport, the larg-
est airport in Sri Lanka, and stack emissions from the
industries in KEPZ, one of the biggest export processing
zones, could cause a decrease of the pH of depositions
in Katunayake because the above operations emit acidic
fumes such as CO, and SO, into the atmosphere, which
subsequently dissolve in rainwater. On the other hand, it
would also be expected that the high level of vehicular
traffic and train smoke could lead to decreased pH levels
in the depositions in Gampaha. Furthermore, many metal-
melting industries are located near the Gampaha sampling
location, which release SO, into the atmosphere contribut-
ing to the decrease in the pH of depositions. In contrast,
volatilization of ammonia as a result of excessive use of
nitrogen fertilizers in paddy fields in the Lunugama area
increases the pH of rainwater in depositions in Lunugama
[20]. Nevertheless, the pH of rainwater in general is lower
in Lunugama than in the other two locations. It can thus
be argued that acidic fumes released from operations in
the Katunayake area diffuse out toward the ocean, thereby
minimizing their effect. This phenomenon could be effec-
tive to some extent in Gampaha. It can also be argued that
acidic pollutants can diffuse into the Lunugama area caus-
ing the depositions to be more acidic. However, extensive
research on long-term atmospheric monitoring and mod-
eling is necessary to arrive at a sound conclusion.

An important fact is that both the lowest pH of 5.7
and the highest rainfall occurred in the 14th week in
Lunugama, showing a correlation between the rainfall
and pH. Such a direct correlation was not observed in
the other two locations, probably because of the com-
plexity of many factors influencing the pH of wet deposi-
tions. Nitric oxide produced in lightning events during
rainy days also oxidize to HNO;, causing a decrease of

SN Applied Sciences

A SPRINGER NATURE journal



Research Article SN Applied Sciences (2020) 2:1394 | https://doi.org/10.1007/542452-020-3007-6

180

160

140

120

—_
(=
(=]

Rain fall / mm

N
(==}

20

1 3 5 7 9 11 13 15 17 19 21 23 25 27 29

Week No.

m Katunayake ®m Gampaha ® Lunugama
Fig. 4 Variation in rainfall in the Katunayake, Gampaha and Lunugama locations
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Fig.5 Variation of pH at three locations. The solid line represents the limit of pH below which the rain is considered to be acidic

the pH of depositions. The solid horizontal line in Fig. 5  during the sampling period, indicating that no acid rain
corresponds to the pH value of 5.6 indicating the margin  events occurred as per pH measurements.

level of acid rain. The pH values of all the depositions at

all locations were determined to be above the solid line
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3.3 Variation of conductivity at three locations

According to the results shown in Fig. 6, the highest con-
ductivity of Katunayake depositions was obtained in the
8th week and the lowest in the 25th week. The lowest rain-
fall occurred in the 8th week in Katunayake, indicating that
the concentration of ions is high when the rainfall level
is low, increasing conductivity, which is an accepted fact.
On the other hand, the highest conductivity of Gampaha
depositions was obtained in the 24th week and the lowest
in the 10th and 28th weeks. Conductivity of dry deposi-
tion usually results in high values because of dust particles
derived from the soil that can adsorb atmospheric pollut-
ants. This fact is consistent with the observation of the
highest conductivity in the 24th week, within which only
dry deposition was observed. The Lunugama location also
showed the highest conductivity in the 24th week and the
lowest in the 14th week.

In general, the Lunugama location showed low conduc-
tivities in depositions compared to the other two locations,
indicating less atmospheric pollution. The comparatively
high conductivities recorded in samples collected in the

140 -

120 A

100 +

80

Conductivity (uS cm?)

40 -

20 A

10th and 24th weeks can be attributed to the low rainfall
level recorded. Previous studies also showed that conduc-
tivity decreases in high rainfall periods because of the dilu-
tion effect of dissolved gases and particulate matter [24].

