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THE ACIDITY OF SAMOAN RAIN - TRENDS AND EVALUATION 
OF THE FIRST DECADE

ABSTRACT. Samoan precipitation events are both plentiful and well 
distributed throughout the year. The chemistry of these rains shows 
from weekly sampling that the annual fluctuations of free acidity 
are almost negligible. The 10-year pH is 5.3 with no significant 
trend. However, on a seasonal basis, the correlation is signifi­
cant between the amount of precipitation and the total anion 
content during the October-November period. During this period, 
characterized by very steady, strong, easterly trade winds, the 
ocean is probably the primary source of aerosol. In March and 
April, ion balances are consistently poorer, and anion deficits 
(DF >10 yeq L“*) are larger than observed during other periods. 
Decreases of acidity were also observed in samples measured first 
in the field and then in the laboratory for this season, suggesting 
the existence of another contributor of free protons in Samoan 
precipitation. The fall trajectories associated with precipitation 
events had almost 25% of their points of origin in the New Guinea 
area. It is speculated that during these flows, organic acids may 
be transported to Samoa.

1. INTRODUCTION

American Samoa, located in the Southwest Pacific (14°15'S; 170°34'W), is 
one of the four background sites of the Geophysical Monitoring for Climatic 
Change (GMCC) Program and a baseline site in the World Meteorological 
Organization's Background Air Pollution Monitoring Network (WMO/BAPMoN). It is 
also one of the permanent sites in the Global Trends Network. Precipitation 
chemistry data collection at this site was initiated mainly for assessing the 
natural versus anthropogenic contribution to the precipitation chemistry in 
remote areas (Miller and Yoshinaga, 1981; Galloway et al., 1982; Miller and 
Dayan, 1983). Measurements of precipitation acidity were performed at the GMCC 
observatory at Cape Matatula on Tutuila Island (Fig. 1), which is situated at an 
elevation of 76 m above sea level and has an average annual precipitation of 320 
cm. Because of its tropical marine climate, Samoa has abundant rain throughout 
the year. Ten years of data were compiled from several networks for this analy­
sis (Table 1).

Collection of precipitation chemistry samples began in Tafuna during the 
early 1970's using a monthly wet-only collector. In mid-1976 the station was 
relocated to the NOAA/GMCC observatory roof on the easternmost part of Tutuila 
Island (Fig. 1). In 1976, a second monthly precipitation chemistry program was 
established at Cape Matatula, by the Environmental Measurements Laboratory (EML) 
of the Department of Energy (DOE) (Bogen et al., 1980, 1984). Because the 
results from the above networks showed that at times the acidity of precipita­
tion in Samoa could be higher than expected in such a remote area in the 
Southern Hemisphere, a daily precipitation collection program was established at 
the Samoa GMCC observatory at the end of 1980. Also, the monthly WM0-N0AA net­
work joined the National Atmospheric Deposition Program (NADP) in 1980 and 
switched to a weekly wet-only sampling protocol with much better quality control
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and quality assurarce standards. In addition to the weekly NADP, monthly EML, 
and daily GMCC collection, the Sea/Air Exchange Program (SEAREX) operated its 
own precipitation collection and analysis program during approximately 4 months 
in 1981 (January, February and June, July) (Pszenny et al., 1982). Thus preci­
pitation collection at the Samoa GMCC facility was conducted by a number of 
groups using different procedures and protocols for obtaining rain samples. 
Characteristics of samples collected by the various groups range from sequential 
sampling of a single shower event during periods of minimum local contamination, 
to daily bulk deposition (GMCC), to weekly wet deposition (NADP), to monthly 
bulk wet/dry deposition (DOE/EML).

2. NETWORK MEASUREMENT PROBLEMS

After completion of the 10-year data base review, an attempt was made to 
evaluate the measurements from the four networks operating in American Samoa 
since 1973. First, the monthly weighted averages of hydrogen ion concentration 
values were plotted for each of the sampling networks (Fig. 2). The total net­
work results show an average pH value of 5.3, indicating a hydrogen ion con­
centration greater than that found in water in equilibrium with atmospheric CO2 
(pH~5.6). The only network that displayed a tendency for increasing acidity 
was the EML network. To evaluate the quality of the EML precipitation data 
results, we calculated the mass ion balances and obtained a cation/anion ratio 
of 1.13 _+ 0.17. Ion balances only indicate that there may be a problem in ana­
lyzing all the important ions in the sample. Although we do not have an expla­
nation for the trend from the EML monthly data, we do not attribute any 
significance to this phenomenon because the values measured were almost at the 
threshold of detection (within +1 yeq L'1). Annual weighted means and standard 
deviations for some of the major ions at American Samoa are shown in Figs. 3-5. 
Standard deviations were calculated using a formulation by Hawley (1984).

