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ABSTRACT
We summarize the results from the various measurements
and the inter-sampler comparisons from Southeastern
Aerosol and Visibility Study (SEAVS), a study with one of
its objectives to test for closure among chemical, gravimet-
ric and optical measurements of atmospheric aerosol par-
ticles. Sulfate and organics are the dominant components

IMPLICATIONS
PM2.5 consists of hundreds of compounds that are diffi-
cult to measure individually. Therefore, for almost two
decades, PM2.5 composition has been expressed in terms
of three broad constituent categories (ions; elemental
carbon and organics; and crustal dust). Any lack of closure
in PM2.5 mass (i.e., constituent concentrations not adding
up to gravimetrically measured PM2.5) was presumed to be
due to water present in the samples and measurement er-
ror. Here we show that this presumption is not universally
correct and that errors in extrapolating organic mass from
organic carbon measurements may be plausible explana-
tion. With the public and private sectors on the verge of
investing substantial resources in fine PM characterization
studies in the wake of new U.S. PM2.5 ambient standard,
our results underscore the urgency for producing more re-
liable technology for measuring organics.

of the SEAVS fine particles (nominally, particles with aero-
dynamic diameter ≤2.5 µm) but between 28 and 42%
(range over various samplers) of the gravimetrically mea-
sured total fine particle concentration is unidentified by
the chemical measurements. Estimates of water associated
with inorganic components and measurement impreci-
sion do not totally explain the observed difference be-
tween gravimetric and chemical measurements. We
examine the theoretical and empirical basis for assump-
tions commonly made in the published literature to ex-
trapolate total fine particle concentration on the basis of
chemical measurements of ions, carbon and elements.

We then explore the more general question of closure
using the SEAVS data as well as data from other, similar
studies reported in the literature. In so combining the SEAVS
measurements with other similar studies, we find a strong
association between organic carbon and the unidentified
component, that is, the fraction of the total fine particle
concentration not identified by chemical measurements.
We offer several tenable hypotheses for the relationship
between the organic and unidentified components that
deserve to be tested in future work. Specifically, we hypoth-
esize that (1) errors in the sampling and analysis of organic
carbon; (2) estimates of organic mass from measurements
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of organic carbon; and/or (3) water absorption by organics
may all contribute to the observed relationship.

INTRODUCTION
Over the past decade, a number of studies have attempted
to fully characterize atmospheric fine particles by synthe-
sizing gravimetric measurements of total fine particulate
matter (PM) concentration with chemical measurements
of constituent concentrations at a variety of urban and
rural sites.1-22 Using a mass closure test (a.k.a., a mass bal-
ance), the investigators determined whether the physical
measurement of gravimetric fine PM concentration of a
sample is equal to the summed concentrations of the in-
dividually identified chemical constituents in the sample.
Mass closure is used to check data consistency although,
if achieved, mass closure does not necessarily imply that
all components of the aerosol have been identified and
quantified. If closure is not achieved the instruments,
methods, and assumptions used need to be evaluated to
pinpoint areas which need further study.

In these prior studies,1-22 the following five chemical
constituents (measured or inferred) were typically able to
account for a large percentage of the total fine PM: sul-
fates and nitrates (with their associated ammonium and
hydrogen), elemental carbon, organics, and soil dust (in
the form of selected metal oxides). However, despite ad-
vances in sampling and analytic techniques, mass closure
tests have shown both positive and negative discrepan-
cies between the two measures of concentration, that is,
at some sites chemical concentration (estimate of total
fine PM concentration derived from chemical measure-
ments) was less than gravimetric fine PM concentration
while at others it was greater. Of course some of these
differences can be attributed to comparing fundamentally
different quantities: typically, chemical measurements do
not include water, which is included in the gravimetric
fine PM concentration measurement.

In this paper we investigate mass closure using atmo-
spheric measurements of atmospheric aerosol particles.
While water content can contribute to differences between
chemically and gravimetrically measured concentrations,
we demonstrate in this paper that there may be other
explanations, such as the assumptions required to calcu-
late chemical concentration and accuracy of the measure-
ments, that contribute to a lack of closure. We first
examine data from the Southeastern Aerosol and Visibil-
ity Study (SEAVS), a study with one of its objectives to
test for closure among chemical, gravimetric and optical
measurements. We then explore the more general ques-
tion of mass closure using the SEAVS data as well as data
from other, similar studies reported in the literature.

During SEAVS, investigators used a wide array of instru-
mentation for measuring aerosol chemistry and mass. Thus

for the same aerosol, several independent data sets were ac-
quired which can be compared to check for measurement
accuracy and each can be tested for mass closure. We use
the SEAVS mass and composition measurements to (1) de-
termine the accuracy of the measurements, (2) characterize
the relative contribution of different components to the fine
PM, and (3) reassess the plausibility of common assump-
tions used in the literature to estimate particle composition
from chemical measurements of a handful of ions and ele-
ments; specifically, little or untested assumptions concern-
ing water and organic content.

EXPERIMENTAL
The goal of SEAVS was to characterize the aerosol’s com-
position as completely as possible, particularly from the
standpoint of relating chemical and optical properties.
During the study, atmospheric gases and particles were
sampled in the Great Smoky Mountains National Park
using an array of instrumentation (see Tables 1a and 1b)
and analyzed for mass, chemical composition, optical
properties, particle size distributions, and particle diam-
eter and optics as a function of relative humidity (RH)
and size.23 Here we discuss the measurements of fine par-
ticle mass concentration and composition.

