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Precipitation Composition and Its Variability in the
Southern Indian Ocean: Amsterdam Island, 1980-1987

J.L. MooDY, A.A.P. PSZENNY,' A. GAUDRY,” W.C. KEENE,
J.N. GALLOWAY, AND G. POLIAN®

Deparmment of Environmental Sciences, University of Virginia, Charlottesville

Abstract. Event precipitation samples have been collected on Amsterdam Island (37° 47 S, 7 31 E)
from May 1980 through January 1987 and analyzed for SO,", NO;~, CT', Na*, Mg™*, K, Ca"*, H',
HCOQ,, and CH; COQy. The objective of this paper is to assess the processes which influence variability
in the chemical composition of precipitation at this remote marine site. Back trajectories and gas phase
222 Rn measurements were used to identify source regions and their relative contributions to precipitation
composition. The technique of cluster analysis was applied to trajectory data as a method for determining
to what degree different atmospheric flow patterns influence variability in the observed composition. The
dominant source regions for chemical deposition were found to be Madagascar and/or S.E. Africa and the
ocean region north and east of Amsterdam Island. A strong seasonal signal in the precipitation
composition is illustrated. Processes which influence variability in the chemical composition include the
following: seasonality in the source strength of biogenic precursors for non-sea-salt (nss) SO,", NH," and
carboxylic acids; seasonality in biomass-burning continental sources for the concentration of NO,” and a
portion of ass CI'; and variations in source region driven by daily changes in meteorology, as well as
seasonal and annual differences in transport and removal patterns. In addition, interannual differences in
nss SO~ concentration appear to be related to fluctuations in large-scale circulation patterns as defined

by the Southern Oscillation.

1. Introduction

The Global Precipitation Chemistry Project (GPCP)
collects precipitation samples for chemical analysis at
several remote continental and marine locations around
the globe [Galloway et al., 1982]. The goals of the
GPCP at Amsterdam Island are to assess the composition
of precipitation in a marine region remote from the
dominant influence of fossil-fuel combustion and to
differentiate the relative importance of biogeochemical
factors which regulate precipitation chemistry in such a
region. By design the GPCP seeks to evaluate the
background or natural composition of precipitation and to
infer the composition of preindustrial age precipitation. In
a preliminary analysis, Galloway and Gaudry [ 1984]
have shown that there is substantial variability in the
chemical composition of precipitation on Amsterdam
Island from event to event. Therefore before interpreting
these data as baseline measurements of precipitation
quality, it is essential to understand what factors influence
this variability.

The basic objectives of this paper are to determine the
average composition of precipitation and its variability and
to identify processes that could contribute to the observed
variability. The underlying processes considered are
emission, transformation, transport, and deposition. They
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can contribute to variability in a number of ways, including
seasonality in source strength (emission) and atmospheric
reactivity (transformation), variations in source region
driven by daily changes in meteorology (emission and
transport), and seasonal or annual differences in traject-
ories and removal patterns (transport and deposition).

2. Methods
21. Precipitation Samples

Amsterdam Island, Territoire des Terres Australes et
Antarctiques Francaises, is a small (9 km by 5 km) island
located in the prevailing westerlies of the southern
hemispheric Indian Ocean (37 47 S, 77 31’ E) 5000 km
from both the African and Australian continents, 3400 km
from Madagascar. Its flora and geology are described by
Gaudry et al. [1983]. The island fauna includes seasonal
populations of fur seals and seabirds as well as a
permanent population of bovine cattle. The seals are
uniformly distributed along the coast [Roux and Hes,
1984]. Large colonies of penguins (50,000 pairs) and
albatross (37,000 pairs) have been described by Jouventin
et al. [ 1983]. They are located only on the southwest
shore of the island as noted in Figure 1

Precipitation samples were collected between May 1980
and January 1987 using polyethylene funnels and bottles at
a site 2 km southeast of the northwest shoreline, at an
elevation of 200 m above sea level (see Figure 1).
Logistical constraints limited sampling to approximately
one quarter of all events. The pH was measured on site
in aliquots of all samples of sufficient volume [Galloway
et al, 1982]. After collection, samples were spiked with
CHCJ, to prevent microbial activity [Keene et al, 1983,
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Fig. 1. Map of Amsterdam Island illustrating site location
(Antonelli), elevation contours, and location of seasonal
seabird populations.

Keene and Galloway, 1984], stored in the dark, and
shipped to the University of Virginia for chemical analysis.
Details of sampling and analytical and quality assurance
procedures are given by Galloway and Gaudry [1984].
Excess or non-sea-salt concentrations of SO,~, CI', Mg,
Ca"™ ,and K were calculated as described by Keene et
al. [1986] using Na' as the reference species and
Wilson’s [1975] composition of seawater.

2.2. Air Mass Tracer Methods

2.2.1. Radon. Radon 222 is a radioactive gas which is
continuously released from the soil by the decay of radium
226. Typical ground level continental concentrations of
222Rnare on the order of 80 to 200 pCi/m’ [Lambert et
al., 1982]. With a half-life of 3.8 days, ?*Rn can be
measured at remote marine locations as a useful tracer of
continental air. Over the southern Indian Ocean this
concentration is reduced by dilution and radioactive decay
to a value of the order of 0.5 pCi/m®, which Polian et al.
[1986] describes as characteristic of the "pure marine
atmosphere.”

The concentration of ??Rn was measured at Pointe
Benedicte (Figure 1) at 2-hour intervals using alpha-
scintillation assay of its short-lived daughters collected on
filters [Lambert et al., 1970]. On Amsterdam Island,
baseline concentrations were of the order of 0.5-1.0
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pCi/m®. Radonic storms, as defined by Lambert et al.
[1970], are episodes when 2?2 Rn concentrations increase
rapidly to over 4 pCi/m’. Using other measures (surface
wind speed and direction and CO, concentration), periods
when local island emissions of 2??Rn could influence the
sample were classified separately.