3.4 Determination of anions and cations
in rainwater

3.4.1 Variation of cations

lon concentrations in rainwater mainly depend on anthro-
pogenic activities in a particular area; consequently, there
is a clear variation of anions and cations depending on
both the topography and temporal nature. The dominant
cations are Ca?* and Na* in depositions of all three loca-
tions (Figs. 7, 8 and 9), and the highest concentration of
Ca®" in both Katunayake and Gampaha locations was
obtained in the 26th week. However, the lowest concentra-
tions in Katunayake and Gampaha locations were recorded
in the 10th and 20th week, respectively. On the other hand,
the highest concentration of Na* was obtained in the 19th
week and the lowest in the 9th week in Katunayake, and

Week No.

Fig.6 Variation of conductivity at the three locations

Katunayake ® Gampaha ® Lunugama
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Fig.9 Variation of cations in Lunugama (—@— Na*, —m— NH,*,
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the respective observations in Gampaha were recorded
in the 22nd and the 21st weeks, respectively. Figure 9
indicates that, in Lunugama, the highest concentration of
Ca** was obtained in the 19th week and the lowest was
obtained in the 8th week. The highest concentration of
Na* was obtained in the 5th week and the lowest in the
8th week.

On average, the volume-weighted mean (VWM) concen-
trations of cations in depositions of all three locations were
increased in the same order, K* <NH,* <Mg?* <Ca%* <Na*,
as shown in Fig. 10. Among the three locations, the highest
concentration of both Na* and K* was in the Katunayake
location. This sampling point, being located in close prox-
imity to the coast, receives sea breezes containing salts
contributing to elevated levels of Na™ in depositions to a
great extent and K* to some extent, as shown in the figure.
Observations made on the reasonably high levels of Na*
in depositions in Gampaha and Lunugama could be partly
attributed to the sea breezes, as these locations are not far
from the coast. Diffusion in sea breeze containing mainly
Na* ions toward the sampling locations is supported by
the argument that acidic pollutants diffuse out from the
Katunayake and Gampaha locations as pointed out earlier.

The high level of Ca?* in rainwater in these locations
is probably due to dust particles containing Ca**-bearing
minerals. Low rainfall causes an increase in soil dust in
the Katunayake region. In rainy periods, soil is relatively
wet, and surface dusts are not easily incorporated into
the air. Furthermore, the presence of Ca?* and Mg?" is
caused by burning lime biomass. Figure 10 also shows
that the concentration of Ca®* is increased in the order
Lunugama < Gampaha < Katunayake, indicating that
the amount of dust particles derived from the soil in
the atmosphere in the Katunayake area is higher than
that in the other two areas. It should be highlighted that
Lunugama depositions show the highest NH,* concentra-
tion with respect to the other two locations due to agricul-
tural activities, especially paddy fields, in this area, where
dissolution of NH; from nitrogenous fertilizer produces
NH,*.

3.4.2 Variation of anions

The dominant anions are CI~ and SO, in all three sam-
pling locations (Figs. 11, 12 and 13). Average anion con-
centrations in depositions of all three locations are as
follows: Katunayake: NO;~ < F~<SO,%” < Cl~, Gampaha:
F-<NO; <S0,% < (I, Lunugama: NO;~<SO,* < ClI".
The highest VWM concentration of CI™ (together with
Na*) in the Katunayake location is attributed to sea salt
being swept by the wind from the sea to the ground
(Fig. 14). Although the sea is not as close as in the
Katunayake area, sea salt deposits Na* and CI™ in the
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Fig. 12 Variations of anions in the Gampaha location (—@— F~,
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Gampaha and Lunugama areas as well. The presence
of SO,2™ in rainwater may be due to the release of SO,
from anthropogenic activities in the KEPZ and vehicular

i

Fig. 13 Variations of anions in the Lunugama location (—@— F~,
—mC°, g~ NO;"and __a_ SO,*)

and railway emissions. Vehicular emission is significant
in both the Katunayake and Gampaha locations, being
close to the respective city, while railway emissions are
higher in Gampaha. High levels of SO,>~ are contributed
by the Sapugaskanda oil refinery, which emits SO, dur-
ing operation. This is probably a major reason for the
high levels of SO, in depositions in the Lunugama loca-
tion, which is closer to the oil refinery than the other two
locations.

