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The complex mixture of organic compounds in the
atmosphere influences climate, air quality, and ecosystem
processes. Atmospheric pressure electrospray ionization
mass spectrometry (APESI-MS) was evaluated as a potential
tool for direct measurement of the total suite of individual
dissolved organic matter (DOM) compounds in rainwater.
The APESI-MS response was linear to all DOM compounds
of atmospheric significance examined as standard
solutions. Urban precipitation samples from New Brunswick,
NJ (USA) were analyzed by APESI-MS over the mass-to-
charge (m/z) range 50-3000. Over 95% of the m/z ions
detected were in the low m/z range (50-500). Over 300
unique m/z ions were detected across the 11 rainwater
samples indicating the complexity of the mixture of DOM
in rainwater. Forty percent of the organic bases (positive
mode detection) and 22% of the organic acids (negative mode)
occurred in at least 6 of the 11 rainwater samples. Ions
corresponding to the m/z of carboxylic acids standards
(nonanedioic acid; 1,4-butanedicarboxylic acid; pentane-
dioic acid; hydroxybutanedioic acid; and butanedioic
acid) and to reduced N standards (allylurea; caffeine;
imidazole; and N-2-propenylurea) occurred in at least one
of the 11 rainwater samples. Total dissolved organic
carbon (DOC) estimated from the APESI-MS analysis and
measured by standard DOC methods were not statistically
different.

Introduction
Precipitation is an efficient removal mechanism for water-
soluble chemical substances in the atmosphere. Since the
early 1980s wet deposition has been collected and analyzed
routinely in the U.S. to determine air quality trends and
understand the effects of atmospherically derived inorganic
chemical substances (sulfate, nitrate and ammonium) on
receiving ecosystems (1-3). Although organic substances
have not been included as chemical species to be monitored
within atmospheric deposition networks, organic matter has
been characterized chemically in urban rainwater for over
the past century using a diverse array of analytical chemical
methods (4). These early studies included analyses of bulk
dissolved organic carbon (DOC) or nitrogen (DON), func-
tional group composition (carboxylic acid, carbonyl, amines,
amino acids, sugars), and individual molecules (PAH com-
pounds, plus others). More recently studies of dissolved
organic compounds in rainwater have increased the number
of individual compounds identified, mainly as carboxylic
acids, aromatic alcohols, carbonyl compounds, and reduced
nitrogen compounds (e.g., refs 5-10). In addition, assess-
ments of polar organic compounds in the atmosphere have
considered compounds likely to be removed through cloud
processing and wet removal processes (11-13). These studies
demonstrate the possibility that many other organic chemical
groups (polyols, ketoacids, hydroxy acids, hydroxy nitrates)
are present in precipitation but go undetected as individual
chemical substances and are lumped collectively as bulk
dissolved organic matter (DOM).

Understanding the nature of organic matter in the
atmosphere, including rainwater, is important for many
reasons. Organic matter represents roughly half of the aerosol
mass, influences cloud albedo, increases cloud condensation
nuclei concentrations, contributes to atmospheric visibility
impairment, tropospheric ozone production, acidity of
rainwater, and nutrient enrichment of ecosystems, among
others (6, 14-18). DOM present in the atmosphere is highly
complex and poses a significant analytical chemical chal-
lenge. This is especially true from a materials mass balance
framework where most or all of the DOM compounds require
detection and quantitation. Few studies of rainwater DOM
have related the individual compounds detected to the total
dissolved organic matter. Recent work in North Carolina
reported organic acids as the largest contributor (40%) to the
total rainwater DOC with total aldehydes and amino acids
contributing 8% and 2% of the total DOC (19, 20). Generally
less than 40% of DOC in rainwater is identified (20). Fogwater
DOC chemical mass balance studies can account for ap-
proximately 20% or less of constituent chemical compound
classes (low molecular weight carboxylic acids, carbonyl
compounds) (21-24).

No single analytical method has been able to detect and
quantify single DOM compounds directly in a rainwater
sample. Typically, extraction, preconcentration, and deriva-
tization steps are required to detect trace DOM compounds
in rainwater by conventional instrumentation (UV/VIS,
electrochemical, gas chromatography/mass spectrometry,
ion chromatography). The key limitation for molecular level
and compound class level identification has been a com-
bination of (1) the low level of DOC (and consequently of
individual polar organic compounds) and (2) the analytical
need for measuring compounds in a polar medium (e.g.,
rainwater).

