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Abstract. Water-soluble inorganic components in rain de-
posited at the Maldives Climate Observatory Hanimaadhoo
(MCOH) were examined to determine seasonality and pos-
sible source regions. The study, which is part of the At-
mospheric Brown Cloud (ABC) project, covers the period
June 2005 to December 2007. Air mass trajectories were
used to separate the data into situations with transport of air
from India and adjacent parts of the Asian continent during
the months December and January (Indian group) and those
with southerly flow from the Indian Ocean during the sum-
mer monsoon season June to September (Marine group). A
third trajectory group was identified with transport from the
northern parts of the Arabian Sea and adjacent land areas
during the months March, April and October (Arabian Sea
group). The concentrations of nss-SO2−

4 , NH+

4 and NO−

3
were more than a factor of 4 higher in the Indian group than
in the Marine group. The average rainwater pH was signif-
icantly lower in the Indian group (4.7) than in the Marine
group (6.0). This shows a pronounced influence of continen-
tal pollutants during December and January. The origin of
the very high concentration of nss-Ca2+ found in the Ma-
rine group – a factor of 7 higher than in the Indian group
– is unclear. We discuss various possibilities including long-
range transport from the African or Australian continents, lo-
cal dust from nearby islands and calcareous plankton debris
and exopolymer gels emitted from the ocean surface. The
occurrence of NO−3 and NH+

4 in the Marine group suggests
emissions from the ocean surface. Part of the NO−

3 could also
be associated with lightning over the ocean. Despite the fact
that the concentrations of nss-SO2−

4 , NO−

3 , and NH+

4 were
highest in the Indian group the wet deposition was at least as
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big in the Marine group reflecting the larger amount of rain-
fall during the monsoon season. The annual wet deposition
of NO−

3 , NH+

4 and nss-SO2−

4 at MCOH is about a factor of
three lower than observed at rural sites in India.

1 Introduction

The Indian Ocean Experiment (INDOEX) intense field cam-
paign carried out during January to April 1999 illuminated
and described the phenomenon of brown clouds over South
Asia and Northern Indian Ocean due to long range trans-
port of anthropogenic aerosol particles during the dry winter
monsoon season. During this season the continental pollu-
tants from Northern Hemisphere are transported by a north-
easterly flow towards the inter-tropical convergence zone
(ITCZ). The brown clouds consist of a mixture of anthro-
pogenic sulfate, nitrate, organics, black carbon, dust, fly ash
and natural aerosol particles such as sea salt and mineral
dust. The anthropogenic particles contribute about 80% to
the total aerosol load over most of south Asia and north-
ern Indian Ocean (Ramanathan et al., 2001; Guazzotti et al.,
2003). The composition of brown clouds has significant im-
plications for radiative forcing of climate, the hydrological
cycle, agriculture and health (Ramanathan et al., 2001, 2005,
2007a, b; Guazzotti et al., 2001; Gabriel et al., 2002; Stone
et al., 2007; Corrigan et al., 2006, 2008). In response to the
findings of INDOEX the international Atmospheric Brown
Cloud (ABC) project was designed to address the environ-
mental impact of the brown clouds on regional and global
scales. The project specifically aimed at monitoring radia-
tive effects, climate change and atmospheric pollution in the
Asia Pacific region (Ramanathan and Crutzen, 2003). One
of the key sites for observations related to the brown clouds
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in South Asia is the Maldives Climate Observatory at Hani-
madhoo (MCOH) located at 6◦46 N and 73◦11 E in the north-
ern part of Hanimadhoo island in the Republic of Maldives
(Fig. 1). The island is situated in the upper north-east corner
of Maldivian archipelago. The weather is characterized by
the dry winter season during November to April and the wet
monsoon season during June to October. The north-easterly
winds carry polluted air from the Asian continent, includ-
ing the Middle east, out over the Indian Ocean during winter
while the south-easterly winds during the wet monsoon sea-
son – turning south-westerly before they reach the continent
brings tropical remote marine air that provides India with
most of its annual rainfall. The MCOH therefore serves as
an ideal location for sampling air coming either from Asia or
from the Southern Hemisphere and it is free from significant
local sources of pollution. Further details of the monsoon
system and pollution transport are described elsewhere (Kr-
ishnamurti et al., 1998; Verver et al., 2001; Ramachandran,
2005; Momin et al., 2005; Corrigan et al., 2006). Scaveng-
ing by precipitation is an important mechanism for removing
pollutants from the atmosphere. Measurements of the chem-
ical composition of precipitation are therefore a fundamen-
tal prerequisite for estimating the cycling through the atmo-
sphere of components occurring in aerosol particles and as
soluble gases. Such measurements also provide information
on the input of anthropogenic and natural components to ter-
restrial, aquatic and marine ecosystems. Precipitation chem-
istry studies in the South Asian region have been carried out
mainly in India (Kulshrestha et al., 1999, 2005; Granat et
al., 2002; Mouli et al., 2005; Momin et al., 2005; Tiwari
et al., 2007; Rastogi and Sarin, 2007; Salve et al., 2008;
Budhavant et al., 2009). No systematic long-term measure-
ments have been carried out previously in the Maldives or at
other locations in the northern parts of the Indian Ocean. The
present paper describes the chemical composition of rainwa-
ter at MCOH collected during the period June 2005 to De-
cember 2007. The aim of the study is to characterize the sea-
sonality of the inorganic components of the rain deposited
at MCOH and to identify possible anthropogenic and natural
sources. In a separate paper (Granat et al., 2010) a compari-
son is made between the chemical composition of rainwater
and of aerosol particles collected in air at MCOH. The main
emphasis of that paper was on the scavenging characteristics
of light absorbing material (soot) compared to other compo-
nents.

