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Abstract
The chemical composition of the atmospheric bulk deposition is a good indicator of atmospheric pollution and air qual-
ity. Bulk deposition is a collective term for wet deposition in the forms of rain, snowfall, fog, hail, or ice crystals and dry 
deposition of atmospheric chemical components mainly under the gravitational settling. The objective of the study was to 
quantitatively determine rainwater quality parameters, using standard procedures, in selected areas of Sri Lanka. Analysis 
of weekly sampling of bulk deposition in three sampling sites in Divulapitiya, Kandy, and University of Peradeniya (UOP) 
of Sri Lanka performed for a period of 24 weeks from 08th of February 2022 to 19th of July 2022 indicated that the three 
sites had 16.7%, 8.7%, and 8.3% dry-only depositions, respectively; with rainfall levels of 30.2 ± 37.4 mm, 30.6 ± 32.6 mm, 
and 33.7 ± 39.8 mm; and volume-weighted mean (VWM) pH values of 6.23, 6.29, and 6.47, respectively. Acidic deposition 
events below pH 5.60 level were not recorded from any site. Chloride  (Cl−) was determined to be the predominant anion, and 
the VWM of anions varied in the order of  NO3

− <  SO4
2− <  Cl− in all three sites. Among trace metals investigated, Fe, Zn, 

and Al were predominant. Moreover, a very strong positive correlation for conductivity, total dissolved solids, and salinity 
among each parameter, was observed in the Pearson correlation analysis for all sites. Divulapitiya area showed low air pollu-
tion levels with respect to chemical and physical parameters determined in the study as compared to Kandy and UOP areas. 
Possible causes for the results would be vehicular, constructional, and industrial emissions, and natural geographical factors.
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Introduction

Air pollution, a global environmental issue, is caused by the 
release of air pollutants into the atmosphere by natural and 
anthropogenic sources (Kampa and Castanas 2008; Le Roux 
et al. 2016; Chathuranga et al. 2020). Anthropogenic activi-
ties are the major source of air pollutants which adversely 
affect the biosphere, and cause risks to human health 
(Kampa and Castanas 2008). Despite its source, chemi-
cal components present in the atmosphere are scavenged 
back to the earth’s surface by vertical transportation meth-
ods, namely, wet deposition, dry deposition, surface sink 
absorption, and cloud water deposition (Lovett and Kinsman 

1990; Weiner and Matthews 2003; Kajino and Aikawa 2015; 
Araujo et al. 2015). Wet deposition and dry deposition are 
collectively termed as atmospheric bulk deposition (Cha-
thuranga et al. 2020). Wet deposition is the main scavenging 
mode of atmospheric chemical components to the earth’s 
surface (Wang and Han 2011; Kajino and Aikawa 2015), and 
it can occur in the forms of rain, snowfall, fog drops, hail, or 
ice crystals. These forms are collectively known as hydro-
meteors (Seinfeld and Pandis 2016; Holopainen et al. 2020).

Rain or precipitation is the most effective scavenging 
pathway of atmospheric chemical components and pollut-
ants (Migliavacca et al. 2005). Cloud type, precipitation 
type, solubility of gaseous species in rain, and air mass tra-
jectory are some important factors that affect scavenging 
efficiency. Furthermore, the nature, size, and shape of pre-
cipitation media, and hydrometeors involved are important 
in the process of wet deposition (Gonçalves et al. 2007). 
The composition of wet deposition depends on pollutant 
transport, emission levels, elevation, sizes of raindrops, 
and the method of scavenging process (Migliavacca et al. 
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2005). Consequently, the composition of rainwater could 
be changed due to geographical and anthropogenic factors 
(Rathnayaka et al. 2020). In this regard, atmospheric qual-
ity in selected areas has been determined by both direct and 
indirect means as well as at different altitudes (Gautam et al. 
2021; Bisht et al. 2022; Gupta et al. 2022a, b).

Atmospheric particles and pollutants become nuclei 
for the formation of rain droplets and initiate precipitation 
events by releasing the raindrops out of the cloud, called in-
cloud scavenging or rainout. The nuclei activation process 
occurs under supersaturated conditions inside the clouds 
(Kajino and Aikawa 2015). Cloud droplets or ice crystals, 
when grown up to a precipitation size, are removed from 
the clouds scavenging the atmospheric chemical compounds 
and aerosols (Holopainen et al. 2020). Below-cloud scaveng-
ing or washout occurs below the clouds while rain or other 
hydrometeor falls through the atmosphere dissolving soluble 
gases and entraining atmospheric components in droplets 
(Weiner and Matthews 2003). Water-soluble gases, such as 
 NH3,  SO2, and  NO2 dissolve efficiently in the washout and 
contribute to  SO4

2−,  NO3
−, and  NH4

+ deposition, while aer-
osols show slow washout rates (Kajino and Aikawa 2015).

Dry deposition is the direct deposition of gases and dry 
particles onto the earth’s surface or the vegetation in the 
absence of precipitation (Lovett and Kinsman 1990; Wesely 
2000; Seinfeld and Pandis 2016). The turbulence of the 
atmosphere, the chemical nature of the depositing species, 
and the surface factors affect dry deposition. Particle size, 
particle density, and shape of the particles are important 
characteristics of depositing species. Complex mechanisms, 
such as Brownian diffusion, turbulent diffusion, sedimenta-
tion, interception, and inertial forces, affect the dry deposi-
tion process (Liyandeniya et al. 2020c).

