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Abstract 
Ambient PM10 particles were collected in the summer of 2001 and winter 

of 2002 in Christchurch and methanesulfonic acid (MSA) and major water-
soluble ions in the samples were analysed by ion chromatography. It was 
found that MSA had significantly higher concentrations in the summer 
(mean: 103 ng m-3; range: 53 – 182 ng m-3) than winter (mean: 15 ng m-3; 
range: 2 – 67 ng m-3). In contrast, non-sea-salt sulfate (nss-SO4

2-) 
experienced an opposite seasonal change with substantially higher 
wintertime concentrations (mean: 1360 ng m-3; range: 526 – 2930 ng m-3) 
than those in the summer (mean: 494 ng m-3; range: 221 – 897 ng m-3). 
Consequently, the molar ratios of MSA to nss-SO4

2- were significantly higher 
in the summer (mean: 0.23) than winter (mean: 0.012). It was estimated that 
the marine biogenic contribution to nss-SO4

2-, on average, was around 46% 
in the summer but below 1% in the winter. These results demonstrate that 
the Christchurch atmosphere in summer is influenced largely by natural 
marine sources. It is considered that peak summertime concentrations of 
MSA may result from stronger wind and more active growing of marine 
plants in the summer. On the other hand, the remarkably higher 
concentrations of nss-SO4

2- in the winter are most likely attributable to 
intensive solid fuel burning and relatively stagnant atmospheric conditions in 
this season.  
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1. Introduction 
Methanesulfonic acid (MSA) and sulfate are 
important sulfur-containing species in the 
atmosphere, particularly, in remote marine 
environments and coastal regions. Submicron 
sulfate particles can act as cloud condensation 
nuclei (CCN) and therefore can influence cloud 
albedo and climate (Charlson et al., 1987). MSA 
has also been found to correlate very significantly 
with concentrations of CN and CCN (Andreae et al., 
1999). Dimethyl sulfide (DMS) is the dominant 
sulfur compound emitted from oceans, which is 
produced in oceanic waters by planktonic marine 
organisms (Seinfeld and Pandis, 1998). Once 
emitted DMS is subjected to photochemical 
oxidation in the atmosphere, leading to the 
formation of SO2, MSA and other sulfur compounds. 
Extensive work has shown that the main oxidant of 
DMS is OH radicals although NO3 radicals can also 
play an important role (Andreae and Crutzen, 1997). 
As MSA is a product of DMS oxidation, marine 
biota is its sole source. In contrast, non-sea-salt 
sulfate (nss-SO4

2-), produced mainly by the 

oxidation of SO2, has other non-marine sources 
including biomass burning, combustion of fossil 
fuels, and volcanic eruptions (Seinfeld and Pandis, 
1998). 

Christchurch has been experiencing a serious air 
pollution problem in winter for many years with 
PM10 concentrations often exceeding 50 µg/m3 

(Spronken-Smith et al., 2002). Intensive wood and 
coal burning for home heating in winter has been 
proved to be the major source of ambient particles 
(Spronken-Smith et al., 2002, Wang and Shooter, 
2001). Quite high concentrations of nss-SO4

2- in 
PM10 have been reported to occur in the 
Christchurch winter (Wang and Shooter, 2001). An 
interesting question is what is the fraction of this 
nss-SO4

2- that is derived from non-marine sources.  
In this work, atmospheric PM10 particles were 

collected in Christchurch in the summer of 2001 
and the winter of 2002. This paper reports the 
concentrations of MSA and nss-SO4

2- in these 
samples. Seasonal changes in their concentrations 
and molar ratios are presented and discussed. An 
estimate for the contribution of marine biogenic 



source to the particulate concentrations of nss-
SO4

2- in the Christchurch atmosphere is also given.  

2. Experimental  

2.1. Aerosol sampling  
Atmospheric particles were collected at the Cole 
Place sampling site in Christchurch using a high 
volume PM10 sampler (Graseby Anderson / GMW) 
with a flow rate of about 1.1 m3/min. and loaded 
with a Whatman quartz fibre filter (20 cm × 25 cm). 
This site was within a purely residential area and 
well away from busy roads. Meteorological 
parameters (wind speed and direction, ambient 
temperature and relative humidity) were also 
monitored at the site. 14 aerosols samples were 
collected in the summer of 2001 (from January 20 
to February 6) and 21 in the winter of 2002 (May 13 
to July 11). Each sample had a sampling duration 
of approximately 24 hours. These samples were 
stored in a freezer prior to analysis. 