Four different categories of events were defined using
these data. Events with ?? Rnabove 4 pCi/m® and surface
winds which did not cross the island (i.e., arriving from the
marine sector between 250° and 50° ) were classified
“remote continental." Events with background
concentrations (0.5 pCi/m®) arriving from the marine
sector were classified "remote occanic." Events with
surface winds less than 4 m/s or winds from directions
which traverse the island that also had radon and CO,
concentrations indicating a local influence were classified
"local." Finally, all other events with measureable ?2Rn
concentrations were considered a mixture of weak remote
continental, local and remote oceanic air, and were
classified "mixed." These four classes were then analyzed
for significant differences in distributions of chemical
concentration and deposition; results are reported in
section 3.4.

2.2.2. Back trajectories. Ten-day back, isobaric
trajectories were calculated at 850 mbar [Harris, 1982]
using analyzed wind fields from a global, dynamic,
nine-layer primitive equation model [Stackpole, 1978].
In this study, cluster analysis of trajectories [Moody,
1986] was used to identify precipitation events which
occurred under conditions of similar transport to
Amsterdam Island. It is a useful technique for quantifying
the relative influence of atmospheric transport on
precipitation composition at both marine and continental
locations [Moody and Galloway, 1988; Moody and
Samson, 1989]. It has also proved useful for
characterizing the general flow climatology of a site
[Harris and Kahl, 1990).

Cluster variables were trajectory endpoints which
parameterize the wind speed and direction at 3-hour
intervals. To minimize the number of incomplete
trajectories, only trajectory endpoint data representing air
parcel locations out to 5 days upwind of Amsterdam Island
were clustered. Since errors in the trajectory location are
magnified as a function of time back [Kah! and Samson,
1986], this is also a conservative cutoff which reduces the
risk of using calculated trajectories significantly divergent
from the true (but unknown) transport.

A hierarchical clustering algorithm, using an Euclidean
similarity measure, and designed to minimize within-group
variance [Ward’s method] was applied [Gordon 1981;
Romesburg 1984], as described by Moody and
Galloway [1988]. Because the hierarchical method has
the drawback of permanently assigning trajectories to a
cluster, and Ward’s method in special situations tends to
create clusters of similar size [Kalkstein et al. [1987],
a second method was applied to ensure a relatively
optimal definition of distinct transport patterns. An
iterative cluster algorithm [Norusis, 1985] was run with
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initial centers chosen randomly for the number of clusters
identified using the hierarchical method. This method was
applied repeatedly until the iterations converged, and the
cluster means did not change. This was identified as the
optimal cluster assignment of trajectories. Comparing the
hierarchical and iterative methods, the only differences
were in the assignment of trajectories on the periphery of
hierarchically defined clusters. This suggests that the
results are relatively robust and that there are in fact
recurring, discernible patterns of atmospheric transport to
Amsterdam Island.

Clustering and hypothesis testing were performed using
the SPSS, package [Norusis, 1985]. Distributions of
precipitation chemistry concentration and deposition do
not typically meet the assumptions of normality and
homoscedasticity required by parametric tests. Therefore
all hypothesis tests employed nonparametric statistics
[Conover, 1980].

2.3. Data Subsets

Samples were removed from the original data set of 206
for a variety of reasons, including ion balances exceeding
+ 15%, insufficient volume for complete inorganic analyses,
and no precipitation gauge data available (Table 1). This
resulted in a quality-assured data set of 179 precipitation
events with complete inorganic analyses. After August
1981 the concentrations of HCOO, (HCOOH + HCOQO')
and CH,COOH, (CH;COOH + CH,CO0") were

TABLE 1. Description of Data Subsets

Description Number
Total number of samples arriving
at UVA 206
a) Samples not meeting QA/QC
criteria 11
b) Samples with no precipitation
amount recorded 3
c¢) Samples with incomplete
chemical analyses 13
Complete QA /AC inorganic data 179
a) Samples with no organic analysis 37
Complete QA/QC inorganic plus
organic data 142
Complete QA /QC inorganic data plus
trajectory available for defining
transport path of event 164
Complete QA/QC inorganic data plus
radon measurement available for
defining radon classification 112
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analyzed [Keene et al., 1983] resulting in a complete
organic/inorganic data set of 142 samples. Two other
data sets include samples with complete inorganic data
and good trajectories and samples with complete inorganic
data and a #??Rnmeasurcment.

3. Results And Discussion

Galloway and Gaudry [1984], using a data set of 66
samples, reported that Amsterdam Island precipitation was
made up of two components, dilute seawater and a small
but significant acid component. While the basic
composition of precipitation on Amsterdam Island remains
relatively unchanged, the greater number of samples
included in this study allows us to address sources of
variation. Table 2 compares the volume weighted average
(VWA) concentrations for total and non-sea-salt fractions
of measured constituents for all 179 precipitation events in
this data set with the 66 samples presented by Galloway
and Gaudry [1984]. For this earlier work, Mg™ was
used to calculate non-sea-salt components. While in some
instances Mg* may be a better tracer of sea salt [Keene,
et al. 1986], a reduced major axis regression analysis
indicated no significant difference in the observed slope
of the Mg'* :Na" ratio and the seawater ratio of 4.41
[Wilson, 1975] or between the regression intercept and 0.
This suggests no significant enrichment of either Na* or
Mg, and Na' was used as the reference species in this
work. By comparison a regression analysis of nss CI

TABLE 2. Volume Weighted Means (n=179) of Ions
in Sea-salt and Non-Sea-Salt Components
of Amsterdam Island Rain (neq/2)

Total Non-
Non- Non- Sea-salt
Sea-salt Sea-salt (G&G)
H 84 84 88
Yo%y 372 48 49
NO,* 16 16 13
NH,' 24 24 18
RCOO! 3.7 37 22
Cr 3176 43 25
Na' 268.8 0.0 48
Mg 60.3 -0.6 0.0
K 59 01 0.0
Ca"* 121 04 -03

*Galloway and Gaudry [1984].

*Total carboxylic acids measured HCOQ, + CH, COQ,).
"By definition as reference species.
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versus the reference species Na' indicates both a slope
significantly different from seawater and a positive
intercept suggesting a real source of nss CI' in Amsterdam
Island precipitation.