The experiment was conducted from July 15 through
August 25, 1995 (Julian dates 196-137) at Look Rock Ridge
(84° W, 36° N; elevation 2700 ft) in the Great Smoky Moun-
tains National Park in Tennessee. The focus of SEAVS was
on daytime aerosol properties; all results we present here
are for measurements over 12-hr sampling periods (7:00
a.m. to 7:00 p.m. EDT), except one sampler (MOUDI #3,
see Table 1a) which was operated over that 12-hr period
for five consecutive days in order to collect enough mass
for analysis. Chemical and gravimetric concentrations were
measured by six institutions: Stanford University, Harvard
University, University of Minnesota, Massachusetts Insti-
tute of Technology (MIT), University of California at Davis
(UCD) and the National Park Service (NPS). The samplers
operated by NPS were part of their nationwide IMPROVE
(Interagency Monitoring of Protected Visual Environments)
network. Tables 1a and 1b summarize the samplers, collec-
tion methods, observables, and analytical methods for the
particulate and gas measurements. The experiment empha-
sized redundant measurements to enable an assessment of
the reliability of individual measurements as well as clo-
sure. Further information on the experimental design and
measurement methods can be found in SEAVS field and
project reports.23,24

RESULTS
Tables 2a, 2b, and 2c summarize the chemical and gravi-
metric (i.e., total fine particle mass concentration, here-
after referred to as fine mass, gravimetric mass or fine PM
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mass) measurements from the particulate samplers. The
first set of columns list the study average mass concentra-
tions of the individual chemical components for each
sampler while the remaining columns provide the inter-
sampler coefficient of determination (r2) (an indication
of data correlation) for the concentration data. We dis-
cuss the results in these tables in more detail in the corre-
sponding sections. Figure 1(a-f) shows time variation of
the gravimetric fine particle concentration and concen-
trations of the specifically measured components. Figure
1g shows the time variation of the SEAVS crustal compo-
nent; this was calculated, using measured elemental

concentrations, in conjunction with the sum of oxides
method discussed later in this paper. These plots demon-
strate the broad dynamic range of constituent concentra-
tions over the study period and show that the
concentration range of the individual observables varied
by up to two orders of magnitude during the study pe-
riod. Furthermore, it can be seen that while some of the
components seem to rise and fall together (e.g., sulfate
and ammonium) other components (e.g., soil dust) ex-
hibit rather unique time fluctuations. These figures also
give some idea of the inter-sampler agreement (or disagree-
ment) for individual constituents, that is, the sulfate

Table 1a.  Summary of fine particulate samplers operated during SEAVS.  Collection method, observables, and analytical method are listed.  (These samplers were also used for

gaseous collection.)

Sampler Stanford HEADS MOUDI IMPROVE

DESCRIPTION two 2-stage Harvard-EPA annular micro-orifice uniform deposit filter sampler

filter samplers denuder system (filter sampler)  impactor (multi-stage impactor)

sampling time 7am-7pm EDT 7am-7pm EDT 7am-7pm EDT 7am-7pm EDT

# of samplers 2 (Modules1abc and 2abc)d 1 3 (MOUDIs #1,#2,#3) 1 (with Modules A, B,C, and D)

(identity)

COMMENTS identical co-located Two annular denuders MOUDI #3 ran for five with annular

 samplers in series with filter packb  consecutive days denuder for HNO
3

size cut 2.1 µm 2.1 µm 1.8 µm 2.1 µm

OBSERVABLES

Fine particle mass

sampler Modules 1a & 2a MOUDI #3:e Module Ac

(substrate) (Teflon filters) (Teflon film)  (Teflon filter)

analysis method Microbalance Microbalance Microbalance

 (40% < RH < 55%) (35% < RH < 45%)  (31% < RH < 45%)

Particulate ions Sulfate, Nitrate, Sulfate, Nitrate, Sulfate, Nitrate,

Ammonium Chloride Ammonium

sampler MOUDI #1e  Module B

(substrate) (Teflon filter)  (RH cond) (Teflon film) (nylasorb filter)

analysis method Ion Chromatog. Ion Chromatog. Ion Chromatog.

Particulate carbond

sampler Modules 1 & 2 MOUDI #2:e Module C

 (substrate) (quartz filters) (RH cond) (aluminum foil)   (quartz filters)

analysis method Thermal Optical Reflectance Thermal Manganese Oxidation Thermal Optical Reflectance

Particulate elements

sampler Module 1a MOUDI #3 Module A

(substrate)   (Teflon filter)  (Teflon film) (Teflon filter)

analysis methoda INAA INAA PIXE + XRF

Strong Acidity Strong Acidity (H+)

sampler (Teflon filter)

(substrate)

analysis method Potentiometry

aINAA measures the following elements: Na, Mg, Al, Cl, K, Sc, Ti, V, Cr, Mn, Fe, Co, Zn, Ga, As, Se, Br, Rb, Sr, Zr, Mo, Cd, In, Sb, Cs, Ba, La, Ce, Nd, Sm, Eu, Tb, Yb, Lu, Hf, Ta, Au, Hg,