2.2. Aerosol Analysis  
The mass of particles collected by each filter was 
obtained using a gravimetric method. After 
weighing, a piece (4.5 cm by 4.5 cm) was cut from 
each filter and extracted in 12 mL ultra-pure water 
(resistivity >18 MΩ cm) for 45 minutes using a 
controlled mechanical shaker. MSA in the water 
extracts was analysed using a Dionex QIC ion 
chromatograph (IC) equipped with an AS11 4 mm 
analytical column and an AG11 4 mm guard column, 
as well as an ASRS-I suppressor in a chemical 
mode (11mM H2SO4 as the regenerating reagent at 
a flow rate of 4.5 mL/min.). The eluent was 1 
mmol/L Na2B4O7 with a flow rate of 0.85 mL/min. 
The presence of MSA was confirmed by retention 
time and also by co-injection of an authentic 
standard with the water extracts. To facilitate the 
comparison with literature data, concentrations of 
MSA are reported in the form of molecular acid 
irrespective of what were the actual forms detected. 
MSA was not detected in the unexposed filters or 
field blanks.  

MSA in the water extracts was measured in the 
same day as the extraction was carried out. The 
volume of air sampled was converted into standard 
cubic metres at 0o C and 1 atmosphere.  

Other major water-soluble inorganic ions were 
also analysed in these samples using previously 
described procedures, and non-sea-salt K+ (nss-K+), 
and nss-SO4

2- were calculated using the same 
manner as reported before where Na+ was used as 
the tracer for pure sea-salt (Wang and Shooter, 
2001). 

3. Results and Discussion  

3.1. Sesonal changes of atmospheric 
concentrations 

A statistical summary of the atmospheric 
concentrations of MSA, nss-SO4

2-, and PM10 mass 
is given in Table 1 and the time series for the 
concentrations of MSA and nss-SO4

2- are shown in 
Fig. 1. Clearly, both PM10 and nss-SO4

2- have 
substantially higher concentrations in the winter 
than in the summer. The median concentration of 
nss-SO4

2- in the winter was about a factor of three 
higher than that in the summer, being consistent 
with the previous observation (Wang and Shooter, 
2001). On the other hand, MSA experienced an 
opposite seasonal trend with a median 
concentration in the summer being seven times 
higher than that in the winter. 

The same seasonal trend of MSA (with a 
summer maximum and a winter minimum) has 
been reported for many other regions, including a 
coastal site in northern New Zealand (Wylie and 
Mora, 1996), Cape Grim, Tasmania (Ayers et al., 
1991, Andreae et al., 1999), northern Finland 
(Richard et al., 2002), a remote coastal site in the 
Eastern Mediterranean (Kouvarakis and 
Mihalopoulos, 2002), over the tropical North Atlantic 
Ocean (Johansen et al., 2000), over the South 
Ocean (Quinn et al., 2000), and coastal Antarctic 
sites (Legrand and Pasteur, 1998, Minikin et al., 
1998). It is generally accepted that the summer 
maximum in the MSA concentrations is strongly 
coupled to the maximum production of DMS in 
summer resulting from the active growing of marine 
plants (Ayers et al., 1991, Kouvarakis and 
Mihalopoulos, 2002).  

The meteorological data showed that the wind 
speed in the summer campaign in Christchurch 
(with a median of 3.2 m s-1) was stronger than that 
in the winter campaign (with a median of 1.7 m s-1). 
Stronger wind in the Christchurch summer may 
have contributed to transport more MSA from the 
ocean to our sampling site. 

The concentration levels of MSA detected in 
Christchurch were comparable to those observed in 
the coastal site in northern New Zealand (Wylie and 
Mora, 1996) and coastal Antarctic sites (Minikin et 
al., 1998). However, the summertime 
concentrations of MSA in Christchurch were higher 
than those found in the sub-micrometer-aerosols in 
Cape Grim, Tasmania, a coastal site located at a 
similar latitude (40o41’ S) to Christchurch (43.5o S). 
This may be attributable to the closer proximity of 
Christchurch to highly productive waters on the 
Chatham Rise. Another reason for this may be that 
some MSA may have existed in super-micrometer 
particles in Cape Grim (Ayers et al., 1991, Andreae 
et al., 1999).  