2 Methods

2.1 Sampling

Precipitation samples were collected during the period
June 2005 to December 2007 on a daily basis at 06:00 a.m. –
sometimes also a second time at 06:00 p.m. (local time) – us-
ing two wet-only collectors of MISU (Department of Mete-

 
 
 
 
 
 
 
 

 

Fig. 1. Location of the Maldives Climate Observatory at Hanimaad-
hoo (MCOH).

orology, Stockholm University, Sweden) design located out-
side the railing at the top of a 15 m tower at MCOH. The
collector consists of a cylindrical part with a polyethylene
funnel (diameter ca 200 mm) and a bottle inside and with a
polypropylene lid making a tight seal against the collector.
The funnel has a screw cap moulded to the spout to give a
watertight connection to the collecting bottle with no pos-
sibility for rain to enter from the side of funnel. A second
wet-only collector of the same type but with funnel and bot-
tle made of glass (Granat et al., 2010) was used primarily
for sampling of soot but also as a quality check on sam-
pling reproducibility for inorganic compounds. Once a week
(Monday morning) the funnel was sprayed with de-ionized
water (DI), (18 M� cm resistivity), and the runoff collected,
weighed and treated in the same way as the rain samples (be-
low referred to as w1-first wash). More washing’s followed
to give a clean funnel with test sample collected. Sample
from the DI in the spray bottle was also collected for later
analysis. The brush used for cleaning was kept in a plastic
bag between events. Plastic gloves were used during collec-
tion of rain samples and at funnel washing. The samples were
transferred to 50 cm3 polyethylene bottles for shipping and
analysis by ion chromatography (IC) at MISU. The amount
of each sample collected was determined by weighing on an
electronic balance. To prevent biological degradation in the
rainwater samples during storage and transport, a preserva-
tive was added in advance at MISU to the empty transport
bottles (to give 400 mg Thymol per dm3, Gillett and Ayers,
1991). By this procedure any spill of Thymol in the station
environment was eliminated. All samples were stored in a re-
frigerator (4◦C) at the observatory and after arrival at MISU.

2.2 Analysis of the rain samples

After filtration the rainwater samples were analyzed for ma-
jor cations (ammonium: NH+4 , sodium: Na+, potassium:
K+, magnesium: Mg2+ and calcium: Ca2+) and anions
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(fluoride: F−, chloride: Cl−, formate: HCOO−, acetate:
CH3COO−, methane sulfonate, MSA: CH3SO2O−, nitrate:
NO−

3 , bicarbonate: HCO−3 , and sulfate: SO2−

4 ) by ion chro-
matography (Dionex ICS-2000). pH and conductivity was
analysed in an unfiltered fraction of each sample. The an-
ions were analyzed with Dionex AG11/AS11columns and an
ASRS-II auto suppressor mode, eluent potassium hydroxyl
0.2 mM at 0.5 cm3 min−1 for weakly retained anions (MSA),
gradually increasing to 25 mM to elute strongly retained
ions. In samples collected before February 2007 the analysis
of cations was made with Dionex CG12A/CS12A columns
(column temperature 20◦C) and a CSRS-II auto suppressor
with external water mode and 18.5 mM MSA eluent (iso-
cratic) with a flow of 0.25 cm3 min−1. From February 2007
the analyses of cations were made with Dionex CG16/CS16
columns (column temperature 40◦C) with 30 mM MSA us-
ing an eluent generator with DI water. pH was measured with
Orion model 720 pH meter with combination glass electrode
Ross sure flow (model for low ionic strength samples). Con-
ductivity was measured with Orion conductivity meter 120.
All samples collected contained a certain amount of sea salt.
To be able to apportion the measured quantities to different
sources it is necessary to estimate the non sea salt (nss) con-
centration of the various components. This was calculated
using the observed rain-water concentrations of Na+ as the
reference element and assuming that all Na+ is of marine
origin (Keene et al., 1986). The non sea salt concentration
of any particular component “X” is calculated based on the
known sea water ratios with respect to Na+:

[nss−X]=[Xrain]−[Na+

rain] {X/Na+
}seawater

.

2.3 Data quality

Quality control of the analyses was done based on laboratory
produced test samples and certified reference samples. Ran-
dom error, calculated from analyses of a synthetic sample in
each batch, and given as one standard deviation, was 10% for
cations and 3% for anions (HCO−3 was not included). Sys-
tematic errors as evaluated by an inter-laboratory test (orga-
nized by EANET, 2008) with concentrations similar to the
present ones were less than 2% (with exception for Mg2+

with less than 3%) for all components, except HCO−

3 that
was not included in the test. The quality of the chemical
analyses was also assessed by the ion balance (sum of an-
ions versus sum of cations) and by a comparison between
measured and calculated conductivity. The average differ-
ence between anions and cations (A−C/(A+C)) was 0.1%,
well below the limits recommended by Mohnen et al. (1994)
for precipitation chemistry analyses. The standard deviation
of the difference was 5% of the sum of anions and cations
while the difference was only below 0.03 in 66% of the sam-
ples. A further check was obtained by an analysis of sea
water, collected from the ocean at MCOH and diluted 5000

times to give a Na+ concentration typical for the rainwater
samples. Concentration ratios to Na+ agreed better than 2%,
but was 3% for Cl− and 5% for K+ to those reported for sea-
water, thus in line with the precision of the method and rele-
vant for calculating nss-concentrations. Assessment of sam-
pling quality was made by a regular washing program and
by comparing chemical analyses from two nearby wet-only
collectors. The funnel was washed once a week (Monday
morning) and the run-off from the funnel (w1), was weighed
and treated in the same way as the rain samples. The me-
dian amount (in µeq of each component) in this wash water
(containing the major part of soluble compounds in the fun-
nel as estimated from succeeding washes) was less than 10%
for all major compounds except nss-K+ (3% for NO−