On average, nss SO, and nss CI are the most abundant
anions and the precipitation is weakly acid, with a VWA
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pH of 5.1. However, there is considerable variability
underlying this average composition. This variability is
discussed in the next several sections, First, seasonal
signals in the data are illustrated, the potential
contribution of local sources is considered, and seasonality
is discussed by species, then interannual differences in

TABLE 3. Comparison of Per Event Concentration, Per Event
Deposition, and Per Event Precipitation Amount by Season,
Southern Hemisphere Winter (April-September), and
Southern Hemisphere Summer (October-March)

Winter

Summer

Significance

Average Per Event Concentration' peq/2

8.0 *
23
124 *
44 *
58 *
22 *
324.7 *
109
16
-01
04

Average Per Event Deposition, p eq/nf

67.0 *
18.0
95.0 *
31.0 *
33.0 *
15.0 *
1910 *
520
7.0
0.
20

Average Per Event Precipitation Amount, cm

nss SO, 43
nss NQ; - 19
H, 9.4
NH,, 2.8
HCOQG, 3.6
CH,COO, 13
Na' 535.7
nss CI 48
nss Ca’ 11
nss Mg -2.6
nss K 0.1
Dnss SQO,. 26.0
DNO,_ 13.0
DH' 65.0
DNH,, 16.0
DHCOQO, 17.0
DCH; COQ, 54
DNa' 308.4
Dnss CI' 30.0
Dnss Ca™ 1.0
Dnss Mg -10.0
Dnss K -1.0
ppt 0.92

0.96

*Seasonal duierences sigmficant at 95% conlidence level.
'n=179, except for organics, n=142 (summer, ppt= 0.99 cm and winter, ppt=0.88

cm).
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precipitation composition are discussed. Finally, variability
related to different transport patterns is considered.

3.1. Seasonal Variability

Seasonal variability is evident in the Amsterdam Island
precipitation chemistry data. A Mann-Whitney test was
performed to identify distributional differences between
two broad seasons (summer, October-March and winter,
April-September) in per event concentration, per event
deposition, and per event precipitation amount (Table 3).
There was no significant difference in per event amount
between seasons, but several chemical differences were
identified. With the exception of nss CI' and nss SO,”,
the concentrations of non-sea-salt constituents are low
relative to uncertainties in the data; therefore determining
sources of variation for these components is difficult.

A plot of VWAs by month for the ions SO,~, H', NO,",
and NH,* indicates relative concentrations and illustrates
that all concentrations increase in austral spring (Figure
2). The peak for NO;™ is confined to this period, however,
whereas the other species remain elevated for the rest of
the warm season.

Concentration (ueg/liter)

Fig. 2. Volume weighted averages by month for entire
Amsterdam Island data set 1980-1987 (n=179). The
number of events averaged in each month is noted by
species in Figure 3.

Monthly box plots of per event deposition, which
account for differences in event volume for H', nss SO,
NO,", NH,", nss CI', HCOQ,, and CH,COQ, reveal a
seasonal cycle similar to the VWA concentrations (Figure
3). With the exception of NO;™ and nss CI', median per
event depositions increase in austral spring, remain high
throughout the summer, and decrease in April or May, at
the beginning of austral autumn. By comparison NO;~
deposition exhibits relatively less seasonal variability. A
monthly box plot of NO;” concentration (Figure 4)
indicates a more pronounced spring peak. These results
suggest higher spring NO;” concentrations are at least
partially influenced by somewhat lower and less variable
precipitation amounts for the months July through
October (Figure 3h).

The only species exhibiting higher concentrations in the
months April through September is Na" . Since the
uncertainty associated with nss components is in part a
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function of the magnitude of the reference species (Na'),
we would expect uncertainties in these calculated values to
be greater during the cold season. This may account for
some of the negative concentrations and depositions of nss
SO," and nss CI' (Figure 3b) in the winter months. The
uncertainty associated with an individual measurement
may result in the calculation of a negative concentration;
however the central tendency of the population should
remain unbiased by this uncertainty [Keene et al., 1986].
In the case of nss CI', however the fact that even the
median values for several months are negative may be
indicative of a real chemical deficit. Processes which
could produce this deficit are discussed in section 3.1.5.

The increased concentrations and depositions observed
during austral spring are likely the result of a combination
of large-scale circulation and source strength (transport
and emission) factors. The strength and location of the
southern Indian Ocean subtropical anticyclone favors flow
from the west during austral winter with an increasingly
northwest component in early spring [Taljaard and Van
Loon, 1984]. Consistent with this, an analysis of 10 years
of isobaric trajectories indicates that high speed transport
(average winds greater than 40 km/hr) from the northwest
is most frequent from June through October [J. M.
Miller, personal communication, 1990]. These analyses
suggest the greatest potential for continental air from
Africa and Madagascar reaching Amsterdam Island is in
late winter and early spring. In summer the subtropical
high pressure weakens and the center migrates eastward,
reducing high speed transport from the west and favoring
flow with a more northerly component arriving on
Amsterdam Island [Rarnage, 1984).

Although transport from continental regions is favored
during late winter/early spring, removal mechanisms are
also seasonally dependent. Precipitation is more frequent
in the winter with an average of 22.6 days per month
(April-September) recording at least 0.1 mm of rain, while
in the months of October-March this frequency drops to
17.5 days. Greater wind speeds also occur from April to
September with an average of 18 days per month
recording wind speeds greater than 16 m/sec, while from
October to March 10.8 days occur with high wind
conditions. Higher wind speed may enhance long-range
transport through rapid advection, howéver turbulent
removal will also increase. These factors of maximum
wind speed and precipitation frequency from April through
early September will generally act to reduce the
atmospheric lifetime of material being transported over
the ocean, reducing effective source strength. Considering
the countering influence of these two processes (transport
and removal), the greatest potential for advection of
continental material to Amsterdam Island should occur in
the spring under conditions of relatively dry, high wind,
stably stratified warm advection.

While seasonally varying large-scale meteorology can
influence "effective" source strength, [Whelpdale and
Moody, 1989] there is also seasonal variation in the
"actual" source strength for all chemical constituents. A
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discussion of seasonality by chemical species is presented
beginning with section 3.1.1. But first the contribution
from local sources will be addressed.