The wide variations in standard deviations may be indicative of large 
annual variations. However, because of the differences between pre-1980 and 
post-1980 collection methods, the variations are more likely due to long ship­
ment and storage times, poor collection techniques, and other such problems 
(Tyree, 1981; Feeley and Liljestrand, 1983). No obvious trend can be seen in 
the Samoan data, though the weekly data were lowest in concentration and most 
consistent on an annual basis. Shorter periods of collection and immediate ana­
lysis following precipitation events using the GMCC daily bulk samples usually 
result in higher sample H+ concentrations, suggesting the existence of another 
contribution of free protons in Samoan precipitation (Fig. 6).

Another way of evaluating the data is by comparing the annual volume- 
weighted mean of hydrogen ion concentration versus the annual amount of precipi­
tation. No correlation between these two variables can be detected in the 
monthly and weekly WMO networks. This can be contrasted with the strong 
decrease in acidity and sulfate with increased rain amounts in polluted areas. 
Although the rainfall is quite constant within an individual season, the total 
amount of rainfall may vary widely between individual years because of the posi­
tion of the Samoan Archipelago in relation to the fluctuations of the 
Intertropical and Intratropical Convergence Zones (Bortniak, 1981). For this 
reason the GMCC daily data and the NADP weekly data were plotted as scattergrams 
of pH values versus total rainfall for 343 and 124 storms, respectively, for 
1980-1982. The poor correlation coefficient found between these two parameters

4



SAMOAN ACID RAIN
(monthly precipitation weighted mean) pH

GMCC
EVENT SAMPLES

i [MONTHLY 
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Fig. 2. Monthly precipitation weighted mean pH for the entire data 
record for all networks.
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(Figs. 7, 8) may be explained by the very moist Samoan climate, which almost 
eliminates the evaporation of falling droplets, and by the predominant chemistry 
that takes place during the rainout process.

3. METEOROLOGICAL EVALUATION OF THE DATA

A different approach was taken to analyze the potential relationship 
between total anion mass and the amount of rain. Since the surface trade wind 
flow near Samoa is bounded from the upper-level winds by an inversion near 800 
mb, the resultant gradient-level (850 mb) winds are the most important with 
respect to wind trajectories. For this reason, 5 years (1977, 1979-1982) of 
10-day back-trajectories using winds at the 850-mb level were calculated with 
the operational air trajectory gridded model (Harris, 1982). Using an eight- 
sector classification scheme (Fig. 9), we were able to identify the austral 
spring season (October and November) in which easterly winds were more per­
sistent (78% of the total month's trajectories), and the austral fall season 
(March and April) in which a majority of westerly storms occurred (36% and 27%) 
(Table 2, 2a). Total anion masses were then determined separately for the 
months in which easterly trade winds were dominant and for the months in which a 
majority of westerly flows were present.

The logarithmic values of precipitation versus total non-sea anion mass for 
the months of October and November for the last 3 years were negatively and 
significantly correlated (R = -0.77; P <0.0005); however, in the fall season 
(March and April), no correlation (R = -0.01) was found between these two 
parameters.

We speculate that these results are due to the nature of the source 
regions. During the spring months, the easterly trade winds were predominant, 
suggesting a homogeneous oceanic origin for the anions. During the fall season, 
however, sources of air were more non-oceanic and may have originated in 
Australia, New Guinea or possibly even the Northern Hemisphere resulting in a 
measured non-sea anion contribution.

4. SEA-SALT INFLUENCE ON SAMOAN ACID PRECIPITATION

To evaluate the difference between the chemical composition of precipita­
tion from that of bulk seawater for Tutuila Island, we have calculated the che­
mical fractionation as follows:

(X/Na)atm
F(Na) CX] =

(X/Na)sea

where (X/Na)atm is the mass ratio of substance X to sodium in the rain and 
(X/Na)sea is the ratio of substance X to sodium in bulk seawater (Duce and 
Hoffman, 1976). The seasonal fractionations of sulfate for 1980-1982 NADP 
weekly data are shown in Fig. 10 using both sodium and magnesium as references 
to avoid suspected seawater sampling contamination. The figure shows the same 
temporal pattern, suggesting minimal values of excess sulfates for austral 
winter (July, August, September). Very similar patterns appeared for the years

10
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Table 2a. Frequency distribution (percents) for easterly and 
westerly storms.

General Sector East West
of origin (Sectors 1-4) . (Sectors 5-8)

Month

JAN 66 8

FEB 71 21

MAR 59 36

APR 62 27

MAY 70 17

JUN 70 12

JUL 73 16

AUG 79 14

SEP 79 16

OCT 78 8

NOV 79 5

DEC 58 24
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Fig. 10. Seasonal fractionation of sulfate with sea salt adjustment using 
sodium and magnesium for 1980-1982 weekly wet samples from 
American Samoa.
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1979 and 1980 for both EML and WMO monthly samples (Fig. 11). Forty-four per­
cent of the total number of trajectories during the austral winter seasons for 
these 5 years originated from the Southern Hemisphere (Table 2). In this season 
the fractionation values showed sulfate concentration in precipitation that was 
almost always present in a relative abundance similar to that of bulk seawater. 
These findings support Pszenny's (1982) conclusion that salinity might lower pH 
values of rain especially when climatic factors are favorable and rains are 
mostly of marine sources.