3 ; 2%
for nss-SO2−

4 ; 7% for Na+; Cl− 9% for nss-Ca2+;10% for
NH+

4 ; 35% for nss-K+) of the median amount for the same
component in collected rain samples. The amount of a com-
ponent in w1 can be due to material depositing into the fun-
nel when the lid is accidentally open or improper handling
by the operator during collecting the w1 sample. Regard-
less of source this non-rain component is sufficiently small
not to be of any concern. This clearly shows that the high
nss-Ca2+ concentrations in marine rains are not due to dust
entering the funnel between rain events. Inorganic analyses
(from 103 events) obtained from the glass wet-only collector
were compared with those from the plastic collector. For sea
salt Na+) there was a good agreement between the two col-
lectors, close to the analytical reproducibility, in 87 out of the
101 samples. In 13 samples the Na+ concentration was sub-
stantially higher in the glass collector while in one case the
concentration was higher in the plastic collector. The likely
explanation is that the lid opening/closing mechanism failed
in some cases for the glass collector and in one for the plastic
collector and left the collector open also during dry periods
during which sea salt was deposited in the open collector.
For nss-Ca2+ the result is similar: 9 cases with much higher
concentration in the glass collector and with a fair agreement
between the remaining cases. For nss-SO2−

4 there was a very
good agreement for all samples (slope 0.99 andr2

= 0.98).
Obviously, the nss-SO2−

4 , with most of the mass in the fine
particle mode (Granat et al., 2010), did not deposit to an ap-
preciable amount during exposed, dry periods. The agree-
ment of NH+

4 concentrations between collectors was quite
poor. This is explained by the uncertainty in determining low
concentrations of NH+4 in the presence of high concentra-
tions of Na+. The standard deviation of NH+4 for individual
samples relative to average for a single collector was 0.4. In
the case of nss-K+ it was even larger (1.1), an obvious effect
of analytical uncertainty when random error for the total K+

concentration is related to the much smaller concentration of
nss-K+. Tests showed that when the lid opening mechanism
was turned off, no detectable amount of any of the compo-
nents could be found in the funnel even after extended peri-
ods. The lid does thus give a tight seal to the collector.
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2.4 Trajectories

Daily 10 days receptor-oriented trajectories were calculated
for MCOH using the Hysplit 4.8 model from the National
Oceanic and Atmospheric Administration (NOAA) (Draxler
and Rolph, 2003). Arriving heights were set at 50, 1000 and
2000 m and time at 12:00 GMT (05:00 p.m. local time). The
Fig. 2a and d show the 50 m trajectories. The trajectories
were subjectively classified in four groups:

Marine: trajectories at all arrival heights arriving from
the west-south-southeast sector with no land contact
during the last 10 days (Fig. 2a). Most of these tra-
jectories originated south east of MCOH reaching the
site after a clockwise turn during the last few days. All
situations in this group (N = 95) occurred during the
months June through September.

Arabian Sea: trajectories traversing the eastern parts of
the Arabian Sea arriving at MCOH after possible land
contact with western India or other mostly arid regions
surrounding the Arabian Sea (Fig. 2b). The days in this
group (N = 12) occurred in the months March, April
and October.

Indian: trajectories having spent at least 2 of the last 10
days over polluted parts of south Asia and with at most
4 days over the ocean before reaching MCOH (Fig. 2c).
The days in this group (N = 12) occurred during the
winter months, December and January.

Mixed: trajectories which do not belong to either of the
above three groups (Fig. 2d). Several of the trajecto-
ries shown in this figure look like they should belong
to the Marine group. These were classified as Mixed
because the trajectories for the different arrival heights
were substantially different from each other. Because
of its heterogeneity this trajectory group (N = 69) is not
analysed in detail.

The air flow over the Maldives is dominated by the win-
ter circulation during November–April bringing dry air from
the Asian continent arriving at the Maldives from a north-
easterly or northerly direction (cf. Fig. 2b and c) and the
monsoon circulation from June to September bringing moist
air from the southern Indian Ocean (Fig. 2a).

2.5 Statistical analysis

Data (daily averaged) correlations were calculated using
STATISTICA 6.0 in order to search for statistical, and pos-
sibly causal, relationships between two or more of the ob-
served ionic constituents. This was done separately for the
trajectory groups Marine, Arabian Sea and Indian. A princi-
pal component analysis (PCA) was also applied to the data.
This is a simplified representation of the data, which identi-
fies the relationship among the variables and provides indica-

a) Marine b) Arabian Sea

c) India d) Mixed

Fig. 2. Classification of trajectories arriving at MCOH,(a) Ma-
rine, (b) Arabian Sea(c) Indian and(d) Mixed. For definitions see
Sect. 2.4

.

tions of their source types based on the nature of factors ob-
tained (Seto et al., 2000; Topcu et al., 2002; Semionov et al.,
2003; Astel et al., 2004). In principle, PCA produces a linear
combination of the variables, which explains a large fraction
of the variance of the data. These linear combinations rep-
resent factors that are obtained by computing a correlation
matrix between the variables. Varimax rotated mode of PCA
was applied in this study. The software package used in this
study is STATISTICA 6.0. The statistically significant ro-
tated factor loadings (≥0.70. marked bold) and the explained
variance for the three trajectory groups are given in the tables
shown in next section.

3 Results and discussion

3.1 An overview of the precipitation chemistry data

Figure 3 shows the data at a monthly resolution depicting
individual events and volume weighted mean (VWM) values
for each month. For obvious reasons the seasonal distribution
of the number of observations is uneven with few measure-
ments during the period December through May (no rainfall
events at all for February, Fig. 3a). The components NH+

4
(Fig. 3c), NO−

3 (Fig. 3g), nss-SO2−

4 (Fig. 3h) and H+ (from
pH, Fig. 3b) all show highest mean concentrations during De-
cember through March, indicating an impact of continental
pollutants. The concentration of nss-Ca2+ (Fig. 3f), on the
other hand, was highest in June and July. Possible reason
for this seasonality will be discussed in Sect. 3.5. The con-
centration of both K+ (Fig. 3d) and Mg2+ (Fig. 3e) showed
a less clear-cut seasonal distribution. To evaluate possible
source region for the precipitation collected at the MCOH
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R. Das et al.: Chemical composition of rainwater at MCOH 3747

0

10

20

30

40

50

60

0 1 2 3 4 5 6 7 8 9 10 11 12

ra
in

(m
m

)

(a)