There is a potential seasonal influence in local isiand
sources. Fur seals uniformly distributed along the coast
arrive in November and leave in January. Penguins
inhabit the island from August through February, and

nss Cl- e
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albatross arrive in September and leave at the end of
March. These seabird rookeries are on the opposite side
of the mountain from our sampling site (Figure 1). In an
effort to assess the influence of these local sources on our
precipitation data,”?Rn has been used as a tracer for
events with a strong local signal. Distributions of
concentration and precipitation amount were statistically
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compared using the Kruskal-Wallis test for the radon
categories "remote oceanic”, "remote continental” and
"local". Only the nss K concentrations were enhanced in
"local" events characterized by low winds and high ?*’Rn
of local origin. Aside from this difference, "local® events
were not significantly different from "remote oceanic”
events. "Remote continental” events had significantly
higher NO;™ and nss SO,” than local events (see section
3.4).

These results suggest that the contribution from local
sources is primarily as wind-blown dust and plant material,
potential sources for nss K . Given the nature of the
fauna, we might suspect a contribution of NH," from
locally generated NH;, but there is no systematic evidence
of such contamination. On the basis of the lack of
differences in chemistry for these comparisons, we
conclude that the contribution from local sources is
relatively unimportant.

3.11. nss SO, . Constituents with a possible marine
biogenic source, like nss SO,~, are influenced by a spring
bloom in surface water productivity, which is correlated
with greater insolation and higher sea surface
temperatures [Nguyen et al, 1988]. Concentrations of
nss SO, in precipitation on Amsterdam Island are
correlated with an increased flux of biogenic emissions
into the marine atmosphere [Nguyen et al, 1988]. The
flux of locally generated dimethylsulfide (DMS) in the
coastal waters off Amsterdam Island begins to increase in
October, peaks in December at 4.4 p moles/m? /d and then
drops to a minimum flux of 0.7 p mol/m?/d in August.
This flux is directly correlated with the higher DMS
concentration in the ocean surface water [Nguyen et al.,
1990]. Using a more recent unpublished data set [J. N.
Galloway and B. C. Nguyen, personal
communication, 1990], this upward flux of DMS and the
downward flux of S deposition calculated from our
precipitation data agree within a factor of 2. Given all the
uncertainties in flux calculations, this represents reasonably
good aggreement. Temporal variations in the local DMS
can account for about 60% of the seasonal variability in
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nss SO,” deposition. This suggests that along with the
process of local biogenic emission, other processes must
contribute to the observed variability in nss SO,".

In addition to dependence on biogenic precursors, a
portion of nss SO, variability is related to seasonal
variation in atmospheric reactivity. Transformation rates
of reduced S species are a function of the atmospheric
oxidant concentration. Hydroxyl radical concentrations in
remote marine regions may fluctuate by a factor of 5, with
a maximum in the southern hemisphere summer and a
minimum in winter [Crutzen, 1982]. This minimum in
oxidant results from less insolation and lower
temperatures during the cold season months and
correspondingly less photochemical activity.

On Amsterdam Island, nss SO, deposition goes up in
September along with oxidant concentrations, which may
increase dramatically with the transport of ozone plumes
from biomass burning in Africa. This is discussed further
in section 3.1.4. It suggests that along with local biogenic
emissions, remote S sources enhanced by favorable
transport and transformation conditions contribute to the
springtime maximum in observed nss SO,”.

31.2. NH; . The monthly VWA concentrations of
NH,* show a minimum in May-August and a maximum in
September through December (Figure 2). This pattern is
similar to that of nss SQ,” with the exception of the
January-March period. This exception disappears when
percentile distributions of per event deposition are plotted
by month (Figure 3d). The deposition of NH," like that
of nss SO, appears to be seasonally dependent. The
processes influencing the nss SO,~ variability were
discussed above. For NH,;* the seasonal dependency on
per event deposition is most likely due to a seasonally
variable source strength. One possibility, as noted earlier,
is the impact of the local seabird/seal populations that
vary on a monthly basis (section 3.1). However, there is
no evidence of significant local contamination from these
sources. The second explanation is that ammonia is
emitted from the sca surface as a result of biological
processes. Quinn et al. [ 1990] have shown that the
Pacific Ocean provides a biogenic source for ammonia
with an emission rate of 98+ 78 g N/m? /d. Averaged over
the year, this flux is 0.036+0.028 g N/m?/y. The wet
deposition rate of NH,' from the data discussed in this
paper is 0.038 g N/m?/y. There are obvious dangers in
extrapolating a short-term flux for the Pacific Ocean to an
annual flux for the central southern Indian Ocean.
However, on the basis of this comparison, it does appear
that the oceanic emission of NH; could account for the
observed deposition of NH,*. A biogenic source peaking
with a spring bloom in surface water productivity would be
consistent with our observations.

3.1.3. Carboxylic Acids. The seasonal variations in
per event depositions for HCOO, (Figure 3f) and
CH3COQ, (Figure 3g) presented here are similar to those
previously discussed by Keene and Galloway [1988] for
a data subset corresponding to the period from September
1981 to June 1986. Median depositions for both species
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were generally lowest during the winter months of May
through July and were highest during the spring and
summer months of October through February. The
seasonal cycle is not identical for each, however, as
median depositions of HCOOQ, remained relatively high
during the autumn (March and April), wherecas median
depositions of CH3COQ, decreased through that period.
These distinctions in the seasonal cycles suggest the two
species originate from different precursor compounds.

Keene and Galloway [1988] and Galloway et al.
[1989] have pointed out that maximum and extreme per
event depositions of carboxylic acids in marine regions
tend to peak during periods when phytoplankton blooms
are expected. Such a cycle is consistent with the
hypothesis of a marine biogenic source for precursor
hydrocarbons as suggested by G. R. Harvey and R. F.
Lang [personal communication, 1990]. The observed
seasonalities in deposition (Figures 3f and 3g) for
carboxylic species at Amsterdam Island support such a
hypothesis.

314. NO;". The seasonal variation in NOQ,™ is different
from the other ions in that high concentrations are
confined primarily to the early austral spring months of
September and October. We expect all of the NO;™ to be
associated with long-range transport, because it has no
known oceanic or significant local sources. The timing of
these high NO,~ values corresponds to the peak
production period for tropospheric ozone resulting from
widespread biomass burning on the African continent
[Fishman et al., 1990]. The burning occurs between
August and October, and plots of satellite-derived
tropospheric ozone indicate that peak concentrations are
observed between September and November. A
significant amount of biomass burning also occurs on the
island of Madagascar during this time.