Acidic deposition, which occurs as both wet and dry 
depositions, has created environmental, socio-economical, 
and health issues. Rainwater having a pH < 5.6 is consid-
ered acid rain which is lower than the natural acidity level 
of rainwater (Ileperuma 2015). Sulfur dioxide  (SO2) and 
oxides of nitrogen  (NOx) mainly contribute to acidic pre-
cipitation. Transboundary air pollution would transport 
acidic atmospheric components to longer distances thereby 
affecting even in nearby countries (Chathuranga et al. 2020; 
Du et al. 2020). Soil acidification, heavy metal leaching, 
forest dieback, reduction of yields, health issues for humans 
and animals, and damaging manmade structures are some 
undesirable effects of acid depositions (Larssen et al. 1999; 
Singh and Agrawal 2007; Duan et al. 2016).

Bulk deposition can be used as an indicator of atmos-
pheric pollution. Many countries have adapted rainwa-
ter chemical composition studies to measure the levels of 
atmospheric pollution (Liyandeniya et al. 2020c). Passive 
bulk deposition sampling is cost-effective for a developing 
country like Sri Lanka where it lacks data on atmospheric 

pollution (Weerasundara et al. 2018). Nevertheless, in Sri 
Lanka, only a few bulk deposition studies have been con-
ducted, and most of them have been focused on Gampaha 
and Kandy districts. Four climate seasons can be identified 
in Sri Lanka throughout the year (Domroes & Ranatunge 
1993), namely, first inter-monsoon (FIM)—March to mid-
May; South-west monsoon (SWM)—mid-May to Septem-
ber; second inter-monsoon (SIM)—October to November; 
and North-east monsoon (NEM)—December to Febru-
ary (Weather and Climate Data 2022).

According to studies reported, air pollution levels in 
Kandy are often 4–5 times higher than those in Colombo. 
Owning a unique topography situated within a valley sur-
rounded by mountain ranges, the Kandy area shows less 
dispersion of air pollutants with higher accumulation. The 
emission from traffic during crowded hours increases the 
effect due to the limited road system within the main city 
(Ileperuma 2015). The air pollution of the Western coastal 
region is dispersed effectively to the sea reducing the con-
centrations. Gampaha district also experiences a higher 
level of vehicular emission. Studies have suggested that the 
Colombo to Gampaha bus route as the highest polluted route 
compared to others. Katunayake industrial zone, Sapugas-
kanda power station, and oil refinery are some major sources 
of pollution in Gampaha district (Liyandeniya et al. 2020b).

The chemical and trace metal composition of bulk 
deposition was characterized by several studies focusing 
on Peradeniya and Kandy city (Abeyratne & Ileperuma 
2006; Weerasundara et al. 2017, 2018; Liyandeniya et al. 
2020a, c; Rathnayaka et al. 2020; Madhushani et al. 2023). 
Some isolated studies have characterized the effects of 
trace metals and microorganisms in bulk deposition sam-
pling (Weerasundara et al. 2017). In Gampaha district, few 
bulk deposition studies have been undertaken in Kelaniya 
and Gampaha (Chathuranga et al. 2020; Liyandeniya et al. 
2020b). Some other studies have used different methods to 
collect bulk deposition such as moss biomonitoring methods 
in Sri Lanka (Jayalath et al. 2021).

It is important to continue and maintain a database on 
the composition of bulk deposition in these regions, which 
it is most susceptible to atmospheric pollution in Sri Lanka. 
The data continuously gathered on atmospheric pollution is 
important for decision-making processes on human health 
and socio-economical aspects. Moreover, data collected over 
a long period of time can be used to formulate atmospheric 
pollution models which will be of immense value to under-
stand the present trends and predict future scenarios.

It is hypothesized that the rainwater quality is affected 
by many anthropogenic factors, including the extent of 
urbanization, state of traffic conditions, and generation of 
particulate matter due to industrialization. In this respect, 
the objective of the study was to quantify rainwater quality 
parameters of bulk deposition, using standard procedures, 



73Air Quality, Atmosphere & Health (2024) 17:71–87 

1 3

collected over a period of 6 months from February 2022 
to July 2022 at selected sites in Kandy and Gampaha dis-
tricts of Sri Lanka. Such a cost-effective study is of great 
significance in an attempt to monitor and compare atmos-
pheric quality of regions having different geographical and 
urbanization patterns. Correlation among different pollution 
parameters was investigated through statistical means, fol-
lowed by prediction of point and nonpoint sources of atmos-
pheric pollution of the above areas. One sampling site rep-
resenting semi-urban environment in Gampaha district, and 
two sites representing urban environment in Kandy district 
were specified for the study. The site in Gampaha is less sus-
ceptible to vehicular traffic congestion, and further, small-
scale industries and paddy fields are abundant in the area. 
More importantly, no previous studies have been reported to 
assess the level of air pollution in the area, which contributes 
to the novelty of the study.

