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Abstract
A comprehensive study of the chemical composition of rainwater was carried out from October 2016 to September 2017 in the
equatorial tropical rainforest region of northwestern Borneo. Monthly cumulative rainwater samples were collected from differ-
ent locations in the Limbang River Basin (LRB) and were later categorized into seasonal samples representing northeast
monsoon (NEM), southwest monsoon (SWM), and inter-monsoon (IM) periods. Physical parameters (pH, EC, TDS, DO, and
turbidity), major ions (HCO3

−, Cl−, Ca2+, Mg2+, Na+, and K+) and trace metals (Co, Ni, Cd, Fe, Mn, Pb, Zn, and Cu) were
analyzed from collected rainwater samples. Rainwater is slightly alkaline with mean pH higher than 5.8. Chloride and bicarbon-
ate are the most abundant ions, and the concentration of major ions in seasonal rainwater has shown slight variation which
follows a descending order of HCO3

−> Cl−> Na+ > Ca2+ > Mg2+ > K+ in NEM and Cl− > HCO3
− > Na+ > Ca2+ > K+ > Mg2+ in

SWM and Cl− > HCO3
− > Na+ > Ca2+ > Mg2+ > K+ in IM period. Trace metals such as Fe and Ni have shown dominance in

seasonal rainwater samples, and all the metals have shown variation in concentration in different seasons. Variation in chemical
characteristic of seasonal rainwater samples identified through piper diagram indicates dominance of Ca2+-Mg2+-HCO3

− and
mixed Ca2+-Mg2+-Cl− facies during NEM, SWM, and IM periods. Statistical analysis of the results through two-way ANOVA
and Pearson’s correlation also indicates significant variation in physico-chemical characteristics. This suggests a variation in
contributing sources during the monsoon seasons. Factor analysis confirmed the source variation by explaining the total variance
of 79.80%, 90.72%, and 90.52% with three factor components in NEM, SWM, and IM rainwater samples with different loading
of parameters. Enrichment factor analysis revealed a combined contribution of marine and crustal sources except K+ which was
solely from crustal sources. Sample analysis of backward air mass trajectory supports all these findings by explaining seasonal
variation in the source of pollutants reaching the study area. Overall, the results show that the chemical composition of seasonal
rainwater samples in LRB was significantly influenced by natural as well as anthropogenic processes. These include (long-range
and local) industrial activities, fossil fuel combustion, forest burning, transportation activities including road transport and
shipping activities, and land-derived soil dust along with chemical constituents carried by seasonal wind.
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Introduction

Composition of rainwater is controlled by the atmospheric
particulate and gaseous constituents originated locally or

transported from distant sources (Al-Khlaifat and Al-
Khashman 2007; Zeri et al. 2016; Ojekunle et al. 2018).
Higher-level industrial developments and forest fires in many
countries amplified the pollution load in the atmosphere and
thus by enriching specific chemical constituents in rainwater
(Nriagu 1990; Brännvall et al. 1999; Cheng 2003; Wang et al.
2009; Kord and Kord 2011; Chambers et al. 2015; Francová
et al. 2017; Rosca et al. 2019). Chemical characteristics of
rainwater are the dominant environmental factor which con-
trols the ecosystem health of the region (Niu et al. 2017;
Akpan et al. 2018). Change from pure to polluted characteris-
tics of rainwater might induce the environmental, ecosystem
degradation and disturbance in biogeochemical cycle through
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acid rain, eutrophication, and increased trace metal concentra-
tion (Lovett 1994; Hu et al. 2003; Mouli et al. 2005; Li et al.
2010; Ghimire et al. 2014; Graeff et al. 2018; Masood et al.
2019). However, many of the researchers have considered
rainwater can wash off many pollutants in the atmosphere
(Gordon et al. 2000; Topçu et al. 2002; Polkowska et al.
2005; Calvo et al. 2010; Niu et al. 2017; Graeff et al. 2018).
Understanding of the chemical characteristics of rainwater is
essential and time-demanding because of increased use and
consumption of rainwater for domestic and drinking purposes
(Moglia et al. 2015). This is tantamount to overcome the
shortage of fresh water due to high level of pollution as well
as non-availability caused by severe drought (Adugna et al.
2018). Besides this, anticipating the non-availability of fresh
water for a long period, many local governments imposed the
rainwater harvesting structure with residential and industrial
buildings in many parts of the world (Postel 2000; Rogers and
Hall 2003). In view of the requirement for establishing stan-
dards of rainwater chemistry and estimating its characteristics
over a specific region and countries, numerous studies were
carried out in different parts of the world (Báez et al. 2007;
Sakihama et al. 2008; Al-Khashman 2009; Zhang et al. 2012;
Cerqueira et al. 2014; Chon et al. 2015; Hasan et al. 2017;
Xing et al. 2017; Uchiyama et al. 2019). Among this, analysis
of spatial and temporal variation in chemical characteristics of
rainwater to detect the effect of climate change over a region
gained wide acceptance (Keller et al. 1991; Avila and Alarcón
1999; Lee et al. 2010; Kumar et al. 2014; Meera and
Ahammed 2018; Suescún et al. 2019; Orué et al. 2019).

Rainwater chemistry will give information about the
quality of the atmosphere by reflecting meteorological con-
dition exists in the region (Cong et al. 2010; Baklanov et al.
2016; Rajeev et al. 2016; Rao et al. 2017; Ouyang et al.
2019). Research carried out at various locations in the world
indicates the influence of natural as well as anthropogenic
sources over the enrichment of chemical constituents pres-
ent in rainwater (Durand et al. 1992; Zhang and Liu 2004;
Al-Khashman 2009; Kumar et al. 2014; Hu and Cheng
2016; Steinnes and Lierhagen 2018; Szép et al. 2019).
Along with this, location (nearness to coastal, urban, and
industrial area), elevation and land use practices in the re-
gion also controls the overall chemistry of rainwater (Zhang
et al. 2011; Rao et al. 2016). Considering Borneo as whole
and east Malaysian regions specifically, very fewer attempts
have been taken to assess the chemical characteristics of
rainwater (Radojevic and Lim 1995; Zhong et al. 2001;
Gomyo et al. 2008). Most studies reported from this region
deals with the effect of forest burning, forest fire–generated
haze, and dust over the chemical characteristics of rainwa-
ter, particularly on the acidity and heavy metal concentra-
tion (Crutzen and Andreae 1990; Radojevic and Tan
2000;Radojevic 2003; Nadzir et al. 2017). Understanding
the gap in the research data related to the rainwater

chemistry of the region, as a first-time attempt, the present
study was initiated. The objective of the present study was
to characterize the rainwater chemistry during monsoon
seasons in an equatorial tropical rainforest region of the
Malaysian Borneo.