The relatively low concentrations of F~ in Katunayake
and Gampaha are contributed by natural sources mainly
marine and anthropogenic sources, such as aluminum
smelters, fertilizer factories, cement works, ceramic indus-
tries and glass manufacturing industries [25]. These factors
provide a clear indication of the higher concentration of
F~ in Katunayake than in the Gampaha location. Further-
more, the concentration of NO;™ in Gampaha is higher
than that in the other two locations, probably because of
emissions from trains, which are not present in the other
two locations (Fig. 14).
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3.4.3 Acidification and neutralization of rainwater

lons present in rainwater affect compositional changes
leading to pH changes in rainwater. The main ions
responsible for such changes are Na*, Mg?*, Ca?*, K*,
NH,*, NO;™ and SO,*. Among them, Ca** and NH,* are
the dominant constituents decreasing rainwater acidity,
while NO;™ and SO,*” lead to high levels of acidity. The
presence of Ca®* and SO, in combination is found to be
more probable than the combination of Ca?* and NO;™;
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furthermore, the presence of the NH," and SO,>~ combi-
nation is more probable than the NH," and NO;~ combi-
nation in Katunayake (Figs. 15 and 16). Similar patterns
in regression analysis were found in the depositions in
Gampaha and Lunugama locations as well. It should also
be stated that pH was not the sole parameter used in the
risk assessment because of the acidity of depositions
because basic cations, such as Ca?* and Mg?", through the
buffering action, have an opposing effect in increasing pH.
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Fig. 16 Regression analysis for
the concentration of NH,* with
concentrations of NO;~ and
SO2 Katunayake (o NH,*~NO;~
(bottom)and o NH,"-S0,>
(top))
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Table 1 Percentages of NO;~ and SO,*~ with concentrations of Ca?*
and NH,* in three locations

Table 2 Average ratio for ions and enrichment factors for three
locations

NO;™ (%) SO,% (%) Total (%) CI"/Na* SO, /Na* Ca**/Na* K'/Na* Mg®*/Na*

Katunayake location Seawater 1.16 0.25 0.03 0.03 0.12

[Ca?"] 27.8 62.0 89.8 Katunayake

[NH, " 21.2 58.0 79.2 Mean 0.41 0.33 0.84 0.03 0.18

Gampabha location EF 0.35 1.32 28.00 1.00 1.50

[Ca?'] 18.4 56.1 74.5 Gampaha

[NH,1 36.2 48.0 84.2 Mean 0.41 0.31 0.02 004 024

Lunugama location EF 0.35 1.24 32.33 1.33 2.00

[Ca®] 213 59.6 80.9 Lunugama

INH, 1 20.2 77.4 97.6 Mean 0.40 0.26 0.90 004 022
EF 0.34 1.04 30.00 1.33 1.83

Table 1 shows the results of the regression analysis coef-
ficients, which indicate that, in the Katunayake location,
89.8% of Ca®" can be explained by the two variables: 27.8%
as Ca(NO;), and 62.0% as CaSO,. The percentage of NH,*
(79.2%) can be explained by two variables: 21.2% as NH,;NO;
and 58.0% as (NH,),SO,. Therefore, the percentage of Ca*
participating in the neutralization process is higher than that
of NH,*. This can be attributed to the fact that depositions
are contaminated by soil dust particles. As Katunayake usu-
ally has a dry climate, soil dust is frequently formed.