Methodology

Site selection

Three sampling sites were used in the study based on their 
urbanization and level of exposure to the emissions includ-
ing Gampaha and Kandy districts of Sri Lanka. Divulapitiya 
sampling site which is located 18.9 km away from the West-
ern coast of Sri Lanka is an agricultural sub-urban area near 
the Colombo-Kurunegala main road. The GPS coordinates 
of Divulapitiya sampling site are 7.231258°, 80.024364°. 
Kandy and University of Peradeniya (UOP) sampling sites 
are located in the GPS coordinates of 7.290712°, 80.598328° 
and 7.259326°, 80.633093°, respectively, in central high-
lands in Kandy district of Sri Lanka (Fig. 1). The area is 
surrounded by Hanthana mountain range with a unique geo-
graphical setup of terrain. Kandy sampling site is situated in 
the central provincial, educational department premises in 
the S.W.R.D. Bandaranayaka Mawatha of Kandy city.

Sample collection

Sample collectors were placed in each sampling point 
avoiding obstacles, such as tree branches and rooftops 
above the collector, which was made up of a metal stand 
supporting a 5 L high-density poly-ethylene (HDPE) con-
tainer placed 1.5 m above the ground level as shown in 
Fig. 2. A plastic funnel with a 20 cm diameter was fixed 
to the mouth of the container and sealed with polypropyl-
ene-based cello-tape into the mouth of the container. The 
funnel mouth was covered with a tight cotton wool plug 
to avoid contaminants such as insects and debris, falling 
into the container. Ultra-pure water (ASTM type I) was 
used to clean all containers and the funnel. The volume 

Fig. 1  Selected sampling loca-
tions from Kandy and Gampaha 
districts of Sri Lanka

Fig. 2  Collector used for the collection of bulk deposition



74 Air Quality, Atmosphere & Health (2024) 17:71–87

1 3

of the container used for the collection of rainwater was 
estimated based on existing rainfall data such that there 
would be no overflow at the end of the sampling period.

Bulk deposition samples were collected on a weekly 
basis from each station for a period of 6 months, from 
the 1st week of February until the 3rd week of July 2022. 
Although volume-weighted weekly averaged estimation 
on the atmospheric quality could be predicted, no attempt 
was made to determine the continuous variation of the 
magnitude of each parameter as the weekly averaged val-
ues would provide sufficient information. For wet depo-
sition scenarios, the volume of rainwater collected was 
measured on-site, and a sufficient volume was preserved 
in pre-cleaned polyethylene terephthalate (PET) bottles 
for analysis. For dry-only deposition scenarios, the funnel 
was washed with ultra-pure water while the funnel was 
fixed to the container, and the filtrate was collected and 
preserved for analysis.

Each preserved sample was divided into two aliquots: 
the first aliquot was filtered using 0.45 µm alpha-cellulose 
filter papers and used for anion analysis and trace metal 
analysis separately. The sample for trace metal analysis 
was preserved using a few drops of analytical grade conc. 
 HNO3 (≥ 69% W/W) until pH reached below 2. The sec-
ond aliquot was stored without filtration for the determi-
nation of total hardness and water quality parameters. All 
sample bottles were refrigerated under 4 °C.

Sample analysis

The pH level was determined using an ORION 420A pH 
meter on the same day of sample collection at ambient 
temperature. Conductivity, salinity, and total dissolved 
solids (TDS) were determined using a Thermo Scientific 
– EuTech Con 450 multi-parameter conductivity meter. 
Total hardness determination was done following the eth-
ylenediaminetetraacetic acid (EDTA) titration method 
using Eriochrome Black T as the indicator. The solution 
of EDTA was standardized using a standard  Ca2+ solu-
tion, and results were reported as mg  CaCO3  L−1 (Baird 
et al. 2017).

Thermo Scientific Dionex ICS-900 ion chromato-
graphic system was used to determine the anion composi-
tion of the bulk deposition samples. Dionex ionpack AS23 
(4 × 250 mm) anion column was used with 1.0 M  H2SO4 
as regenerant and 4.5 mM  Na2CO3 and 8.08 mM  NaHCO3 
eluent concentrate to determine concentrations of  Cl−, 
 NO3

− and  SO4
2− ions.

Determination of trace metals (Pb, Cu, Mn, Al, Zn, 
Fe, etc.) was conducted using inductively coupled plasma 
mass spectrometry (ICP-MS) (Thermo Fisher iCAP™ Q 
ICP-MS).

Data analysis

Rainfall, water quality parameters, and concentrations of 
selected anions, trace metals, and main group elements 
were tabulated for a period of 6 months. Basic descriptive 
statistical parameters and volume-weighted mean (VWM) 
values were calculated, and Pearson correlation analysis was 
performed to identify significant correlations between the 
parameters concerned using Minitab V.18.0 software.

Results and discussion

Rainfall

Rain is the most significant wet deposition type in Sri Lanka, 
and it mainly depends on the monsoonal rains. Among them, 
SWM and NEM result in the highest rainfall in the coun-
try where SWM leads to higher rainfall in the southwestern 
parts, and NEM accounts for the north-eastern parts. The 
extent and the variation of rainfall within the three sampling 
sites investigated were monitored as the rainfall and atmos-
pheric pollution would be correlated. The total sampling 
period of 6 months represented as week numbers includes 
three of the four climate seasons of Sri Lanka. There were 
dry weeks in all three sampling sites, and more specifically, 
16.7%, 8.7%, and 8.3% dry-only deposition weeks were 
encountered in Divulapitiya, Kandy, and UOP sites, respec-
tively. The rainfall variation of the three sampling stations 
is shown in Fig. 3.