Plumes of high O; concentration were observed by
Fishman et al. [1990] in satellite data off the western
African coast over the South Atlantic Ocean between the
equator and 20° south. A band of high O, concentration
was also observed between 25° and 40° south over the
southern Indian Ocean. J. Fishman [personal
communication, 1989] suggests this may be material
advected westward off Africa in the low latitude easterlies,
eventually advected poleward and incorporated in the
westerlies at higher latitudes. This mechanism, as well as
more direct north-westerly flow from the southern tip of
Africa and Madagascar, potentially provides Amsterdam
Island with a spring anthropogenic continental source.
This correspondence between O, and NO,™ suggests that
the time dependence of NO,™ concentrations in particular
could be a function of a time-dependent biomass-burning
source coupled with efficient transport.

Using results from a general circulation model to
investigate the global N budget, Levy and Moxim
[1989] found that anthropogenic emissions of N from
fossil fuel combustion sources could not account for the
observed levels of NO, in the precipitation of the southern
hemisphere. They proposed three possible sources for the
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additional nitrogen: 1) transport from biomass burning
(probably as PAN), 2) injection from the stratosphere
[Levy, et al. 1980], and 3) an unknown local or oceanic
source. While stratospheric injection is generally the
primary source of O, at higher latitudes [Fishman et al.,
1990, the work of Legrand and Delmas [1986] found
no evidence of a stratospheric source for NO, at a site in
Antarctica.

A significant problem in modeling wet deposition using
a general circulation model arises from the difficulty of
parameterizing the influence of brief episodic occurrences
of long-range transport using average meteorology. A
case in point is the extreme event which occurred October
5, 1985. It made a significant contribution to total NO;”
deposition and indicates the potential importance of
episodic long-range transport of anthropogenic emissions.

The VWA NO;™ concentration for October is strongly
influenced by this extreme event occurring with a
concentration of 381 peq/€ of nitrate. This is comparable
to a polluted precipitation event at a continental U.S. site
like Rockport, Indiana [Moody and Samson, 1989].
This episode resulted in extremely high concentrations for
all constituents and was associated with a relatively large
(097 cm) precipitation amount.

Precipitation for this particular event began in the early
morning before 0500 LT, and continued as a drizzle and
light rain for 5 hours. Trajectories arriving at Amsterdam
Island at 0500 on October 5, and at 1700 LT the previous
day indicated a well-defined flow pattern persisted,
characterized by rapid transport at the 850 mbar level for
air parcels leaving the eastern African coast 3 days earlier.
This represents sustained wind speeds of roughly 70 km /h.
Additionally, both trajectories indicate 2 or 3 days of
stagnation over the eastern south African coast, around
25° south latitude prior to the rapid offshore flow. This
region is potentially influenced by large anthropogenic
emissions in the Eastern Transvaal Highveld [Tyson et
al, 1988]. While this event was not classified as remote
continental by its radon level, a radon concentration peak
of 4 pCi/m® occurred approximately 12 hours before
precipitation began, suggesting the arrival of a continental
air mass over Amsterdam Island. A temporal analysis of
temperature, pressure, wind and moisture variables
indicates rapid warm moist flow from the west-northwest
characterized by elevated ?? Rnconcentrations indicative
of continental air (Figure 5). This was followed by an
abrupt change during the early morning of October 5,
indicative of a classic frontal passage. These factors
suggest that this is a "good" measurement, representing an
extreme episode. The corresponding information of
transport and radon further establishes the credibility of
the data, strongly suggesting an influx of polluted air from
the southern African continent.

While this single event has a very large influence on the
VWAs for October, it is important to note that the pattern
of higher NO;™ in the austral spring is still observed even
when this event is ignored. Two thirds of all the NQ;
concentrations greater than 2.5 peq/€ were associated
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Fig. 5. Time variation of temperature, pressure, wind
speed and direction, relative humidity, water vapor
pressure, radon, and CO, corresponding to extreme
chemical deposition event on October 5, 1985. Depiciting
flow of warm moist air, rich in radon arriving from the
west northwest (3000), followed by abrupt change early on
October 5, indicative of cold frontal passage.

with precipitation sampled in the months August through
November.

Chemically, such an extreme event has important
implications in terms of understanding and modeling the
average composition of the marine atmosphere. For
example, given all events collected between 1980 and 1987,
this single sample accounts for more than 13% of the NO,”
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deposition and roughly 5% of the nss SO,”, carboxylic
acid, NH,*, and H' deposition. Recognizing that we have
sampled only 25% of the events over this time period
suggests that the contribution from episodic long-range
transport could be substantial. As of January 1991 we
began sampling all precipitation events on Amsterdam
Island, this will allow for a future assessment of the
frequency of occurrence of these extreme episodes.

3.1.5. nss Cl ~. Direct injection of sea-salt aerosol from
the ocean surface is by far the major source for
atmospheric chlorine over the southern Indian Ocean
[Keene et al., 1986]. Volitalization of Cl from sea-salt
aerosol has long been recognized as the principal source
for vapor phase Cl in the marine troposphere (e.g.,
Cicerone, 1981]. Many investigators have suggested that
HCl is released directly from sea-salt aerosol that has
been acidified to low pH by the addition of strong mineral
acids, but recently this hypothesis has been questioned,
and an alternative mechanism involving O; reactions at
sea-salt aerosol surfaces has been proposed [Keene et al,
1990]. Assuming that virtually all CI' measured in
precipitation at Amsterdam Island originates with sea-salt
aerosol and that a mechanism exists to release vapor-
phase Cl from this aerosol, then different atmospheric
lifetimes for the particulate and vapor phase species could
explain the variability in the amount of nss CI in precipita-
tion. Whether released directly or produced photochemi-
cally from a released precursor, it is likely that HCI is the
principal Cl gas in the marine troposphere. If HCI has a
longer atmospheric lifetime relative to particulate CI',and
if both phases are scavenged with equal efficiency by
precipitation, then positive nss CI' will exist in precipita-
tion. Such a mechanism would result in a contribution
from HCI to the free acidity of marine precipitation.