Commercially available high pressure liquid chromatog-
raphy/mass spectrometry (HPLC/MS) instruments (25) offer
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new possibilities for directly detecting DOM compounds in
rainwater. Atmospheric pressure electrospray ionization
(APESI) is a soft ionization method that is combined with
quadrupole mass detection. Unlike GC/MS electron impact
ionization, APESI is based on the dispersion of a liquid into
small charged droplets in an electrostatic field (26). Because
of this ionization process, APESI-MS provides molecular
weight information as a mass-to-charge (m/z) ion. The
molecular species detected depend on the nature of the
sample and the analytical conditions, including solvent
composition and pH (25, 27, 28). Table 1 gives an overview
of potential ion generation that is important in the inter-
pretation of APESI mass spectra. In addition to these
molecular ion possibilities, most high molecular weight
compounds produce multiply charged ions under APESI-
MS (26-30). The multiply charged ion cluster is usually in
the 500-3000 m/z range. Therefore, APESI-MS provides
molecular information and has the unique requirement that
samples must be introduced as solutions into the electrospray
source region, making it an attractive direct method for
detecting potentially all DOM compounds in precipitation
samples.

The objective of this study was to develop and evaluate
APESI-MS as a potential tool for the direct measurement of
total DOM and individual DOM compounds in rainwater.
Detector responses to DOM compounds of atmospheric
significance were studied through analyses of standard
solutions. Urban precipitation samples were collected and
analyzed by APESI-MS to evaluate DOM compounds detected
in terms of m/z, ion abundance, and occurrence in individual

rain events. A data handling protocol was developed for the
m/z ions obtained from the APESI-MS. The APESI-MS
method was compared to total DOC measured inde-
pendently.

Experimental Section
Precipitation Collection. Precipitation was collected from
a suburban site in the northeastern U.S. (New Brunswick,
NJ; Latitude 40′28” N; Longitude 74′26” W; elevation 26 m).
The site is a surface air quality and meteorological site
supported by the NJ Department of Environmental Protection
and is part of several other larger air monitoring networks,
such as North American Research Strategy for Tropospheric
Ozone - - Northeast Network (NARSTO-NE) (31) and the
North East States for Coordinated Air Use Management
(NESCAUM). Rainwater samples were collected between April
and June on five dates in 1999 and six dates in 2000 using
a precipitation collector (fitted with a stainless steel liner)
that opens only during wetfall events (Aerochem Metrics
Model 301, Bushnell, FL). Sample retrieval occurred within
2-4 h after rainfall stopped to minimize biological decom-
position of DOM. Samples were filtered immediately through
glass fiber filters (Whatman GFF; prebaked at 500 °C for at
least 4 h to reduce organic contamination; pre-rinsed with
E-pure water, Barnstead, Inc.) after temperature and pH were
measured. Samples were stored frozen in polypropylene
tubes until analysis.

Field blanks were prepared by placing 800 mL of E-pure
water into the rainwater collector. After 17 h the water was
sampled, filtered, and stored (frozen) until analysis using
the same procedures used for rainwater samples. Procedural
blanks consisted of E-pure water that was sampled and
analyzed using the same procedures used for rainwater
samples to check for contamination due to laboratory sample
handling (pipetting, sample vials) and analysis.

Analytical Methods. APESI-MS. Direct analysis of DOM
was conducted using an Agilent 1100 Liquid Chromatograph/
Mass Spectrometer (LC/MS) consisting of an autosampler
and quadrapole mass-selective detector equipped with an
APESI source. The autosampler injected samples and stand-
ard solutions (20 µL) from individual vials into the LC system.
In this initial study of total DOM in rainwater, no LC column
was used; flow bypassed the analytical column and went
directly to the APESI source region of the mass spectrometer.