Th, U.  PIXE+XRF measures the following elements: Na, Mg, Al, Cl, K, Ti, V, Cr, Mn, Fe, Zn, As, Se, Br, Rb, Sr, Zr, Mo, Si, P, S, Ca, Ni, Cu, Pb.  bDenuders (NH
3
, HNO

3
, SO

2
) followed

by a Teflon filter followed by three glass fiber filters to collect volatilized nitrate and ammonium. cIMPROVE module D was used to measure PM
10

 (particulate matter with aerodynamic

diameter ≤ 10 µm).  dSee discussion in text.  eMOUDIs #1 and #2 were operated at a controlled RH (approximately between 70 & 80%); MOUDI #3 was operated at ambient RH.
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measurements appear to lie on top of each other for the
different samplers while the nitrate measurements do not.
The details of the individual component measurements
are discussed below.

Particulate Matter
Gravimetric Measurements—Particles.  Here, fine mass is de-
fined as the concentration of particles with aerodynamic
diameters less than a nominal value of 2.5 µm, with inlet
size cuts for individual samplers during SEAVS being 1.8
and 2.1 µm. SEAVS measurements showed that gravimetri-
cally measured fine mass (Figure 1a) comprised, on aver-
age, approximately 80% of PM10 mass (total concentration
of particles with aerodynamic diameters less than 10 µm)
measured in the Great Smoky Mountains National Park
during the study. Average fine mass ranged from 23.5 to
28.0 µg/m3 depending on the sampler. Over the period of
the study, there were wide variations in particulate matter
concentrations (e.g., concentrations ranged from less than
10 to greater than 100 µg/m3). The fine mass measurements
were well correlated (r2 ≥ 0.92) across four samplers (Table
2b), although study average mass differed by up to 20%.
The differences in inter-sampler measurements may be due
to cut-point differences of the individual samplers (MOUDI:
1.8 µm; IMPROVE and Stanford: 2.1 µm), differences in
relative humidity of weighing (MOUDI: 35 to 45% humid-
ity; IMPROVE: 31 to 45% humidity; Stanford: 40 to 55%
humidity), differences in the filter collection or cyclone
efficiencies, accuracy and precision of weighings, and/or
volatilization or sorption of compounds with a substantial
vapor pressure, including water, during or after sampling.

Table 1b.  Summary of gaseous samplers operated during SEAVS.  Collection methodology, observables, and analytical methodology are listed.  (These samplers are also used for

particulate collection.)

Sampler Stanford HEADS IMPROVE

DESCRIPTION two 2-stage filter samplers Harvard-EPA annular denuder system filter sampler preceded by annular denuder

OBSERVABLES

gaseous organics Adsorbed organic gases adsorbed organic gases

sampler (substrate) Modules Module C  (quartz filter and after-filter)

1a & 2a, 1b &2b

(quartz filters and after-filters)

analysis method Thermal Optical Reflectance Thermal Optical Reflectance

gaseous inorganics Nitric Acid and Sulfur Dioxide (gas) Nitric acid gas

sampler(substrate)  (sodium carbonate coated denuder) Module B (potassium carbonate coated denuder)

analysis method Ion Chromatography Ion Chromatography

Ammonia (gas) Ammonia gas

sampler(substrate) (citric acid coated denuder) Module A (citric acid impregnated quartz after-filter)

analysis method Colorimetry Automated colorimetry

Sulfur Dioxide

sampler(substrate) Module D (sodium carbonate impregnated quartz after-filter)

analysis method Ion Chromatography

Figure 1. Time series of constituents concentration during SEAVS
for (a) fine PM and PM10, (b) sulfate, (c) ammonium, (d) nitrate, (e)
elemental carbon, (f) organic carbon, (g) soil dust calculated as = 2.14*Si
+ 1.89*Al + 1.43*Fe + 1.67Ti + 1.4*Ca + 1.2*K.
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Table 2b. Study average fine particle concentrations for total gravimetric mass and carbon components and their intersampler correlations.

Component Mass Concentrationa (µg/m3) Coeff. of Determinationb(r2)

IMPROVE Stanford1&2 MOUDId IS IMe MSe SS

PM10 33.2 N/A N/A N/A N/A N/A N/A

Fine PM 25.4 28.0 26.4 23.5 0.92 0.98 0.97 0.93

ECc 0.4 0.1 0.1 0.2 0.0 0.29 0.0 0.0

OCc 2.2 2.8 2.5 1.2 0.78 0.45 0.57 0.83

TCc 2.6 2.9 2.6 1.4 0.80 0.46 0.54 0.83

aIMPROVE samples were weighed at UC Davis and analyzed for carbon at Desert Research Institute; Stanford samples were weighed and analyzed for carbon at Stanford; MOUDI

samples were weighed at Harvard and analyzed for carbon at AtmAA; for all three samplers, gravimetric (Teflon) and carbon (quartz) measurements stem from two identical co-located

samplers;  bIS is the IMPROVE/Stanford1&2 average comparison, IM is the IMPROVE/MOUDI comparison, MS is the MOUDI/Stanford1&2 average comparison, and SS is Stanford

1&2 comparison; all correlation coefficients are derived using Deming65 regression model; cEC is elemental carbon, OC is organic carbon, and TC is total carbon; dMOUDI data are 5-

day sample for fine PM; eIM and MS are derived from 5-day averages of IMPROVE and Stanford1&2 average for comparison with MOUDI fine PM.