Weeks 1 – 4 belong to the NEM period and in the month 
of February which is the end of the monsoon period that 
starts in December. Lower rainfall values were observed 
during the initial period of sampling as NEM has less effect 
on Gampaha and Kandy districts. There is a significant 
effect of FIM, which covers the period of weeks 5 – 15, on 
the entire island leading to higher rainfall. This fact is sup-
ported by rainfall measurements in all three sampling sta-
tions observed as shown in Fig. 3. The last part of the period 
of weeks 16 – 24, which belongs to the SWM, brings high 
rainfall to the Southwestern coasts and central hills of the 
island. Consequently, an increase in rainfall in Divulapitiya 
which is in the Western province, and a significant increase 
in rainfall in Kandy and UOP sites were observed during 
the FIM.

Basic rainwater quality parameters: pH, 
conductivity, salinity, TDS, and total hardness

Table 1 shows the variation of the volume-weighted mean 
(VWM) values of important rainwater quality parameters 
measured and concentrations determined. All parameters 
were reported in triplicate, and the respective VWM values 
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were determined to minimize the effect of varying deposi-
tion volumes.

The pH of deposition is contributed by anthropogenic or 
natural activities. For instance, burning of fossil fuels dur-
ing transportation or industrial activities releases sulfuric 
acid and nitric acid into the atmosphere (Payus et al. 2020). 
Furthermore, the sources of acidity in rural areas would be 
biogenic volatile organic carbon emissions from forests, veg-
etation, and livestock manure. On the other hand,  Ca2+ is 
the dominant cation species, and  HCO3

− is the major anion 
species contributing to rising the pH of deposition (Zhang 
2002). Consequently, the pH of deposition would be a valu-
able parameter for the prediction of rainwater quality. The 
pH variation of the three sites is shown in Fig. 4.

The UOP site, in general, showed the highest VWM pH 
level followed by Kandy and Divulapitiya. Furthermore, 
none of the sites showed deposition events with pH < 5.6 
to be qualified as acidic depositions. The pH values of 
bulk depositions represent the balance of atmospheric ani-
ons and cations in a particular area (Zong-Jie et al. 2017). 

Although the overall pH range of all three sites was in the 
range of 5.77–8.60, the number of occurrences (weeks) 
having a pH greater than 7.80 was found to be only two 
out of 24 weeks, both of which belonged to the UOP site. 
Occurrences of high pH (> 8.00) of deposition have been 
reported at the UOP site within the period 2019–2021 
although such high pH values have not been recorded in 
the Kandy site within the same period. The VWM pH of 
the depositions of the UOP site excluding these two points 
was 6.47. Moreover, the lowest pH values of the three 
sites were 5.77, 5.89, and 5.96 for Divulapitiya, Kandy, 
and UOP, respectively, most of which were observed in 
the month of May which belongs to the FIM season. Fig-
ure 5 shows the histogram of the pH ranges reported in 
the three sites.

Divulapitiya sampling site is situated in an agricultural 
area which has more probability to observe the influence 
of biogenic organic material originating from vegetation 
and agricultural lands. The less effect of neutralizing basic 
compounds, less exposure to dust, and low air pollution 

Fig. 3  Weekly rainfall data of 
three sites (Divulapitiya, Kandy, 
and UOP), determined through 
volume measurements

Table 1  VWM values of water 
quality parameters, major anion 
concentrations, and major trace 
metal concentrations of three 
sampling sites

Parameters Divulapitiya Kandy UOP

Water quality parameters/VWM pH 6.23 6.29 6.47
Conductivity/µS  cm−1 31.52 29.32 38.13
Salinity/ppm 22.9 21.9 24.8
TDS/ppm 15.87 14.70 16.75
Total hardness/ppm 6.33 5.92 4.93

Anion concentrations VWM/µeq  L−1 Cl− 60.02 65.79 146.87
NO3

− 7.26 4.21 23.10
SO4

2− 37.58 46.84 99.96
Trace metal concentrations VWM/ppb Al 8.49 8.47 22.16

Mn 1.47 1.54 1.69
Fe 51.98 44.19 42.81
Cu 2.87 2.42 3.52
Zn 11.14 16.17 8.98
Pb 1.21 1.15 1.15
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contribution from emissions, might be the reason for the 
comparatively low average pH level in Divulapitiya.

Kandy and UOP sites being situated in Kandy districts 
are more vulnerable to air pollution which is mostly associ-
ated with acidic pollutants and shows more basic average 
pH levels. Even with a higher pollution level in the Kandy 
district, observing higher pH values is contradictory to what 
could be expected, which could be postulated by consider-
ing the possibility of the presence of basic substances in the 
atmosphere. Soil-borne dust particles affect the pH value of 
rain by releasing substances that represent the soil type of 

the relevant area. Basic components in the atmosphere are 
mostly geogenic which can be transferred into the atmos-
phere, entrained inside the dust particles, with the effect of 
wind turbulence due to road transportation, construction 
activities, and other anthropogenic activities.