TABLE 1. Ion Generation in APESI-MS

positive ion detection

[M+H]+ acid conditions
[M+Na]+, [M+K]+ salts present
[M+NH4]+ ammonium buffer present
[M+X]+ X ) solvent or buffer cation
[2M+H]+ dimer formed at high analyte

concentrations
[M+H+S]+ solvent adducts

negative ion detection
[M-H]- basic conditions
[M+X]- X ) solvent or buffer

TABLE 2. Response of APESI-MS to Standards (20 µL Injections) over the Concentration Range 0.025 to 1 µMa,b

compound (common name)
molecular

formula
molecular

weight slope r2

Negative Mode
nitric acid HNO3 63.0 1072 0.995
butanedioic acid (succinic acid) C4H6O4 118.1 2703 0.982
pentanedioic acid (glutaric acid) C5H8O4 132.1 3572 0.987
hydroxybutanedioic acid (malic acid) C4H6O5 134.1 2496 0.997
1,4-butanedicarboxylic acid (adipic acid) C6H10O4 146.1 4775 0.975
nitrobenzoic acid C7H5NO4 167.1 14649 0.991
1,6-hexanedicarboxylic acid (suberic acid) C8H14O4 174.2 9918 0.994
nonanedioic acid (azelaic acid) C9H16O4 188.2 8971 0.992
average 6023
(SD) (4695)

Positive Mode
imidazole C3H4N2 68.08 10881 0.999
N-2-propenylurea (allylurea) C4H8N2O 100.12 17147c 0.983
N-butyl-1-butanamine (N-dibutylamine) C8H19N 129.25 43801 0.996
3,7-dihydro-1,3,7-trimethyl-1H-purine-2,6-dione (caffeine) C8H10N4O2 194.2 15019c 0.998
average 21712
(SD) (14954)

a Detection of particular compounds at the pg level is possible with the Agilent 1100 LC/MS (Agilent Technologies, Inc.). b Shown for each
compound is whether it was detected in the positive or negative ionization mode, molecular formula, molecular weight, and linear regression
statistics including slope (APESI-MS response/µM compound) and r2. c [M+1] and [M+Na] ion.
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The mobile phase (pH 3.5) was 50:50 v/v methanol/water
(0.05% formic acid in E-pure water) with flow rate 0.22 mL
min-1. The APESI-MS measurements were performed in the
positive and negative ionization modes with a fragmentor
voltage of 40-80 V over the mass range 50 to 500 and 80 V
over the mass range 500-3000. Nitrogen was the drying gas
(350 °C, 10 L min-1, 25 psig.). The capillary voltage was 3 kV.
The electrospray ionization full-scan mass spectra (m/z 50-
3000) were recorded on Agilent software (ChemStation
version A.07.01) and then imported into EXCEL and ACCESS
(Microsoft, Inc.) for statistical analysis and interpretation.
Because of the low fragmentor voltage used in the ionization
process, the APESI-MS generally does not fragment com-
pounds but rather provides molecular weight information
as a m/z ion (32).

The response of the APESI-MS to DOM compounds of
atmospheric significance was studied through analyses of
standards of known atmospheric occurrence prepared in
E-pure water (Table 2). These encompass a range of
compound classes including heterocycles, carboxylic acids,
primary and secondary amines, amides, etc. The mixture of
standard compounds (concentration range 25 nM to 1 µM)
was analyzed in both the positive and negative modes.

For each rainwater sample, replicate injections (six) were
made in both the positive and negative modes to establish
a solid statistical basis for interpreting the m/z and ion
abundance responses generated by the APESI-MS. All
samples were analyzed over the m/z range of 50-500 m/z.
Three precipitation samples only were analyzed for the higher
range (500-3000 m/z) based on earlier rainwater analyses
indicating that only a few DOM compounds occurred in that
range.

The APESI-MS output for each sample was processed as
follows to arrive at a final data set for analysis and
interpretation. The mean ion abundance (( SD) for the
replicate injections for each m/z (rounded to nearest integer)
in each sample was calculated for the rainwater samples and
for blanks. Each m/z with abundance statistically different
from zero at the 0.05 level (t-test) (33) was retained. The
rainwater samples then were corrected for procedural blanks
by subtracting the ion abundance of any m/z found in the
blanks from the same m/z in a sample. The SD of the cor-
rected ion abundance for each m/z was calculated using
propagation of error procedures (34). The final data set for
a rainwater sample included the average (( SD) ion
abundance for each remaining m/z with ion abundances
that were statistically different from zero. Because of the
generally increased variability in detecting compounds with
ion abundances <500, only m/z with ion abundances >500
were included in the final data set.

Bulk Constituent Analysis. Rainwater samples were ana-
lyzed for the following bulk chemical properties: DOC
(Shimadzu 5000A high-temperature combustion; (35)), dis-
solved inorganic nitrogen (DIN: ammonium (36), nitrite plus
nitrate (37)), and DON determined by the difference between
total dissolved N (Antek, Inc. 7000 TN Analyzer (18)) and
DIN.

