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Chemistry of Precipitation From a Remote, Terrestrial Site in Australia 

GENE E. LIKENS, ! WILLIAM C. KEENE, 2 JOHN M. MILLER, 3 AND JAMES N. GALLOWAY 2 

Wet-only rain samples were collected and chemically analyzed during 1980-1984 at Katherine, Aus- 
tralia, as part of the Global Precipitation Chemistry Project. Rainfall averaged 104 cm/yr and ranged 
from 74.6 cm in 1982-1983 to 135.7 cm in 1983-1984. Total cation concentration was about 29 #eq/L. 
The volume-weighted mean H + concentration expressed as pH was 4.73, 64% of the free acidity was due 
to organic acids (formic and acetic). The pH due to strong mineral acids only was 5.08. Air mass 
trajectories during the wet season were predominantly from the northeast (51%), and this trajectory was 
most important in terms of deposition. Although there is a high frequency of lightning during the wet 
season, no evidence was found that it contributed significantly to the nitrate concentration in rain. 
Because concentrations decreased markedly with amount of precipitation, the total deposition of dis- 
solved substances was not correlated directly with the amount of rain. Comparisons were made between 
the chemistry of rain at Katherine and with other remote areas and with the eastern United States. 

INTRODUCTION 

There are relatively few data on the chemistry of precipi- 
tation in remote, continental sites, particularly in the southern 
hemisphere [e.g., Hutton and Leslie, 1958; Visser, 1961; Wetsel- 
aar and Hutton, 1963; Probert, 1976; Westman, 1978; Lewis, 
1981; Galloway et al., 1982, 1985; Kellrnan et al. 1982; Hutton 
1983; Keene et al., 1983; Keene and Galloway, 1984b; Hendry 
et al., 1984; Noller et al., 1984, 1985a, b; Ayers and Gillett, 
1987]. However, such data offer large potential for clarifying 
the effects of urban, industrial, and agricultural emissions on 
the chemistry of precipitation, as well as for understanding the 
processes that control the chemical composition of the atmo- 
sphere in remote regions. There currently is much interest in 
such questions because of the political and economic rami- 
fications of air pollution in the northern hemisphere [e.g., Gal- 
loway et al., 1984]. 

As part of the Global Precipitation Chemistry Project 
(GPCP), data have been collected and analyzed since 1979 at 
various sites to determine what biogeochemical factors regu- 
late the chemical composition of precipitation in continental 
and marine areas remote from industrial and agricultural in- 
fluences [Galloway et al., 1982]. The study is designed to 
evaluate the background or natural composition of rain and 
snow and to infer what precipitation chemistry may have been 
like in the North Temperate Zone prior to major influences 
from fossil-fuel combustion. Currently, precipitation is being 
collected as a part of the GPCP at Amsterdam Island in the 
South Indian Ocean; Torres del Paine, Chile; Cape Point and 
Kruger Park, South Africa; Katherine, Australia; Mauna Loa, 
Hawaii; and on ships of opportunity in the Atlantic and Pacif- 
ic Oceans. Previously, samples were collected under the 
GPCP at Poker Flat Research Range, Alaska; St. George's 
Biological Station, Bermuda; and San Carlos de Rio Negro, 
Venezuela. 

Because of the length of record and other characteristics, 
the marine site on Amsterdam Island [Galloway and Gaudry, 
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1984] and the continental site at Katherine, Australia, have 
become particularly informative locations within the GPCP. 
This paper will report on data from the Katherine site during 
1980 through 1984, will relate these data to air mass trajec- 
tories, and will compare them to data from other remote 
areas. 

STUDY SITE AND COLLECTION PROCEDURES 

The Katherine site is located in northern Australia, about 
275 km southeast of Darwin, at a research station operated by 
the Commonwealth Scientific and Industrial Organisation 
(CSIRO) Division of Tropical Crops and Pastures. The site is 
at 14ø28'S, 132ø18'E, is at an elevation of 108 m, and is sur- 
rounded by tropical savannah, including scattered eucalyptus 
trees and numerous ant and termite mounds. 

Annual precipitation at Katherine averaged about 104 cm 
during the period of our study, with a distinct wet (November 
through April) and dry (May through October) season. The 
dry season of this monsoonal climate is characterized by 
southeasterly trade winds, whereas in the wet season, particu- 
larly during January and February, north-northwesterly equa- 
torial winds predominate [Gentilli, 1971]. 

There is extensive burning of the savannah vegetation in the 
Katherine area each year during the dry season. Fires are 
started naturally (e.g., by lightning), by aborigines (see, for 
example, Haynes[1985]), and for agricultural purposes. The 
Australian monsoon is accompanied by a high frequency of 
lightning flashes, and fires started in this way are usually al- 
lowed to burn themselves out [Ayers and Gillett, 1987]. How- 
ever, little burning occurs during the wet season (see also, 
Wetselaar and Hutton [1963]). According to the Brush and 
Fire Council in Katherine, approximately 70% of the area is 
burned each year. 

The general protocol for sample collection and analysis is 
given by Galloway et al. [1982]. Procedures for collection and 
analysis of organic acids are given by Keene et al. [-1983]. 
Volume-weighted mean (VWM) values for inorganic constit- 
uents are calculated according to Galloway et al. [1984] and 
those for organic constituents are calculated according to 
Keene and Galloway [1984a]. Volume-weighted mean pH or 
arithmetic mean pH refer to volume-weighted or arithmetic 
mean H + concentration expressed as pH. Samples of precipi- 
tation were collected on an event basis with an Aerochem 

Metrics, automatic wet-only collector, using clean, acid- 
washed polyethylene containers. When a sample was collected, 
the pH was measured immediately by the technician at the 
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site. If sufficient volume remained, the sample was divided into 
two 250-m/aliquots. Chloroform was added to one aliquot to 
prevent biological activity and the other aliquot was untrea- 
ted. Both aliquots were shipped to our laboratory at the Uni- 
versity of Virginia in Charlottesville for detailed chemical 
analysis. 

RESULTS 

Amount of Precipitation 

The amount of precipitation at the Katherine site is mea- 
sured by personnel of the CSIRO Katherine Research Station 
using a standard Australian National Rain Gauge and a stan- 
dard Weather Measure Rain Gauge. An average of 104.4 _+ 
12.8 cm of rain fell during the wet season of each year for the 
period 1980-1984. However, there were large differences be- 
tween the years' 97.1 cm in 1980-1981' 110.4 cm in 1981-1982; 
74.6 cm in 1982-1983, the driest year' and 135.7 cm in 1983- 
1984, the wettest year (Table 1). There also were major differ- 
ences in average monthly precipitation during the wet seasons 
(Figure 1). No rain was recorded during September and Oc- 
tober of 1982 and only 53.2 mm was measured in January 
1983. These extremely low amounts were due to the world- 
wide influence of a very strong E1 Nifio phenomenon which 
occurred during this period [Rasmusson and Wallace, 1983]. 
September, October, and April had markedly less rainfall than 
during the remainder of the wet season (Figure 1). There was 
no statistically significant difference in amount of average 
monthly rainfall between December, January, February, and 
March, although the mean value for January was the highest 
during the year. Some 470 mm of rain were measured during 
January 1984 of the wet year of 1983-1984' 133 mm of rain 
fell on January 1, 1984. The amount of rainfall in November 
was intermediate between the onset months of the wet season 

(September and October) and the wetter months. 

Data Base 

The total number of precipitation samples collected at Ka- 
therine and chemically analyzed is given in Table 2. Two 
hundred and twenty-seven samples had sufficient volume for 
measurement of pH at the field site. Because aliquots of sam- 
ples not treated with a biocide were chemically unstable, sub- 
sequent evaluations concentrate primarily on data generated 
from the treated aliquots. Of the 181 treated aliquots analyzed 
chemically at the University of Virginia, precipitation gauge 
readings were recorded for 178. Of these, 158 aliquots had 

TABLE 1. Precipitation at the Katherine Station During the Wet 
Seasons of 1980-1981 Through 1983-1984 

1980-1981 1981-1982 1982-1983 1983-1984 • ñ s• 

Sept. 0 43.2 0 9.4 13.1 ñ 10.3 
Oct. 1.6 36.0 0 49.0 21.6 ñ 12.3 
Nov. 111.6 151.0 47.8 119.8 107.6 ñ 21.6 
Dec. 183.0 139.6 277.0 134.6 183.5 ñ 33.0 
Jan. 380.1 208.0 53.2 470.0 277.8 ñ 92.5 
Feb. 269.8 288.5 145.1 157.6 215.2 ñ 37.2 
March 24.8 237.4 147.8 416.4 206.6 + 82.4 