4

4.5

5

5.5

6

6.5

7

7.5

0 1 2 3 4 5 6 7 8 9 10 11 12

p
H

(b)

-10

0

10

20

30

40

50

60

0 1 2 3 4 5 6 7 8 9 10 11 12

N
H

4
+
 (

µ
e

q
/l
)

(c)

0

5

10

15

20

25

30

0 1 2 3 4 5 6 7 8 9 10 11 12

Months

K
+
 (

µ
e

q
/l
)

(d)

0

50

100

150

200

0 1 2 3 4 5 6 7 8 9 10 11 12

M
g

2
+
 (

µ
e

q
/l
)

-50

0

50

100

150

200

0 1 2 3 4 5 6 7 8 9 10 11 12

n
s
s
-C

a
2

+
 (

µ
e

q
/l
)

0

10

20

30

40

50

60

70

0 1 2 3 4 5 6 7 8 9 10 11 12

N
O

3
-  (

µ
e

q
/l
)

(g)

-20

0

20

40

60

80

100

120

140

0 1 2 3 4 5 6 7 8 9 10 11 12

Months

n
s
s
-S

O
4

2
-  (

µ
e

q
/l
)

(h)

(e)

(f)

Fig. 3. Summary by month of measured quantities(a) rainfall amount (in mm),(b) pH, (c) NH+

4 , (d) K+, (e)Mg2+, (f) nss-Ca2+, (g) NO−

3
and(h) nss-SO2−

4 . Also shown as horizontal lines are volume weighted monthly mean values of ionic components (inµeq/l).

observatory, the events were separated into three well defined
trajectory groups, Marine (1), Arabian Sea (2) and Indian (3),
and a less well defined group, Mixed (4), Volume weighted
means were calculated for each group and are shown in Ta-
ble 1, along with published VWM concentrations from some
other remote locations for comparison. The concentrations of
NH+

4 , NO−

3 and nss-SO2−

4 in the Marine group are compara-
ble to those from Bermuda and Amsterdam Island whereas
values in the Indian trajectory group are closer to those from
Rural E India. Data on these three components in the Ara-
bian Sea group fall in between those from the Marine and
Indian groups. The high values of nss-Ca2+ observed in the
Marine group stand out. For the three well-defined groups
data from individual days were used to calculate correlations
between the components (Tables 2, 4 and 6). The data in
these groups were also subjected to a principal component
analysis (PCA) (Tables 3, 5 and 7). A sea salt factor, in-
cluding Na+, K+, Mg2+ and Cl− was evident in all three
groups. Another consistent factor, including NH+

4 , NO−

3 and
nss-SO2−

4 , we interpret as being pollution. In the Arabian
Sea group soil dust (nss-Ca2+) seems to be mixed into the
latter factor. A third factor in the Marine group is clearly as-
sociated with nss-Ca2+ and HCO−

3 . In the following sections
we discuss the different components separately and attempt
to derive possible sources.

3.2 Sea salt

The major sea salt components Na+ and Cl− were found
to be strongly correlated in all groups (Tables 2, 4 and 6).
They were also the dominating rainwater components in all
groups. The strong correlation between Na+ and Cl−, and
the similarity between the observed ratio Cl−/Na+ (1.14,
1.12 and 1.12 in the three groups respectively) to that of sea-
water (1.17) indicate that both Na+ and Cl− ions are primar-
ily derived from marine sources (Keene et al., 1986). An
association of K+ and Mg2+ with Na+ and Cl− in all three
groups is obvious from the PCA analysis where these four
components form an important factor. The variation in sea
salt concentration between the trajectory groups (Table 1) is
likely to be due to differences in the surface wind speed along
the trajectories. As seen in Table 1 the nss-fractions of K+

and Mg2+ in all trajectory groups represent a small part of
the total concentrations. As a consequence the measured val-
ues have a relatively large uncertainty making it difficult to
draw any conclusions concerning their origin. In the Indian
and Arabian Sea groups nss-K+ values are likely to be in-
fluenced by anthropogenic biomass burning and combustion
processes (Andreae, 1983; Norman et al., 2003).
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Table 1. Volume weighted mean concentrations in MCOH rainwater (this study) divided into trajectory groups and similar data for compari-
son from four other locations: A rural site near Bhubaneswar in E India (data from continental trajectories) taken from Norman et al. (2001),
two sites on Bermuda (Galloway et al., 1988) and Amsterdam Island (Moody et al., 1991). Unit: µeq l−1.

Arabian Rural E Bermuda Bermuda Amsterdam
Marine India Sea Mixed India HRT HP Island

net H+ 0 10 6 0 0 11 11 8
net HCO−

3 22 0 0 14 0 0 0 0
Na+ 170 146 43 82 11 105 168 269
NH+

4 2 15 9 3 33 3 3 2
K+ 4 4 2 2 3 3 4 6
nss-K+ 0.3 1.1 0.8 0.1 2 – – 0.1
Mg2+ 40 39 11 20 5 24 37 60
nss-Mg2+ 1 6 2 1 2 – – −1
Ca2+ 27 9 7 16 16 9 11 12
nss-Ca2+ 20 3 5 12 16 4 4 0.4
MSA *100 5 0 0 7 – – – –
Cl− 195 164 49 93 13 125 194 318
nss-Cl− −4 −6 −2 −2 −1 – – 4
NO−

3 3 18 9 3 16 4 4 2

SO2−

4 27 47 21 18 29 26 34 37

nss-SO2−

4 7 29 16 8 29 14 14 5
pH 6.0 4.7 5.2 5.8 5.6 – – –
no. of samples 95 12 12 69 41 127 126 179

Table 2. Correlation coefficients for rainwater ionic components in the Marine trajectory group. Bold font indicates that the correlation is
significant at 95% level.