Study area

In order to understand the chemical characteristics of rain-
water in the tropical rainforest region, in the present study,
the Limbang River Basin (LRB) in the northern region of
Sarawak state of Malaysia, Borneo situated between the N
latitudes 03° 47′ 7″ to 04° 54′ and E longitudes 114° 46′ 7″
to 115° 31′ 30″ was selected (Fig. 1). Limbang River orig-
inates from highly elevated mountain ranges (Batu Lawi
and Gunung Murud) in the southern region of Sarawak.
Limbang River flows a total length of 196 km before it joins
the South China Sea through the Brunei Bay, and the basin
covers a total area of 3950 km2. LRB shows varying topo-
graphical features and relief varies in the range of 1 to above
2400 m. Rainfall in the river basin was dominated by mon-
soon characteristics, and LRB receives an annual average
rainfall of 3851 mm. Monsoon seasons in the area span for a
total of 10 months and was separated by short periods of
inter-monsoon. Southwest monsoon (SWM) covers
5 months from May to September, and the northeast mon-
soon (NEM) covers another 5 months from November to
March. These monsoon seasons are separated by individual
inter-monsoon months of April and October. Considering
the monsoon seasons, NEM receives more rainfall than
SWM.Meanmonthly rainfall is higher than 250mm inmost
months and daily temperature fluctuation in the range of 16
to 34 °C with a mean of 26 °C. Though agricultural and
plantation activities are present at local (paddy and fruit
orchards) and at regional (oil palm plantations) scales, more
than 90% of the river basin was covered by rainforests, i.e.,
primary, secondary, and montane forests. Geologically, the
river basin is sedimentary in origin (shale, sandstone, silt,
limestone, and recent coastal and riverine alluvium)
(MGDM 2013). Furthermore, the region undergoes period-
ical haze and dust cover originated from forest burning and
natural forest fire incident took place in Southeast Asian
countries (Sabuti and Mohamed 2016).

Materials and methods

Sample collection

A total of 60 samples representing monthly cumulative rain-
water for a period of 1 year (October 2016 to September
2017) were collected from spatially separated five locations
in LRB (Fig. 1). Two polyethylene barrels (5 L), fitted with
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funnels having 10-cm diameter, were used as the rainwater
collector. In order to drain excess water, a small hosepipe
was connected at the top end of the barrel. The whole rain-
water collector unit was kept at an elevation to avoid other
disturbances in sampling. Paraffin oil (0.5 cm thickness)
was put in the container to avoid evaporation through the

walls. In order to avoid possible changes in the chemical
characteristics of water, the whole sampling unit except
rainwater collecting funnel was covered with heat-resistant
material. Rainwater was collected from the first day of the
month until the last day of the month. At the end of every
month, the rainwater collected had to be shaken, but not

Fig. 1 Study area location map showing drainage networks and terrain elevation with rainwater sampling locations in the Limbang River basin (LRB)
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aggressively and was transferred to two 1-L polyethylene
bottles after filtering using Whatman no.1 filter paper
(11 μm) and was used for the analysis. Details of rainwater
sampling locations are given in Table 1.

Analysis methods

Physico-chemical parameters such as pH, electrical conduc-
tivity (EC), total dissolved solids (TDS), dissolved oxygen
(DO), and turbidity of rainwater were measured in the lab-
oratory using portable pH, conductivity meter (Thermo
Scientific Orion Star, 4 Star Plus Meter), and Hach meter
(Hach@ DR2800 spectrophotometer). Bicarbonate
(HCO3

−) and chloride (Cl−) were determined by titrimetric
method (APHA 1995, 2012). Later, the water samples were
filtered using 0.45 μm Millipore filter paper and digested
using 10 mL con. nitric acid (HNO3) to lower the pH ~ 2 and
make to 10 mL by heating around 60–70 °C using a
hotplate. The concentrated sample is then remade to
100 mL using ultra-pure water for the analysis of trace
metals (Cu, Pb, Fe, Mn, Zn, Cd, Ni, Co,Ca2+, Mg2+, Na+,
and K+) using Atomic Absorption Spectrophotometer
(Perkin Elmer Analyst 400).

Furthermore, the analysis results are separated into three
different seasons such as northeast monsoon (NEM), south-
west monsoon (SWM), and inter-monsoon (IM) and then
interpreted, and the mean values were compared with other
studies carried out in different parts of the world. Statistical
analysis such as Pearson’s correlation, ANOVA, and factor
analysis was also applied to detect the inter-relationships, var-
iation, and source contribution of ions in seasonal rainfall over
LRB. Furthermore, in order to identify the source contribution
of chemical constituents in different seasons, a sample air
mass back trajectory analysis was also conducted for individ-
ual seasons using a HYbrid Single-Particle Lagrangian
Integrated Trajectory (HYSPLIT) transport model provided
by the US Nat iona l A tmosphe r i c and Ocean ic
Administration (NOAA) Air Resources Laboratory (ARL).

Results and discussion

Meteorological characteristics

Basic meteorological characteristics of LRB during the pe-
riod of study (October 2016 to September 2017) are given in
Table 2 and the mean temperature and rainfall during the
sampling periods are shown in Fig. 2. Rainwater sampling
was started in the month of October, which marks the inter-
monsoon period. Following the inter-monsoon period,
northeast monsoon (NEM) started in November and contin-
ued up to March (5 months). Then the second inter-
monsoon month April followed by the southwest monsoon
(SWM) continued for another 5 months from May to
September. Mean monthly rainfall during the sampling pe-
riod varies in the range of 179 (July 2017) to 572 mm
(May 2017). Considering the seasonal rainfall characteris-
tics, during NEM, mean rainfall varies from 314 (January
2017) to 428 mm (March 2017), whereas in SWM, rainfall
ranges from 179 (July 2017) to 572 mm (May 2017). IM

Table 1 Details of rainwater
collection locations in the
Limbang River Basin

Sampling
locations

Latitude Longitude Elevation
(m)

Area characteristics

RW-01 4.741306 114.9946 3 Urban area, located near to Limbang River

RW-02 4.541222 114.8853 28 Rural area, located away from Limbang river,
agricultural land, and tropical forest present

RW-03 4.406889 115.0244 52 Undeveloped area, inside tropical forest, higher level of
human activity in relation to logging. Near to tributary
of Limbang River

RW-04 4.314722 115.0383 131 Undeveloped area, inside tropical forest, settlements are
present, near to Limbang River

RW-05 4.176778 115.1408 161 Undeveloped area, inside tropical forest, settlements, and
agricultural activities are present. Near to tributary of
Limbang River

Table 2 Details of meteorological parameters measured during the
study period

Month Mean rainfall (mm) Rainy days Mean temperature (°C)

Oct. 16 275 21 25.6

Nov. 16 396 25 25.3

Dec. 16 315 21 25.6

Jan. 17 314 19 25.2

Feb. 17 343 18 25.2

Mar. 17 428 26 25.7

Apr. 17 363 22 26.1

May. 17 572 26 26.1

Jun. 17 343 19 25.9

Jul. 17 179 15 25.8

Aug. 17 524 21 25.9

Sep. 17 350 22 25.8
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period October received a mean rainfall of 275 mm and
April recorded 363 mm. Mean rainy days in LRB during
the sampling periods vary between 15 (July 2017) and
26 days (March, May 2017). Mean temperature during the
study period ranges from 25.2 (January and February 2017)
to 26.1 °C (April and March 2017). It was noted that, during
the study period, LRB recorded comparatively higher
amount of monthly rainfall in most months, and mean
monthly rainfall was above 360 mm against the annual rain-
fall of 4402 mm.