April 0 0.2 75.4 0 18.9 ñ 18.8 
Total 970.9 1103.9 746.3 1356.8 1044 ñ 127.6 

All precipitation is stated in millimeters; precipitation measured 
132.6 mm on January 1, 1984; 12.0 mm in May 1980; no rain after 
March 13, 1981; 2.6 mm in May 1981 and 12.8 mm in June 1981; 0.2 
mm on April 18, 1982; 90 mm on November 18, 1980. There were two 
events in October 1980. 
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Fig. 1. Average monthly amounts (in centimeters and standard 
error bars for precipitation at Katherine, Australia, during 1980-1984. 

sufficient volume for analysis of all major inorganic chemical 
constituents while organic anions were measured in a subset 
of 107 aliquots. Relationships between the loss of free acidity 
in untreated aliquots (AH + = Hfiel d + - H•a b +) and the corre- 
sponding measured concentrations of dissociated organic 
anions (•;RCOO-) in treated aliquots allowed us to estimate 
the concentrations of dissociated organic anions for the 51 
samples in which these compounds were not measured directly 
[Keene et al., 1983]. Specifically, •ERCOO- was plotted 
against AH + for all samples with sufficient data (Figure 2). 
Because it provides the best representation of the linear re- 
lationship between two independent random variables that are 
subject to measurement error, the technique of reduced major 
axis was used to calculate the slope and intercept parameters 
[Miller and Kahn, 1962; Sokal and Rohlf, 1981; Hirsch and 
Gilroy, 1984]. Dissociated organic anions (•ERCOO-= 
HCOO- + CH3COO-) were estimated from the resulting re- 
gression, 

ZRCOO- = (1.04 x AH +) + 2.82 (1) 

and were included in the ion-balance calculations for subse- 

quent quality control determinations. The standard error of 
the slope was _+ 0.02 and that of the intercept was +0.34. 

The data base was then evaluated to exclude samples with 
probable analytical errors. Initially, of the 158 treated samples, 
29 samples had ion imbalances exceeding _ 5#eq/L or _ 25 %. 
Because unmeasured acids appear to be important sources of 
acidity in precipitation at Katherine [Keene et al., 1983], ad- 
ditional tests were required to further evaluate those question- 
able samples. Following the procedures of Keene et al. [1983], 
total acidities were titrated in 10 of the 29 samples. To identify 
unmeasured anions, measured total acidities (TAm) were com- 
pared with total acidities (TAc) calculated from all other mea- 
sured chemical constituents in the treated aliquots. The equi- 
librium concentrations of NH 3 and NH,, + at the end of the 
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TABLE 2. Summary of Samples Collected at Katherine, Australia, 
Between November 18, 1980, and March 28, 1984 

Description of Sample Number 

Collections and field analyses 
A1. Total number of collections 232 

A2. Samples with sufficient volume for field pH 227 
A3. Number of A2 with gauge readings 224 

Untreated aliquots received at University of Virginia 
B1. Total number of aliquots received (for small- 194 

volume events corresponding to samples K1 
through K171, only untreated aliquots were sent 
to the University of Virginia) 

B2. Number of B1 with gauge readings 192 
B3. Number of B2 with complete inorganic analyses 142 

(as of sample K182, complete analysis of untrea- 
ted aliquots was discontinued) 

Treated aliquots received at University of Virginia 
C1. Total number of aliquots received (for small- 181 

volume events corresponding to samples K172 
through K227, only treated aliquots were sent to 
the University of Virginia) 

C2. Number of C1 with gauge readings 178 
C3. Number of C2 with complete inorganic analyses 158 
C4. Number of C2 with complete organic and inor- 107 

ganic analyses (K76 through K227) 
C5. Number of C2 with dissociated organic anions 51 

estimated from AH + (K1 through K75) 
C6. Number of C2 with total acidities titrated (K76 37 

through K119) 

Quality Assurance Evaluation 
D1. Number of C3 with ion imbalances greater than 29 

_ 5 #eq/L or _ 25% (includes C5 estimates) 
D2. Number of D1 with differences between the 10 

anion deficit and a ATA (measured total acid- 
ity- calculated total acidity) less than 5 #eq/L 
(this indicates unmeasured anions) 

D3. Number of D1 with differences between anion 8 

deficits in treated and untreated aliquots less 
than 5 #eq/L (total acidities were not measured 
in these samples but the presence of a residual, 
nonbiologically active anion deficit in both ali- 
quots suggest unmeasured anions) 

D4. Removed from data base C3 11 

Summary Data Set 
El. Total number of field pH measurements with 224 

gauge readings 
E2. Total number of treated aliquots with gauge 167 

readings (excluding D4) 
E3. Total number of E2 with complete inorganic 147 

analyses 
E4. Total number of E2 with complete organic and 101 

inorganic analyses (K76 through K227) 
E5. Total number of E2 with dissociated organic 46 

anions estimated from AH + (K1 through K75) 

titrations were calculated from the initial concentrations of 

NH4 + measured in the samples, the equilibrium pK a of 9.25 
[Butler, 1964], and the end point pH of 9.00, using the re- 
lationship of Keene and Galloway [-1984a]. 

where 

TAc = C•'•Eorg q- '•'•Zlinorg q- NH3)- ('•'•Cbase q- NH4 +) (2) 

'y'•Aorg-- HCOOtotal q- CH3COOtota 1 

Y'•Ainorg = SOo,: q- NO 3 - + C1 - 

Y:Cbase = Ca ++ + Mg ++ + Na + + K + 

and NH 3 and NH• + are equal to the total dissociated and 

total undissociated amounts at end of titration (pH 9.00), re- 
spectively. 

A TA = TA m -- TA c (3) 

If all major chemical constituents had been accurately mea- 
sured, ATA would equal 0, whereas positive A TA would indi- 
cate the presence of unmeasured anions. The value of A TA 
was then compared with the anion deficits (Ecations- 
E anions) in treated and untreated aliquots for these 10 sam- 
ples (Table 3). In all 10 cases, A TA was positive and within 
ñ3 •eq/L of anion deficits in treated aliquots. These data 
suggest that ion imbalances for the 10 samples resulted from 
unmeasured anions rather than random analytical errors, and 
therefore these samples were retained in the data base. Sys- 
tematic bias also could have accounted for these relationships, 
although quality control evaluations indicated that such 
errors were unimportant [Galloway et al., 1982]. 

Total acidities were not titrated in the remaining 19 ques- 
tionable samples. However, a comparison between treated and 
untreated aliquots in Table 3 revealed that for eight out of the 
10 samples, differences between corresponding anion deficits 
were within ñ 5 •eq/L. These relationships support the specu- 
lation that the unmeasured acids were resistant to biological 
transformation, and also provide an indirect, but admittedly 
somewhat imprecise, method for differentiating random ana- 
lytical errors from actual unmeasured anions in the remaining 
19 aliquots. For eight of these 19 samples, anion deficits in 
treated and untreated aliquots were within ñ5 •eq/L and, 
based on the previous discussion, we believe that these re- 
lationships indicate the presence of unmeasured anions. These 
eight samples were therefore retained in the data base, while 
the remaining 11 samples were removed. The numbers of sam- 
ples comprising the final data base evaluated in this paper are 
summarized in Table 2. 

We realize that some of the decisions regarding data quality 
may seem somewhat arbitrary. These data, however, do sug- 
gest that unmeasured anions are important chemical constit- 
uents of some samples, and as such, ion balances cannot be 
considered as absolute quality control criteria. In our opinion 
this protocol represents a reasonable compromise between the 
retention of samples with accurate, though incompletely 
characterized, compositions and the removal of those which 
exhibit probable analytical errors. 

Copies of the raw data are available upon request from the 
authors. 

Precipitation Chemistry 

The 147 samples with complete inorganic chemical analyses 
represent 71% of the total rainfall during the period (74% 
during 1980-1981; 75% during 1981-1982; 81% during 1982- 
1983 and 61% during 1983-1984). Yearly averages are com- 
puted from July through June to include the complete wet 
season. The chemical composition of precipitation at Ka- 
therine is given in Table 4a, for all chloroform-treated aliquots 
(N = 167); Table 4b, for treated aliquots with complete inor- 
ganic analyses (N = 147); and Table 4c for all samples with 
complete analyses for both organic and inorganic constituents 
(N= 101). 

Electrical conductivity of rain at Katherine ranged from 2.4 
to 32 /•S/cm. Hydrogen ion was the dominant cation and 
formate was the dominant anion in precipitation. Chloride 
was the dominant inorganic anion. Annual VWM con- 
centrations varied from year to year for the various ions 



13,302 LIKENS ET AL.' PRECIPITATION CHEMISTRY IN AUSTRALIA 
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Fig. 2. The relationship between the •RCOO- (HCOO- + CH3COO- ) and AH+(Hfield + -- Hlab +) in all samples with 
sufficient data. 