Calcium content would be an indicator of the extent of 
neutralizing constituents present in the environment (Glavas 
and Moschonas 2002). Kandy district mainly contains red-
dish brown latosolic soils and immature brown loam soil 
types. The former is rich in calcium content compared to 
other elements (Chathurika et al. 2015). A higher amount 

Fig. 4  The pH variation of three sites with two-period moving averages for each site. The average over 2 weeks (moving average) of each site is 
given in the respective color. Error bars indicate the standard deviation of triplicate measurements

Fig. 5  pH ranges histogram for three sites under investigation. The frequency of occurrences of weekly average is indicated at the top of each bar
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of calcium content was present in the dust of the Kandy 
area according to a previous study supporting this argu-
ment (Samaradiwakara and Pitawala 2021). There is a high 
possibility that this geogenic Ca ends up in the atmosphere 
thereby increasing the pH levels of wet deposition of Kandy 
district.

Unlike pH measurements which are contributed by acidic 
or basic atmospheric pollutants, electrical conductivity is an 
indicator of positive and negative ions present in the deposi-
tion. Therefore, it would indicate the extent of pollution due 
to the load of ionic substances entrained in the atmosphere 
(Mohamed et al. 2019). They are emitted due to different 
processes, such as vehicular emissions, biomass and fossil 
fuel burning, construction activities, household emissions, 
wind erosion, and sea spray. Since all three sites are suffi-
ciently far away from the ocean, sea spray is an insignificant 
factor. The electrical conductivity variation of the three sites 
is shown in Fig. 6.

According to the data, Divulapitiya site shows an increas-
ing trend in conductivity in SWM which can be explained 
by the availability of monsoon rain to the Western region 
of Sri Lanka during the SWM. During the NEM, Kandy 
and UOP sites have shown higher values than that of Divu-
lapitiya site while FIM shows no clear comparable pattern 
between three sites.

Salinity, which is a measure of the content of salts 
in soil or water, is important in depositions because the 
accumulation of salt from rainfall over time will make 

the salinity of soil increase beyond the desirable levels. 
Figure 7 shows the temporal variation of the salinity of 
three sampling sites.

TDS also has some relevance to electrical conductivity 
and salinity. With a higher content of particulate matter in 
rainwater, higher TDS values can be expected (Mohamed 
et al. 2019). In relation to other basic rainwater quality 
parameters, such as conductivity and salinity, the UOP site 
showed the highest VWM values, and Kandy site showed the 
lowest VWM values. The TDS and total hardness variation 
for three sites for 24 weeks is shown in Fig. 8 and Fig. 9 
respectively.

The range of conductivity, salinity, and TDS of all sam-
ples in Divulapitiya were 10.4–401.9 µS  cm−1, 0.015–0.191 
ppt, and 5.2–198.4 ppm, respectively. The corresponding 
values in Kandy and UOP sites collectively were 7.8–137.5 
µS  cm−1, 0.013–0.069 ppt, and 4.0–68.6 ppm, respectively. 
The total hardness, another rainwater quality parameter, 
showed the highest VWM values in Divulapitiya fol-
lowed by Kandy and UOP. More specifically, the range of 
the total hardness of Divulapitiya was 1.6–42.0 ppm and 
2.53–27.5 ppm for Kandy and UOP collectively. As the 
hardness of soft water is less than 17 ppm and that of slightly 
hard water is 17–60 ppm, rainwater collected at all three 
sites was either soft or slightly hard. However, dissolved 
 CO2 from the atmosphere is able to dissolve soluble miner-
als in the rocks, increasing the hardness of water sources 
nearby located.

Fig. 6  The conductivity variation of three sites with two-period moving averages for each site. Average over 2 weeks (moving average) of each 
site is given in the respective color. Error bars indicate the standard deviation of triplicate measurements
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When considered collectively, Kandy and UOP sites show 
higher levels for water quality parameters except for the total 
hardness levels. The samples with low rainfall volumes showed 

higher pH levels and a trend of giving higher values for conduc-
tivity, salinity, and TDS similar to the trend which was observed 
in other studies in different countries also (Zong-Jie et al. 2017).

Fig. 7  The salinity variation of three sites with two-period moving averages for each site given in parts per thousand (ppt). Average over 2 weeks 
(moving average) of each site is given in the respective color. Error bars indicate the standard deviation of triplicate measurements

Fig. 8  The TDS variation of three sites with two-period moving averages for each site. Average over 2 weeks (moving average) of each site is 
given in the respective color. Error bars indicate the standard deviation of triplicate measurements
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Anion concentrations

VWM concentrations of anions varied as  NO3
− <  SO4

2− <  Cl− for 
all three sites within the 10-week period of investigation. Simi-
lar trends were reported in studies conducted in 2012–2014 
(Liyandeniya et al. 2020a, c). Specifically, Divulapitiya site 
showed a range of 3.95–33.83 μeq  L−1, 9.17–279.89 μeq  L−1, 
and 23.46–491.41 μeq  L−1 for  NO3

−,  SO4
2−, and  Cl− concen-

trations, respectively. When considered collectively, Kandy 
and UOP sites showed a range of 0.0932–5.2315  ppm, 
0.4977–39.7739 ppm, and 0.6108–62.7091 ppm for concentra-
tions of respective anions.