Marine H+ Na+ NH+

4 nss-K+ nss-Mg2+ nss-Ca2+ MSA Cl− NO−

3 HCO−

3 nss-SO2−

4

H+ 1.00 −0.12 0.05 0.05 0.07 −0.16 −0.05 −0.13 −0.06 −0.15 −0.06
Na+

−0.12 1.00 −0.05 0.07 0.21 0.19 −0.07 1.00 0.23 0.16 0.08
NH+

4 0.05 −0.05 1.00 0.49 0.05 0.03 0.23 −0.04 0.67 0.01 0.56
nss-K+ 0.05 0.07 0.49 1.00 0.02 0.09 0.13 0.06 0.56 0.02 0.49
nss-Mg2+ 0.07 0.21 0.05 0.02 1.00 0.35 −0.07 0.21 0.12 0.38 0.08
nss-Ca2+

−0.16 0.19 0.03 0.09 0.35 1.00 −0.08 0.19 0.34 0.95 0.61
MSA −0.05 −0.07 0.23 0.13 −0.07 −0.08 1.00 −0.07 0.15 −0.08 0.18
Cl− −0.13 1.00 −0.04 0.06 0.21 0.19 −0.07 1.00 0.24 0.17 0.09
NO−

3 −0.06 0.23 0.67 0.56 0.12 0.34 0.15 0.24 1.00 0.28 0.73
HCO−

3 −0.15 0.16 0.01 0.02 0.38 0.95 −0.08 0.17 0.28 1.00 0.54
nss-SO2−

4 −0.06 0.08 0.56 0.49 0.08 0.61 0.18 0.09 0.73 0.54 1.00

3.3 Sulfate and MSA

In the Indian and Arabian Sea trajectory groups nss-SO2−

4
represents a large part of the total SO2−

4 concentration (Ta-
ble 1). Both the PCA analysis (Tables 5 and 7) and the
correlations with other components of likely anthropogenic
components (NH+4 , NO−

3 ; Tables 4 and 6) point towards a
substantial influence from anthropogenic emissions in south-
ern Asia and the Arabian peninsula. In the Marine group the

concentration of nss-SO2−

4 is about 25% of the total SO2−

4 .
In order to estimate if the nss-SO2−

4 in Marine group could
be derived from dimethyl sulphide (DMS), we calculated the
molar ratio of MSA to nss-SO2−

4 in the collected rainwater.
Several field studies have investigated the factors controlling
the airborne particulate molar ratio of MSA to nss-SO2−

4 and
found a negative temperature dependence (Bates et al., 1992;
Ayers et al., 1996; Leck et al., 2002). The mean molar ratio
value was around of 1.3% in this study, which is in agreement
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Fig. 4. Concentration of nss-Ca2+ (in µeq l−1) as a function of time in the three trajectory groups Marine, Arabian Sea and Indian, defined
in Sect. 2.4).

Table 3. Factor loadings and total variance identified in the Marine
trajectory group. ∗ Bold font indicates that the factor loading is
significant at 95% level.

Marine Factor 1 Factor 2 Factor 3

Na+ 1.00 0.01 0.07
NH+

4 −0.06 0.92 −0.11
K+ 0.96 0.19 0.07
Mg2+ 0.99 0.01 0.11
nss-Ca2+ 0.12 0.13 0.97
Cl− 0.99 0.02 0.08
NO−

3 0.22 0.87 0.21
HCO−

3 0.09 0.07 0.97
nss-SO2−

4 0.03 0.74 0.55
% Total variance 48 29 17

with the estimate of 1 to 2% at 28◦C (representative for the
summer monsoon) given by Bates et al. (1992). This is some-
what lower than the 3% reported by Norman et al. (2003)
from ship measurements in an area south of MCOH in air
that had been over the ocean for at least 10 days. We believe
it to be likely that DMS is a source for the nss-SO2−

4 ob-
served in the Marine group but given the uncertainties in the
underlying data, both in this study and in Norman et al., we
refrain from drawing any firm conclusions regarding the in-
fluence of DMS derived SO2−

4 . In trajectory group 3 (Indian)
the molar ratio of MSA to nss-SO2−

4 ratio was only 0.003%
indicating that DMS was an unimportant source. No MSA
data are available for the Arabian Sea group.

3.4 Nitrogen compounds

Both NO−

3 and NH+

4 occur in higher concentration in the two
groups with northerly flow compared to the Marine group
(Table 1). The ratio between the mean concentrations in In-
dian group to that in the Marine group is 7 and 5.5 for NH+

4
and NO−

3 , respectively. Both these ions have high loading
in the “pollution factor” in the two northerly groups and also
correlate well with nss-SO2−

4 in these groups. These facts
point strongly at anthropogenic sources on the Asian con-
tinent. Substantial amounts of anthropogenic aerosol con-
taining nitrogenous and sulphurous compounds are thus car-
ried by the winds towards the study site in situations with
northerly flows. Significant correlations between NO−

3 , NH+

4
and nss-SO2−

4 are observed in the Marine trajectory group
(Table 2). The PCA analysis shows a pollution factor also in
this group (Table 3). This could indicate an anthropogenic in-
fluence even though the concentrations are much lower than
in the other groups. Given that the 10 days trajectories ar-
riving at Hanimadhoo did not show any recent contact with
land, the most possible interpretation of these correlations in
the Marine group is that there are co-located natural sources
of N and S compounds associated with biological activity
in the ocean surface layer. Nitrogen is a key element for
algal metabolism because it is a main component of algal
proteins and enzyme catalyst capacity, and often limits plant
growth and biomass (e.g. Lapointe, 1987). Major sources of
NH3 in remote marine surface water are degraded organic
nitrogen compounds and excretion from zooplankton while
sink pathways mainly include bacterial nitrification, uptake
by phytoplankton and ventilation to the atmosphere (Bouw-
man et al., 1997; Norman and Leck, 2005). The correlation
between NH+4 and nss-SO2−

4 could be due to an emission of
NH3 that is limited by the amount of sulphuric acid formed
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Table 4. Correlation coefficients for rainwater ionic components in the Indian trajectory group.∗ Bold font indicates that the correlation is
significant at 95% level.