(Figure 3), but in general they were lower during the wet year 
(1983-1984) and higher during the dry year (1982-1983). 
When plotted as a function of the amount of annual precipi- 
tation, VWM concentrations for all constituents exhibited a 

decreasing trend (Figure 4), suggesting that dilution might be 
an important factor controlling the ionic strength of precipi- 
tation at Katherine. Variability in these trends indicates, how- 
ever, that other factors such as variations in source areas and 

source strengths also must be important. For example, the 
number of air mass trajectories from the NW sector for a 
given period increased directly with the amount of rainfall; 
there were three NW cases in 1982-1983 when the rainfall 

amount was the lowest, and 15 cases in 1983-1984 when the 
rainfall amount was the highest (see Table 1). 

The various ions can be grouped roughly into four different 

TABLE 3. Comparisons Among Anion Deficits in Treated 
Aliquots, Anion Deficits in Untreated Aliquots, and 

Differences Between Measured and Calculated 

Total Acidities in Treated Aliquots of 
Precipitation Collected at Katherine, 

Australia 

Anion Deficits A Total Acidity 

Sample Untreated Treated (Measured - Calculated) 

K85-C 15.2 17.6 20.3 

K86-C 5.0 5.6 5.0 

K99-C 10.7 5.2 5.4 

K101-C 6.8 11.8 14.1 

K106-C 9.8 6.4 4.8 

K107-C 9.8 5.4 3.4 

K112-C 8.2 8.8 8.7 

K113-C 5.6 9.8 9.3 

K 114-C 13.4 5.0 7.0 
K119-C 5.5 8.4 9.3 

All values are given in microequivalents per liter. 

patterns (see Figure 4, although groupings there are done ac- 
cording to different scales of VWM concentration for clarity 
of presentation). 

1. The VWM concentration of nitrate showed a strikingly 
linear, inverse relationship with amount of precipitation. 

2. VWM concentrations of H + and NH4 + showed a more 
variable, inverse relationship with amount of precipitation. 

3. Formate, acetate, and K + had generally decreasing 
VWM concentration with increased amount of precipitation. 

4. The base cations Ca ++ , Mg ++, and Na +, and the 
anions SO4 = and C1- had the highest VWM concentrations 
during 1980-1981 (not the driest year). 

Soil particles are likely sources for portions of these constit- 
uents; during 1980-1981 the air mass trajectories coming from 
the SE were 39 (1982-1983) to 130% (1981-1982 and 1983- 
1984) more common than in the other three years. This in- 
crease in flow from the interior of the continent may have 
increased the crustal component in the atmosphere, leading to 
higher concentrations of associated ions in precipitation 
during 1980-1981. This speculation is consistent with the 
lower VWM concentrations of hydrogen ion measured during 
1980-1981 (Figure 4). Carbonate from increased soil dust 
could have neutralized a portion of the acidity resulting in the 
observed inverse trend. 

Organic ions dominated the anions in all years, although 
chloride was approximately the same concentration as organic 
ions in 1980-1981. The nitrate VWM exceeded the sulfate 

VWM in 2 of the 4 years (Figure 3). 
The average pH of rain at Katherine during 1980-1984 was 

4.73 (lab value). A maximum of 64% of this free acidity was 
contributed by organic acids (Table 4b). The volume-weighted 
field pH for the entire data set (N- 224) during 1980-1984 
was 4.76. The frequency of all field pH values collected at 
Katherine during 1980-1984 is shown in Figure 5. The pH 
values were normally distributed, with 62% of the samples 
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TABLE 4a. Volume-Weighted Means, Minimums, and Maximums for all Chloroform-Treated Aliquots of Precipitation from Katherine, 
Australia, During 1980-1984 

H + H + HCOO T CH 3 COO T 
(Field) (Lab) Ca + + Mg + + Na + K + NH4 + NO 3- SO,, = Cl- [HCOOHaq + HCOO-] [CH3COOHaq q- CH3COO--I 

VWM 16.9 18.4 1.9 1.4 4.5 1.1 2.9 4.1 4.0 8.0 10.5 4.2 

Minimum 2.5 3.8 <2 <0.3 <0.4 <0.5 0.2 <0.3 <0.4 0.6 0.2 0.2 

Maximum 60.3 72.4 54.1 47.9 64.9 220 31.8 25.1 24.6 180 50.2 15.8 
n 167 166 155 155 155 155 157 156 159 152 114 114 

All values are given in microequivalents per liter. 

between pH 4.25 and 5.25. Some 25% of the samples had a pH 
between 4.50 and 4.75. One sample, collected on November 
18-19, 1982, had a field pH of 3.88 and a laboratory pH for an 
untreated aliquot of 4.01. There was only 1.3 mm of precipi- 
tation in this sample, and no other chemical analyses were 
done. G. Ayers (unpublished data, 1986) measured a pH of 
3.74 on November 13-14, 1985, in Katherine for a 3.1 mm rain 
event. In general, the low pH values measured at Katherine 
were correlated with very small amounts of rain (few tenths of 
a cm, Figure 6). 

Organic acids (mostly formic and acetic) were the major 
source of free acidity in most samples. On an annual basis 
they constituted 68% of the free acidity in 1980-1981, 57% in 
1981-1982, 74% in 1982-1983, and 60% in 1983-1984. Con- 
centrations of organic acids were generally greater during the 
early part (September through November) of the wet season 
and were markedly lower during the latter part (January 
through March) of the wet season (Figure 7) when amounts of 
precipitation were greater (Figure 1). Organic acids contrib- 
uted some 93% of the measured acidity in one sample col- 
lected in April 1983. 

In an airborne study done in November 1985, G. Ayers 
(unpublished data, 1986) and colleagues collected more than 
30 samples of cloud water near Katherine with an arithmetric 
mean pH of 3.81. Concentrations of formate and acetate in 
these samples "... were commensurately high." 

Our analysis identified two classes of unmeasured chemical 
constituents which influence the acidity of precipitation at Ka- 
therine. Anion deficits for the 101 samples in this study, which 
were analyzed for all major identified organic and inorganic 
chemical constituents (Table 4c), indicate that unmeasured 
acids contributed a maximum of 16% (2.7 #eq/L) of the free 
acidity measured in treated aliquots in our laboratory in 
Charlottesville. These more recent results are consistent with 

previous observations by Keene et al. [1983] and support the 
hypothesis that as yet unidentified acids may be important 
sources of acidity in precipitation at Katherine. Possible un- 
measured proton donors include pyruvic acid [Andreae et al., 
1987], propionic acid [Chapman et al., 1986], oxalic acid 
[Norton et al., 1983], and methane-sulfonic acid [Andreae and 
Andreae, 1987]. 

A second class of unmeasured species was deduced from 
observed changes in chemical composition during shipment to 
the analytical laboratory in Virginia. The free acidities of 
treated aliquots consistently increased between measurement 
at the field site and at the analytical laboratory. On a volume- 
weighted basis, laboratory H + was 1.4 #eq/L greater than 
field measurements for the 147 treated aliquots (Table 4b). 
Field blanks and laboratory blanks stored in sample bottles 
showed no corresponding changes in free acidity, indicating 
that contamination of samples during shipping a•:d storage 
did not result in biased measurements at the analyti.•,•al labora- 
tory. Field measurements were verified with blind audit solu- 
tions of dilute acid that were periodically sent to the site oper- 
ator. Results showed no significant measurement bias. When 
normalized for the loss of free acidity associated with micro- 
bial transformation of organic acids in untreated aliquots, in- 
creases in free acidity also were evident in these aliquots 
(Figure 2). If the disappearance of organic acids were the only 
process changing H + concentrations, the regression of 
ERCOO- versus AH + would have a slope of 1.0 and an 
intercept of 0.0. At 95% confidence the slope of 1.04 is not 
significantly different from 1.0, but the intercept 2.82 is signifi- 
cantly different from 0.0. Because this effect is evident in both 
treated and untreated aliquots, we speculate that the reaction 
is not associated with biological activity. One possible mecha- 
nism which could explain this observation is the oxidation of 
bisulfite to sulfate (e.g., see Dana [1980]; Jacob [1986]) as 
follows: 

HSO 3 - + H202 + H + --• SO4 = + 2H + + H20 (4) 

We have no experimental evidence with which to test this 
speculation, and other reactions are therefore possible. This 
effect is another as yet unexplained aspect concerning the 
chemistry of precipitation at the Katherine site. 