Divulapitiya Kandy and UOP sites are located 20.4 km, 
87.7 km, and 83.7 km away from the seashore towards the West-
ern shore of Sri Lanka. Since all sites are not much closer to the 
ocean, the origin of the ions from sea spray may not be promi-
nent. Since Divulapitiya area is a semi-urban area, the sources 
of the anions should be of natural origins such as wind erosion, 
weathering, and degradation of natural components, livestock 
farming, and other agricultural activities. In Kandy district, there 
should be a significant contribution of vehicular emissions, wind 
erosion and dust component to the anion sources than in Divu-
lapitiya. Sulphates can have the possibility to originate from 
the  CaSO4 bearing rocks while nitrates and chlorides could be 
originated from natural and anthropogenic emission sources.

Trace metals

The trend in the VWM concentrations of trace metals of all 
three sites was similar; Divulapitiya and Kandy varied as 

Pb < Mn < Cu < Al < Zn < Fe, and UOP site showed the varia-
tion as Pb < Mn < Cu < Zn < Al < Fe. It is clear that Fe was the 
predominant trace metal in all three sites. Descriptive statis-
tics for trace metal compositions of the three sites are shown 
in Tables 2, 3, and 4. Possible sources of these trace metals are 
found to be anthropogenic activities that include construction, 
industrial, and vehicular emissions in Kandy district.

The elements, Fe and Al, have a high probability to 
originate from natural and geogenic sources (Weerasund-
ara et al. 2017). Construction activities, physical weath-
ering of soil, and industries can be the probable anthro-
pogenic sources of high Fe concentrations. The  brass 
industry, metal workshops, and industries are the possible 
sources of Zn. Al can be emitted from terrigenous sources 
with dust and industrial emissions.

Zn, Cu, and Mn could originate from the metallic wear-
ing of the vehicular engine parts and brake pads. Moreo-
ver, Zn which is used as a vulcanization agent in tires 
can be emitted to higher extents the high wearing rates 

Fig. 9  The total hardness variation of three sites with two-period moving averages for each site. Average over 2 weeks (moving average) of each 
site is given in the respective color. Error bars indicate the standard deviation of triplicate measurements

Table 2  Descriptive statistics shown in ppb for trace metal composi-
tion of the Divulapitiya site

Variable/ppb Mean Minimum Maximum VWM

Al 8.98 0.09 26.30 8.49
Mn 1.73 0.65 5.89 1.47
Fe 74.57 25.22 353.0 51.98
Cu 3.43 1.04 10.08 2.87
Zn 12.39 1.70 35.48 11.14
Pb 1.18 0.86 1.46 1.21
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of tires, due to extensive road systems and winding roads 
with higher slopes (Gupta et al. 2022a; Samaradiwakara 
& Pitawala 2021).

The main sources of the Pb found in the depositions can 
be derived from road dust. Pb can be released from lubri-
cant oils, paint types containing lead chromate of traffic 
signs on road surfaces, and entrain in dust particles which 
ultimately can end up in the rain or as dry depositions 
(Gupta et al. 2022a, b).

The weeks with higher rainfall levels throughout the week 
and weeks with dry-only depositions show comparatively 
low levels of trace metal concentrations, while the weeks 

with few millimeters of rainfall show higher levels of trace 
metal concentrations.

VWM values for Pb concentration were 1.21  ppb, 
1.15 ppb, and 1.19 ppb respectively for three sites which did 
not exceed the minimum permissible levels of Pb according 
to Sri Lankan standards and US-EPA standards. The con-
centration of different trace metals in Divulapitiya, Kandy, 
and UOP sites are given in Figs. 10, 11, 12, 13, 14, and 15.

Owing to the dynamic nature of anthropogenic processes, 
the type and the levels of pollutants reached to the atmos-
phere would continuously vary. In the Sri Lankan context, 
the population is concentrated in isolated main cities, such 
as Kandy. The increase in population is connected to various 
other anthropogenic activities, such as building construction 
and hotel industry, leading to increased pollution levels. This 
is clear according to published reports with respect to metal-
lic contents and conductivity in precipitations of Kandy and 
Peradeniya areas (Table 5). Unexpectedly, low levels of the 
above pollutants recorded during this study in the year 2022 
can be attributed to post-Covid era because Sri Lanka had 
not completely become normal during the sampling period.