Table 2a. Study average fine particle concentrations for inorganic components and intersampler correlations.

Component Mass Concentrationa (µg/m3) Coeff. of Determinationb(r2)

IMPROVE HEADS MOUDI IH IM MH

Sulfate 9.7 9.1 8.7 0.97 0.99 0.98

Nitrate 0.2 0.3 0.1 0.016 0.28 0.003

Ammonium 1.8 1.8 N/A 0.95 N/A N/A

aIMPROVE samples were analyzed at Research Triangle Institute, HEADS samples at Harvard and MOUDI samples at Desert Research Institute; bIH is the IMPROVE/HEADS compari-

son, IM is the IMPROVE/MOUDI comparison, MH is the MOUDI/HEADS comparison; N/A: Not available; all correlation coefficients are derived using Deming65 regression model.

Table 2c. Study average mass concentrations for elemental components and

intersampler correlations for elements used in sum of oxides calculation of crustal

mass concentration.

Mass Concentrationa (ng/m3) r2

IMPROVE Stanford MOUDIb ISc IMc

Fe 79.1 92.6 53.9 0.95 0.97

K 85.3 57.5 52.5 0.59 0.83

Al 216. 170. 171. 0.91 0.015

(103.) (0.98) d

Ti 44.4 21.6 5.5 0.64 0.79

Si 384.  -    -    -     -

Ca 62.4  -    -    -     -

aStanford and MOUDI sampler were analyzed by INAA at MIT; IMPROVE samples were

analyzed by PIXE+XRF at UCD; bMOUDI data are for a 5-day samples, we averaged

IMPROVE over same 5-day periods and then compared; cAll correlation coefficients

are derived using Deming65 regression model; dValues in parentheses represent statis-

tics for MOUDI after removing one outlier (n=7 instead of 8) for which no clear expla-

nation was found.

Chemical Measurements—Particles.  Table 2a summarizes
the SEAVS study-average measurements for inorganic com-
ponents. Inorganic components are, historically, the most
widely studied constituents of the atmospheric aerosol,

and sampling and analysis methods for them are well
characterized. Hence, agreement between the different
samplers for inorganic ion measurements provides both
some indication of the samplers’ ability to collect the same
aerosol and the accuracy of the analytical method. Be-
cause many of the inorganics found in the atmosphere
are hygroscopic and may contain water at humidities at
which the filters are weighed,25 it is necessary to be confi-
dent in the measured composition of the inorganic ions
in order to determine the influence of associated water
on gravimetric mass. Average inorganic component con-
centrations for SEAVS (range over different samplers) were
8.0 to 9.7 µg/m3 sulfate, 0.1 to 0.3 µg/m3 nitrate, and 1.8
µg/m3 ammonium. Sulfate and ammonium measurements
agreed among the different samplers (sulfate: r2 > 0.95;
ammonium: r2 = 0.95) while nitrate concentrations
showed poorer agreement (r2 < 0.28) probably because the
measurements were close to or in the noise range (i.e.,
typically near or below the lower detection limit (LDL) of
0.12, 0.08 and 0.17 µg/m3 for HEADS, IMPROVE and
MOUDI, respectively). Although volatilization of nitrate
during collection or handling can be an important con-
sideration for some locations and sampling techniques,26

given the sample collection, storage and analysis proce-
dures used by Harvard and NPS/UCD, it was probably not
a factor in the observed lack of agreement.
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Particulate sulfate was not completely neutralized by
ammonium: study-average molar ratios of ammonium-
to-sulfate ranged from 1.1 to 1.4. This is important as this
ratio is indicative of the acidity and water content of the
aerosol. The ion balance (from the HEADS sampler) was,
on average, within +10% and neither anions nor cations
were systematically more abundant: this suggests no sig-
nificant ionic components were missed.

Accurate measurement of the carbon content of par-
ticulate matter is notoriously difficult and previous stud-
ies1,27 have shown substantial scatter among the carbon
measured by different co-located samplers as well as
among total carbon apportioned into organic and elemen-
tal components by different laboratories. In this study (see
Table 2b), while statistically meaningful relationships
among the particulate organic carbon and total carbon
values were found, the accuracy of the measurements (as
gauged from the closeness to one another of the values
derived from various samplers) was poorer than that for
sulfate, even for two co-located samples collected and
analyzed using identical hardware and procedures by
Stanford. As we discuss next, scatter among the measure-
ments, as well as biases (as much as a factor of two) con-
tribute to these differences. Whereas the differences
between the IMPROVE and Stanford samplers were ran-
domly distributed, the MOUDI observations are approxi-
mately a factor of 2 less than the other samplers, for which
we have no clear explanation. This is opposite to what
was observed by Turpin et al.1 at the Grand Canyon, where
MOUDI derived total carbon concentrations were almost
twice those measured by a co-located IMPROVE sampler.
The average concentrations (range over the different sam-
plers) were 1.2 to 2.8 µg/m3 organic carbon and 0.1 to 0.4
µg/m3 elemental carbon. (Note that the OC values given
in the Table 2b are measured organic carbon, and not the
measured mass of organics.) One potential cause of the
inter-sampler differences could be differences in how the
samples were collected and how the concentration of or-
ganic carbon was inferred. These are discussed below.