In the Gampaha location, 74.5% of Ca%* can be explained
by two variables, 18.4% as Ca(NO;), and 56.1% as CaSO,
(Table 1). The percentage of NH,* (84.2%) can be explained

Enrichment factor values are in italics

by two variables, 36.2% as NH,NO; and 48.0% as (NH,),SO,.
In the Lunugama location, 80.9% of Ca>* was explained by
two variables, 21.3% as Ca(NO;), and 59.6% as CaSO,. The
percentage of NH,* (97.6%) can be explained by two varia-
bles, 20.2% as NH,;NO; and 77.4% as (NH,),SO,. Accordingly,
the percentage of NH,* participating in the neutralization
process is higher than the participation of Ca?*. The presence
of paddy fields near the Gampaha sampling site and wide-
spread agricultural activities including paddy fields in the
vicinity of the Lunugama location cause an increase of the
contribution of NH,* to neutralizing the acidity of rainwater
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in the two areas with the highest contribution of NH," in
Lunugama at 97.6% among the three sites.

3.5 Enrichment factor (EF)

In the absence of anthropogenic activities, the anions and
cations observed in rainwater samples should be contrib-
uted by natural resources. Obvious natural sources include
sea breezes and weathering of the earth’s crust. As the ocean
is the major source of Na* in rainwater, it is used as a refer-
ence element to estimate the ocean’s contribution of any
ion component of marine aerosols. The enrichment factor,
as shown in Eq. (1), can be used to describe sources of such
ions that come into the selected precipitation site [26],

X/C(Precipitation)
X/C(Reference)

where X is the concentration of the selected ion and Cis
the concentration of the reference ion.

Enrichment Factor(EF) =

(M

3.5.1 Marine source contribution to the rainwater sample

To represent the marine source contribution, every ion
should be compared with the ionic components in the
ocean. If EF < 1, this indicates that the presence of the ion
in rain is caused by marine activities, and EF > 1 indicates

that the ion is caused by both the marine source contri-
bution and anthropogenic activities. According to Table 2,
EF values of CI™ in each of the three locations are < 1,
indicating that all CI” comes predominantly from marine
sources. Furthermore, the EF of SO,?” in the three locations
increases in the order, Lunugama < Gampaha < Katunay-
ake, which can be explained by the previously described
anthropogenic facts.

3.6 Statistical analysis: Pearson correlation

Pearson correlation is a number between —1 and 1 that
indicates the extent to which two variables are linearly
related. This is also known as the “product movement cor-
relation coefficient” given in the following equation,

N xy—(EZ0(Zy)
JIVER = @0l [Ny - (2]

r =

(2)

where N is the number of pairs of scores, ¥xy is the sum of
the products of paired scores, 3x is the sum of x scores, 3y
is the sum of y scores, sx%is the sum of squares of x scores,
and 3y is the sum of squares of y scores.

The “r"is the measurement of the calculation of the
strength of a linear relationship between two variables,

Table 3 Pearson correlation _ 2 _ _ + PN N n
cl SO NO F Na Ca M K
coefficient applied to bulk 4 3 d
precipitation in the Katunayake 50,2 0.835
site NO,” 0.691 0.797
F~ 0.765 0.784 0.721
Na* 0.908 0.879 0.692 0.805
Ca%* 0.610 0.787 0.527 0.774 0.749
Mg2+ 0817 0.860 0.712 0.762 0.905 0.689
K* 0.670 0.757 0.527 0.798 0.765 0.800 0.725
NH,* 0.765 0.823 0.663 0.765 0.732 0.782 0.774 0.823
Values > 0.8 (marked in italics) are considered to indicate a very strong relationship
Table 4 Pearson correlation — 2 _ _ + 2+ PN n
Cl SO NO F Na Ca M K
coefficient applied to bulk 4 3 9
precipitation in the Gampaha 50,2 0.812
site NO,™ 0229 0576
F~ 0.751 0.481 0.609
Na* 0.741 0.780 0.176 0.676
Ca%t 0.512 0.749 0.429 0.400 0.740
Mg2+ 0.716 0.850 0.356 0.404 0.910 0.919
K* 0.381 0.651 0.456 0.910 0.910 0.626 0.721
NH,* 0.519 0.693 0.602 0682 0.682 0.653 0.732 0.817
Values > 0.8 (marked in italics) indicate a very strong relationship
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Table 5 Pearson correlation

coefficient applied to bulk < s0,” NOs~ Na” ca™ Mg™ K
S|E>i|:zap|tatlon in the Lunugama 50,2 0.466