Physical characteristics of rainwater

Results of parameters such as pH, EC, TDS, DO, and turbidity
of the rainwater collected during different seasons (NEM,
SWM, and IM) were provided in Table 3, and its temporal
variation is shown in Fig. 3. During NEM, pH varies in the
range of 5.25 to 7.14 with a mean of 5.86. EC varies from
47.95 to 88.20 μS/cm with a mean of 69.11 μS/cm. TDS
shows variation from 33.57 to 61.74 mg/L with a mean of
48.37 mg/L. DO during the period ranges from 6.30 to

Fig. 2 Temporal distribution of
mean monthly rainfall and
temperature in LRB during the
period of study

Table 3 Results of physico-
chemical parameters analyzed
from seasonal rainwater collected
from LRB

NEM SWM IM

Parameters Min Max Mean Min Max Mean Min Max Mean

pH 5.25 7.14 5.86 5.53 7.23 6.14 5.59 7.22 6.08

EC (μS/cm) 47.95 88.2 69.11 95.16 260.77 116.98 44.94 119.46 79.89

TDS (mg/L) 33.57 61.74 48.37 66.61 182.54 81.88 31.46 83.62 55.93

DO (mg/L) 6.30 9.19 7.66 3.70 7.60 6.24 3.40 8.71 6.45

Turbidity (NTU) 0.04 3.30 0.97 0.04 4.92 1.06 0.03 1.08 0.40

Bicarbonate (mg/L) 12.2 43.19 30.07 30.50 59.48 36.60 9.15 35.08 25.35

Chloride (mg/L) 12.78 18.46 16.43 31.91 69.13 39.60 13.29 48.74 28.04

Ca (mg/L) 0.281 1.254 0.62 0.361 17.16 1.38 0.515 1.323 0.85

Mg (mg/L) 0.182 1.98 0.38 0.129 3.49 0.34 0.19 0.77 0.41

Na (mg/L) 0.294 2.47 0.73 0.215 46.44 3.34 0.268 2.30 1.07

K (mg/L) 0.035 0.375 0.15 0.068 6.68 0.62 0.105 0.531 0.20

Co (mg/L) 0.013 0.056 0.03 0.005 0.032 0.02 0.011 0.045 0.03

Ni (mg/L) 0.087 0.219 0.18 0.063 0.161 0.10 0.082 0.19 0.12

Cd (mg/L) 0.003 0.008 0.005 0.002 0.011 0.005 0.003 0.009 0.006

Fe (mg/L) 0.681 1.643 1.07 0.625 1.158 0.95 0.775 1.705 1.26

Mn (mg/L) 0.016 0.043 0.03 0.016 0.045 0.03 0.018 0.038 0.03

Pb (mg/L) 0.007 0.115 0.04 0.012 0.035 0.02 0.018 0.109 0.05

Zn (mg/L) 0.013 0.033 0.02 0.001 0.025 0.01 0.001 0.031 0.02

Cu (mg/L) 0.008 0.026 0.02 0.006 0.016 0.01 0.003 0.019 0.01
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9.19mg/L and shows amean of 7.66mg/L. Turbidity varies in
the range of 0.04 to 3.30NTUwith a mean of 0.97NTU. In the
case of SWM season, pH varies in the range of 5.53 to 7.23
with a mean of 6.14. EC varies from 95.16 to 260.77 μS/cm
with a mean of 116.98 μS/cm. TDS varies in the range of
66.61 to 182.54 mg/L with a mean of 81.88 mg/L. DO during
the period ranges from 3.70 to 7.60mg/L and shows a mean of
6.24 mg/L. Turbidity varies in the range of 0.04 to 4.92 NTU
with a mean of 1.06 NTU. At the same time, during the IM
season, pH varies in the range of 5.59 to 7.22 with a mean of
6.08. EC varies from 44.94 to 119.46 μS/cm with a mean of
79.89 μS/cm. TDS shows variation in the range of 31.46 to
83.62 mg/L with a mean of 55.93 mg/L. DO during the period
ranges from 3.40 to 8.71 mg/L and shows a mean of 6.45 mg/
L. Turbidity varies in the range of 0.03 to 1.08 NTU with a
mean of 0.40 NTU.

Physico-chemical characteristics of rainwater collected
during different seasons from LRB show slight variation in
its concentration. Mean concentration of pH in LRB is found
to be varied, and the lowest mean pH was observed during
NEM, whereas the SWM shows the highest. It was suggested
that, rainwater falling through clean atmosphere shows pH
value 5.6 which can be attributed to the dissolution of CO2

present in the rain droplets (Boubel et al. 1994; Al-Khashman
2009). The rainwater samples collected show slightly higher
mean pH, and this might be due to the local influence of
evaporation over rainfall characteristics in the specific seasons
and also due to the presence of increased amount of particulate
matter in the atmosphere (Galloway et al. 1982; Sanhueza
et al. 1989; Rajeev et al. 2016). At the same time, considering
the electrical conductivity (EC) and total dissolved solids
(TDS), the lowest value of mean EC and TDS was noted
during NEM, whereas the highest value was recorded in

SWM. The variability in the value range can be attributed to
the local influence, and EC and TDS measured at different
seasons indicates the relatively varying nature of dissolved
ions concentration in rainwater (Abulude et al. 2018). This is
because EC is directly proportional to TDS, which heavily
depends on the concentration of dissolved ions, ionic strength,
and temperature of water (Marandi et al. 2013). However,
considering the mean concentration of DO in the rainwater
collected in all seasons shows higher amount and was con-
trolled by the structure of the raincloud and is also linked to
the mechanism of raindrop formation and height of cloud base
(Komabayasi 1959). Similarly the measured turbidity of rain-
water in all the seasonal samples shows lower values suggest-
ing the least presence of suspended particulate matter present
in the atmosphere (Cobbina et al. 2013).