Results and Discussion
Standards. A variety of polar organic compounds with known
occurrences in U.S. urban and rural airsheds were prepared
as authentic standards (Table 2). The molecular ions cor-
responding to each compound were verified and the response
factors calculated to establish precision and reproducibility
over concentration ranges typical for the urban precipitation
samples examined in this study. The mobile phase pH of 3.5
had hydrogen ion concentrations high enough that the
monocarboxylic acids and dicarboxylic acids were dissociated
and were detected as [M-1] m/z ions, as was the inorganic
nitric acid standard. The reduced nitrogen compounds

occurred as either [M+1] or sodium adduct [M+23] m/z ions.
In cases where the reduced organic nitrogen compounds
exhibited both [M+1] and [M+23] forms of the molecule,
both ions were summed and responses factors calculated
accordingly. This approach to tracking reduced nitrogen
compounds in solution is valid based on the linear regression
statistics of slope and r2 results (Table 2).

APESI-MS Rainwater Analysis. A large number of m/z
ions were detected in the rainwater samples by APESI-MS
as either bases (positive ionization mode) or acids (negative
mode) indicating the complex chemistry of the rainwater
(Figure 1A and B). The number of compounds detected in
any one of the 11 rainwater samples ranged from 66 to 196
for the m/z range of 50-500 (see Table A Supporting
Information). A total of 305 unique m/z were detected across
the 11 rainwater samples, with a similar number detected in
the positive and negative modes (141 and 164, respectively).
Abundances for individual m/z ions ranged from 500
(minimum reported here) to 19,173 in the positive mode
and to 22,511 in the negative mode (see Table A Supporting
Information), indicating considerable variation in the con-
centrations of individual compounds within a sample. Nitrate

FIGURE 1. A) Mass-to-charge ratio (m/z) and abundance of ions
detected in positive ionization mode with APESI-MS for field blank
and 11 rainwater samples; B) Mass to charge (m/z) and abundance
of ions detected in negative ionization mode with APESI-MS for
field blank and 11 rainwater samples; m/z 62 (NO3

-) and 97 (HSO4
-)

are not shown.
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and HSO4
- were common, dominant inorganic ions present

in all 11 rainwater samples (negative mode m/z 62 and 97,
respectively) with mean ion abundances of 26,331 and 54,250,
respectively (not included in the above statistics). Unless
explicitly stated, data for these inorganic ions are not included
in the data analysis in this paper.

The above statistics are for m/z between 50 and 500,
which accounts for almost all of the compounds detected by
APESI-MS in the rainwater samples. This is demonstrated by
analysis in both the low (50-500) and high (500-3000) m/z
range of three rainwater samples. In the high m/z range there
were no compounds detected in the positive mode and eight
or less (7, 8, and 2) m/z detected in the negative mode, with
ion abundances >500 (see Table A Supporting Information).
This contrasts with the large number of m/z detected in the
low m/z range in these rain samples. Throughout the
remainder of this paper only data for m/z between 50 and
500 are considered.

Bulk Properties. The C and N concentrations of the bulk
DOM in the 11 rainwater samples were similar to previously
reported concentrations in rainwater (38, 39) (Table 3). Both
nitrate and ammonium were important components of the
inorganic-N (DIN) content of these rainwater samples. pH
ranged from 3.8 to 4.8.

Field Blanks. Contamination due to field sampling and
laboratory sample processing was minimal. Bulk concentra-
tions in field blanks were as follows: 2 µM DOC-C, 0.3 µM
NH4, <0.1 µM NO3. This is consistent with the results of the
APESI-MS molecular level analysis of the DOM in the field
blanks. There were only 12 m/z with ion abundances >500
detected in the positive mode and 6 m/z with ion abundances
>500 in the negative mode; most of those had ion abundances
less than 2000 (Figure 1).