NO;~ 0.101 0.726

Na* 0.785 0.491 0.187

Ca%t 0.359 0.773 0.513 0.392

Mg?* 0.539 0.752 0.504 0.565 0.931

K* 0.274 0.423 0.413 0.579 0.519 0.555

NH,* 0.028 0.548 0.880 0.188 0.373 0.367 0.445

Values > 0.8 (marked in italic) indicate a very strong relationship

and the “r" value is denoted by the Pearson correlation.
In the positive correlation, one variable is increased, then
the respective other variable is increased, and vice versa.
If there is no correlation between a pair of variables, one
variable does not increase or decrease with respect to
the other. These correlations can be summarized as
follows:

0.00 < r < 0.19 very week
020 < r < 039 week

040 < r < 0.59 moderate
060 < r < 0.79
0.80 < r < 1.00 very strong

strong

Results of anions and cations of depositions at the
Katunayake location analyzed using Pearson correlation
indicate that the highest positive correlation value of
0.908 is between Na* and CI~ (Table 3). The major sources
of Na* and CI™ can be both natural and anthropogenic.
The marine contribution is one of the natural sources
of both ions, and the other contribution could be from
water purification plants in KEPZ. Relationships among
Mg**-Na*, SO,*~-CI~, Mg**-CI~, Mg**-50,>", Na*-S02,
K*-Ca%*, NH,*-50,%", Na*-F~ and NH,*-K* are also
strong.

Table 4 shows that, for the Gampaha location, the
highest positive Pearson correlation coefficient of 0.919
is between Ca%* and Mg?*, which is a very strong rela-
tionship. Both of these ions probably originate from soil
dust. Relationships between Mg?*-Na* and K*-Na* are
also very strong, indicating that these two pairs have
the same sources. The relationships among SO,*-ClI-,
Mg?*-S0,*", K*-F~ and NH,*-K* also have very strong
correlations.

Among the ions in the bulk deposition in the Lunugama
site, Mg?*—Ca*" represents the highest positive Pearson
correlation coefficient (Table 5), showing a very strong
relationship. This may be due to mining activities, metal
quarries and soil dust in that area. The relationship

between NH,*-NO;" is also very strong, and both of these
ions would probably be due to the emission of NH; from
paddy fields.