5. CHEMICAL CHARGE BALANCE CALCULATIONS FOR WESTERLY AND EASTERLY STORMS

To evaluate the net acidity of Samoan seasonal precipitation, volume- 
weighted mass ion balances were analyzed separately for spring easterly and fall 
westerly storms in conjunction with specific backward trajectories from American 
Samoa and NADP weekly precipitation chemistry data for 1980-1982. The means of 
the volume-weighted averages for this data set indicated that 27.5% of the H+ 
measured in the field was consumed before it was remeasured at the central 
laboratory. Because of this nearly consistent shift to higher pH of laboratory 
samples from pH field values, the chemical charge balances were calculated using 
the pH field values (Table 3). All other ions were adjusted for sea salt 
contribution.

In air masses moving mainly over Australia and New Guinea (westerly 
trajectory) a significantly higher concentration of excess sulfate and free aci­
dity could be detected (both showed significance at the 1% level, using the two- 
tailed t-test). These enriched air masses could have natural sources from 
biogenic emissions of reduced compounds such as dimethyl sulfide (Nguyen et al., 
1974). Remaining cations (Ca++, K+, Mg++), adjusted for sea salt contribution 
and assumed to originate from terrestrial sources, were also significantly 
higher in their concentrations in westerly precipitation storm samples versus 
easterly storm samples.

The relatively large departure from a balance of cations and anions for 
constituents of westerly storms occurring during the fall season, shown in Fig. 
12 and tabulated in Table 3, implies sources of protons other than strong acids. 
Note that hydrogen ion concentrations are field, not laboratory values. Formic 
and acetic acids contributing to free acidity and consumed by microorganisms 
could possibly explain this decrease in free acidity in Samoa. Weak organic 
acids were found to contribute over 60% of the free acidity in precipitation 
during the 1981-1982 wet season of Katherine, Australia (Keene et al., 1983). 
Weak organic acids might be from local sources, as suggested by Keene et al., 
1984, in a study done on Amsterdam Island, or may be transported from a more 
distant source (Duce et al, 1980; Parrington et al, 1983). Australia and New 
Guinea, situated west of American Samoa at a distance of approximately 4000 km, 
may be a source of air masses enriched by weak organic acids. Such Australian 
air masses reaching Tutuila Island are frequent during the fall season (Fig. 9 
and Table 2).
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Fig. 11. Seasonal fractionation of sulfate with sea salt adjustment using 
sodium for EML and WMO monthly samples that were taken concur­
rently in 1979-1980.
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WESTERLYEASTERLY
STORMS STORMS

Fig. 12. Volume-weighted mass ion balance for selected easterly and 
westerly storms for 1980-1982 weekly wet samples from 
American Samoa. (The H+ values were calculated from the 
field pH measurements.)
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6. SUMMARY AND CONCLUSIONS

Results from the past decade indicate that Samoan rain is usually slightly 
more acidic than the pH level of 5.6, the level usually used to define acid 
rain. On the basis of NADP weekly samples measured at the Illinois State Water 
Survey, the annual mean pH of this remote region of the tropical South Pacific 
Ocean was 5.3 without any significant yearly trend fluctuations. On site, event 
pH measurements were lower. The 5-year trajectory climatology for American 
Samoa shows an easterly trade wind flow at the 850-mb level that is especially 
persistent during the southern spring. In this season, the variation of the 
chemistry of the rain was found to be minimal, and there were significant corre­
lations between hydrogen ion concentration, total anion mass, and amount of 
rain. During austral winter, when trajectories frequently originated from the 
Southern Pacific Ocean; fractionation sulfate values for precipitation from 
these storms showed minimal values, (around 1) leading to the conclusion that 
almost all of the sulfate transported from this southerly direction and depo­
sited in Samoa is of marine origin. During the Samoan fall months, the mass ion 
balances did not exhibit equality and revealed anion deficits and decreasing 
free acidity in samples. This suggests that organic acids may undergo long- 
range transport from the tropical forests of New Guinea and Australia and are 
contributing to free acidity that is quickly consumed by microorganisms during 
shipment and storage periods prior to reanalysis at the central laboratory. 
Besides the total anion deficits, sulfate values were also higher in the fall, 
which suggests a heterogeneous source for this constituent. One potential 
source of reduced sulfuric compounds could be a warm oceanic upwelling zone 
surrounding the Melanesian Islands. In contrast, storms originating in the east 
were more homogeneous in their precipitation constituents, appear to have purely 
maritime origins in the Southern Pacific Ocean, and do not exhibit the total 
anion deficits, and excess sulfate values found in westerly storm precipitation.
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