Table 1. Statistical summary of the atmospheric concentrations of MSA, nss SO4
2-, and PM10  

(The unit for MSA and nss SO4
2- is ng m-3, but that for PM10 is µg m-3)  

 Summer 2001 (n = 14) Winter 2002 (n = 21) 

 Mean/Median Std Error Range Mean/Median Std Error Range 

MSA 103/91.1 11.9 53.0-182 14.9/13.0 3.00 1.58-67.1 

nss-SO4
2- 494/447 49.5 221-897 1361/1310 128 526-2930 

PM10 18.2/19.2 1.20 10.2-24.2 54.3/33.7 10.8 12.5-214 

 

Fig. 1 Time series of atmospheric aerosol concentrations (ng m-3) of MSA and non-

sea-salt sulfate
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Fig. 2 Molar ratios of MSA to non-sea-salt sulfate
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Fig. 3 Contribution of marine biogenic source to non-sea-salt sulfate  (ng m-3) and its

percentage in total non-sea-salt sulfate
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3.2. Molar ratios of MSA to non-sea-salt 
sulfate 

It has been proposed that the oxidation of DMS by 
OH radicals proceeds in two different pathways, 
one via hydrogen atom abstraction and the other by 
OH addition to the sulphur atom in the DMS 
molecule. (Hynes et al., 1986, Yin et al., 1990a, Yin 
et al., 1990b). Hynes (1986) suggested that 
temperature determines the relative contributions of 
the abstraction and addition pathways of the initial 
oxidation step of DMS by OH radicals, thereby 
fixing the MSA/nss-SO4

2- ratio for a given 
temperature. The abstraction path is favoured at 
higher temperature in which SO2 is the major 
product and the addition path at lower temperature 
where MSA is among the major products. Hence 
relatively higher ratios of MSA/nss-SO4

2- are 
expected at colder temperature. Bates et al (1992) 
have compiled literature data from field studies and 
found a general trend where the molar ratios of 
MSA/nss-SO4

2- decreased with the increment of 
average temperature. In general, higher ratios of 
MSA/nss-SO4

2- were observed in higher latitudinal 
sites. 

However, a series of laboratory and modelling 
studies have revealed that the molar ratios of 
MSA/nss-SO4

2- are also influenced by many other 
factors including the concentrations of oxidants and 
the size distribution of particles, complicating the 
MSA/nss-SO4

2- ratios in natural environments 
(Johansen et al., 1999 and references therein). 
Consequently, a wide range of MSA/nss-SO4

2-ratios 
has been reported for different regions. 

The MSA/nss-SO4
2- ratios found in Christchurch 

are shown in Fig. 2. It can be seen that the 
seasonal differences in the ratios were very 
pronounced, resulting from the opposite seasonal 
trends of MSA and nss-SO4

2-. In the summer, the 
molar ratios of MSA/nss-SO4

2- ranged from 0.09 to 
0.49 with a mean of 0.23 (a median of 0.18). In the 
winter, however the ratios decreased to 0.001 to 
0.054 with a mean of 0.012 (a median of 0.008). A 
summer maximum and winter minimum in the ratio 
of MSA/nss-SO4

2- has been reported in many other 
regions as cited in Part 3.1 (similar to the seasonal 
variation of MSA). These observations are contrary 
to the theoretical prediction discussed above. It 
should be born in mind that the theoretical 
prediction was made based on a real marine 
environment but in the absence of non-marine 
sources. Nevertheless, in the natural environments 
the influence of non-marine sources can be 
significant even in baseline stations or remote 
marine regions (Ayers et al., 1991, Johansen et al., 
1999). 

Similar MSA/nss-SO4
2- ratios were observed at 

Cape Grim (Andreae et al., 1999). When compared 
to the values of the MSA/nss-SO4

2- ratios found at 
the coastal site in northern New Zealand, the ratios 
in the Christchurch winter were found to be similar, 
but those in the Christchurch summer were higher. 
Possibly this may be ascribed to the fact that 
Christchurch is situated at a higher latitude. 