Indian H+ Na+ NH+

4 nss-K+ nss-Mg2+ nss-Ca2+ MSA Cl− NO−

3 HCO−

3 nss-SO2−

4

H+ 1.00 0.59 0.74 0.95 0.32 0.75 0.26 0.54 0.90 0.13 0.90
Na+ 0.59 1.00 0.38 0.62 0.69 0.60 0.13 1.00 0.63 0.07 0.51
NH+

4 0.74 0.38 1.00 0.81 0.11 0.51 0.80 0.32 0.78 0.13 0.83
nss-K+ 0.95 0.62 0.81 1.00 0.25 0.61 0.34 0.57 0.84 0.05 0.96
nss-Mg2+ 0.32 0.69 0.11 0.25 1.00 0.36 −0.06 0.70 0.32 0.21 0.19
nss-Ca2+ 0.75 0.60 0.51 0.61 0.36 1.00 0.30 0.56 0.92 0.27 0.56
MSA 0.26 0.13 0.80 0.34 −0.06 0.30 1.00 0.08 0.48 0.17 0.40
Cl− 0.54 1.00 0.32 0.57 0.70 0.56 0.08 1.00 0.58 0.06 0.46
NO−

3 0.90 0.63 0.78 0.84 0.32 0.92 0.48 0.58 1.00 0.20 0.81
HCO−

3 0.13 0.07 0.13 0.05 0.21 0.27 0.17 0.06 0.20 1.00 −0.09

nss-SO2−

4 0.90 0.51 0.83 0.96 0.19 0.56 0.40 0.46 0.81 −0.09 1.00

Table 5. Factor loadings and total variance identified in the Indian
trajectory group. ∗ Bold font indicates that the factor loading is
significant at 95% level.

Indian Factor 1 Factor 2 Factor 3

Na+ 0.96 0.27 0.03
NH+

4 0.12 0.92 0.04
K+ 0.88 0.46 0.01
Mg2+ 0.96 0.21 0.07
nss-Ca2+ 0.46 0.64 0.37
Cl− 0.98 0.20 0.02
NO−

3 0.42 0.85 0.23
HCO−

3 0.02 0.03 0.97
nss-SO2−

4 0.29 0.89 −0.19
% Total variance 64 16 12

in the marine boundary layer, in agreement with earlier sug-
gestions by Norman and Leck (2005).

3.5 nss-Ca2+

In the Marine and Arabian Sea trajectory groups the concen-
tration of nss-Ca2+ is more than half of the total Ca2+ clearly
indicating significant sources other than sea salt. The con-
centration of nss-Ca2+ in the Marine group was surprisingly
high – on average four times higher than in the Arabian Sea
group and seven times higher than in the Indian group. Fig-
ure 4 shows that the high mean values in the Marine group
are not caused by a few high outliers but are systematic. If
continental soil-dust were the main source one would have
expected the highest concentrations associated with the two
northerly trajectory groups. In the Marine group there is a
high correlation between nss-Ca2+ and HCO−

3 (r2=0.95) in-
dicating that most of the nss-Ca2+ is derived from calcium

carbonate, CaCO3. Analysis and sampling errors including
contamination by local soil dust during dry periods are very
unlikely to explain these high concentrations of nss-Ca2+,
see Sect. 2.3. If local dust from the island had been an im-
portant source, one would have expected larger fraction of
nss-Ca2+ in aerosol particles collected at our site than in
rainwater since rainwater collects much of its aerosol mate-
rial at cloud levels where local contamination is much less
likely. According to Granat et al. (2010), such larger in-
fluence was not observed. Several studies have attributed
Ca2+ enrichment in marine aerosol and precipitation to trans-
ported crustal dust from distant continents. A model study
over Indian Ocean (Adhikary et al., 2007) suggested that
aerosol mass composition at Hanimadhoo during the mon-
soon season was dominated by mineral dust in both coarse
and fine modes. The dust was transported eastwards from
Africa and then brought into the Asian monsoon circula-
tion. In the present study, the 10 days trajectories arriving
at Hanimadhoo do not show any recent contact with land.
We extended trajectories for days with particularly high con-
centrations of Ca2+ in rain to 20 days and saw a few cases
where they originate close to Australia. A potential source
of the high concentrations of nss-Ca2+ in the Marine group
is Ca-enriched sea spray particles formed around Hanimaad-
hoo and other upstream Maldivian islands. Such enrichment
could maybe be expected from erosion of coral reef mate-
rial. We collected a few sea water samples near the shore
of the Hanimaadhoo island but found no signs of substan-
tially elevated concentrations of Ca2+. Direct emission of
calcareous (containing CaCO3) plankton debris in associa-
tion with marine aerosol production from bursting bubbles
has been suggested to be a significant in situ source in the
marine atmosphere (Sievering et al., 2004). Another possi-
bility of Ca2+ enrichment in marine air could be through its
association with organic matter (Keene et al., 2007). One
further explanation that extends the conclusion by Keene et
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Table 6. Correlation coefficients for rainwater ionic components in the Arabian Sea trajectory group.∗ Bold font indicates that the correlation
is significant at 95% level.

Arabian Sea H+ Na+ NH+

4 nss-K+ nss-Mg2+ nss-Ca2+ MSA Cl− NO−

3 HCO−

3 nss-SO2−

4

H+ 1.00 −0.26 0.27 0.38 0.01 0.03 −0.26 0.29 −0.02 0.30
Na+

−0.26 1.00 −0.04 −0.02 0.16 0.24 1.00 0.18 0.09 0.13
NH+

4 0.27 −0.04 1.00 0.96 0.86 0.90 −0.06 0.91 −0.51 0.95
nss-K+ 0.38 −0.02 0.96 1.00 0.87 0.89 −0.03 0.91 −0.40 0.95
nss-Mg2+ 0.01 0.16 0.86 0.87 1.00 0.98 0.14 0.86 −0.39 0.86
nss-Ca2+ 0.03 0.24 0.90 0.89 0.98 1.00 0.22 0.88 −0.36 0.90
MSA 1.00
Cl− −0.26 1.00 −0.06 −0.03 0.14 0.22 1.00 0.16 0.10 0.11
NO−

3 0.29 0.18 0.91 0.91 0.86 0.88 0.16 1.00 −0.64 0.93
HCO−

3 −0.02 0.09 −0.51 −0.40 −0.39 −0.36 0.10 −0.64 1.00 −0.40

nss-SO2−

4 0.30 0.13 0.95 0.95 0.86 0.90 0.11 0.93 −0.40 1.00

Table 7. Factor loadings and total variance identified in the Ara-
bian Sea data set.∗ Bold font indicates that the factor loading is
significant at 95% level.