During SEAVS the investigators employed both fil-
ter-based samplers and impactors, each of which are sub-
ject to different limitations. Impactors and filters may both
lose organics from the collected particles due to volatil-
ization. There is currently no reliable means of character-
izing the amount of particulate organic lost due to
evaporation28 and most studies (including our analysis)
have assumed it negligible. In addition, quartz filters ad-
sorb organic gases, and the particulate organic carbon
concentration is deduced by subtracting an estimate of
adsorbed gases. Both Stanford and IMPROVE collected
daily samples of organic gases-plus-particles on quartz fil-
ters (Q1), however, their procedure to estimate adsorbed
organic gases was different. Stanford used (in parallel with

Q1) a two stage filter pack with a Teflon filter first to re-
move particulates followed by a quartz after-filter (Qaf)
to collect organic gases. The mass of organic carbon (pre-
sumed to be adsorbed gases) on Qaf was subtracted from
the mass of organic particles-plus-gases on Q1 (i.e., mass
of particulate organic carbon = Q1 - Qaf) for each day’s
sample. IMPROVE used a quartz after-filter (Qaf) in series
with Q1 for each day’s sample. The mass of organic gases
collected on each day’s after-filter was averaged over the
study period and this average was subtracted from each
day’s measurement of the organic gas-plus-particle masses
(i.e., mass of particulate organic carbon = Q1- avg(Qaf)).
The MOUDI measurements of OC were not adjusted for
adsorbed organic gases as the aluminum foil substrates
do not adsorb organic gases.

As mentioned above, gaseous organic compounds
were measured to estimate the magnitude of the interfer-
ence with the particulate organic measurements. It should
be noted that the gas phase organic carbon quantified
here is not representative of the atmospheric concentra-
tion of organic gases but rather that portion of atmo-
spheric organic gases which interferes with organic
particulate measurement. For the Stanford samplers, the
study-average concentration of gas phase organics was 1.8
µg/m3 (obtained from the Qaf above). This was calculated
using the total air volume sampled (9.33 m3) and the av-
erage OC mass on the back up filter (16.8 µg). A substan-
tial portion of the total organic material sampled was
gaseous (between 20 and 100%, with an average value of
approximately 40%). For the IMPROVE sampler, the study
average fraction of adsorbed gaseous OC was also approxi-
mately 40%; the study median concentration of gas phase
organics was 1.6 µg/m3 (total air volume sampled = ap-
proximately 16.6 m3; median OC mass on the back up
filter = 26.3 µg). For comparison, in the observations re-
ported by Turpin et al.29 for Claremont, CA (an urban area
with much greater PM loading than SEAVS), the gas-phase
organics ranged from approximately 10 to 40% of the
total. In summary, the interference from organic gases is
substantial, and although the particulate concentrations
have been adjusted for this, the assumptions for doing so
are ad hoc and can introduce substantial error. For in-
stance, if volatilization of organics was substantial, then
the carbon on the after-filter would represent particle
phase carbon that evaporated during sampling rather
than, or in addition to, gaseous phase compounds. These
results underscore the message that the technology for
measuring particulate organic and elemental carbon war-
rants improvements. Nonetheless, despite the inter-
sampler differences and uncertainties in the organic car-
bon measurements, all carbon measurements suggest that
organic carbon is an important component of particles
sampled during SEAVS.
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Since soil dust (also known as crustal material, that
is, the inorganic material stemming from the earth’s crust),
is a mixture of many minerals, its concentration (and thus
contribution to fine PM mass) cannot be measured di-
rectly and is usually estimated from elemental concentra-
tions. For SEAVS two types of elemental analysis were
done: instrumental neutron activation analysis (INAA) and
proton induced X-ray emission and X-ray fluorescence
(PIXE+XRF). These instruments measure different, though
overlapping elements (see Table 1a). Table 2c lists study
average mass concentrations and intersampler correlations
found for elements used in the crustal calculation by the
sum of oxides method described below. The dust concen-
trations can be estimated from measurements of specific
elements using two techniques: the sum of oxides
method12,13,30 and the principal component analysis (PCA)
method.31 The sum of oxides method, in particular, is the
method most commonly used to derive dust concentra-
tion from elemental data in atmospheric studies. We de-
scribe both techniques below and, because the sum of
oxides method is so prevalent, we examine how effec-
tively it estimates dust concentration. We discuss the suit-
ability of each technique for mass closure tests in the mass
closure section of this paper.