Comparison of APESI-MS with Bulk DOC Measure-
ments. Two approaches were used to compare the total DOC
concentration in rainwater estimated from APESI-MS data
to the bulk DOC concentration measured by standard
methods (Table 3). In the first approach, total organic C
content from APESI-MS data for 3 rainwater samples was
estimated by applying the average (( SD) APESI-MS response
factor for all standard organic compounds detected in the
positive or negative mode (Table 2) to the ion abundance
response for each m/z in a rainwater sample in either the
positive or negative mode, respectively. A carbon weight per
molecular weight conversion factor of 2.1 was used to ac-
count for H, O, N and other elements other than C (40). All
m/z were assumed to be singly charged compounds. The
total C content in the sample was then estimated by summing
the C content of all compounds from both the negative and
positive modes. The total DOC concentration in each of the
three rainwater samples estimated from the above approach
was not statistically different (95% confidence interval; Tukey

Kramer test (33)) than the DOC concentration measured
directly by standard methods (35) (Figure 2). Although the
total DOC concentration estimated from the APESI-MS data
involved a number of approximations, the relative similarity
of these estimates to the concentration measured using
standard methods for bulk DOC suggests that the APESI-MS
approach is not missing a large component of the complex
mixture of organic compounds in rainwater. The generally
higher (although not statistically significant) DOC estimate
from APESI-MS compared to the bulk DOC may reflect
detection of inorganic ions other than nitrate and sulfate
(which were removed from the APESI-MS calculation).

As a further indication that the APESI-MS method is
detecting most of the dissolved organic compounds in
rainwater we compared the sum of all m/z abundances
(unitless) (positive plus negative modes) for each of the 11
rainwater samples with the total DOC measured by standard
methods. There was a statistically significant linear relation-
ship between these two measures (r2 ) 0.72; p ) 0.05).

Interpretation of Mass/Charge Ion Abundances. The
complex chemistry of the 11 spring rainwater samples is
illustrated by the many organic compounds present as
organic bases (positive mode analysis) or organic acids
(negative mode) (Figure 1A,B). Although chemically complex,
the rainwater samples exhibit common m/z ions as indi-
cated by the frequency of occurrence of m/z ions detected
in the rainwater samples. Twenty-two m/z ions were detected
in all 11 rainwater samples (Figure 3A plus 3B). There was

TABLE 3. Bulk Properties of Rainwater Samples Collected in New Brunswick, NJa

date collected
storm

trajectory
rainfall

amount, cm
temp,

°C pH
NO3-N,

µM
NH4-N,

µM
DOC-C,

µM
DON-N,

µM

April 12, 1999 SSW 2.2 5.0 4.4 27 16 62 7
May 19, 1999 W 0.4 19.0 4.8 21 20 50 9
May 24, 1999 SSW 4.4 18.5 4.4 16 22 137 7
June 14, 1999 W 0.4 22.0 4.7 21 22 77 12
June 29, 1999 SSW 0.5 26.0 4.4 22 8 78 10
April 18, 2000 WSW 1.4 5.0 4.4 42 34 106 21
May 23, 2000 W 0.1 18.0 3.8 78 20 230 12
May 24, 2000 W 2.4 18.0 4.5 34 34 150 8
June 6, 2000 WSW 0.6 14.5 4.2 13 6 36 2
June 15, 2000 WNW 0.1 20.0 4.4 44 39 120 15
June 22, 2000 WSW 0.5 23.0 4.4 25 13 60 3
a PO4 concentrations were always <0.1 µM.

FIGURE 2. Total DOC concentration for three rainwater samples
determined by high temperature combustion methods and estimated
from APESI-MS are not statistically different. This suggests that the
APESI-MS approach is not missing a large component of the complex
mixture of organic compounds in rainwater. The range in APESI-
MS response factors for different standards was used (mean ( SD;
Table 2) which accounts for the large variation in the estimated
APESI-MS total DOC concentrations for a sample. (see text for
assumptions and details).
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a higher degree of similarity among rainwater samples in the
organic bases than in the organic acids. For example, 40%
of the organic bases occurred in 6 or more of the 11 rainwater
samples, while only 22% of the organic acids occurred in 6
or more samples. Also, the organic base m/z ions clustered
predominantly in a lower and narrower mass range (m/z 55
to 250) compared to the m/z ions corresponding to the
organic acids (m/z 70 to 400).

Identification of specific compounds and calculation of
their concentrations in the rainwater samples requires
determining the APESI-MS response factor for specific
compounds and comparing the behavior (e.g., retention time,
different mobile phase conditions) on LC columns of
authentic compound standards and the corresponding m/z
ion in the rainwater samples. This is currently underway. In
the meantime, we have examined the m/z ions in the
rainwater samples for matches with those of our standard
m/z ions and used corresponding response factors (Table
2) for preliminary identification and concentration calcula-
tions.