Deposition 

The deposition of dissolved substances in rainfall is the 
product of the concentration times the amount of rainfall. On 
a mass basis, deposition of chloride and sodium exceeded all 
other dissolved substances in rainfall (Table 5). In addition, 

TABLE 4b. Volume-Weighted Means, Minimums, and Maximums for 147 Chloroform-Treated Samples of Precipitation With Complete 
Inorganic Analyses From Katherine, Australia, During 1980-1984 

H + H + 

(Field) (Lab) Ca + + Mg + + Na + K + 
Dissociated Organic Anions 

NH½ + NO 3- SO½ = Cl- (101 Measured + 46 Estimated) 

VWM 16.9 18.3 1.7 1.3 4.3 0.9 2.9 4.0 3.9 7.7 11.8 
Minimum 2.5 3.8 < 2 < 0.3 < 0.4 < 0.5 0.2 < 0.3 < 0.4 0.6 0.2 
Maximum 60.3 72.4 50.3 15.4 64.9 60.3 28.5 25.1 24.6 84.9 47.7 

All values are in microequivalents per liter. Total precipitation represented: 297.8 cm; sum of cations = 29.4 tteq/L; sum of anions = 27.4 
tteq/L. 
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TABLE 4c. Volume-Weighted Means, Minimums, and Maximums for 101 Samples of Precipitation With Complete Inorganic and Complete 
Organic Analyses From Katherine, Australia, During 1980-1984 

H + H + 

(Field) (Lab) Ca + + Mg + + Na + K + NH,• + NO 3- SO,•= Cl- HCOO- HCOOtota I CH3COO- CH3COOtota I 

VWM 15.5 17.1 1.5 1.0 3.3 0.8 2.8 3.6 3.0 6.1 9.6 10.5 2.1 4.2 
Minimum 2.5 3.8 < 2 < 0.3 < 0.4 < 0.5 0.2 < 0.3 0.4 0.6 0.2 0.2 0.1 0.2 
Maximum 53.7 61.7 21.3 15.4 51.0 60.3 28.5 25.1 12.0 78.4 37.2 50.2 4.3 15.8 

All values are in microequivalents per liter. Total precipitation represented: 207.2 cm' sum of cations = 26.5 #eq/L' sum of anions = 24.4 
tteq/L. 

approximately 100 mg N/m 2 per year and 60 mg S/m 2 per 
o year were input to the landscape of Katherine from rainfall 

during 1980-1984. About 40% of this inorganic nitrogen was 
provided by NH 4-- N and 60% by NO3-N. Because 
organic N was not measured, total deposition of nitrogen is 
underestimated by some unknown amount in our data. 

Maximum rates of deposition for most species occurred 
during December and January (Figure 8), although maxima in 
precipitation amounts were observed during January through 
March (Table 1). These observations suggest that source 
strengths for chemical constituents in precipitation at Ka- 
therine may decrease during the latter months of the wet 
season. This decrease may reflect different source regions for 
air masses generating precipitation at the site, associated with 
a shift from easterly trades to a westerly monsoon (see follow- 
ing section). 

Classification of Air Mass Trajectories 

The air trajectory model developed at the Air Resources 
Laboratory of the National Oceanic and Atmospheric Admin- 
istration (NOAA) was used to calculate back trajectories from 
Katherine during our study [Harris, 1982]. The model, which 
is intended for use in evaluating transport on a regional, conti- 
nental, or global basis, can produce forward or backward tra- 
jectories in time from any point of origin in the world. Input 
data used in this version of the model are the National 

Meteorological Center's (NMC) gridded winds which, in the 
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data-sparse southern hemisphere, are derived from the NMC 
model. 

The Katherine back trajectories summarized in this paper 
cover four wet seasons (October to April) from 1980 to 1984. 
Trajectories were calculated 10 days back in time at the 850- 
hPa level. The calculations were made twice a day at 0000 and 
1200 UT. An example of a back trajectory from Katherine is 
shown in Figure 9, along with the procedure for classifying the 
Katherine trajectories. Since the main flow patterns tend to be 
either easterly (trade winds) or westerly (monsoons), a division 
was made north and south relative to Katherine. To dis- 

tinguish also between possible continental and maritime 
sources, four main categories were decided upon (NW, NE, 
SW, and SE), and the lines dividing these sectors were drawn 
to maximize the continental and marine differences, as shown 
in Figure 9. Because of transitions between sectors, a fifth 
category was established for those cases in which the trajec- 
tories were in more than one of the above categories; this 
category was designated by "T." Owing to data gaps, some 
trajectories could not be calculated. All trajectories (N - 1698) 
for the period of interest were classified using the above 
scheme. The percentages were as follows: NW, 13%; SW, 4%, 
SE, 14%; NE, 51%; T, 7%; and missing, 11%. The con- 
clusion from this analysis was that easterly trades were impor- 
tant at the beginning and at the end of the wet season, while 
the westerly monsoon dominated in January, February, and 
March during 1980-1984. It also should be noted that during 
trades flow, precipitation comes from local convective storms, 
whereas the monsoons bring more widespread and organized 
precipitation events. The flow was somewhat atypical, es- 
pecially during 1982-1983, because of the disruption of the 
general circulation by the E1 Nifio phenomenon during the 
period [Rasmusson and Wallace, 1983]. 

From the above set of trajectories, a subset was formed of 
those that could be associated with the precipitation events 
sampled at the site. The percentages of this subset by category 
are as follows: NW, 29%; SW, 3%; SE, 7%; NE, 37%; T, 
15%; and missing, 9%. 

Relation of Precipitation Chemistry to 
Air Mass Trajectories 

Volume-weighted mean concentrations were calculated for 
all rainfall events during 1980-1984 that occurred in each tra- 
jectory class (Table 6). Eastern storms (Class 3 and 4) gener- 
ally had higher levels of Ca ++ , K +, SO4 =, H +, NH• +, 
NO3-, and CI-, and statistically significant higher con- 
centrations of organic anions than did western storms (Class 1 
and 2). Storms in the northwest sector generally had the lower 
acidities and lowest concentration of organic anions. Rela- 
tively little difference in chemistry was observed between 
northern trajectories (Class 1 and 4) and southern trajectories 
(Class 2 and 3), except that Ca + +, Mg + +, K +, and NH• + 



LIKENS ET AL.' PRECIPITATION CHEMISTRY IN AUSTRALIA 13,305 

30'r 
1982-83 1980 -81 1981-82 1983-84 
I I I I I I I 

H + : : 

• HCOOT • 
CH3COO T x• 

7(•0 8•)0 91•0 1(•00 11•)0 12'00 1:•00 1400 

1982-83 1980-81 1981-82 1983-84 
i ! [ i ! i 

_ 

CI s 

Na + • 

o--•,• , 
0 zoo 9)0 ioo 3'00 400 

7.5 i i i i i i 

• NO:• -- 
. 

. 

71•0 8•)0 9•0 10•30 11b0 1•00 1•00 1400 

Amount of Precipitation (mm/yr) 

3 

2 

1' 

O- 

i i i [ i i i 

Ca + + _- = 

• Mg ++ o----• 

--• 7•0 81•0 91•0 10'00 11'00 1•00 1:•00 1400 
Amount of Precipitation (mm/yr) 

Fig. 4. Relationships between annual volume-weighted means (VWM) and precipitation amount in samples of precipi- 
tation collected at Katherine, Australia. For clarity the chemicals are grouped and plotted according to different scales of 
VWM concentration rather than by pattern (see text). (N for inorganic ions = 147; N for organic anions = 101). 

were somewhat higher in the southern, more terrestrial trajec- 
tories, and Na +, and to a lesser extent, C1- were higher in the 
northern, more marine trajectories (Table 6). Storms from the 
northeast trajectory had concentrations appreciably higher 
than those from the northwest, especially for organic anions 
and nitrate. In general, however, there were not large (order of 

magnitude) differences in the concentrations of inorganic ions 
between any of the trajectory classes. No trajectory classes 
contained high concentrations of sea-salt constituents. 

The average deposition of chemicals in meq/m 2 (Table 7) 
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Fig. 5. Frequency of field pH values for all samples analyzed 
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Fig. 7. Volume-weighted monthly concentrations of various ions 
in precipitation in Katherine, Australia (N = 147). Only one sample 
was available for September and April and only two for October. 
Estimated concentrations for dissociated organic anions are included 
(see text). 

associated with the various trajectory classes was calculated 
by multiplying the VWM concentrations (Table 6) times the 
appropriate amount of precipitation. In every respect the 
northeast trajectory (Class 4) was the most important in terms 
of average deposition to the landscape around Katherine. In 
sharp contrast, the southwestern trajectory (Class 2) provided 
at least an order of magnitude less deposition of water and 
dissolved substances than the northeast trajectory, except for 
Ca + + and K + (Table 7). Comparing the two most important 
classes (NE = Class 4 and NW = Class 1), the NE provided 
about twofold more Ca + +, Mg + +, Na +, K +, SO½ =, and CI-, 
and about threefold to fourfold more NH½ +, NO3-, H +, and 
organic anions than did the NW trajectory. A portion of these 
differences in deposition can be explained by the fact that 1.24 
times more water fell in storms from the NE, as compared to 
those from the NW. 