Chemical composition of rainwater

In addition to the physical parameters, major ions and trace
metals in the rainwater collected during different seasons
(NEM, SWM, and IM) were also analyzed in the present study
(Table 3). During NEM, anions HCO3

− and Cl− vary in the
range of 12.20 to 43.19 mg/L and 12.78 to 18.46 mg/L with a
mean of 30.07 mg/L and 16.43 mg/L respectively. Cations
analyzed during the season varies in the range of 0.281 to
1.254 mg/L with a mean of 0.62 mg/L (Ca2+), 0.182 to
1.98 mg/L with a mean of 0.38 mg/L (Mg2+), 0.294 to
2.47 mg/L with a mean of 0.73 mg/L (Na+), and 0.035 to
0.375 mg/L with mean of 0.15 mg/L (K+). In SWM, HCO3

−

and Cl− vary in the range of 30.50 to 59.48 mg/L and 31.91 to
69.13 mg/L with a mean of 36.60 mg/L and 39.60 mg/L re-
spectively. Cations analyzed during the season vary in the
range of 0.361 to 17.16 mg/L with a mean of 1.38 mg/L

Fig. 3 Showing the temporal (season-wise) distribution of selected mean pH, EC, TDS, DO, and turbidity during the study period
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(Ca2+), 0.129 to 3.49 mg/L with a mean of 0.34 mg/L (Mg2+),
0.215 to 46.44 mg/L with a mean of 3.34 mg/L (Na+), and
0.068 to 6.68 mg/L with mean of 0.62 mg/L (K+). At the same
time, during IM periods, HCO3

− and Cl− vary in the range of
9.15 to 35.08 mg/L and 13.29 to 48.74 mg/L with a mean of
25.35 mg/L and 28.04 mg/L respectively. Cations analyzed
during the season vary in the range of 0.515 to 1.323 mg/L
with a mean of 0.85 mg/L (Ca2+), 0.19 to 0.77 mg/L with a
mean of 0.41mg/L (Mg2+), 0.268 to 2.30mg/Lwith a mean of
1.07 mg/L (Na+), and 0.105 to 0.531 mg/L with mean of
0.20 mg/L (K+). Furthermore, it was noted that though the
concentration of major ions in rainwater in different seasons
showed slight variation, ions in rainwater of NEM follow a
general pattern of decreasing order of HCO3

− > Cl− > Na+ >
Ca2+ > Mg2+ > K+; in SWM, the order was Cl− >HCO3

− >
Na+ > Ca2+ > K+ > Mg2+; and in IM periods, the major ions
follow the decreasing order of Cl− >HCO3

− > Na+ > Ca2+ >
Mg2+ > K+.

Considering the concentration of major ions in rainwater
samples corresponding to the seasons, it was noted that Cl−,
HCO3

−, Na+, and Ca2+ dominate in all the seasons with vary-
ing concentrations of K+ and Mg2+. Higher concentration of
HCO3

− is due to the increased amount of CO2 in the atmo-
sphere, which reacts with water vapor to form HCO3

−, and the
major driving force behind the mechanism might be the bio-
mass burning in Southeast Asian countries (Hu et al. 2003;
Khoon et al. 2011). Higher concentration of Cl− in rainwater
can be attributed by the marine contribution (evaporation of
water from the South China Sea) and local evaporation from a
land region which contains soil and rocks of calcareous origin
(Al Obaidy and Joshi 2006; Khoon et al. 2011). In LRB, most
of the areas are covered with calcareous soils, and the concen-
tration of Ca2+ observed in the rainwater samples collected
from these regions can be attributed to the dominance of dust
particles which evolved from calcareous soils along with rapid
evaporation at a local scale and re-precipitation which is typ-
ical in Borneo (Matawle et al. 2015; Rao et al. 2016).
Dispersion of soil and biological fragments and excess emis-
sion of alkaline dust are the major sources of dissolved Mg2+

and Ca2+ in rainwater (Tsukuda et al. 2006; Sapek 2014). As
discussed previously, calcareous soil in the region along with
local and site-specific evaporation, which contributes to the
precipitation in the region, controls the Ca2+ and Mg2+ con-
centration of the rainwater in the region. Concentration of Na+

and K+ in rainwater is mainly of marine contribution and are
due to the presence of aerosols and evaporation-based sea salt
in the atmosphere (Cerqueira et al. 2014). The study area is
very close to the South China Sea, and most of the time, the
cloud movement in the region was controlled by wind blow-
ing from the South China Sea. Marine evaporation along with
soil dust particles that evolved from the land surface might
also contribute to the occurrence of Na+ and K+ in rainwater
samples collected from LRB.

Trace mental concentration

Minimum,maximum, andmean values of tracemetal in seasonal
rainfall in LRB have shown variation between seasons, and the
results are shown in Table 3. During NEM, Co, Ni, Cd, Fe, Mn,
Pb, Zn, and Cu showed a mean concentration of 0.03, 0.18,
0.005, 1.07, 0.03, 0.04, 0.02, and 0.02 mg/L respectively. In
SWM, trace metal has shown a slight decrease in concentration
and are 0.02, 0.10, 0.005, 0.95, 0.03, 0.02, 0.01, and 0.01 mg/L
for Co, Ni, Cd, Fe,Mn, Pb, Zn, and Cu respectively. Considering
the IM periods, rainwater shows variation in the concentration of
certain metals compared with NEM and SWM seasons. Trace
metal concentration during the season was 0.03, 0.12, 0.006,
1.26, 0.03, 0.05, 0.02, and 0.01 mg/L for Co, Ni, Cd, Fe, Mn,
Pb, Zn, and Cu respectively. Relative abundance of trace metals
in rainwater samples collected during NEM follows the decreas-
ing order of Fe > Ni > Pb > Mn > Co > Cu > Zn > Cd; during
SWM, the order was Fe > Ni > Mn > Pb > Co > Cu > Zn > Cd;
and for the IM season, the concentration of trace metals follows
the decreasing order of Fe >Ni > Pb >Mn >Co > Zn > Cu >Cd
respectively.

In general, trace metal concentration in rainwater was con-
tributed by different natural as well as anthropogenic process-
es occurring in the region (Jeffries and Snyder 1981). Major
sources of heavy metals in rainwater samples are fossil fuel
combustion, motor vehicle pollution, mining, and forest fire
along with dust particles which originate from non-protected
areas in the land due to erosion of sedimentary rocks
(Farahmandkia et al. 2010; Sabuti and Mohamed 2016).
Furthermore, the concentration of trace metals in rainwater
was controlled by the closeness to the contributing source,
wind direction (direction of air masses), the amount of precip-
itation, and first-day rainfall in the region after long period of
dryness (Al-Khashman 2009; Koulousaris et al. 2009).
However, in LRB, trace metal concentration in rainfall was
contributed by petro-chemical (offshore stations) and other
industrial activities, heavy use of fossil fuel, forest burning,
shipping activity in the South China Sea, and soil dust from
local areas due to non-protected nature of interior roads in the
forest region (logging roads) along with those carried by long-
distance flowing regional monsoon winds.