The nature of the desorption mechanism for Cl gas is an
important consideration in assessing the ultimate source of
the acidity contributed to precipitation by HCl. If HCl is
released from sea-salt aecrosol by acid displacement
reactions, the acidity from HCI ultimately originates with
H,SO, and HNQ,. However, if HCl is produced from
reactions involving Cl, that is released from sea-salt
aerosol as suggested by Keene et al. [1990], then the
acidity contributed by HCI may arise from a photochemi-
cal mechanism as follows:

H,0
+0, ->Cl, + 20H

(aerosaol) (aerosol)

2Cr + 0

Photolysis of CI' during the daytimes takes place on a
time scale of minutes to produce Cl atoms which react
rapidly to yield HCL

A distinct seasonal pattern is evident in the median nss
CT data (Figure 3e) with slightly negative median per
event depositions during late autumn and winter months
(May through August), a sharp peak in September, and
slightly positive values the remainder of the year. When
the data are aggregated by season as in Table 3, the mean
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deposition of nss CI is positive in both seasons. However,
the mean and mediar describe different aspects of these
skewed distributions, and it does appear that there are
months with significant nss CI' concentration deficits.

Negative median depositions during winter months may
be related to two factors. If HCI has a shorter atmospi.eric
lifetime than particulate CI' during the winter (e.g., Kritz
and Rancher, 1980], then CI deficits, which are typically
observed in sea-salt aerosol, would be reflected in marine
precipitation,

Another possibility is that the sea-salt componeri may be:
slightly overestimated by using Na' as a reference species.
While a regression analysis found no significant differences
in the ratio of Na' :Mg™ relative to seawater, the average
per event concentration and deposition for Mg™" during
the winter was negative (Table 3) suggesting small but
finite nss concentrations of Na" in the samples. If we
assumed that Mg were a conservative tracer of scasalt,
the winter mean per event deposition suggests that nss CT’
may be underestimated by approximately 10 4 eq/m® on
average. This average underestimate would vary seasonal-
ly and is within the range of median CI deficits observed
from May through August.

The peak in positive median and extreme nss CI” ob-
served in September (Figure 3e) occurs in conjuaction
with a peak in median and extreme depositions of NO;
(Figure 3c). These high depositions of NO,™ and nss CI'
appear to be associated with the long-range atmospheric
transport of combustion products from biomass burning or
industrial sources in Africa, as discussed abowe. Keene et
al. [1990] found that combustion products were
associated with enhanced volatilization of Cl trom sea-salt
aerosol and elevated concentrations of HCI in the North
Atlantic boundary layer. If HCI has a longer atmospheric
lifetime than sea-salt aersol, such conditions may
contribute to significant concentrations of HClin
precipitation. It appears that continental emissions may at
times influence the chemical cycling of reactive Cl through
the marine troposphere even at extremely remote locations
such as Amsterdam Island. The mechanisms involved and
their implications for marine photochemistry are the focus
of on-going research.

31.6. H". The pH of precipitation on Amsterdam
Island is weakly acidic, ranging from a VWA of 5.2 in
June to 4.8 in October, with extreme values as low as 4.2.
Seasonal patterns in H' deposition and concentration are
similar to those of nss SO,” , with the lowest and least
variable per event depositions and concentrations occur-
ring in June and July.

The acidity of precipitation on Amsterdam Island results
from the mix of actds (H,SO,, HNO,, HC], HCOOH, and
CH,;COOH) and bases (NH;, CaCO,, and NaCO,)
scavenged by precipitation. To estimate the maximum
potential contribution of each acid to the original free
acidity, the ratio of each anion concentration to the
original acidity was determined. Original acidity was
approximated as the H* concentration plus the
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Fig. 6. Potential contribution of the anions nss SO,",
NO,",nss CI', and the organics (HCOO™ and CH,COQO")

to precipitation acidity.

concentrations of sea-salt alkalinity, nss Ca"™, and NH,*.
Distributions of this ratio are presented in Figure 6. The
ratio of the VWA anion concentration to the VWA
orginial acidity is also plotted for each species.

Considering all the data together, nss SO,”, nss CI', and
the organics each have the potential to contribute about
25% of the H' on average (median), with NO;™ contribut-
ing about 12%. Uncertainties in the calculated values of
nss SO,” and nss CI' make it difficult to provide a more
quantitative analysis of contributions to acidity. For
example the unequal variances mask any strong linear
relationship between either of these anions and H' ,
violating the assumptions required for a multiple linear
regression. A further complication is the presence of
negative calculated values which prohibit transforming the
data to a logarithmic scale for analysis. However, this
qualitative assessment does suggest that no single acid
dominates. It illustrates the relative importance of the
carboxylic acids in the remote marine environment and
demonstrates there is the potential for HCl to make a
significant contribution to precipitation acidity.

3.2. Interannual Variability

Along with variations in precipitation composition within
the year, there are also variations between years. Some of
this variability can be related to interannual differences in
large-scale circulation patterns. Plots of the VWA
concentrations of H' , nss SO, , and NO;™ from 1980
through 1986 indicate considerable variation from year to
year (Figure 7). Since we are interested in relating
interannual differences to atmospheric dynamics, the
annual cycle used runs from May through the following
April. This is the cycle which best describes the Southern
Oscillation Index, referred to below.

The most variable constituent is nss SO, ; from 1980 to
1982 the average concentration decreased by almost a
factor of 5. Figure 8 is a plot of the nss SO,°
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Fig. 8. Concentration profiles for nss SO,” by year for
the two annual cycles May 1980 to April 1981 (n=25) and
May 1982 to April 1983 (n=21), strong and weak years,
respectively, of the Southern Oscillation.

concentration profiles for these annual cycles which better
illustrates this difference. This drop in nss SO;°
concentration does correspond to an increase in the
precipitation volume per storm which will enhance
dilution, however, there appears to be an additional factor
influencing the composition.

There is an obvious difference in transport patterns
associated with precipitation events for the two years 1930
and 1982, with a notable lack of flow from southern Africa
and Madagascar during 1982 (Figure 9). Our trajectory
analysis is consistent with a flow climatology for
Amsterdam Island which indicates that trajectories arrived
from the African continent or Madagascar 22% of the
time in 1980, while the frequency dropped to 13% of the
time in 1982 [J. M. Miller, persornal communication,
1990]. The average per event depositions of SO,”, H',
and NO;™ are also noted on Figure 9. Even though events
in 1982 occurred with more precipitation per event, the
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Fig. 9. Transport patterns at 850 mbar for air masses
arriving on Amsterdam Island during precipitation events
for the two years 1980 and 1982. Average per event
depositions are noted for each period.

per event deposition of nss SO, was significantly greater
in 1980 when trajectories suggest more transport from the
north and west. Interannual differences in the
distributions of per event deposition of H' and NO,™ were
not statistically significant. This suggests that this region
has more influence as a source of S than as a source for
N, potentially implicating a biogenic oceanic source rather
than a continental anthropogenic source.