The sum of oxides method assumes that dust is com-
posed solely of the oxides of six elements (SiO2, Al2O3, Fe2O3,
TiO2, CaO and K2O) as these oxides are six of the eight most
significant compounds found in the continental crust32,33

and are typically used as crustal markers.34 (Na2O and MgO
also contribute to the earth’s crust [approximately 3% each],
however, as they are also often associated with marine par-
ticles,9 they are excluded from the dust calculation.) The
mass concentration of dust is thus given by the equation:
dust = 2.14*Si + 1.89*Al + 1.43*Fe + 1.67*Ti + 1.4*Ca + 1.2*K,
where Si, Al, Fe, Ti, Ca and K are the measured element con-
centrations. (Other researchers have used slightly different
sets of elements, e.g., Salmon et al.8 also include Mn; while
Malm et al.,12,13 estimate K from expected K/Fe ratios for soil;
and Gone et al., 35 use Mn instead of Ti.) The use of only six
compounds to estimate dust concentrations may lead to un-
derestimation, as other compounds may also contribute. In
addition, not all metals come from dust, not all metals in
dust are present as oxides, and some metal oxides may react
with ions on the filter thus altering the contribution of dust
to filter sample versus airborne particles. To check the effec-
tiveness of the sum of oxides technique for estimating dust
concentration, we applied it to measured elemental compo-
sitions for soil samples from a variety of locations across the
United States36 and found that only 50-90% of the measured
sample mass (depending on the soil) is accounted for using
the sum of oxides technique.

PCA uses a receptor model to combine co-varying
variables into sets of factors. If source or region profiles

are known, then the factor can be attributed to a particu-
lar source type (e.g., crustal material) using marker ele-
ments or elemental ratios specific to the source and, hence,
the source contribution to the sample can be estimated.
For the SEAVS study, Gone et al.35 identified the crustal
factor by the predominance of Al and Fe, with Sc and Sm
acting as additional markers for the Stanford and MOUDI
samples (analyzed by INAA), and Si, K and Ca for the
IMPROVE samples (analyzed by PIXE-XRF).

Using the sum of oxides technique, we estimated study
average dust concentrations to be between 1.3 and 1.4 µg/
m3 (range over samplers). For PCA the study average range
over the samplers was 2.2 to 2.8 µg/m3.35 The estimated dust
concentrations using these two techniques were highly cor-
related (r2 > 0.95), although the dust concentration calcu-
lated using PCA was approximately a factor of 2 greater than
the concentration calculated using the sum of oxides
method. The higher PCA dust concentration is not surpris-
ing as the sum of oxides method does not include all com-
ponents known to contribute to dust; moreover, the PCA
result will include other components which co-vary with
crustal dust: for instance, organic soil constituents such as
humic materials.35 Thus using PCA may result in counting
some components (e.g., some portion of organics) twice:
first as “organics” as inferred from carbon measurements
and second as “dust” as estimated by PCA. In summary, our
best estimate is that the actual dust concentration is prob-
ably bounded by these two methods with PCA providing an
upper bound and sum of oxides a lower bound.

Gaseous Measurements.  SO2 concentrations measured by
the HEADS and IMPROVE samplers were correlated (r2 =
0.82), although the values from HEADS were approxi-
mately a factor of four greater than those measured by
IMPROVE. The average concentrations were 2.8 and 0.8
µg/m3 for HEADS and IMPROVE, respectively. It is known
that the IMPROVE aluminum tube inlet adsorbs SO2 al-
though the amount and mechanism is not certain (per-
sonal communication, Eldred, 1996) hence a reasonable
hypotheses for the systematically lower value measured
by IMPROVE is that the SO2 reacted with the eight foot
aluminum inlet tube used in that sampler. Such adsorp-
tion was demonstrated by Wohlers,37 though for much
higher SO2 concentrations. Concentrations of ammonia
gas were low, close to the LDLs (0.03 and 0.66  mg/m3 for
IMPROVE and HEADS, respectively) and have little rela-
tionship among the samplers; such an ammonia-deficient
atmosphere is consistent with the measured acidity and
incomplete neutralization of sulfate.

Mass Closure and Contributions to Fine Mass.  In this sec-
tion, we compare gravimetric mass with the sum of the
concentrations of the various components inferred from
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chemical measurements. This exercise, referred to as a test
for mass closure, serves as a test of the mutual consis-
tency of various observations. Moreover, it makes pos-
sible quantification of the contribution of various
constituents (e.g., sulfate, organics) to total fine mass. We
analyze the discrepancies between the gravimetric mea-
surements and the mass estimated from chemical mea-
surements and discuss their implications.

Two conceptual difficulties arise in comparing gravi-
metric and chemical measurements. First, the chemical
measurements are incomplete: for some components such
as sulfate, nitrate and ammonium, chemical methods mea-
sure the concentration of the component itself; however,
for other components (e.g., organics and dust), chemical
methods measure the concentration of a specific set of at-
oms in that component; and therefore, assumptions are
necessary to relate the concentration of these atoms to their
corresponding molecules. For crustal components there are
the two methods mentioned previously: sum of oxides and
PCA. For organic compounds, it is commonly assumed in
the literature that, on an average, for every gram of car-
bon, organic compounds in fine particles contain 0.4 gram
(sometime 0.2 gram) of other elements such as oxygen,
hydrogen and nitrogen (e.g., 1, 5). In other words, the or-
ganics concentration is estimated by multiplying the mea-
sured organic carbon concentration by 1.4. This value was
first derived by White and Roberts38 on the basis of mea-
surements by Grosjean and Friedlander.39 Grosjean and
Friedlander39 sampled particulates in Pasadena, CA, ex-
tracted organic compounds from these particulates using
various combinations of solvents (e.g., water, cyclohexane
and a mixture of isooctane-isopropyl alcohol), fractionated
them into different organic compound groups (e.g.,
aliphatics, aromatics, oxygenated, etc.) using the Tabor
procedure40 and analyzed the fractions for carbon, hydro-
gen, oxygen and nitrogen. Using Grosjean and Friedlander’s
data, White and Roberts estimated the average mass per-
centage of carbon in the measured organics to be 73%.
The inverse gives the ratio of the weight of organics to or-
ganic carbon: 1.4. While this ratio is a useful estimate, it
was derived from only two total suspended particulate (TSP)
samples collected at one urban site 25 years ago. There-
fore, the ratio of 1.4 is unlikely to be reliable as a universal
factor for all locations and times. More recent studies have
questioned this assumption41,42 (also, personal communi-
cation, B. Turpin, Rutgers University, 1998) although a re-
liable alternate is not available. The tenuousness of the 1.4
value must be kept in mind as we test for mass closure
with SEAVS fine particle data.