Comparison of rainwater chemical characteristics

An attempt has been also made to compare the rainwater
chemical characteristics of LRB with selected areas in the
world. For that, results of the studies carried out in Brazil,
Indonesia, Jordan, the USA, South Korea, England, China,
and India were extracted from numerous research publications
(Table 4). It was also noted that most of the studies do not
consider all the physico-chemical parameters considered in
the present research. Considering the mean pH and EC,
LRB showed higher values than all other places except
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Jordan. Most locations are shown acidic nature of rainwater
except Jordan. Higher value of EC in LRB indicates the pres-
ence of more suspended particulate matter in the atmosphere
and rainwater. In the case of major cation concentration, rain-
water in LRB showedmoderate concentration but rainwater of
England and India showed higher concentration. This indi-
cates comparatively higher input of major ions from sea, land,
and anthropogenic activities in those regions. At the same
time, trace metals in rainwater collected from LRB shown
lower concentration than Indonesia and Jordan. However,
considering the concentration of trace metals in the region
and comparing with the industrial development in the study
area (region), trace metal shows higher concentration than
industrially highly developed countries. Contribution of trace
metals in the region can be ascribed to the monsoon winds
originate from long-distance, presence of petro-chemical in-
dustries in the region, especially in the South China Sea and
regional forest fire (biomass burning) in Southeast Asia. The
comparison of rainwater chemistry of LRB with spatially and
regionally separated locations in the world indicates that the

rainwater in LRB is also polluted due to the anthropogenic
activates in the region.

Chemical classification of rainwater

Trilinear Piper diagram was used to determine the chemical
facies of rainwater collected from LRB (Fig. 4). Piper plot
revealed three major types of chemical facies, indicating three
different sources which control the chemical characteristics of
rainwater. During NEM, most of the rainwater samples fall in
the Ca2+-Mg2+-HCO3

− facies and very less number of sam-
ples have shown mixed Ca2+-Mg2+-Cl− characteristics.
Rainwater collected during the SWM has shown dominance
of mixed Ca2+-Mg2+-Cl− facies with very few samples shown
Na+-K+-Cl− characteristics. It was also noted that rainwater
samples collected during inter-monsoon (IM) periods showed
mixed Ca2+-Mg2+-Cl− facies. Though the seasonal rainwater
samples have shown dominance of Ca2+ and Mg2+ in all the
seasons, alongwithHCO3

−, Cl−, Na+ andK+ suggest variation
in the source contribution of chemical constituents of

Table 4 Comparison of mean concentration of physico-chemical parameters in rainwater samples in LRB with selected locations in the world

Parameters Limbang
River Basin,
Borneo

Juiz de
Fora City,
Brazil

Bandung
City,
Indonesia

Ghore El-Safi,
Jordan

Newark,
New
Jersey, US

GIST
campus,
Gwangju,
Korea

Thames river,
South eastern
England

Nanping
Mangdang
Mountain,
China

Palampur Dist.,
Himachal
Pradesh, India

pH 6.01 5.77 4.67 6.91 4.57 5.78 6.13 4.81 6.11

EC (μS/cm) 90.85 11.30 17.79 95 - 27.82 48.5 20.01 33.62

TDS (mg/L) 63.60 - - - - - - - -

DO (mg/L) 6.87 - - - - - - - -

Turbidity
(NTU)

0.91 - - - - - - - -

Bicarbonate
(mg/L)

32.01 1.80 - 8.153 - - - -

Chloride
(mg/L)

28.02 0.614 0.292 5.053 1.08 4.4 7.925 0.205 15.30

Ca (mg/L) 0.97 0.792 0.684 3.3064 0.21 0.7 3.29 0.605 3.95

Mg (mg/L) 0.37 0.289 0.060 1.117 0.05 0.2 0.565 0.074 0.14

Na (mg/L) 1.87 0.575 0.114 3.003 0.60 1.4 3.85 0.163 0.2

K (mg/L) 0.35 0.278 0.233 3.3232 0.06 0.3 0.405 0.208 0.9

Co (mg/L) 0.024 - 0.006 0.43 0.00002 - 0.00155 0.00005 -

Ni (mg/L) 0.138 - 0.0059 0.003 0.0055 0.00028 0.00405 0.001 0.183

Cd (mg/L) 0.005 BDL 0.0057 0.052 0.00003 0.00009 - 0.00022

Fe (mg/L) 1.054 - 0.0348 0.43 0.00835 0.011 0.019 0.0153 -

Mn (mg/L) 0.029 - - - - 0.00458 0.01365 0.0062 -

Pb (mg/L) 0.037 BDL 0.0767 0.066 0.00047 0.00310 0.0012 0.0096 0.00385

Zn (mg/L) 0.015 0.007 0.0335 0.21 0.00660 0.01878 0.1231 0.065 -

Cu (mg/L) 0.012 0.004 0.0088 0.073 0.00282 0.00169 0.00245 0.0038 0.0011

Reference Present
study

Cerqueira
et al.
(2014).

Hasan
et al.
(2017).

Al-Khashman
(2009).

Song and
Gao
(2009).

Chon et al.
(2015).

Neal et al.
(2004)

Cheng et al.
(2011)

Singh (2011)
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rainwater with respect to separate seasons (Sultan 2012). The
possible source contribution of eachmajor ion in the rainwater
samples is detailed in the section chemical composition of
rainwater.

Statistical analysis of rainwater

Correlation

Pearson’s correlation test was carried out to find out the inter-
relationship between the parameters. Season-wise analysis of
correlation reveled a strong negative and positive correlation
(r ≥ ±0.70, significance level alpha = 0.05) between the pa-
rameters and is discussed in the following sections. In NEM,
moderate and good correlation was noted among the parame-
ters (Table 5). pH has shown a strong correlation withDO (r =
0.71). EC showed a strong positive correlation with TDS and
HCO3

− (r = 1, 0.98) and a strong negative correlation with Fe
(r = − 0.72). TDS was positively (strong) correlated with
HCO3

− (r = 0.98) and negatively correlated with Fe (r = −
0.72). HCO3

− has shown a strong negative correlation with
Na+ and Fe (r = − 0.74 and − 0.75) and a strong positive cor-
relation with Ni (r = 0.71). Ca2+ in the rainwater samples has
shown a strong positive correlation with Na+, Cd, Fe, and Pb

(r = 0.85, 0.86, 0.83, and 0.77). A strong positive correlation
was found between Na+ with Cd, Fe, Pb, and Zn (r = 0.86,
0.87, 0.92, and 0.70 respectively) and a strong negative cor-
relation with Ni (r = − 0.74). Co has shown a strong positive
correlation with Cd and Fe (r = 0.71 and 0.70). Cd has shown
a strong positive correlation with Fe and Pb (r = 0.86 and
0.77). Fe showed a strong positive correlation with Pb (r =
0.88). Pb shows strong correlation with Zn (r = 0.75).