3.3. Estimation of the marine biogenic 
contribution to nss-SO4

2- 
Theoretically, if a molar ratio of MSA/nss-SO4

2- can 
be found in a marine environment with an 
insignificant terrestrial influence, this ratio may be 
deployed to evaluate the contribution of marine 
biogenic source to the observed nss-SO4

2- at this 
site. Unfortunately, as discussed above, measured 
MSA/nss-SO4

2- ratios have large spatial variations 
and a natural marine environment may have 
experienced a significant influence from non-marine 
sources. Therefore we cannot simply adopt a ratio 
from fieldwork to conduct the estimate of the marine 
contribution in Christchurch.  

To perform the task, some researchers (Andreae 
et al., 1999, Johansen et al., 1999) have used a 
multiple linear regression approach (MLR) where 
MSA acts as marine biogenic tracer and NO3

- or Pb 
and other chemical species as the tracers of non-
marine sources. Alternatively, Johansen et al (1999) 
worked out an exponential equation expressing nss-
SO4

2-/MSA as a function of temperature (bio-nss-
SO4

2-/MSA = 0.060 × exp(0.198T (oC)), which was 
derived from the “true” biogenic contribution. 

After unsuccessfully applying the MLR approach 
(our solutions were not significant with MSA), we 
used the above exponential equation in this work. 
The results are presented in Fig. 3. In the summer, 
the marine biogenic contribution accounted for 8.3 
to 85% of nss-SO4

2- in the Christchurch atmosphere 
with a mean of 46% (median: 50%). It was also 
found that PM10, MSA and Na+ concentrations 
correlated well each other in the summer (see Table 
2). These demonstrate that the Christchurch 
atmosphere had a strong marine influence in 
summer. 

 
Table 2. Correlation coefficients between PM10, 

MSA, Na+ and nss-SO4
2- for the summer of 2001 

 PM10 MSA Na+ 

MSA 0.54   
Na+ 0.76 0.78  

nss-SO4
2- -0.01 0.14 -0.22 

 
On the other hand, the marine biogenic 

contribution to nss-SO4
2- in the winter was nearly 



negligible, ranging from 0.02 to 1.7% with a mean of 
0.40% (median: 0.22%). Petersen et al (2002) also 
found that in the winter of 2000 in Christchurch 
less than 1% of nss-SO4

2- was derived from marine 
biogenic sources. Table 3 shows that in the winter 
PM10, nss-SO4

2-, and nss-K+ concentrations strongly 
correlated each other, but the correlations between 
PM10, MSA and Na+ were significantly weaker, 
suggesting that in Christchurch winter, both PM10 
and nss-SO4

2- were contributed to significantly by 
solid fuel burning with their marine influence being 
insignificant. Moreover, the relatively stagnant 
atmospheric conditions in the Christchurch winter 
may have also had some influence on the 
observations. 

 
Table 3. Correlation coefficients between PM10, 

MSA, Na+, nss-SO4
2-, and nss-K+ for the winter of 

2002 

 PM10 MSA Na+ 
nss- 

SO4
2- 

MSA 0.02    
Na+ 0.34 0.29   
nss- 

SO4
2- 0.92 0.07 0.13  

nss K+ 0.97 -0.02 0.31 0.87 
 

4. Summary and Conclusions  
The atmospheric concentrations of both MSA and 
nss-SO4

2- in PM10 in Christchurch experienced 
pronounced seasonal changes but with opposite 
trends. MSA had a summer maximum; in contrast, 
nss-SO4

2- had a winter maximum.  
The molar ratios of MSA/nss-SO4

2- were 
substantially higher in the summer than in the winter 
with a mean of 0.23, with a mean of only 0.012 
being observed in the winter. 

The marine biogenic contribution to nss-SO4
2- 

was estimated to be approximately 46% in the 
summer but below 1% in the winter.  

The peaked summertime concentrations of MSA 
are thought to result from stronger wind and more 
active growing of marine phytoplankton in the 
summer. On the other hand, the remarkably large 
concentrations of nss-SO4

2- in the winter are most 
likely attributable to intensive solid fuel burning and 
relatively stagnant atmospheric conditions in this 
season. 
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