It is important to note that the years 1980 and 1982 are
defined as strong and weak years, respectively, of the
Southern Oscillation [Meehl, 1987]. The Southern
Oscillation is defined as the exchange of atmospheric mass
between the Indian and Pacific oceans [Walker and Bliss,
1930; Philander, 1990] and it is linked to variations in
sea surface temperature observed in the tropical Pacific
giving rise to the terms El Nino-Southern Oscillation
events, or warm events. The year 1982 was such a warm
event, with a strong El Nino.
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One of the well-known indicators of a strong annual
cycle of the Southern Oscillation is the strength of the
Indian monsoon. The average summer monsoon rainfall
over India was 10% above normal in 1980 and over 10%
below normal in 1982 [Rasmussen and Arkin, 1990].
During strong years, like 1980, sca surface temperatures
SE of Madagascar are higher than the previous year from
October through April, between roughly 25° and 35°
south, and 40° to 65° east [Meehl, 1987]. In addition,
the Indian circumpolar trough is weakened, and the
subtropical band of high pressure is strengthened.

Conversely, in a weak year like 1982 (a strong El Nino
year, Rasmusson and Wallace, 1983], the southern
hemisphere subtropical high weakens, and there appears
to be a significant decrease in transport from the
northwest arriving at Amsterdam Island. The influence of
this El Nino year was detected at another GPCP site,
Katherine, Australia [Likens et al., 1987], by below
normal precipitation in the wet season and relatively high
concentrations influenced primarily by low precipitation
amount.

These results indicate that interannual differences in
precipitation composition may be influenced by
interannual differences in large-scale circulation which
cause year-to-year differences in transport and a
time-varying contribution from specific source "regions".
Furthermore, we might also expect to see nss SO,
concentrations influenced by an interannual difference in
source strength if there is a link between higher sea

April-September
1980-1986
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surface temperatures and increased marine emissions of
DMS through either increased productivity, a change in
phytoplankton speciation, or a change in surface wind
speed [Charison et al, 1987]. The importance of these
large-scale climate variations on precipitation composition
is the subject of continuing research.

3.3. Variability Within Seasons: Transport Clusters

The technique of cluster analysis was used to identify
variability within a season related to day-to-day variations
in meteorology. Given the temporal pattern of chemical
variation described earlier, the cluster analysis was
performed for two periods in an effort to reduce the
confounding influence of seasonal variability in chemistry.
The cluster analysis identified four transport patterns each
in the cold season (April-September) and in the warm
season (October-March), respectively. Upon plotting the
results it was noted that unclustered trajectories in each
season (excluded because they terminated less than five
days back from Amsterdam Island) formed relatively
well-defined patterns of generally high wind speeds from
the west southwest. This cluster was retained in each
season as a valid transport pattern, and its composition
has been considered in these analyses.

A distinct seasonal variation in general flow is evident in
the 850 mbar trajectories with transport from the west and
west/southwest more frequent during the southern
hemisphere winter (Figure 10). Flow from the north is
more prevalent during the summer (Figure 11). These
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Fig. 10. Five winter transport patterns defined by cluster pattern provide qualitative reference of general source
analysis of 850 mbar trajectory data. Labels for each region.
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differences correspond with seasonal variation in the
strength and location of the subtropical high [Taalj ard
and Van Loon, 1984].

Relative concentration factors, defined as the deviation
of the VWA per cluster from the VWA for the entire
season [Moody and Galloway, 1988), are shown for the
cold season clusters in Figure 12a. Transport from the
west (Africa), generated events with above average
concentration, although the per event precipitation amount
was 50% below average. In contrast, the per event
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(April-September), and (b) Southern Hemisphere summer
(October-March), respectively.

precipitation amount was 50% above average in transport
from Madagascar, and the concentrations were generally
below the seasonal average. These results suggest that
differences in cold season chemistry are largely influenced
by differences in precipitation amount. To assess the
influence of storm size, comparisons of per event
deposition were made.

Significant differences in per event deposition were
identified between cold season transport patterns using the
nonparametric Kruskal-Wallis test [Conover, 1980]. In
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spite of higher concentrations, events associated with
transport from the west (Africa) and the W-East deposited
less material per event relative to the other transport
patterns. Per event nss SO,” deposition was highest in
transport from the N and E.

Similarly, distributions of per event concentration were
statistically compared between clusters and the only
constituent with a significant difference related to cold
season transport was Na'. Na' was most concentrated in
flow from Africa, with low precipitation amount and high
wind speeds, and least concentrated in flow from the N
and E, with relatively low wind speeds.

In the warm season (Figure 12b) the highest VWA
concentrations were associated with transport from
Madagascar and occurred with relatively high precipitation
amounts. Low VWA concentrations of nss SO, and NO,~
from the SW occurred with low volume events. These
results suggest precipitation volume has less influence on
chemical composition than was noted for the cold season.
Using a statistical comparison of distributions of per event
concentrations and per event depositions, only NO,~
deposition varied significantly with warm season transport,
with highest deposition occurring with transport from
Madagascar. The lack of significance in the
nonparametric distributional tests for many species
suggests that chemical differences based on transport are
not large.

Figure 13 illustrates the percent of the 8-year total
deposition associated with each transport pattern by
season. Qverall, transport from Madagascar and the NE
delivers the largest fraction of precipitation and chemical
deposition. Over 40% of the nss SO, and NO,” deposited
on Amsterdam Island during the period of record was
associated with this flow pattern.

It is not surprising that transport alone does not explain
much of the variability in precipitation chemistry at the
site. Defining transport patterns only on the basis of
isobaric wind speed and direction ignores other important
factors like the variable influence of upwind removal by
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Fig. 13. Percent of total deposition delivered to
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precipitation enroute to Amsterdam Island, venting
through cumulus convection, transformation rates related
to both gas- and aqueous-phase chemistry, and other
smaller-scale variations.