However, during SWM, parameters in rainwater do not
show much correlation like that observed in NEM (Table 6).
During this season, EC showed a strong positive correlation
with TDS, HCO3

−, Cl−, Na+, and K+ (r = 1, 0.82, 0.87, 0.93,
and 0.92 respectively). TDS showed a strong positive corre-
lation with HCO3

−, Cl−, Na+, and K+ (r = 0.82, 0.87, 0.93, and
0.92). A strong positive correlation was observed between Cl−

with Na+ and K+ (r = 0.85 and 0.84). Furthermore, Na+

showed a strong positive correlation with K+ (r = 0.98).
Furthermore, examining the inter-monsoon (IM) period, pa-
rameters showed relatively higher correlation than those ob-
served in SWM (Table 7). During this season, EC has shown
strong positive correlation with TDS, HCO3

− and Cl− (r = 1,
0.87, and 0.94); a strong negative correlation with Mg2+, Cd,
Fe, Pb, Zn, and Cu (r = − 0.86, − 0.78, − 0.75, − 0.86, − 0.91,
and − 0.71 respectively). A similar nature of correlation was
observed between TDS with HCO3

− and Cl− (r = 1, 0.87, and

Fig. 4 Piper diagram showing the
dominant water types (chemical
facies) in rainwater samples
collected from LRB
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0.94), a strong negative correlation withMg2+, Cd, Fe, Pb, Zn,
and Co (r = − 0.86, − 0.78, − 0.75, − 0.86, − 0.91, and − 0.71
respectively). HCO3

− in the rainwater has shown a strong
negative correlation with Mg2+ and Pb (r = − 0.82 and −
0.76). A strong negative correlation exists between Cl− with
Mg2+, Cd, Fe, Pb, Zn, and Cu (− 0.87, − 0.78, − 0.76, − 0.81,
− 0.94, and − 0.78 respectively). Mg2+ showed a strong posi-
tive correlation with Na+, Cd, Fe, and Pb (r = − 0.81, 0.94,
0.93, and 0.95). The positive correlation observed between
Na+ with Fe and Pb is strong (r = 0.75 and 0.73). Cd has
shown a strong positive correlation with Fe, Pb, Zn, and Cu
(r = 0.93, 0.88, 0.70, and 0.70 respectively). Fe has shown
positive strong correlation with Pb (r = 0.90). A strong posi-
tive correlation was observed between Pb and Zn (r = 0.72),
whereas Zn has shown a strong positive correlation with Cu
(r = 0.79)

The correlation analysis explained inter-relationship (both
positive and negative) between different physico-chemical pa-
rameters present in the rainwater collected from LRB during
different seasons. Strong positive correlation between the

variable generally indicates same source of origin, i.e., either
marine or continental, whereas the negative correlation indi-
cates the concentration of one parameter control the domi-
nance of the parameter (Al-Khashman 2009). Furthermore,
it was also noted that some parameters do not show correlation
suggesting a different source of origin (Khatoon et al. 2013).
In the present research, the observed change in the correlation
between the parameters during different seasons suggests var-
iation in source contribution of rainfall along with local input
in the moisture source of rainwater collected at spatially sep-
arated but unique rainfall regime of LRB.

ANOVA

Analysis of variance (two-way ANOVA) was conducted to
understand the variation in values, and the concentration of
parameters between sampling locations and seasons because
the analysis of variance (ANOVA) is capable of expressing
the variation between and within the group of samples
(Dominique et al. 1998; Calabrese et al. 2015). Two-way

Table 5 Pearson’s correlations matrix for the physico-chemical parameters in NEM samples

Table 6 Pearson’s correlations matrix for the physico-chemical parameters in SWM samples
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ANOVA statistics revealed significant (95% confidence level
or p ≤ 0.05) relationships between the parameters and vari-
ables considered (Table 8). Among the parameters, Ni, Fe,
and Cu have shown statistically significant variation between
sampling locations and sampling seasons. Parameters such as
pH, EC, TDS, DO, HCO3

−, Cl−, Co, Cd, Mn, Pb, and Zn have
shown statistically significant variation between the sampling
periods, whereas turbidity and K+ have shown statistically
significant variation between the sampling locations.Ca2+,
Mg2+, and Na+ showed no significant variation between sam-
pling locations and sampling periods.

Factor analysis

Principal component analysis (PCA)-based factor extraction
was carried out in the results of physico-chemical parameters
of rainwater collected in each season to identify the source of
ions in rainwater samples with an Eigenvalue larger than 1,
after varimax rotation. Varimax rotation will make the inter-
pretation of results easier by minimizing the variance of
squared normalized factor loadings across variables for each
factor (Báez et al. 2007). Results of the factor analysis are
shown in Table 9. In NEM, factor analysis revealed three
factors which explained 79.80% of total variance. Factor 1
explained 45.66% of total variance with high loading for
EC, TDS, and HCO3

−. EC and TDS are physical parameters
which are contributed by the suspended particles in the atmo-
sphere originated from natural and anthropogenic activities
(Rusydi 2018). HCO3

− in rainwater in this region was contrib-
uted by the increased amount of CO2 in the atmosphere due to
forest fires as well as the soil dust rich in carbonate contents
formed by anthropogenic activities (Hu et al. 2003). Factor 2
explained 21.76% of the total variance with strong loading of

K+ and moderate loading of pH, Na+, Ca2+ and weak loading
of Cl−. This explained concentration of K+ in rainwater is
mainly from biomass burning. Na+ and Cl− indicate marine
contribution and are due to the presence of aerosols and
evaporation-based sea salt in the atmosphere and Ca2+ might
be originated from dust particles evolved from calcareous soil
(Tsukuda et al. 2006; Cerqueira et al. 2014). Factor 3 ex-
plained 12.38% of total variance with strong loading of
Mg2+, might be contributed by sea and land, as evaporation
of saltwater or due to the influence of dispersion of soil and
biological fragments and excess emission of alkaline dust in
rainwater (De Mello 2001; Al-Khashman 2009).