Evaluating the effect of spatial scale on transport from 
marine and terrestrial source areas is complicated, in part, 
because eastern trajectories tended to be associated with more 
localized convective storms, whereas widespread, monsoonal 
rains were more common in northern sectors. Overall, the 

marine influence on chemistry in northern sectors appears to 

TABLE 5. Deposition of Dissolved Substances in Precipitation at 
Katherine, Australia, During 1980-1984 

VWM 

Substance 1980-1981 1981-1982 1982-1983 1983-1984 1980-1984' 

H + 16.6 22.6 19.0 17.5 19.4 
Ca + + 56.4 37.6 37.4 16.3 39.8 

Mg + + 22.4 16.1 18.1 9.9 17.8 
Na + 152 104 73.8 87.3 108 
K + 30.4 34.5 73.0 31.8 44.9 

NH,• -- N 27.2 48.0 57.6 32.4 42.5 
NO 3 -- N 61.2 60.3 75.2 28.5 59.9 
SO d - S 96.5 58.4 52.6 52.2 69.9 
C1- 389 282 254 231 296 

Organic C'• ... 146 234 155 184 

Values are in milligrams per square meter per year and are based 
on Table 4a. 

*VWM concentration times average precipitation (104.4 cm) during 
the period. 
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Fig. 8. Monthly deposition of various chemical constituents in 
precipitation at Katherine, Australia (N = 147). Organic species 
(ERCOO r = HCOO r + CH3COOT) were measured in only 101 of 
the samples. For comparative purposes, it was assumed that monthly 
volume-weighted concentrations of •RCOO r for the entire data set 
(N = 147) equaled those for the subset of 101 samples in which these 
species were analyzed. Organic species were not measured in the three 
samples collected during September and October. Units of deposition 
for •RCOO r are mmol/m 2. 

be small, whereas continental influences appear to predomi- 
nate in all four sectors. In addition, it appears that even a 
relatively short passage of air masses over densely vegetated, 
terrestrial ecosystems in the NE sector near Katherine, even 
though this sector is predominately marine, is of greater im- 
portance to the input of chemicals than long trajectories 
across deserts in the SW sector (see Tables 6 and 7). Some 
caution is warranted, however, because only five storms origi- 
nating from the SW sector were analyzed chemically. Appar- 
ently, long-distance transport is relatively unimportant for the 
major, chemical constituents in rainfall at Katherine. 

DISCUSSION 

Studies of precipitation chemistry are important for several 
reasons. They reflect the air chemistry for a region and pro- 
vide some measure of atmospheric pollution. Moreover, wet 
and dry deposition provide important inputs to natural eco- 
systems [e.g., Gorham, 1961; Likens et al., 1977]. These inputs 
may supply critical limiting nutrients such as nitrogen and 
phosphorus or potentially toxic constituents such as hydrogen 
ion, lead, or pesticides. The biological effects of these atmo- 
spheric inputs provide the major raison d'6tre for such studies. 

Although we collected rainfall at Katherine during only 
four wet seasons, we were fortunate to observe almost a two- 

fold difference in amount of precipitation (Table 1). Major 
differences in amount of monthly rainfall also occurred during 
individual wet seasons as well (e.g., Figure 1). Only a few 
samples were collected during the months of September and 
October, but these data would suggest that the early part of 
the wet season has higher average concentrations of the major 
chemical constituents (Figure 7). In contrast, the average con- 
centrations in January, February, and March (particularly 
January and February) were lower and much less variable. 
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Fig. 9. Back trajectories of winds for Katherine, Australia, calculated at the 850-hPa level (see text). 

The monsoonal rains were heaviest during this latter period 
(Figure 1), suggesting a dilution of ions in the atmosphere with 
increased rainfall. 

The wet season of 1983-1984 had more than 1.8 times 

greater rainfall than the wet season of 1982-1983 (Table 1). A 
major difference between these 2 years is shown by the 
amount of rainfall in January: January 1983 had 53.2 mm and 
January 1984 had 470 mm (8.8 times greater) of rainfall. Ac- 
cordingly, concentrations of H + were 2.2 times greater; Ca + +, 
9.3 times greater' Mg ++, 4.7 times greater' K +, 3.5 times 
greater; Na +, 4.1 times greater, NH½ +, 5.3 times greater; 
NO3-, 5.1 times greater; SO½ =, 2.0 times greater; CI-, 3.8 
times greater; and dissociated organic anions, 3.0 times great- 
er in January 1983 than in January 1984. 

The patterns of concentration and deposition for inorganic 

and organic ions relative to air mass trajectories (Tables 6 and 
7) suggest the following: 

1. Large amounts of sea salt are not transported long dis- 
tances. Other studies have reached the same conclusion 

[Junge and Werby, 1958; Eriksson, 1959, 1960; Stallard and 
Edmond, 1981]. 

2. The average deposition of water for storms from the 
NW sector (2.0 c-m) was similar to that for storms from the 
NE sector (1.9 cm), indicating that dilution effects may have 
accounted for only about 5% of the differences in con- 
centration of dissolved species between storms from these two 
sectors. This observation supports the hypothesis that relative 
to the NW, the NE region contains stronger sources for all 
species measured. 

3. The consistently higher concentrations of organic 

TABLE 6. Average Chemistry of Precipitation as Related to Air Mass Trajectory in Katherine, Australia, During 1980-1984 

Total Samples 
Number for 

Trajectory of Organic H + H + 
Class* Samples Anions (Field) (Lab) Ca + + Mg + + K + Na + NH,• + NO 3- C1- SO,• = HCOOT•' CH3COOT•' 

1 (NW) 42 32 9.4 11.3 1.4 1.0 
2 (SW) 5 4 15.4 15.9 0.9 2.2 
3 (SE) 10 6 19.9 22.0 3.4 1.6 
4 (NE) 55 36 23.8 24.5 2.4 1.5 
5 (transitory) 22 17 11.4 12.6 0.9 0.9 
6 (missing) 13 6 18.6 21.1 0.7 1.4 
1 + 4 97 68 17.4 18.6 1.9 1.3 
2 + 3 15 10 18.7 20.4 2.8 1.7 
1 + 5 64 49 10.1 11.8 1.2 1.0 

0.6 3.9 1.6 2.0 6.8 2.8 4.9(4.6) 2.3(1.4) 
0.4 2.5 2.2 4.9 5.7 2.2 10.3(9.5) 3.8(2.0) 
2.2 2.8 3.9 5.1 7.6 4.3 16.1(i4.3) 7.3(3.2) 
0.9 4.8 3.6 6.0 8.8 4.9 17.7(15.6) 6.6(2.8) 
0.7 4.7 2.2 2.5 6.5 3.4 9.0(8.5) 3.1(1.9) 
0.9 5.2 3.7 4.1 8.7 4.4 6.8(6.2) 3.2(1.5) 
0.8 4.4 2.7 4.2 7.9 4.0 10.7(9.7) 4.2(2.1) 
1.7 2.7 3.5 5.0 7.1 3.8 14.3(12.9) 6.2(3.0) 
0.7 4.1 1.8 2.2 6.7 3.0 6.0(5.7) 2.5(1.6) 

Volume-weighted concentrations are in microequivalents per liter. 
*See Figure 9. 
•'Numbers in parentheses represent the dissociated portion. 
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TABLE 7. Average Deposition as Related to Air Mass Trajectory in Katherine, Australia, During 1980-1984 

Trajectory 
Class* 

Total Samples 
Number of Precipi- 

of Organic tation, 
Samples Anions cm 

H + H + 

(Field) (Lab) Ca + + Mg ++ K + Na + NH,, + NO 3- Cl- SO,, = HCOOr•- CH3COOT' • 

1 (NW) 42 32 83.9 
2 (sw) 5 4 8.2 
3 (SE) 10 6 23.0 
4 (NE) 55 36 104.2 
5 (transitory) 22 17 40.4 
6 (missing) 13 6 38.2 
1 + 4 97 68 188.0 

2 + 3 15 10 31.2 

1 + 5 64 49 124.3 

7.89 9.48 1.17 0.84 0.50 3.27 1.34 1.68 
1.26 1.30 0.07 0.18 0.03 0.21 0.18 0.40 
4.58 5.06 0.78 0.37 0.51 0.64 0.90 1.17 

24.8 25.5 2.50 1.56 0.94 5.00 3.75 6.25 
4.61 5.09 0.36 0.36 0.28 1.90 0.89 1.01 
7.11 8.06 0.27 0.53 0.34 1.99 1.41 1.57 

32.7 35.0 3.57 2.44 1.50 8.27 5.08 7.90 
5.83 6.36 0.87 0.53 0.53 0.84 1.09 1.56 

12.5 14.7 1.49 1.24 0.87 5.10 2.24 2.73 

5.71 2.35 4.11 (3.86) 1.93 (1.17) 
0.47 0.18 0.84 (0.78) 0.31 (0.16) 
1.75 0.99 3.70 (3.29) 1.68 (0.64) 
9.17 5.11 18.4(16.3) 6.88 (2.92) 
2.63 1.37 3.64 (3.43) 1.25 (0.77) 
3.32 1.68 2.60 (2.37) 1.22 (0.57) 

14.8 7.52 20.1 (18.2) 7.90 (3.95) 
2.22 1.19 4.46 (4.00) 1.93 (0.94) 
8.33 3.7:7.46 (7.09) 3.11 (1.99) 

Chemical deposition values are in microequivalents per square meter. 
*See Figure 9. 
•'Numbers in parentheses represent the dissociated portion. 

anions in rainfall from the eastern sectors relative to the pat- 
tern for inorganic ions suggest a disproportionately greater 
source strength for dissolved organic substances in these sec- 
tors. 