The m/z ion corresponding to caffeine was present in
nine New Brunswick, NJ, rainwater samples (Figure 4) with
estimated concentrations of 1.4 ( 0.5 µM C. Only a few
samples contained m/z ions in the positive mode that
correspond to the other reduced nitrogen atmospheric
standard compounds analyzed to date (allylurea 1 sample;

imidazole 1 sample; N-2 propenylurea 2 samples). However,
there were numerous m/z ions detected in the rainwater
samples that we have not yet analyzed standards for but that
correspond to organic compounds reported previously in
atmospheric samples (e.g., heterocyclic N compounds such
as ethylpyridine, methenamine, bipyridyl, aminopyridine,
phenylpyridine (41)).

The m/z ions of organic acids present in the New
Brunswick, NJ, rainwater corresponded well with the dicar-
boxylic acid standard m/z ions (Figure 4). These correspond
to the C4 to C9 homologues. The m/z ion corresponding to
nonanedioic acid was present in all rainwater samples. There
was a decreasing frequency of occurrence for m/z ions
corresponding to pentanedioic acid and the C4 dicarboxylic
acid homologues. Dicarboxylic acids are considered to
originate both from primary emissions and secondary gas-
to-particle conversion processes. These organic acids have
been identified in rainwater as dissolved organic matter
(reviewed by refs 4, 10, 11) and measured as common polar
organic compounds associated with urban particulate matter
(e.g., refs 9, 41-44). Our estimated concentrations are similar
to those reported previously in Los Angeles, CA rainwater for
butanedioic acid (this study; reported in ref 43) (1.4 ( 0.2;
4 ( 7 µM C), pentanedioic acid (2.1 ( 1; 1.6 ( 2.9 µM C), and
1,4-butanedicarboxylic acid (1.0 ( 0.4; 0.7 ( 1.6 µM C) and
approximately 10 times greater for nonanedioic acid (3 (

FIGURE 3. Frequency of occurrence of m/z ions detected by APESI-MS in 11 rainwater samples in A) positive ionization mode and B)
negative ionization mode. The m/z for NO3

- (62) and HSO4
- (97) are included.
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1.3; 0.4 ( 0.4 µM C). The m/z ion corresponding to the
nitrobenzoic acid standard (primary emission from diesel
exhaust) was not detected in our rainwater samples. Ad-
ditional m/z ions detected in the negative mode correspond
to various amino acids (e.g., aspartic acid, leucine, arginine),
carboxylic acids (e.g., 1,2-benzene dicarboxylic acid) and
other compounds previously reported in atmospheric samples
(e.g., refs 41). We are currently investigating the response of
the APESI to standards of these compounds.

The total concentration of all DOC compounds ranged
from 36 to 230 µM DOC-C (Table 3). Previous studies have
suggested that no one compound comprises more than a
small percent of the total DOC in rainwater (6, 19, 43, 45).
Using APESI-MS to look at the total suite of compounds
further supports this idea (Figure 1A,B). Not only are there
a large number of compounds (over 300 unique m/z were
detected), but the maximum concentration of any one of
these compounds is likely to be less than a few µM given the
maximum ion abundance of any single compound in a
sample (∼20,000; Table A Supporting Information) and the
APESI-MS response factors for a range of compounds (Table
2).

The current study suggests that APESI-MS can provide
considerable, new insight into the complexity of the mixture
of compounds that comprise the bulk DOM in rainwater by
providing molecular level information on the following: 1)
the number and the m/z distribution of compounds in a
sample, 2) whether a particular compound has primarily basic
or acidic functional groups, and 3) the concentration of
individual compounds. This information can then be used
to study differences in the patterns of occurrence and
concentration of the suite of compounds both within and
among rainwater samples. Further development of this

method for rainwater and other aquatic samples is underway,
including its application to studies of DOM bioavailability.

Acknowledgments
This material is based upon work supported by the National
Science Foundation Environmental Biogeochemistry Pro-
gram under Grant No. 9807621, NOAA NJ Sea Grant No. R/E-
9706 (NJSG-01-467), and NJDEP No. SR99-030. The authors
thank these funding agencies for their support. Any opinions,
findings, and conclusions or recommendations expressed
in this material are those of the author(s) and do not
necessarily reflect the views of the National Science Founda-
tion, NOAA NJ Sea Grant or the NJ Department of Environ-
mental Protection.