Considering SWM, three factors identified explained a cu-
mulative variance of 90.72%. Factor 1 explained 57.18% of
total variance by strong loading of EC, TDS, Na+, K+, Cl−,
and HCO3

−. This indicates the dominance of suspended par-
ticulate matter, biomass burning in the region, evaporation of
sea salt, and an increased amount of CO2 in the atmosphere
due to forest fires as well as the soil dust rich in carbonate
content in the atmosphere (Shrestha et al. 2013). Factor 2
explained 18.44% of the total variance with strong loading
of Ca2+ and moderate loadings of HCO3

− and pH, suggesting
dominance of calcareous dust particles, forest fire, and bio-
mass burning induced CO2 concentration in the atmosphere
along with carbonate rich soil dust evolved from the region
(Lewis Jr. 1981; Shrestha et al. 2013). Factor 3 explained
15.10% of the total variance with strong loading of Mg2+

and moderate loading of pH. This explains the dispersion of
soil and biological fragments and excess emission of alkaline
dust in rainwater (DeMello 2001; Al-Khashman 2009). At the
same time, in IM, season factor analysis revealed three factor
components which explained cumulative variance of 90.52%.
Factor 1 explained 61.84% of the total variance with strong

Table 7 Pearson’s correlations matrix for the physico-chemical parameters in IM samples
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loading of EC, TDS, HCO3
−, and Cl−. This is due to the

dominance of suspended particulate matter, evaporation of
sea salt, and increased amount of CO2 in the atmosphere due
to forest fires as well as the soil dust rich in carbonate content
in the atmosphere (Shrestha et al. 2013). Factor 2 explained
16.11% of the total variance by strong loading of Ca2+ (De
Mello 2001). Factor 3 explained 12.56% of total variance with
strong loading pH.

Overall, it can be concluded that rainwater chemistry in
LRB was controlled by natural as well as anthropogenic

processes, but the variation of water chemistry between the
seasons was observed. Factor analysis facilitated the identifi-
cation of major processes which controls the chemistry of
rainwater in the region and are (a) contribution of soil dust
through wind and sea salt through evaporation, (b) anthropo-
genic pollution–based factors such as fossil fuel burning
(petro-chemical industries and transportation) and forest fire
in the region as well as that carried from long distance by
cloud winds, and (c) vehicle emission. It was also noted that
contribution of these factors also varies between season to

Table 8 Two-way ANOVA of rainwater quality parameters of LRB

% of total variation SS MS F p value Significance

pH Between stations 0.035 0.422 0.084 0.563 0.728 No

Between months 0.287 3.486 0.317 2.115 0.034 Yes

EC (μS/cm) Between stations 0.044 3222.758 644.552 1.369 0.250 No

Between months 0.603 44160.654 4014.605 8.526 0.000 Yes

TDS (mg/L) Between stations 0.044 1579.152 315.830 1.369 0.250 No

Between months 0.603 21638.720 1967.156 8.526 0.000 Yes

DO (mg/L) Between stations 0.050 5.749 1.150 0.995 0.429 No

Between months 0.397 45.544 4.140 3.584 0.001 Yes

Turbidity (NTU) Between stations 0.298 20.435 4.087 6.051 0.000 Yes

Between months 0.161 11.075 1.007 1.491 0.162 No

Bicarbonate (mg/L) Between stations 0.033 178.756 35.751 0.956 0.452 No

Between months 0.584 3136.787 285.162 7.629 0.000 Yes

Chloride (mg/L) Between stations 0.011 125.968 25.194 0.865 0.510 No

Between months 0.845 9443.532 858.503 29.482 0.000 Yes

Ca (mg/L) Between stations 0.068 18.419 3.684 1.025 0.412 No

Between months 0.206 56.043 5.095 1.418 0.191 No

Mg (mg/L) Between stations 0.061 0.910 0.182 0.899 0.488 No

Between months 0.190 2.825 0.257 1.269 0.267 No

Na (mg/L) Between stations 0.127 312.884 62.577 1.900 0.109 No

Between months 0.137 336.121 30.556 0.928 0.521 No

K (mg/L) Between stations 0.152 8.870 1.774 2.463 0.044 Yes

Between months 0.167 9.746 0.886 1.230 0.290 No

Co (mg/L) Between stations 0.021 0.000 0.000 0.744 0.594 No

Between months 0.667 0.009 0.001 10.684 0.000 Yes

Ni (mg/L) Between stations 0.041 0.007 0.001 3.471 0.008 Yes

Between months 0.829 0.140 0.013 31.940 0.000 Yes

Cd (mg/L) Between stations 0.050 0.00 0.000 2.315 0.056 No

Between months 0.712 0.0002 0.000 14.990 0.000 Yes

Fe (mg/L) Between stations 0.057 0.297 0.059 2.902 0.021 Yes

Between months 0.727 3.786 0.344 16.817 0.000 Yes

Mn (mg/L) Between stations 0.069 0.000 0.000 1.430 0.228 No

Between months 0.400 0.002 0.000 3.769 0.000 Yes

Pb (mg/L) Between stations 0.008 0.000 0.000 0.616 0.688 No

Between months 0.854 0.045 0.004 30.908 0.000 Yes

Zn (mg/L) Between stations 0.012 0.000 0.000 0.394 0.851 No

Between months 0.644 0.005 0.000 9.358 0.000 Yes

Cu (mg/L) Between stations 0.095 0.000 0.000 3.813 0.005 Yes

Between months 0.630 0.001 0.000 11.466 0.000 Yes
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season, i.e., NEM, SWM, and IM seasons. Though these are
the major factors controlling the chemical characteristics of
rainwater in the region, specific characteristics of location
and the local addition of natural and anthropogenic processes
have influenced the variation in chemical characteristics in
different seasons. These points towards the movement of air
pollutants in the region, which was controlled by wind blow-
ing over the region.

In order to confirm the variation in source contribution of
chemical constituents reaching LRB, backward air mass tra-
jectory corresponding to the study period was generated using
a HYSPLIT transport model. Backward trajectory analysis is
the best available tool in air quality and pollutant movement
modeling which helps to generate a comprehensive informa-
tion about the origins and sources of pollutants in the atmo-
sphere as well as which reaching the surface through rainfall

(Chen et al. 2013; Tatsuta et al. 2017; Tu et al. 2019). In the
present research, individual season representation was consid-
ered to build the backward air mass trajectory, and results
were interpreted. For the HYSPLIT analysis, the months of
January 2017 (NEM), August 2017 (SWM), and April 2017
(IM period) were selected and modeled at three different
heights, i.e., 500, 1000, and 1500 m above ground level
(Fig. 5). It was observed that, during NEM season (Fig. 5a),
the pollutants are reaching the study area from the north and
east directions and show a mixed contribution, i.e., from the
ocean (the South China Sea) and land area with dominance of
land contribution. A contrasting characteristic was observed
during SWM season (Fig. 5b), which shows dominance of
west and southwest direction with less contribution from land
and major contribution from the ocean. However, considering
the IM season (Fig. 5c), the study area received dominant