4. The predominance of the deposition of inorganic ni- 
trogen species in the northeast sector suggests a larger source 
strength in that region. 

5. Greater concentrations of sulfate associated with east- 

ern sectors may reflect in part anthropogenic emissions, such 
as those from the Mt. Isa smelters to the southeast of Ka- 

therine (Figure 9). The greater concentration of sulfate in the 
eastern sectors is similar to the pattern for base cations, sug- 
gesting the possibility of a common crustal source as well. 
Wetselaar and Hutton [1963], Hutton[1983], and Probert 
[1976] all have suggested that plant residues and surface soils 
may influence rain chemistry in northern, tropical Australia. 

Potential Sources for Nitrogen and 
Sulfur 

Ayers and Gillett [1987] considered various sources of at- 
mospheric nitrogen and sulfur that could contribute to rain 
chemistry in tropical Australia. For nitrogen they considered 
lightning flashes and emissions from bush fires, soil, motor 
vehicles, and power plants as sources of NOx in the atmo- 
sphere. Emissions from soils, vegetation, bush fires, power 
plants, and industry were evaluated for sulfur. 

Over an entire year, bush fires may be the major source of 
nitrogen and a smaller source of sulfur emissions to the atmo- 
sphere [Ayers and Gillerr, 1987]. It seems unlikely, however, 
that fires contribute significantly to rain chemistry during the 
wet season. 

Severe electrical storms with a high frequency of lightning 
flashes do occur during the wet monsoonal period at Ka- 
therine. Lightning flashes can oxidize atmospheric nitrogen to 
NO x [e.g., Drapcho et al., 1983], which then may contribute to 
the nitrate content of rain. Ayers and Gillerr [1987] found a 
direct relationship between rainfall amount and lightning flash 
rate in tropical Australia (r 2-- 0.97). Using this relation in 
combination with an estimate of the amount of nitric oxide 

formed from the average energy of each lightning flash [Bo- 
rucki and Chameides, 1984], they calculated the total mass of 
atmospheric nitrogen fixed by lightning per year. On the basis 
of amount of rainfall at Katherine, using these estimations and 
assuming that all of the nitric oxide formed from lightning 
would be precipitated with rain, which seems highly unlikely, 

some 10 to 15 mg N/m 2 per year could originate from light- 
ning at Katherine. Ayers and Gillerr [1987] suggested that the 
constant, upper limit of nitrate formed from lightning in rain 
would be about 0.85 /•mol/L. This amount would represent 
about 21% of the VWM concentration at Katherine (Table 
4a). Overall, Ayers and Gillerr [1987] concluded that anthro- 
pogenic emissions of nitrogen accounted for only 15% of the 
total emissions of N to the atmosphere in tropical Australia, 
with the remainder from natural sources such as brush fires 

and the decay of animal wastes. 
Sulfur emissions in the region around Katherine, however, 

may be dominated by anthropogenic emissions. One large 
source, the Mt. Isa smelters, located about 1000 km to the SE 
of Katherine, contributes about 69% of the total emissions of 
sulfur (250,000 tonnes S/yr) to the atmosphere over tropical 
Australia [Ayers and Gillerr, 1987]. Sulfur emissions from the 
Mt. Isa smelters or from the much smaller Ranger Uranium 
Mine and Mill, some 200 km northeast of Katherine, could 
reach the Katherine area [Williams, 1984; M. G. Ridpath, 
personal communication 1986], although B. N. Noller (un- 
published data, 1987) has determined that SO2 emissions from 
the Ranger operation have an insignificant effect on the sulfate 
content of rain at nearby Jabiru East. In any event, sulfate 
concentrations in rain at Katherine are quite low (Tables 4a- 
4c). 

Sea salt was only a minor source of SO,• = in precipitation 
at the site. On a volume-weighted basis, storms from the NW 
sector contained the highest concentrations of Na + relative to 
SO,•--. If we assume that all of this Na + were derived from 
seawater, only 0.5 3teq/L or 17% of the total SO,•-- in the 
storms from the NW sector would have originated with sea 
salt (see Keene et al. [1986] for sea-salt ratios). Considering 
the concentrations of Na + in storms from other sectors, it is 
likely that a portion of the Na + in the NW sector was of 
continental origin, and if so, the sea-salt contribution to total 
SO,• = given earlier overestimates the actual marine fraction 
by an unknown but probably substantial amount. 

Potential Sources for Organic Acids 

Obviously, formate and acetate are important chemical 
components in precipitation at Katherine (Tables 4a-4c). 
Noller et al. [1986] also have measured high concentrations of 
formate and acetate in the vapor phase (39.0 and 5.2 nmol/m 3, 
respectively) and in cloud water (78.8 and 39.7 3tmol/L, respec- 
tively) at Jabiru East, approximately 200 km northwest of 
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Katherine. Particulate phase concentrations were approxi- 
mately 1 or 2 orders of magnitude less than those in the vapor 
phase. The source of these organic anions in the atmosphere is 
unknown, but precipitation over continental areas during 
growing seasons has higher concentrations generally than that 
over marine areas [-Keene and Galloway, 1986]. Thus it is 
reasonable to speculate that organic anions in continental rain 
originate as volatile substances from biological activity in ter- 
restrial ecosystems. Emissions of reactive organic substances, 
such as isoprene and monoterpenes from terrestrial vegetation, 
have been known for some time [e.g., Zimmerman et al., 1978; 
Graedel, 1979; Duce et al., 1983]. Isoprene especially seems to 
be emitted in larger quantities in the tropics, probably because 
emissions are correlated with temperature [-Ayers and Gillett, 
1987]. Isoprene has been hypothesized as a source for car- 
boxylic acids in the atmosphere EDuce et al., 1983; Brewer et 
al., 1984; Gu et al., 1985; Jacob and Wofsy, 1987]. Emissions 
of HCOOH from Formicine ants have also been suggested as 
a potentially important continental source [Graedel, 1987]. 

The aqueous phase reaction of aldehydes with OH radicles 
is also thought to be a potential source for formic and acetic 
acids in the atmosphere [Chameides and Davis, 1984; Graedel 
and Goldberg, 1983; Adewuyi et al., 1984; Chameides, 1984; 
Graedel et al., 1985; Jacob, 1986]. Based on aidehyde con- 
centrations modeled by Jacob [1986], aqueous phase con- 
centrations of formate predicted by this mechanism are low 
( --• 2-4/•mol HCOO-/L at pH 4.7) relative to concentrations 
measured in precipitation at Katherine, and it is therefore 
likely that in situ chemical production by this reaction path- 
way is not an important source for organic acids in the region. 

The concentrations of formic and acetic acids in precipi- 
tation at the site were highly correlated (Figure 10), suggesting 
that they may originate with a common source or be con- 
trolled by a common reactant. Similar correlations were ob- 
served for precipitation collected at a wide variety of conti- 
nental and marine locations around the world and, consider- 
ing all available evidence, we agree with the speculations of 
Keene and Galloway [1986] that the organic acids measured 
in our samples originated primarily from a common terres- 
trial, vegetative source in the region. 

We were concerned that the high concentrations of organic 
acids measured in precipitation at Katherine might have re- 
suited from contamination associated with local sources such 

as insect (ant and termite) activity in the vicinity of the col- 
lector and/or windblown vegetative debris. During January 
1985 a semiquantitative experiment was performed to assess 
the potential for such contamination. Field blanks consisting 
of 250 mL of deionized water were poured into and swirled 
around buckets which had been mounted on the automatic 

collector during dry periods of 48 hours. Uninjured individ- 
uals and pairs of ants which had been captured in the vicinity 
of the collector were incubated in a second set of 250-mL 

aliquots of deionized water at room temperature for 8 hours. 
Increasing amounts of vegetative debris, which had been col- 
lected in the vicinity of the sampling site, were added to a 
third set of three 250-mL aliquots of deionized water and 
incubated at room temperature for 8 hours. The amount of 
material added corresponded to the site operator's semiquan- 
titative estimates of the range of particulate contamination 
observed in samples (i.e., a few particles, a large number of 
particles, gross contamination). All solutions were subsequent- 
ly decanted, treated with CHC13 and sent to the University of 
Virginia for analysis of all major chemical constituents. No 
significant contamination was detected in the field blanks or 
in the aliquots to which ants were added. With the exception 
of Na + for which measurable contamination was not detected, 
however, the concentration of all other inorganic ions and H + 
increased significantly with increasing amounts of plant debris. 
Measurable concentrations of HCOO- and CH3COO- were 
detected only in the aliquot containing the greatest amount of 
vegetative material. The results of these tests indicate that 
organic acidity appears to be a natural component of precipi- 
tation at Katherine, rather than an artifact of collection pro- 
cedures or local contamination. Windblown vegetative materi- 
al could, however, contribute measurable concentrations of 
dissolved inorganic ions and, in extreme cases, of organic com- 
pounds to precipitation at the site. Because the collector was 
open only during precipitation events, particulate matter was 
observed infrequently (20%) in the samples and, when ob- 
served, was generally at low concentrations (a few particles per 
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sample). Therefore we do not believe that vegetative debris 
contributed significantly to the chemistry of wet-only precipi- 
tation at the site. 