Statistical analysis

The Pearson correlation analysis is important in atmos-
pheric research to understand relationships between differ-
ent parameters. Pearson correlation coefficient (PCC) gives 
the type of relationship between two parameters according 
to the criteria shown below:

• 0.00–0.19 “Very weak”
• 0.20–0.39 “Weak”
• 0.40–0.59 “Moderate”
• 0.60–0.79 “Strong”
• 0.80–1.00 “Very strong”

Table 3  Descriptive statistics shown in ppb for the trace metal com-
position of the Kandy site

Variable/ppb Mean Minimum Maximum VWM

Al 25.48 1.23 74.94 8.47
Mn 2.41 0.60 4.60 1.54
Fe 75.62 16.88 193.16 44.19
Cu 4.10 1.10 8.33 2.42
Zn 18.86 6.05 36.17 16.17
Pb 1.19 0.96 1.50 1.15

Table 4  Descriptive statistics shown in ppb for the trace metal com-
position of the UOP site

Variable/ppb Mean Minimum Maximum VWM

Al 26.02 1.98 95.53 22.52
Mn 2.62 1.02 6.75 1.73
Fe 60.72 19.84 171.20 43.58
Cu 4.52 1.00 11.27 3.68
Zn 18.23 3.56 109.70 9.34
Pb 1.31 0.98 2.42 1.19

Fig. 10  Trace metal concentra-
tion variation of Divulapitiya 
for Al, Fe, and Zn



81Air Quality, Atmosphere & Health (2024) 17:71–87 

1 3

Fig. 11  Trace metal concentra-
tion variation of Divulapitiya. 
Cu, Mn, and Pb levels are sepa-
rately shown in an expanded 
scale for better visibility

Fig. 12  Trace metal concentra-
tion variation of Kandy for Al, 
Fe, and Zn

Fig. 13  Trace metal concentra-
tion variation of Kandy. Cu, 
Mn, and Pb levels are separately 
shown in an expanded scale for 
better visibility
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PCC is always recorded with the p value which gives the 
statistical significance of the relationship. When p < 0.05, 
the relationship is statistically significant.

For the water quality parameters, a very strong significant 
positive correlation higher than 0.900 can be observed between 
conductivity, salinity, and TDS among each other parameter 
for all three sites as shown in Tables 6, 7, and 8 respectively.

All three sites showed a very strong significant positive 
correlation for  [SO4

2−] –  [Cl−] (Table 10), while the Kandy 
site showed a very strong significant negative correlation 
for rainfall—[SO4

2−] and rainfall—[Cl−] (Table 9).
All sites showed a strong significant positive correla-

tion for Fe and Cu and a strong to very strong significant 
positive correlation for Cu and Zn as shown in Tables 10, 

11, 12, and 13. A previous study conducted on the par-
ticulate matter of Kandy urban area also reported similar 
highly significant (> 0.6) correlations between the same 
trace metals (Samaradiwakara and Pitawala 2021). It also 
explains that the composition of the bulk deposition is 
highly affected by the contribution of the dust particle 
fraction in the Kandy district.

Conclusion

Among the three sites at which the rainwater quality was 
monitored, in terms of both physical and chemical param-
eters, for a period of 6 months, the Divulapitiya area was 

Fig. 14  Trace metal concentra-
tion variation of UOP for Al, 
Fe, and Zn

Fig. 15  Trace metal concentra-
tion variation of UOP. Cu, Mn, 
and Pb levels are separately 
shown in an expanded scale for 
better visibility
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Table 5  Comparison of VWM values of rainwater quality parameters and ppb values of trace metals of previous studies done in Kandy district 
including Kandy and Peradeniya area

Study Year Location pH (VWM) Conductiv-
ity/µS  cm−1 
(VWM)

Al/ppb Cu/ppb Fe/ppb Zn/ppb Mn/ppb

(Dharaka & 
Priyantha, 
This study)

2022 Kandy 6.29 29.32 8.47 (VWM) 2.42 (VWM) 44.19 (VWM) 16.17 (VWM) 1.54 (VWM)

(Rathnayaka 
et al. 2020)

2018–2019 Kandy city 
central

− − 79.7
(VWM)

9.8 (VWM) 42.8 (VWM) 39.3 (VWM) 13.8 (VWM)

(Liyandeniya 
et al. 
2020a)

2013–2014 Kandy 5.64 45.24 54.32 (Mean) 4.04 (Mean) 8.08 (Mean) 32.34 (Mean) 2.93 (Mean)

(Liyandeniya 
et al. 
2020c)

2012–2014 Peradeniya 6.22 19.40 23.2 (VWM) 6.1 (VWM) 8.8 (VWM) 25.7 (VWM) 2.2 (VWM)

Table 6  Pearson correlation coefficients and respective p values (in parenthesis) of each pair of parameters of Divulapitiya site

Rainfall pH Conductivity TDS Salinity

pH -0.43

(0.036)

Conductivity -0.31

(0.14)

0.322

(0.125)

TDS -0.29

(0.169)

0.303

(0.15)
0.991

(0)
Salinity -0.29

(0.169)

0.307

(0.144)
0.995

(0)
0.999

(0)
Total hardness -0.252

(0.235)

0.122

(0.569)

0.484

(0.017)

0.482

(0.017)

0.466

(0.022)

Note: PCC and respective p values of “Very strong” correlations for Divulapitiya site are given in bold numbers shaded in green colour

Table 7  Pearson correlation coefficients and respective p values (in parenthesis) of each pair of parameters of Kandy site

Rainfall pH Conductivity TDS Salinity

pH -0.593

(0.003)

Conductivity -0.671 0.509

(0) (0.013)

TDS -0.664 0.51 1
(0.001) (0.013) (0)

Salinity -0.611 0.442 0.933 0.936
(0.002) (0.035) (0) (0)

Total Hardness -0.369 0.329 0.496 0.498 0.563

(0.083) (0.125) (0.016) (0.016) (0.005)