Fig. 5 Samples of air mass backward trajectories reaching LRB during (a) NEM season (b) SWM season, and (c) IM season at 500, 1000, and 1500 m
above ground level

Table 9 Results of factor analysis of physico-chemical parameters in rainwater samples of different season in LRB

Parameters NEM SWM IM

Factor 1 Factor 2 Factor 3 Factor 1 Factor 2 Factor 3 Factor 1 Factor 2 Factor 3

pH − 0.43 0.69 0.13 − 0.01 0.64 0.58 0.06 0.04 0.97

EC 0.98 − 0.01 − 0.03 0.98 0.19 0.05 0.97 0.04 0.13

TDS 0.98 − 0.01 − 0.03 0.98 0.19 0.05 0.97 0.04 0.13

HCO3 0.98 − 0.16 0.04 0.72 0.52 0.25 0.88 − 0.25 0.24

Cl − 0.24 0.39 − 0.62 0.92 − 0.13 − 0.18 0.90 0.21 0.00

Ca − 0.68 0.51 0.19 -0.01 0.94 − 0.10 − 0.51 0.85 0.08

Mg − 0.22 0.23 0.78 0.01 − 0.04 0.95 − 0.94 0.09 0.04

Na − 0.66 0.67 0.18 0.97 − 0.09 0.05 − 0.81 0.15 0.31

K 0.27 0.74 − 0.16 0.96 − 0.09 0.00 − 0.56 − 0.76 0.01

% of variance explained 45.66 21.76 12.38 57.18 18.44 15.102 61.84 16.11 12.56

Cumulative % of variance 79.80 90.72 90.52

Bold italic values indicate strong loading
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pollutant load from north, northeast direction with sole contri-
bution from ocean source (the South China Sea). This con-
firms the variability in seasonal rainwater chemical character-
istic explained by statistical methods and control of land- and
ocean-based pollutants over the rainwater chemistry of LRB.

Enrichment factors

In order to understand the source of ionic contribution in the
rainwater reaching LRB, the enrichment factors for sea water
and crust were estimated. In most studies Na, Al, and Ca2+

were taken as reference elements to estimate the marine and
crustal contribution because Na+ is considered of purely ma-
rine origin, whereas Al and Ca2+ are lithogenic, i.e., originate
from continental crust (Keene et al. 1986; Kulshrestha et al.
2003; Zhang et al. 2007; Cao et al. 2009). Source contribution
of ionic components in rainwater samples collected from LRB
was estimated by considering Na+ and Ca2+ as the reference
element for marine and crustal sources. The enrichment factor
was calculated using the equations:

EFmarine ¼
X=Naþ
� �

rainwater
X =Naþ
� �

seawater

ð1Þ

EFcrust ¼
X =Ca2þ
� �

rainwater
X =Ca2þ
� �

soil

ð2Þ

where X is the concentration of ion or element of interest in
rainwater, X/Na+ is the proportion of seawater composition,
and X/Ca2+ is the proportion of crustal composition.

Enrichment factor analysis of seasonal rainwater samples
of different seasons has shown similar characteristics with
slight variation in the enrichment of individual elements with
higher values (> 1) (Zhang et al. 2007; Lu et al. 2011)
(Table 10). During NEM, except K+, all elements show source
from both marine and crust, whereas K+ has shown purely
crustal origin with EFcrust value of 0.47. Considering SWM,

Cl− and Ca2+ show mixed source origin with comparatively
higher values in EFseawater and EFcrust ratio. Low ratio found
for Mg2+ (0.45 and 0.44) indicates almost equal contribution
of marine and crustal source, whereas the K+ was solely con-
tributed from crustal source (EFcrust ratio is 0.90). During IM
period, a similar source contribution was observed with K+

originated from a crustal source (EFcrust ratio is 0.47) and
Mg2+ from a mixed source, i.e., mostly from crustal and par-
tially frommarine (EFseawater and EFcrust ratio is 1.68 and 0.86
respectively). The crustal enrichment of ions observed indi-
cates that the source contribution from crustal source also
comprises certain contribution from anthropogenic activities.

Conclusion

Chemical characteristics of seasonal rainwater in the equato-
rial tropical rainforest region in northwestern Borneo indicate
varying characteristics suggesting variation in source and con-
tribution from local areas. Rainwater in all seasons (NEM,
SWM, and IM periods) has shown slightly alkaline nature
(mean pH > 5.8) against the neutral pH of cloud water (5.6)
with atmospheric CO2 equilibrium. Moderate values of EC
and TDS in rainwater samples indicate the presence of
suspended particulate matter indicating slightly polluted at-
mospheric environment over LRB. Seasonal rainfall in LRB
has shown slight variation in concentration of major ions but
chloride and HCO3

− as dominant ions in all seasons.
Abundance of trace metals such as Co, Ni, Cd, Fe, Mn, Pb,
Zn, and Cu was measured in rainwater samples in which Fe,
Ni, Pb, Mn, and Co have shown comparatively higher con-
centrations in all the seasons. Hydrochemical facies analysis
and factor analysis indicate variation in source contribution of
chemical characteristics of rainwater in LRB. Two-way
ANOVA analysis backs up the findings by showing signifi-
cant variation in chemical characteristics between seasons and
sampling locations. Pearson’s correlation analysis also indi-
cates the same results by identifying varying correlation be-
tween the parameters analyzed in rainwater during NEM,
SWM, and IM periods. The enrichment factor analysis sug-
gests contribution of mixed source, i.e., marine and crustal
sources in the chemical characteristics of rainwater in LRB.
Backward air mass trajectory analysis by a HYSPLIT trans-
port model also confirms the same with seasonal variation in
source contribution. It can be concluded that the seasonal var-
iation in chemical characteristic of rainwater in LRB is con-
trolled by natural as well as anthropogenic processes operating
in the region. The plausible dominant processes which con-
tribute the chemical constituents to rainwater are petro-
chemical and industrial activities, fossil fuel combustion, for-
est burning and forest fire, shipping activity in the South
China Sea, and soil dust from non-protected logging roads
along with those carried by regional seasonal winds.

Table 10 Source contributions for different ionic constituents in
rainwater samples of different seasons in LRB

Seasons Enrichment factor Cl− K+ Mg2+ Ca2+ Na+

NEM EFseawater 19.42 9.22 2.30 19.43 -

EFcrust 8473.27 0.47 1.08 - 2.06

SWM EFseawater 10.16 8.50 0.45 9.41 -

EFcrust 9153.09 0.90 0.44 - 4.25

IM EFseawater 22.38 8.50 1.68 17.93 -

EFcrust 10584.71 0.47 0.86 - 2.23
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