Deposition 

The annual deposition of most ions was inversely related 
(NO3- , organic acids, K +, Mg ++, Ca ++, and NH,• +, in de- 
creasing order of correlation) to the amount of rainfall (Tables 
1 and 5). Correlations with the amount of rain, however, were 
not strong (r e = 0.33 to 0.59' with the exception of NO 3, r e = 
0.91 and organic carbon, r •- = 0.75), indicating that other fac- 
tors, which also affected the VWM concentrations, were im- 
portant in regulating deposition. No significant trends were 
observed for annual deposition of H +, Na+, el- and SO,• = 
relative to amount of rainfall. The annual deposition of el- 
and SO,• = was essentially the same in 1981-1982, 1982-1983, 
and 1983-1984, even though the amount of precipitation 
ranged from 746 mm/yr to 1,357 mm/yr during these years 
(Tables 1 and 5). In contrast, the annual deposition of K + was 
more than twofold greater during the driest year (1982-1983) 
than during the other 3 years, which had similar depositions 
(Table 5), reflecting the pattern of VWM concentrations 
during these years with different amounts of rainfall (Figure 4). 
The patterns of annual deposition relative to amount of rain- 
fall were similar for Na + and el- and for Ca + + and Mg + +. 

If there were an infinite pool of ions in the atmosphere or a 
rapid rate of replenishment of this pool, then deposition 
should be directly related to amount of rainfall, on the 
average. In contrast, if the pool were very small or rapidly 
depleted with increasing amounts of rain, then the annual 
deposition of dissolved substances should be inversely related 
to amount of rainfall. These considerations assume that other 

sources of annual variability (e.g., different mix of source re- 
gions) are small relative to the dilution effect. The fact that the 
annual deposition of most ions at Katherine is inversely relat- 
ed to amount of rainfall suggests therefore that during rainfall 
events the source of ions in the atmosphere may be very small 
or rapidly depleted, or both. For example, the inverse relation- 
ship for deposition of Ca + + and Mg ++ and amount of rain- 
fall suggests a strong washout of these largely terrestrially 
derived ions. The one possible exception is hydrogen ion 
(where there was no statistically significant trend, but there 
was a suggestion of a direct relationship between deposition 
and amount of rainfall). This relation for hydrogen ion prob- 
ab!y is explained by a combination of factors. Although the 
pH of rain is highly variable, the VWM pH is lower than 5.0 
because of the presence of organic acids primarily, and to a 
lesser extent, of nitric, hydrochloric, and sulfuric acids. The 
deposition of these latter anions is inversely related to amount 
of rainfall in the order given above, and the deposition of 
hydrogen ion then represents this mixture accordingly. 

The negative linear relation between annual deposition of 
NO 3 - and amount of rainfall was the only one that was 
statistically significant at p < 0.05 (p > F ratio = 0.04; re= 
0.91)' 

Y = -- 0.074X + 133 (5) 

where Y is equal to the annual deposition of NO 3 -N in 
mg/m 2, and X is equal to the annual rainfall in millimeters. 

This relationship is particularly interesting because, as dis- 
cussed earlier, Ayers and Gillett [1987] showed a direct rela- 
tion between lightning flash rate and rainfall amount. Thus if 

lightning flashes were an important source for nitrate in rain 
at Katherine, a direct relation between amount of rainfall and 

deposition of nitrate would have been predicted. In fact, the 
opposite occurred, which argues against lightning flashes as an 
important source of nitrate in rain at Katherine. Ear- 
lier, Wetselaar and Hutton [1963] also found "... no obvious 
correlation between nitrate ion in rain and lightning" at Ka- 
therine. 

In the relatively polluted atmosphere of the northeastern 
United States, where the annual amount of precipitation 
varied by twofold during 1963 to 1985 (long-term data from 
the Hubbard Brook Experimental Forest, New Hampshire), 
deposition of NO3- , SO,, =, and H + generally increased with 
increasing amount of precipitation [Likens et al., 1980, 1984, 
1985]. This pattern is in sharp contrast to the situation at 
Katherine. 

Other Data From Northern Australia 

Some other data on precipitation chemistry are available 
from northern Australia (Table 8). Unfortunately, different col- 
lection and analytical procedures were used in these earlier 
studies, and the results may reflect these differences. For exam- 
ple, the studies at Alice Springs, Lansdown, and Jabiru East 
relied on collections of bulk precipitation, which are more 
likely to include dry deposition of local soil or vegetation 
particles. In addition, the average annual data from Lansdown 
included monthly bulk samples collected during the dry 
season. Contributions from sea salts at Lansdown and Jabiru 

East, and sulfur from the nearby Mt. Isa smelter at Jabiru 
East, are seen relative to data from Katherine. In spite of the 
different procedures, the wet-only data collected in Katherine 
some 20-25 years ago by Wetselaar and Hutton [1963] are 
remarkably similar to those collected in 1980-1984 (see Table 
8). Lower concentrations of K + and NH,• + in current samples 
from Katherine may indicate contamination in the earlier 
samples or reflect the differences in methodology. Wetselaar 
and Hutton [1963] cautioned, in fact, that their method for 
NH,• + "... was not very precise." Overall, these data suggest 
that relatively little change has occurred in precipitation 
chemistry at Katherine during the past 2 or 3 decades. 

Comparison With Other Areas 

In comparison with the Hubbard Brook Experimental 
Forest in West Thornton, New Hampshire, a relatively 
remote, North Temperate Zone location with similar rainfall 
amounts (although distributed over 12 months instead of 6 or 
8 months), the volume-weighted concentrations and wet depo- 
sition at Katherine are quite low. In particular, the long-term 
average chemical composition of SO,• =, NO3-, and Ca + + in 
precipitation at Hubbard Brook is enriched by more than 5.5 
times relative to Katherine (Table 9). The enrichment of sulfur, 
nitrogen, and hydrogen ions reflects the heavy combustion of 
fossil fuels in North America. Galloway et al. [1984] reported 
that sulfate and nitrate were enriched by approximately an 
order of magnitude in precipitation in eastern North America, 
as compared to remote areas of the southern hemisphere. 

The maximum amount of volume-weighted SO,• = at- 
tributed to sea salt (0.6/•eq/L) represents only a small fraction 
(13%) of the total sulfate in rain at Katherine. Even so, the 
so-called excess SO,• = concentrations are extremely low com- 
pared to concentrations in the northeastern United States 
[Galloway et al., 1984]. 
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TABLE 8. Volume-Weighted Mean Concentrations of Dissolved Inorganic Substances in 
Precipitation in Northern Australia 

Dissolved Katherine* Katherine,' Alice Springs•: Jabiru Eastõ Lansdownll 
Substance (1980-1984) (1958-1960) (1957-1962) (1982-1983) (1971-1974) 

SO• = 3.9 ND < 30 7.7 16 
NO 3 - 4.0 4.9 --. 5.6 5.3 
H + 18.3 ND < 10 54** ND 

NH• + 2.9 5.4ô .-. 5.0 15 
Ca + + 1.7 ND 32 2.0 25 

Mg • 1.3 1.8•'•' 23 2.9 12 
C1- 7.7 5.2 25 16 56 
K + 0.9 1.6 9 1.5 3.2 

Na •- 4.3 5.2•'•' 28 10 37 

Number of Samples 147 73• 22 20 ? 

Values are in microequivalents per liter. ND indicates no data. 
*Table 4b. 

•'Wetselaar and Hutton [1963], manual wet-only. 
$Hutton [1983], bulk precipitation, 100 km north of Alice Springs. 
õNoller et al. [1985a], bulk precipitation weekly. 
liProbert [1976], bulk precipitation, mostly monthly including dry season, average for 2 years. 
$$All chemical analysis not done on each sample. 
ôFor 1958-1959 only. 
•'?For 1959-1960 only. 
**Noller et al. [1985b]; number of samples equals 18. 