4 Conclusion

The pH of all the samples collected weekly during
a 7-month period in three locations, Katunayake,
Gampaha and Lunugama, having different geographi-
cal characteristics and different anthropogenic activities,
was > 5.6, the limit below which rainwater is considered
acidic. The volume weighted mean (VWM) pH of Katu-
nayake, Gampaha and Lunugama depositions is 6.08,
6.05 and 6.03, respectively, while the VWM conductivity
of the three locations is 22.93 pS cm™', 31.39 uS cm™'
and 17.05 uS cm™, respectively. According to the data
obtained, conductivity, in general, decreased in the
order Katunayake > Gampaha > Lunugama. However, a
relationship between pH and conductivity cannot be
predicted directly because the conductivity depends on
the concentration of anions and cations in the sample.
Cations determined at all three sites vary in the order
of K*<NH,*<Mg?*<Ca?* < Na*. The dominant cations in
Katunayake are Na* and Ca®*. The average anion concen-
trations in the depositions of all three locations are as
follows: Katunayake: NO;~ < F~<SO,%” < Cl~, Gampabha:
F-<NO; <S0,% < (I, Lunugama: NO;~<SO,* < ClI".
The enrichment factor demonstrates the marine source
contribution. Furthermore, according to the enrich-
ment factors determined for CI7/Na*, SO,*"/Na*, Ca**/
Na*, K*/Na* and Mg?*/Na*, it is clear that CI~ and K* are
from marine sources only and Ca**, Mg?* and SO,~ are
from both marine and non-marine sources. Sea breeze
plays a significant role in dissolving ions in rainwater
samples. The acidification and neutralization poten-
tial, determined from regression analysis, indicates that
rainwater is neutralized by Ca(NO;),, CaSO,, NH,NO;
and (NH,),SO,. According to the Pearson correlation
analysis in the Katunayake location, Na*-Cl~, Mg**-Na*,
S0,*-ClI, Mg**-ClI~, Mg**-50,%", Na*-S03, K*-Ca**,
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NH,*-S0,? and NH,*-K* have very strong relationships.
The highest correlation of Na*-Cl™ is probably due to the
marine contribution. The relationship among Mg?*-Na*,
K*-Na*, 50,2"-Cl, Mg®*-50,%" and NH,*-K" is very strong
in Gampaha. A very strong correlation with Ca**-Mg?*
and NH,*-NO;™ can be seen in Lunugama. The relation-
ship between NH,*-NO; is caused by agricultural activi-
ties in that area.

Acknowledgements The authors thank the National Research Council
of Sri Lanka for the financial support (Grant No. NRC/11/127).

Compliance with ethical standards

Conflict of interest The authors declare that they have no conflict of
interest.

References

1. YuH, He N, Wang Q, Zhu J, Gao Y, Zhang Y, Jia Y, Yu G (2017)
Development of atmospheric acid deposition in China from the
1990s to the 2010s. Environ Pollut 231(3):182-190

2. Abeyratne VDK, lleperuma AO (2006) Air pollution monitoring
in the city of Kandy: possible transboundary effects. J Natl Sci
Found Sri Lanka 34(3):137-141

3. Armenta S, Guardia M (2016) Pollutants and air pollution. Com-
put Anal Chem 73:27-43

4. Huang K, Zhuang G, Xu C, Wang Y, Tang A (2008) The chemistry
of the severe acidic precipitation in Shanghai, China. Atmos Res
89(1-2):149-160

5. Carvalho SCP, de Lima JLMP, de Lima MIP (2014) Rainwater
sequential sampler: assessing intra-event water composition
variability. J Eng Res Technol 1(1):1-7

6. Deusdara KRL, Forti MC, Borma LS, Menezes RSC, Lima JRS,
Ometto JPHB (2017) Rainwater chemistry and bulk atmospheric
deposition in a tropical semiarid ecosystem: the Brazilian Caat-
inga. J Atmos Chem 74(1):71-85

7. Yang L, Pandithurai G, Chate DM, Rao PSP, Waghmare V, lyer
U (2019) Evidence of precedent wind role on controlling PM1
wet scavenging of aerosols during monsoon rain events. Atmos
Environ 201:265-277

8. Vieira-Filho MS, Lehmann C, Fornaro A (2015) Influence of
local sources and topography on air quality and rainwater
composition in Cubatdo and Séo Paulo, Brazil. Atmos Environ
101:200-208

9. Rao PSP, Tiwari S, Matwale JL, Pervez S, Tunved P, Safai PD, Srivas-
tava AK, Bisht DS, Singh S, Hopke PK (2016) Sources of chemical
species in rainwater during monsoon and non-monsoonal peri-
ods over two mega cities in India and dominant source region
of secondary aerosols. Atmos Environ 146:90-99

10. Jain CD, Madhavan BL, Ratnam MV (2019) Source apportion-
ment of rainwater chemical composition to investigate the

SN Applied Sciences

A SPRINGERNATURE journal

transport of lower atmospheric pollutants to the UTLS region.
Environ Pollut 248:166-174