Similar transport patterns occur in both seasons. Given
the significant difference in the chemical composition by
season noted in Table 3, it is of interest to examine
variations in chemistry between seasons for specific
transport patterns.

Seasonal differences in nss SO, are only associated with
certain flow patterns. For example, the average per event
deposition of nss SO, associated with transport from the
SW was 26 u eq/m’ in both seasons (Figure 14), with no
significant difference in the distributions between seasons.
In contrast, the carboxylic acids were significantly higher
(factor of 2-3) in the warm season for this flow pattern.
When transport from Madagascar was considered (Figure
15), there was a large (factor of 3) difference in the
average per event deposition of nss SO, between seasons
and a significant difference in concentration distributions.
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Fig. 14. Transport from the SW in both seasons indicating
the average per event deposition of nss SO,”, HCOQ,,
and CH; COQ,.
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indicating the average per event deposition of nss SO,”,
HCOQ,, and CH; COQ,.

Again the carboxylic acids were also higher in the summer.
These results suggest the sources for carboxylic acids are
seasonally dependent and uniformally or relatively locally
distributed. Sources for the nss SO,”, however, appear to
be both seasonally dependent and "spatially” defined.
These results are consistent with the hypothesis that
concentrations of nss SO,” are influenced by both a
localized biogenic source and by a long-range transport
from either anthropogenic continental sources or distant
biogenic source regions.

3.4. Radon as a Tracer of Long-Range Transport

A plot of the trajectories corresponding to events
classified as remote continental and remote oceanic
indicates continental radon signals were generally
associated with transport from the African/Madagascar
region, while oceanic signals were associated with
transport from the waters N or WSW (Figure 16) of the
island. This correspondence between tracers suggests that

Fig. 16. The 850 mbar transport patterns for events
classified as (a) remote continental and (b) remote
oceanic, using ?*?Rn.

the 850 mbar trajectories reasonably represent the level of
radon transport. Lambert et al. [1982] found that most
of the radonic storms occur with very rapid boundary layer
transport between April and September, with a peak in
June and July. Consistent with this are results obtained
using radon in a general circulation model [Balkanski
and Jacob, 1990]. The model predicted a strong
pressure gradient along the SE edge of the African
continent, and the presence of a midlatitude low off the tip
of southern Africa were the conditions which result in
rapid advection of polluted boundary layer air from the
African continent. These conditions occur most frequently
during winter months when the subtropical high is closest
to the Madagascar coast.

For the radonic storms classified in this study, 67%
occurred during the cold season (April to September).
Kruskal-Wallis comparisons of concentration and per
event deposition distributions indicate that NO,™ and nss
SO,” were both significantly concentrated and deposited
in remote continental air masses. There were no
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significant differences in distributions of per event
precipitation amount or any of the other ions in
precipitation. Figure 17 illustrates the concentration
distributions of NOy', and nss SO," , and precipitation
amount by radon class. The greatest differences occur for
NO,". This is reasonable given that most of the remote
continental events occur during the winter, when nss SO,
concentrations are lower and less variable to begin with.
Gaudry et al. [ 1983, 1990] found that R was an
effective tracer for identifying CO, emissions from
southern Africa with peaks in*?Rn and CO, often
correlated, and the greatest flux of CO, occurring in
August. Aerosols with an anthropogenic mineralogical
composition measured on Amsterdam Island were also
associated with high ?*?Rnconcentrations [Gaudichet et
al, 1989]. These results suggest that radon is an effective
air mass tracer and indicate that continental air can be
detected 5000 km from southern Africa. The fact that the
favored boundary layer transport conditions occur most
frequently during southern hemispheric winter and early
spring likely redice the potential impact of southern
African emissions on Amsterdam Island, since removal
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Fig. 17. Concentration distributions of (a) NOy™, (b) nss
SO,”, and (c) precipitation amount by radon classification.
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conditions (surface wind speeds, wave heights and
precipitation frequency) are maximized during this part of
the year.

4. Conclusions

In conclusion, we find that precipitation on Amsterdam
Island is composed of sea salt and a small but variable
acid component. There is no apparent dominant acid, and
results indicate that carbaxylic acids, H,SO,, and perhaps
HCI may contribute significantly to the acidity of
precipitation at this remote location. Variability in
composition was investigated over a range of temporal
scales from annual to seasonal and within seasons based
on differences in transport. Seasonal variability has been
related to temporally varying source strength (e.g., marine
biogenic sources for nss SO,”, garbaxylic acids, and NH,*,
and continental combustion sources for NO,", a portion of
nss SO,", and perhaps nss CI'). Meteorologically-driven
differences in "effective” source strength and source region
have also been identified.

Within seasons, different transport patterns have been
identified by cluster analysis. Variability with transport
suggests the clusters defined by flow from Madagascar and
southeast Africa and the NE are important source regions
for nss SO,” and NO;~, although composition was variable
even for events that arrive from similar regions. Radon
was shown to be a useful tracer for NO;™ transported from
continental source regions during the cold season (April-
September). Inter-annual variations in nss SO,” appear to
be related to variability in large-scale circulation as a
result of air masses arriving from different source regions.
These changes in circulation defined by different states of
the Southern Oscillation may also affect source strength of
DMS emissions through the variable influence of
meteorological parameters like wind speed and sea surface
temperature.

Given the variability in composition at even a remote site
like Amsterdam Island, the characterization of
concentrations or depositions as "background levels"
should be treated carefully. The importance of marine
processes in controlling the chemistry of nss SO, ,
carboxylic acids, and nss CI' must be considered when
comparing the precipitation composition of this location to
continental regions. Furthermore, it is important to
consider that extreme events can make a significant
contribution to both average concentrations and total
depositions. On the basis of transport patterns and
tracers, there are conditions under which the impact of
anthropogenic emissions from Africa can be identified on
Amsterdam Island. Given that this continental influence
varies seasonally, and potentially annually, suggests the
need for the concept of a dynamic background
composition. Recognizing that we can in fact account for
the processes influencing observed variability, our results
suggest Amsterdam Island is an excellent site for
characterizing the composition of remote marine
precipitation.
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