Based on comparisons between the chemistry of precipi- 
tation in polluted and remote regions, Keene and Galloway 
[1986] hypothesized that organic acidity in precipitation from 
predominantly rural areas of eastern North America orig- 
inated primarily from natural rather than anthropogenic 
sources. The volume-weighted concentrations of HCOO r and 
CH3COO r in precipitation at Katherine are similar to those 
in precipitation from central Virginia. If inorganic acidity in 
precipitation at Katherine were representative of remote con- 
tinental precipitation in general, then the present-day, volume- 
weighted pH of precipitation at Katherine (4.76) would be 
similar to that for precipitation in eastern North America 
prior to the advent of fossil fuel combustion. However, be- 
cause of inadequate protocols for sample preservation and the 
associated loss of organic acidity prior to laboratory analysis 
[see Keene and Galloway, 1984a], most reported pH values for 
precipitation in eastern North America are not directly com- 
parable to values for treated aliquots from Katherine. Untrea- 
ted aliquots of precipitation from Katherine that were ana- 
lyzed in Charlottesville (N = 192) had a volume-weighted pH 
of 5.08. Measurements of organic anions in a paired subset 
of treated and untreated aliquots revealed that virtually all 
(> 95%) of the formic and acetic acids were consumed be- 
tween collection and analysis. The pH of 5.08 is therefore an 
estimate of only the strong mineral acidity in precipitation at 
Katherine [Keene et al., 1983] and is the most appropriate 
value for comparison with reported pHs for untreated aliquots 
of precipitation from eastern North America. Such a compari- 
son suggests an approximate order of magnitude higher con- 
centration of strong mineral acidity in precipitation in eastern 
North America relative to Katherine, and these higher aci- 
dities correspond to the enrichments of sulfate and nitrate 
estimated by Galloway et al. [1984]. It is interesting to note 
that if all of the NO 3- and SO,• = measured in samples of 
precipitation at Katherine (Table 4b) originated as acids, the 
corresponding pH would be 5.10. This calculation assumes 
that the contribution of HC1 would be negligible. 

In contrast to Katherine or eastern North America, the data 

from Amsterdam Island (Table 9) indicate strong sea-salt con- 
tributions (particularly Na+, CI-, Mg + +, and SO,• =) to the 
precipitation, smaller amounts of NH,• + and NO3- , and a 
higher pH. The volume-weighted mean pH at Amsterdam 
Island, based on 66 samples, was 5.06, with H2SO, • contribu- 
ting 30%; organic acids, 25%; and HNO3, 15% [Galloway 
and Gaudry, 1984]. The contribution of HC1 also may be sig- 
nificant [Keene et al., 1986]. The relatively small contribution 
of organic acids in precipitation on Amsterdam Island is con- 
sistent with the hypothesis that source strength for these con- 
stituents in remote marine regions is substantially lower than 
it is in terrestrial regions during growing seasons [Keene and 
Galloway, 1986]. 

Precipitation at Torres del Paine, Chile, contains very low 
concentrations of free acidity, NO3-, NH,• +, Ca + + (Table 9), 
and organic anions [Keene and Galloway, 1986], and similar 
amounts of SO,•-- relative to Katherine. We speculate that 
lack of significant amounts of organic acidity and NH,• + in 
most of our samples from southern Chile results from the 
climatological factors associated with high latitude (e.g., lower 
temperatures), the short (,-, 100 km) fetch over land, and the 
associated low source strength for vegetative emissions in the 
mountainous area between the ocean and the site. Small 

amounts of marine sea salt are reflected in the enriched con- 

centrations of Na+, CI-, and Mg + + (and SO,• =) at Torres del 
Paine relative to Katherine. Volume-weighted acidity of pre- 
cipitation at this remote South American site is contributed in 
order of importance, by sulfuric, carbonic, formic, nitric, and 
acetic acids. 

SUMMARY AND CONCLUSIONS 

1. Two-hundred and thirty-two samples of wet-only pre- 
cipitation were collected for chemical analysis during four wet 
seasons (1980-1984) at Katherine in northern Australia. 

2. Rainfall averaged 104.4 + 12.8 cm/yr and ranged from 
74.6 cm in 1982-1983 to 135.7 cm in 1983-1984. 
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TABLE 9. Volume-Weighted Mean Concentration of Dissolved Inorganic Substances in Precipitation 
at Katherine, Australia, Amsterdam Island in the South Indian Ocean, Torres del Paine, Chile, and 

the Hubbard Brook Experimental Forest, United States 

Torres 

Amsterdam del Paine Hubbard 

Katherine* Island'• Chile;• Brook{} 
(K) (A) (T) (HB) A/K T/K HB/K 

SO,• = 3.9 31.9 4.4 54 8.2 1.1 14 
NO 3 - 4.0 1.4 0.5 24 0.35 0.12 6.0 
H + 18.3 9.0 4.9 70 0.49 0.27 3.8 

NH,• + 2.9 2.0 0.7 11 0.69 0.24 3.8 
Ca + + 1.7 9.8 1.2 6.5 5.8 0.71 5.8 
Mg + + 1.3 50.2 4.3 3.3 39 3.3 2.5 
CI - 7.7 262 21.9 11 34 2.8 1.4 
K + 0.9 4.9 1.4 1.5 5.4 1.6 1.7 
Na + 4.3 225 18.7 4.8 52 4.3 1.1 

Number of samples 147 79 23 > 750 

Values are in microequivalents per liter. Inorganic substances include sea salt. 
*For 1980-1984, Table 4b; VWM pH - 4.74; average annual precipitation - 104 cm. 
•'For 1980-1983; VWM pH = 5.05; average annual precipitation = 112 cm [Keene et al., 1986]. 
;•For 1984-1985; VWM pH - 5.31. 
{}For 1963-1980; VWM pH - 4.15; average annual precipitation - 131 cm [Likens et al., 1985]. 

3. Free acidity in remote, terrestrial regions may be quite 
high (pH < 5), but it is caused primarily by organic acids 
(formic and acetic), presumably of natural origin. Some 64% 
of the volume-weighted, free acidity at Katherine was due to 
organic acids. In contrast, volume-weighted free acidity at- 
tributable to nitric and sulfuric acids was quite low (a maxi- 
mum of --•21% and -,• 18%, respectively). The VWM pH at 
Katherine was 4.73, but that due to strong mineral acids only 
was 5.08. 

4. Formic and acetic acids were highly correlated in rain 
at Katherine, but on a volume-weighted basis, formic acid was 
about 2.5 times higher in concentration than acetic acid. Be- 
cause of its lower PKa, the volume-weighted contribution of 
formic acid to free acidity is approximately 4.5 times that of 
acetic acid. Organic acids in rainfall at Katherine probably 
originated from terrestrial vegetation in the region. 

5. Contributions of ions from anthropogenic sources to 
rain at Katherine are small. Average concentrations of sulfate 
and nitrate in rain at Katherine are about an order of mag- 
nitude lower than those in eastern North America. 

6. In general, inorganic cations and anions are low in con- 
centration in precipitation at remote, continental locations 
relative to sites in eastern North America. On average, hy- 
drogen ion was the dominant cation (62% of total cationic 
equivalents), followed by Na + (16%) and NH,• + (10%); 
organic anions predominated (43%), followed by C1- (28%), 
NO 3 - (15%), and SO,• = (14%) in rain at Katherine. 

7. Most ions had highest concentrations during the early 
part of the wet season (September through December). 

8. Generally, concentrations of organic acids were greater 
during the early part of the wet season, when continental air 
mass trajectories predominated, and lower during the latter 
part, when amounts of precipitation were greater. 

9. Air masses came to Katherine during the wet season 
primarily from the NE (51%), followed by the SE (14%), 
NW(13 %), and SW (4%). Some 18 % were missing or transi- 
tory between sectors. The trajectories associated with rainfall, 
however, had a different pattern: NE, 37%; NW, 29%; SE, 
7%; and SW, 3%. 

10. Precipitation at Katherine that was associated with air 

masses from the northeast had the highest concentrations for 
most constituents and the largest wet depositions for all con- 
stituents measured in this study. These results are consistent 
with the hypothesis of higher source strengths for all constit- 
uents in the sector to the northeast of Katherine. Eastern 

trajectories tended to be associated with more localized con- 
vective storms, rather than with widespread monsoonal rains. 

11. Approximately 60% of the inorganic nitrogen deposi- 
tion (--• 100 mg/m 2 per yr) was due to NO 3 -- N. 

12. Although Katherine is characterized by a high fre- 
quency of lightning flashes, there was no support in the data 
for the hypothesis that lightning contributes significantly to 
nitrate in rainfall. 

13. Inorganic ions attributable to sea salts were quite 
small at Katherine. For example, a maximum of 13% of the 
total sulfate was due to sea salt. Although chloride was the 
dominant inorganic anion, there was only a small increase in 
its concentration in precipitation from the more marine, air 
mass trajectories. 

14. Individual rain events of low volume typically had 
higher concentrations of inorganic and organic dissolved ions. 

15. Annual deposition of dissolved substances in rain at 
Katherine was either inversely related or not related to 
amount of rainfall. 
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