11. Szép R, Bodor Z, Mikléssy |, Nita IA, Oprea OA, Keresztesi A (2019)
Influence of peat fires on the rainwater chemistry in intra-moun-
tain basins with specific atmospheric circulations (Eastern Car-
pathians, Romania). Sci Total Environ 647:275-289

12. lleperuma OA (2015) Model assessment of acid deposi-
tion potential by SOx in Sri Lanka. J Natl Sci Found Sri Lanka
43(3):281

13. Wondyfraw M (2014) Mechanisms and effects of acid rain on
environment. J Earth Sci Clim Change 5(6):1-3

14. PuW, Quan W, Ma Z, Shi X, Zhao X, Zhang L, Wang Z, Wang W
(2017) Long-term trend of chemical composition of atmospheric
precipitation at a regional background station in Northern
China. Sci Total Environ 580:1340-1350

15. Park SM, Seo BK, Lee G, Kahng SH, Jang Y (2015) Chemical com-
position of water-soluble inorganic species in precipitation at
Shihwa Basin, Korea. Atmosphere 6(6):732-750

16. Luo X, Bing H,Luo Z,Wang, Jin L (2019) Impacts of atmospheric
particulate matter pollution on environmental biogeochemis-
try of trace metals in soil-plant system: a review. Environ Pollut
255:1-11

17. Senanayake N, Perera, MTMD, Weragoda A (2005) Acid rains and
causing acidity of soils in Sri Lanka, pp 26-30

18. Al-Horani FA (2005) Effects of changing seawater temperature
on photosynthesis and calcification in the scleractinian coral
Galaxea fascicularis, measured with O,, Ca®>" and pH microsen-
sors. Sci Mar 69(3):347-354

19. Irshad AH, Ahmad SF, Sultan P (2011) Effect of sulphur dioxide
on the biochemical parameters of spinach (Spinacea oleracia).
Trakia J Sci 9(1):24-27

20. Wang H (2018) Ammonia emissions from paddy fields are under-
estimated in China. Environ Pollut 235:482-488

21. Domroes M, Ranatunge E (1993) A statistical approach towards
a regionalization of daily rainfall in Sri Lanka. Int J Climatol
13(7):741-754

22. Cokorilo O (2016) Environmental issues for aircraft operations
at airports. Transp Res Proc 14:3713-3720

23. Nandasena YLS, Wickramasinghe AR, Sathiakumar N (2010) Air
pollution and health in Sri Lanka: a review of epidemiologic
studies. BMC Public Health 10:300

24. Lekouch I, Mileta M, Muselli M, Milimouk-Melnytchouk I, Sojat
V, Kabbachi B, Beysens D (2010) Comparative chemical analysis
of dew and rain water. Atmos Res 95:224-234

25. Walna B, Kurzyca |, Bednorz E, Kolendowicz L (2013) Fluoride
pollution of atmospheric precipitation and its relationship with
air circulation and weather patterns (Wielkopolski National Park,
Poland). Environ Monit Assess 185:5497-5514

26. Al-Momani | (2003) Trace elements in atmospheric precipitation
at Northern Jordan measured by ICP-MS: acidity and possible
sources. Atmos Environ 37:4507-4515

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.



	Risk assessment and source apportionment of wet bulk deposition in three typical sites of Gampaha District, Sri Lanka
	Abstract
	1 Introduction
	2 Materials and methods
	2.1 Description of sampling points
	2.2 Sampling and materials
	2.3 Research methodology
	2.4 Statistical analysis

	3 Results and discussion
	3.1 Variation of rainfall
	3.2 Variation of pH at the three locations
	3.3 Variation of conductivity at three locations
	3.4 Determination of anions and cations in rainwater
	3.4.1 Variation of cations
	3.4.2 Variation of anions
	3.4.3 Acidification and neutralization of rainwater

	3.5 Enrichment factor (EF)
	3.5.1 Marine source contribution to the rainwater sample

	3.6 Statistical analysis: Pearson correlation

	4 Conclusion
	Acknowledgements 
	References