Second, fine mass (as measured gravimetrically at rela-
tive humidities between 31 and 55%) contains an un-
known contribution from water. According to solution
theory, the fine particle water content would depend upon

the fine PM composition and relative humidity at which
filters were weighed: since both of these quantities vary
from day to day, the absolute and the relative quantity of
water would also vary from day to day. Although, water
content has been inferred using special instruments in
SEAVS43 and a few other studies42 for particles of specific
sizes, the total water content of fine particles was not mea-
sured in SEAVS due to a lack of reliable technology.

We will test for mass closure by first keeping aside these
conceptual difficulties and later by factoring them into our
analysis. In the case of the SEAVS data, there are several
choices of sampler for each observable when testing for
mass closure. From all the possible combinations, we chose
the five combinations in Table 3. Using these combina-
tions, we compare fine mass measured using three sam-
plers (i.e., MOUDI, Stanford, IMPROVE) with the
corresponding chemical measurements from these sam-
plers. If a chemical component was not measured by the
individual sampler, concentration from a different sam-
pler is used (e.g., HEADS inorganic ions measurements were
used in conjunction with the Stanford fine mass, carbon
and elemental data) or assumed on the basis of other sam-
plers’ measurements (e.g., the ammonium-to-sulfate ratio
from HEADS was used to estimate the ammonium con-
centrations corresponding to the MOUDI sulfate data).
Using these procedures, we compare fine mass obtained
gravimetrically with the sum of component concentrations
(ions, organics, elemental carbon, dust and other elements).

High correlation between fine mass and the sum of
concentrations of measured and inferred components (r2

= 0.94, 0.92, 0.96, 0.94, 0.96 for combinations 1 through
5, respectively) indicates a strong consistency among
chemical and gravimetric measurements; however a clear
bias is also evident (see Table 3 and Figure 2). The sum of
the chemical components was consistently less than the
gravimetrically measured fine mass for all five sampler
combinations. We depict the excess of fine mass (or defi-
cit in sum of component concentration) as an “unidenti-
fied component” (Figure 2). For individual days, the
difference between gravimetric and chemical mass (i.e.,
sum of measured and inferred components) was the great-
est toward the end of the study (Julian dates 225 to 231)
when the meteorology suggested that the aerosol could
be considered to be strongly influenced by anthropogenic
emissions.44 We also found substantial differences between
gravimetric and chemical mass at the beginning of the
study (Julian date 196-204): there were nearby forest fires
observed during this time period.24 For both periods, fine
PM levels and elements indicative of anthropogenically
influenced air (As, Se, Br and Sb)35 were higher than those
during other parts of the study. Depending upon the
sampler combination, the study-average deficit in com-
position (the unidentified component in Figure 2) ranged
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Table 3. Sampler combinations used in testing for fine PM mass closure.

Quantity Sampler Sampler Sampler Sampler Sampler

Combin. 1 Combin. 2 Combin. 3 Combin. 4 Combin. 5a

gravimetric IMPROVE IMPROVE Stanford Stanford MOUDI

mass

ions IMPROVE IMPROVE HEADS HEADS MOUDIb

carbon IMPROVE IMPROVE Stanford Stanford MOUDI

dust IMPROVE IMPROVE Stanfordc Stanford MOUDIc

(oxides) (PCA)d (oxides) (PCA) (oxides)

slopee 0.68 0.71 0.58 0.59 0.59

r2 0.94 0.92 0.96 0.94 0.96

a5-day averages; bUsing HEADS ammonium-to-sulfate ratio to calculate ammonium; cUsing IMPROVE Ca and Si elemental data for oxide calculation (Ca and Si are not measured by

INAA); dPCA calculations were performed at MIT (Gone et al., 1997); eSlope is for regression line  (sum of components = slope * grav.  mass) constrained to pass through the origin;

all correlation coefficients are derived using Deming65 regression model.

between 28 and 42% of the fine mass, while for the indi-
vidual (12-hr) samples the deficit in composition ranged
from -290% to 70%. The large (-290%) unidentified ex-
treme for the daily sample is most likely due to measure-
ment noise as it was derived for a day when the
concentrations of all measured components were low
(Julian day 210).