Arabian sea Factor 1 Factor 2

Na+
−0.05 0.99

NH+

4 0.98 0.02
K+ 0.50 0.86
Mg2+ 0.23 0.97
nss-Ca2+ 0.89 0.31
Cl− −0.06 0.99
NO−

3 0.96 0.22
HCO−

3 −0.63 0.14

nss-SO2−

4 0.94 0.19
% Total variance 58 32

al., is the possibility that the nss-Ca2+ originates from ex-
opolymer gels or marine gels (Decho, 1990) consisting of
very hydrophilic polysaccharides inter-bridged with divalent
ions, preferable Ca2+, present in the ocean surface layer (up-
permost mm). Such gels have been shown to be an important
component of the tropical marine aerosols (Leck and Bigg,
2008; Bigg and Leck, 2008; Hawkins and Russell, 2010).
The non-existing correlation between nss-Ca2+ and MSA in
the Marine group indicates that if a pelagic biological source
of nssCa2+ is important it must be associated with biological
processes of a different kind (Leck and Bigg, 2007) com-
pared to those that give rise to DMS emissions. We have
looked for signs of high biological productivity in the up-
wind regions (areas covered by the ten day trajectories, cf.
Fig. 2a) using MODIS aerosol optical depth measurements.
Unfortunately, this particular study was inconclusive in that
much of the area was cloudy and poorly covered by the satel-

lite measurements. The conclusion from this section is that
the unexpectedly high concentrations of nss-Ca2+ in the ma-
rine group remain to be better determined.

3.6 pH

The frequency distributions of pH in the different groups are
shown in Fig. 5a, b and c. The rainwater pH varies system-
atically between the three trajectory groups with the lowest
volume weighted mean value ranging from 4.7 in the Indian
group (Fig. 5b) to 6.0 in the Marine group (Fig. 5a). A pH
value as low as 4.0 was recorded on one occasion with air
flow from the Indian continent. The pH values are deter-
mined by a balance between acids – as seen from nss-SO2−

4
and NO−

3 – and neutralizers such as carbonate and NH3 as
seen from the concentration of nss-Ca2+ and NH+

4 in the col-
lected samples. It should be noted that the number of rainfall
days is much smaller in the two groups with northerly flow
than in the Marine group. A comparison with pH values mea-
sured in rain falling in the Indian subcontinent during winter
season – e.g. typical values>6.0 at rural sites in India (Kul-
shrestha et al., 2005) – reveals that pH has a tendency to de-
crease as air is transported out over the Bay of Bengal and the
Indian Ocean. The main reason is probably that the concen-
tration of CaCO3 from soil dust – which occurs mainly in the
coarse particle mode, Granat et al. (2010) – decreases more
rapidly than the concentration of the acidifying components
sulfuric and nitric acids of which at least the sulfuric acid is
predominantly associated with the fine particle mode. A sim-
ilar observation has been made previously by Kulshrestha et
al. (2001), Granat et al. (2002) and Norman et al. (2003).

3.7 Wet deposition

In this section we consider the amount of the various compo-
nents in rainwater that is deposited each month, Table 8. The
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Table 8. Wet deposition of net acidity and net alkalinity (in mmol m−2) and other rainwater components (in mg m−2) by month and as
annual total.∗ Net acidity and net alkalinity deposition is obtained by summation over daily values with either H+ deposition (as positive)
or HCO−

3 deposition (as negative). Monthly total is net-H+ if positive otherwise net-HCO−3 .

Months mm rain net - H+ net - HCO−

3 Na+ NH+

4 -N K+ Mg2+ Ca2+ MSA Cl− NO−

3 -N SO2−

4 -S nss-SO2−

4 -S

January 14 0.2 85 3 4 12 5 0.0 145 4 13 6
February 0
March 8 0.0 14 2 1 2 3 0.0 25 2 5 4
April 88 1 45 12 4 7 8 0.0 75 11 22 19
May 8 0.0 25 2 1 3 3 0.0 45 2 5 3
June 83 1 400 1 15 50 53 0.1 700 3 40 9
July 176 8 633 7 27 80 157 2.5 1167 11 87 31
August 148 1 283 4 12 37 37 0.8 500 6 37 14
September 217 2 600 6 24 73 57 0.6 1033 7 63 14
October 85 0.1 153 5 7 19 13 0.0 270 5 27 14
November 54 1 60 1 1 8 2 0.0 107 1 14 9
December 33 0.2 57 6 3 8 3 0.0 97 5 17 12

Annual Total 913 12 2355 46 99 299 340 4 4163 58 329 133

wet deposition is obtained as the product of the measured
concentration in the rainwater and the amount of rain mea-
sured in the precipitation chemistry sampler. By providing
data on input of both nutrients – e.g. nitrogen – and poten-
tially harmful components – e.g. acidity – this information
can be of considerable importance for studies of Maldivian
ecosystems. However, deposition associated with rainwa-
ter (wet deposition) is only one of the pathways by which
ecosystems can receive input from the atmosphere. Other
processes include direct uptake of gases and particulate mat-
ter from the air (dry deposition) and deposition of spray
droplets from the surf on the windward side of the island.
Our data do not allow reliable quantitative estimates of these
additional deposition processes but rough estimates indicate
that the dry deposition of gaseous and particle-bound sul-
fur and nitrogen compounds is much less important than wet
deposition, at least on an annual basis. A limited number
of measurements of the concentration of SO2 and nitric acid
(HNO3) at MCOH during the monsoon period makes it pos-
sible to estimate an approximate magnitude of the dry depo-
sition of these gases. With a typical concentration for SO2 of
1.5 nmol m−3 and for HNO3 of 0.4 nmol m−3 and dry depo-
sition velocities of 1 and 4 cm s−1, respectively the dry depo-
sition flux for these gases is two orders of magnitude smaller
than the corresponding wet deposition values. Table 8 shows
that the annual cycle of wet deposition for most components
observed is characterized by a maximum during the monsoon
season (June–September) obviously associated with the max-
imum in rainfall amount during this season. The deposition
of NH+