Note: PCC and respective p values of “Very strong” correlations for Kandy site are given in bold numbers shaded in blue colour
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found to be the most unpolluted. This is attributed to low 
traffic and low industrialization. On the other hand, the 
Kandy site, being the central capital of Sri Lanka, expe-
riences high traffic congestion and industrial activities 
leading to high levels of rainwater quality parameters, for 
instance, conductivity and total dissolved solids (TDS), 
as determined throughout the study period. The extent of 
atmospheric pollution at the UOP site and the Kandy site, 
in general, are on the high side. This is due to the fact that 
although the UOP site experiences less traffic levels, the 
atmospheric quality is affected by fumes generated from 
the laboratories of the UOP and the nearby livestock farm. 
Moreover, the water quality parameters of rainwater are 

correlated to the volume of the wet precipitation, and low 
levels of rainfall lead to elevated levels of all parameters, 
as witnessed by pH levels. Availability of dust particles 
in higher amounts during dry weather conditions, which 
are brought to the atmosphere due to wind erosion, and 
moreover, isolated rainfall events scavenge a larger amount 
of pollutants at once. When rain events occur throughout 
long periods, pollutants added to the atmosphere are con-
stantly scavenged back to the earth’s surface with rain. In 
fact, calcium-containing dust in the atmosphere is respon-
sible for the alkaline rain pH levels, due to neutralization of 
acidic pollutants. This effect is however less during heavy 
rainfall as larger volumes lead to less neutralizing effect.

Table 8  Pearson correlation coefficients and respective p values (in parenthesis) of each pair of parameters of UOP site

Rainfall pH Conductivity TDS Salinity

pH -0.527

(0.008)

Conductivity -0.438 0.527

(0.032) (0.008)

TDS -0.471 0.637 0.957
(0.02) (0.001) (0)

Salinity -0.476 0.591 0.987 0.968
(0.019) (0.002) (0) (0)

Total hardness -0.355 0.388 0.424 0.444 0.44

(0.089) (0.061) (0.039) (0.03) (0.031)

Note: PCC and respective p values of “Very strong” correlations for UOP site are given in bold numbers shaded in red colour

Table 9  Pearson correlation coefficients and respective p values (in parenthesis) between anion concentrations and rainfall (RF) of three sites

Ion concentration RF Divulapitiya RF Kandy RF UOP

Cl- -0.178 -0.888 -0.291

(0.646) (0.001) (0.415)

NO3
- -0.258 -0.609 0.078

(0.538) (0.2) (0.841)

SO4
2- -0.142 -0.825 -0.413

(0.716) (0.006) (0.236)

Note: PCC and respective p values of “Very strong” correlations for Kandy site are shaded in blue colour

Table 10  Pearson correlation coefficients and respective p values (in parenthesis) between different anions of three sites

Divulapitiya Kandy UOP

Cl- NO3
- Cl- NO3

- Cl- NO3
-

NO3
- 0.7 0.689 0.736

(0.053) (0.13) (0.024)

SO4
2- 0.977 0.814 0.925 0.732 0.965 0.754

(0) (0.014) (0) (0.098) (0) (0.019)

Note: PCC and respective p values of “Very strong” correlations for Divulapitiya, Kandy and UOP sites are shaded in green, blue and red col-
ours respectively
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Table 11  Pearson correlation coefficients and respective p values (in parenthesis) between different trace metals of Divulapitiya site

Al Mn Fe Cu Zn

Mn 0.489

(0.107)

Fe 0.553 0.963

(0.062) (0)

Cu 0.735 0.786 0.793

(0.006) (0.002) (0.002)

Zn 0.611 0.73 0.725 0.814

(0.035) (0.007) (0.008) (0.001)

Pb 0.488 0.13 0.156 0.293 0.388

(0.107) (0.688) (0.629) (0.356) (0.213)

Note: PCC and respective p values of “Very strong” and “Strong” correlations for Divulapitiya site are shaded in green colour

Table 12  Pearson correlation coefficients and respective p values (in parenthesis) between different trace metals of Kandy site

Al Mn Fe Cu Zn

Mn 0.585

(0.058)

Fe 0.573 0.763

(0.065) (0.004)

Cu 0.874 0.745 0.617

(0) (0.005) (0.033)

Zn 0.718 0.662 0.436 0.809

(0.013) (0.019) (0.156) (0.001)

Pb 0.916 0.519 0.549 0.779 0.694

(0) (0.084) (0.065) (0.003) (0.012)

Note: PCC and respective p values of “Very strong” and “Strong” correlations for Kandy site are shaded in blue colour

Table 13  Pearson correlation coefficients and respective p values (in parenthesis) between different trace metals of UOP site

Al Mn Fe Cu Zn

Mn 0.064

(0.843)

Fe 0.568 0.566

(0.054) (0.055)

Cu 0.133 0.466 0.641

(0.68) (0.127) (0.025)

Zn 0.233 0.55 0.781 0.712

(0.467) (0.064) (0.003) (0.009)

Pb 0.394 0.504 0.901 0.676 0.891

(0.205) (0.095) (0) (0.016) (0)

Note: PCC and respective p values of “Very strong” and “Strong” correlations for UOP site are shaded in red colour
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