Supporting Information Available
Table summarizing results of APESI-MS analysis of 11
rainwater samples including lowest and highest m/z detected,
number of m/z in each sample, maximum and average ion
abundances. Results for negative and positive mode analyses
are included. This material is available free of charge via the
Internet at http://pubs.acs.org.

Literature Cited
(1) National Research Council (U.S.). Committee on Atmospheric

Transport and Chemical Transformation in Acid Precipitation
Acid Deposition, Atmospheric Processes in Eastern North
America: a review of current scientific understanding; National
Academy Press: Washington, DC, 1983.

(2) National Acid Precipitation Assessment Program Acid Deposi-
tion: State of Science and Technology, Volume 1. Emissions,
Atmospheric Processes, and Deposition; U.S. National Acid
Precipitation Assessment Program, Washington, DC, 1991.

FIGURE 4. Abundance (mean ( SD) of selected ions in the 11 rainwater samples detected by APESI-MS. Detection in the positive or
negative ionization mode is indicated by a + or -, respectively, in the upper left corner of the graph. The compound name of the authentic
standard that corresponds to the m/z ion is indicated on each graph.

136 9 ENVIRONMENTAL SCIENCE & TECHNOLOGY / VOL. 37, NO. 1, 2003



(3) National Atmospheric Deposition Program/National Trends
Network NADP/NTN Wet Deposition in the United States 1995;
Natural Resource Ecology Laboratory, Colorado State University,
Fort Collins, CO, 1996; 11 pp.

(4) Mazurek, M. A.; Simoneit, B. R. T. Critical Rev. Environ. Control
1986, 16, 1-140.

(5) Gorzelska, K.; Galloway, J. N.; Watterson, K.; Keene, W. C. Atmos.
Environ. 1992, 26A, 1005-1018.

(6) Gorzelska, K.; Scudlark, J. R.; Keene, W. C. In Atmospheric
Deposition of Contaminants to the Great Lakes and Coastal
Waters; Baker, J. E., Ed.; SETAC Technical Publication Series,
SETAC Press: 1997; pp 379-392.

(7) Simoneit, B. R. T.; Mazurek, M. A. Aerosol Sci. Technol. 1989,
10, 267-291.

(8) Avery, G. B.; Willey, J. D.; Kieber, R. J. Atmos. Environ. 2001, 35,
3927-3933.

(9) Kawamura, K. Anal. Chem. 1993, 65, 3505-3511.
(10) Kawamura, K.; Gagosian, R. B. In Organic Chemistry of the

Atmosphere; Hansen L. D., Eatough, D. J., Eds.; CRC Press: Boca
Raton, FL, 1991; pp 233-284.

(11) Saxena, P.; Hildemann, L. M. J. Atmos. Chem. 1996, 24, 57-109.
(12) Shepson, P. B.; Mackay, E.; Muthuramu, K. Environ. Sci. Technol.

1996, 30, 3618-3623.
(13) Muthuramu, K.; Shepson, P. B.; O’Brien, J. M. Environ. Sci.

Technol. 1993, 27, 1117-1124.
(14) Keene, W. C.; Galloway, J. N. Atmos. Environ. 1984, 18, 2491-

2497.
(15) Mazurek, M. A.; Cass, G. R.; Simoneit, B. R. T. Environ. Sci.

Technol. 1991, 25, 684-694.
(16) Novakov, T.; Penner, J. E. Nature 1993, 365, 823-826.
(17) Facchini, M. C.; Mircea, M.; Fuzzi, S.; Charlson, R. J. Nature

1999, 401, 257-259.
(18) Seitzinger, S. P.; Sanders, R. W. Limnol. Oceanogr. 1999, 44,

721-730.
(19) Tang, Y. Master’s Thesis, University North Carolina at Wilm-

ington, 1998.
(20) Willey, J. D.; Kieber, R. J.; Eyman, M. S.; Avery, G. B., Jr. Global

Biogeochem. Cycles 2000, 14, 139-148.
(21) Anastasio, C.; McGregor, K. G. Aerosol Sci. Technol. 2000, 32,

106-119.
(22) McGregor, K. G.; Anastasio, C. Atmos. Environ. 2001, 35, 1091-

1104.
(23) Collett, Jr. J. L.; Hoag, K. J.; Sherman, D. E.; Bator, A.; Richards

L. W. Atmos. Environ. 1999, 33, 129-140.
(24) Grosjean, D.; Wright, B. Atmos. Environ. 1983, 17, 2093-2096.
(25) Niessen, W. M. A. J. Chromatogr. A 1999, 856, 179-197.
(26) Van Berkel, G. J. In Electrospray Ionization Mass Spectrometry:

Fundamentals, Instrumentation, and Applications; Cole, R., Ed.;
Wiley: New York, 1997; pp 65-105.