4 , NO−

3 and nss-SO2−

4 has a more even seasonal distri-
bution, with higher concentrations during the winter season
being balanced by lower rainfall amounts. Input of net acid-
ity only occurs during the winter season (December–April).
The alkaline nature of the rainwater (positive values of net
HCO−

3 ) during the monsoon season seems to be due to al-

kali associated with Ca2+ and low concentration of acidify-
ing components. The contribution from NH3, as viewed from
the NH+

4 concentration, is small during the summer mon-
soon season. The annual wet deposition of NH+

4 , NO−

3 and
nss-SO2−

4 at MCOH are about a factor of three lower than
the corresponding values given by Kulshrestha et al. (2005)
as median for rural sites in India. Substantially lower about
a factor of two to five – annual wet deposition values for
these three compounds have been reported from Amsterdam
Island in the southern Indian Ocean (E. Baboukas, personal
communication, 2000). In order to judge the ecological sig-
nificance of the wet deposition values measured at MCOH,
information is needed on the status of the Maldivian ecosys-
tems and the characteristics of the soils. Any negative effects
due to eutrophication (over-fertilization) through excessive
nitrogen deposition are unlikely. Even if an additional con-
tribution from dry deposition of nitrogen compounds is in-
cluded the total nitrogen input to Maldivian ecosystems is
likely to be well below the so called “critical load” for nitro-
gen deposition which in many European and North Ameri-
can terrestrial and aquatic ecosystems has been estimated to
be above 500 mgN m−2 yr−1 (Bobbink et al., 2010). Still,
the wet deposition of nitrogen measured at MCOH clearly
indicates a substantial nutrient input to Maldivian terrestrial
ecosystems.

4 Summary and conclusions

This paper summarizes the results of 30 months of data on
the chemical composition of precipitation at the MCOH site
in the northern Indian Ocean. The measurement period in-
cludes both the period June–September with air arriving from
more southerly parts of the Indian Ocean (Marine trajectory
group) and the period November–April with air flow from the
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Fig. 5. Frequency distributions of pH in(a) Marine,(b) Indian and
(c) Arabian Sea trajectory groups.

Indian subcontinent (Indian). A third group was also identi-
fied with trajectories emanating from the parts of the Ara-
bian Sea and adjacent continental areas. For nss-SO2−

4 , NO−

3
and NH+

4 the concentrations in the Indian group were more
than four times higher than in the Marine group, indicating
a strong anthropogenic influence in the Indian group. This
conclusion was supported by factor analysis and by a high
correlation between these three compounds. In the Arabian
Sea group the corresponding concentrations fell in between
those in the Marine and Indian groups. Rainwater pH was
substantially lower in air coming from the Indian subconti-
nent (mean pH= 4.7 in trajectory group “Indian”) than in the
monsoon air (6.0 in trajectory group “Marine”). On one oc-
casion in the “Indian” group the pH was as low as 4.0. This
is much lower than what is normally recorded in rainfall on
the Indian Subcontinent. A systematic decrease in pH seems
to occur in air transported out over the Bay of Bengal and the
Indian Ocean during the winter season possibly caused by a
more rapid decrease in the concentration of alkaline soil dust
(coarse mode particles) than of the acidifying sulfur and ni-
trogen compounds (fine mode). In all trajectory groups Cl−

and Na+ were the most abundant components. These ions

were also highly correlated and their ratio was close to that
found in seawater. A comparison with Na+ showed that also
for several other components an appreciable part of the con-
centration was derived from sea-salt. The concentration of
the non sea salt SO2−

4 (nss-SO2−

4 ) was lower in the Marine
group than in the Indian group, by a factor of four. The con-
centrations of nss-SO2−

4 , NO−

3 and NH+

4 were well corre-
lated also in the Marine group and the PCA analysis showed
a factor similar to the pollution factor seen in the Indian and
Arabian Sea groups. One possible interpretation is that the
air in the Marine group contains traces of pollution from dis-
tant sources. An alternative possibility might be that there
are co-located natural sources associated with areas of high
biological productivity in ocean surface waters. The latter
interpretation has some support from our measurements of
MSA which indicated that DMS from the ocean is likely to
have made a contribution to the concentration of nss-SO2

4 in
this group. The high concentration of nss-Ca2+ in the Marine
group – a factor of four to seven higher than in groups “Ara-
bian Sea” and “Indian” – is intriguing. With the available
observations in this study the source of this nss-Ca2+ could
not be well determined. Long-range transport of soil dust,
as suggested by Adhikary et al. (2007) is one possibility al-
though it is not well supported by our trajectory analysis. We
discuss other possibilities, including soil derived dust from
nearby islands, local sea spray containing elevated levels of
Ca2+ from erosion of coral reefs and calcareous (CaCO3)

plankton debris and exopolymer gels emitted from the ocean
surface. The annual wet deposition of NO−

3 , NH+

4 and nss-
SO2−

4 at MCOH is about a factor of three lower than observed
at rural sites in India. The corresponding values at the remote
Amsterdam Island in the southern Indian Ocean are a factor
of two to five lower than those observed at MCOH. This in-
dicates that the chemical climate of the Maldives is affected
by pollution sources on the Asian continent during the winter
season. The atmospheric deposition of nitrogen is likely to
represent an important input of nutrients to marine and ter-
restrial ecosystems in the Maldives.
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