(27) Voyksner, R. D. In Electrospray Ionization Mass Spectrometry:
Fundamentals, Instrumentation, and Applications; Cole, R., Ed.;

Wiley: New York, 1997; pp 323-341.
(28) Voyksner, R. D. Interpretation of CID Mass Spectra. The

International Geosphere-Biosphere Programme: A Study of
Global Change (IGBP) of the International Council of Scientific
Unions (ICSU); Workshop on LCMS, Paramus, NJ, April 2000,
R. D. Voyksner, copyright 1999.

(29) Crain, P. F. In Electrospray Ionization Mass Spectrometry:
Fundamentals, Instrumentation, and Applications, Cole, R., Ed.;
Wiley: New York, 1997; pp 421-457.

(30) Loo, J. A.; Loo, R. R. O. In Electrospray Ionization Mass
Spectrometry: Fundamentals, Instrumentation, and Applica-
tions; Cole, R., Ed.; Wiley: New York, 1997; pp 385-419.

(31) North American Research Strategy for Tropospheric Ozone
(NARSTO) NARSTO-Northeast 1995 Summer Ozone Study;
Report prepared by Roberts, P.; Korc, M.; Blumenthal, D.;
Mueller, P. K., May 1996.

(32) Cole, R. B. In Electrospray Ionization Mass Spectrometry:
Fundamentals, Instrumentation, and Applications; Cole, R., Ed.;
Wiley: New York, 1997; pp xvii-xix.

(33) Sokal, R.R.; Rohlf, F. J. Biometry: the principles and practice of
statistics in biological research, 2nd edition; Freeman: San
Francisco, CA, 1981.

(34) Bevington, P. R.; Robinson D. K. Data reduction and error analysis
for the physical sciences; McGraw-Hill: New York, 1992; 328pp.

(35) Sharp, J. H.; Benner, R.; Bennett, L.; Carlson, C. A.; Dow, R.;
Fitzwater, S. E. Limnol. Oceanogr. 1993, 38, 1774-1782.

(36) Lachat, Inc., QuickChem Analytical Procedure 31-107-06-1-A
(37) Lachat, Inc., QuickChem Analytical Procedure 31-107-04-1-A
(38) Jordan, T. E.; Correll, D. L.; Weller, D. E.; Goff, N. M. Water, Air,

Soil Pollut. 1995, 83, 263-284.
(39) Scudlark, J. R.; Russell, K. M.; Galloway, J. N.; Church, T. M.;

Keene, W. C. Atmos. Environ. 1998, 32, 1719-1728.
(40) Turpin, B. J.; Lim, H. J. Aerosol Sci. Technol. 2001, 35, 602-610.
(41) Graedel, T. E.; Hawkins, D. T.; Claxton, L. D. Atmospheric

Chemical Compounds: Sources, Occurrence, and Bioassay;
Academic Press: Orlando, FL, 1986.

(42) Rogge, W. F.; Mazurek, M. A.; Hildemann, L. M.; Cass, G. R.;
Simoneit, B. R. T. Atmos. Environ. 1993, 27A, 1309-1330.

(43) Kawamura, K.; Steinberg, S.; Ng, L.; Kaplan, I. R. Atmos. Environ.
2001, 35, 3917-3926.

(44) Saxena, P.; Hildemann, L. M.; McMurry, P. H.; Seinfeld, J. H. J.
Geophys. Res.-Atmos. 1995, 100, 18, 755-18, 770.

(45) Likens, G. E.; Edgerton, E. S.; Galloway, J. N. Tellus 1983, 35B,
16-24.

Received for review June 4, 2002. Revised manuscript re-
ceived September 23, 2002. Accepted October 18, 2002.

ES025848X

VOL. 37, NO. 1, 2003 / ENVIRONMENTAL SCIENCE & TECHNOLOGY 9 137