We used error analysis as follows to determine
whether the calculated unidentified component is within
measurement uncertainties. Since the measurements of
individual chemical components and the fine mass have
some error associated with them, these can be used to
calculate the overall uncertainty in the estimated concen-
tration of the unidentified component for each day. First,
we assume that the errors in the measurements of the
individual components and in the fine mass are indepen-
dent. Then, using propagation of error analysis, the error
in the sum of components is found using the square root
of the squared errors of the individual components mak-
ing up the chemical mass concentrations

EΣ components = [(ESO4)
2 + (ENH4)

2 + (ENO3)
2 + (Eorg)

2+(EEC)2 +(Esoil)
2]1/2

(1)

where Ej represents the uncertainty in component j.  Simi-
larly, the uncertainty of the difference between the total
fine PM concentration and sum of chemical components
(i.e., the unidentified component) can be estimated

σ = Ediff = [(EΣ components)
2 + (Efine mass)

 2] 1/2. (2)

Errors in the concentration of individual chemical com-
ponents as well as fine mass measurements were calcu-
lated by the experimentalists using replicate samples
acquired during the study as follows. The variance for
each set of replicate measurements was calculated and

these variances were then used to calculate the uncer-
tainty in each measurement. Figure 3a compares the
uncertainty (+σ) in the concentration of the unidenti-
fied component (Ediff) with the concentration of the uni-
dentified component for sampler combination 3 (Table
3). Since the known measurement errors of the fine mass
and sum of components represent random imprecision,
statistically we would expect the concentration of uni-
dentified component to be randomly distributed around
a value of zero, if it stemmed solely from measurement
uncertainties. Our error analysis, however, shows that
the concentration of the unidentified component is posi-
tive for all 40 days for sampler combinations 1 and 2,
for 41 out of 42 days for the sampler combinations 3
and 4 , and for all eight 5-day periods for the sampler
combination 5. Furthermore, the unidentified compo-
nent is larger than its uncertainty for all 40 days for sam-
pler combinations 1 and 2, 31 out of 42 days for the
sampler combinations 3 and 4 and for all eight 5-day
periods for the sampler combination 5. Hence, measure-
ment errors alone do not explain our observed concen-
tration of an unidentified component.

A large unidentified contribution to the total fine PM
concentrations has implications for relating aerosol chem-
istry and composition to other properties such as optics,
inhalation toxicity, or cloud formation. For instance, sci-
entists often estimate light scattering in the atmosphere
on the basis of measured concentration of various com-
ponents, their size distribution, density, refractive index
and water content.43 If the unidentified component mani-
fests a real uncertainty, then this uncertainty permeates
all of these properties (composition, refractive index, etc.)
and to calculations of scattering efficiencies and extinc-
tion coefficients. Hence, creating a tenable hypothesis to
explain this unidentified component is our goal and the
focus of the next section of this paper.
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Figure 2. Consistency of chemical and gravimetric measurements of study average concentrations of total fine PM mass and particle composition
(a) Combination 1 - IMPROVE samplers (using dust estimated by sum of oxides); miscellaneous is sum of concentration of remaining elements
measured by PIXE+XRF not used in estimating dust concentration, (b) Combination 2 - IMPROVE samplers (using dust estimated by Principal
Component Analysis), (c) Combination 3 - Stanford and Harvard samplers (using dust estimated by sum of oxides) miscellaneous is sum of concentration
of remaining elements measured by PIXE+XRF not used in estimating dust concentration, (d) Combination 4 - Stanford and Harvard samplers (using
dust estimated by Principal Component Analysis), (e) Combination 5 - MOUDI (Minnesota and MIT) samplers (using dust estimated by sum of
oxides); NH4 estimated using HEADS SO4/NH4 ratio.

Possible Sources of the Unidentified Component.  In addition
to measurement error, which we have discounted as the
sole source of the unidentified component, other possible
causes are:

• Contribution of dust being different than esti-
mated from sum of oxides or PCA;

• The gravimetric measurement of fine mass does
not accurately represent the samples analyzed
chemically due to the differences in the inlet size
cuts for different samplers, (e.g., filters used for
gravimetric measurements collect more material
than those used for chemical analysis);

• Contribution of water (associated with sulfate,
organics and/or dust components) to total fine
mass; and

• Contribution of organics being larger than what
we estimated either due to sampling and analy-
sis errors or due to the untested assumption that
the total concentration of organic compounds is
1.4 times the concentration of organic carbon.

Below, we test our hypotheses about measurement differ-
ences, examine other plausible explanations for the uni-
dentified component, and examine whether our results for
SEAVS are peculiar compared with similar published results.

A possible (but unlikely to be substantial) explana-
tion for the unidentified component is errors in the cal-
culated crustal component for the following reasons. First,
the contribution of dust to the aerosol may be underesti-
mated by the sum of oxides method. The sum of oxides
method uses only six compounds to estimate dust con-
centrations, while, as discussed previously, additional com-
pounds may also contribute to dust concentrations. We
found that, for specific soils, mass estimated using the
sum of oxides technique could be lower than the actual
soil mass by up to 50%. However, as we discussed before,
the actual dust concentration probably lies between the
results estimated by the sum of oxides technique and PCA;
hence on average the dust contribution is limited to be-
tween 5 and 11% for SEAVS and its uncertainty cannot
explain the magnitude of unidentified component. Sec-
ond, some oxides used in the dust calculation are hygro-
scopic (i.e., K2O which converts to KOH in water), so there
may be some water associated with dust. Using composi-
tion and water activity data for KOH,45 we calculate that
there is approximately 4.3 g water/g K at 55% relative
humidity. Study average concentrations of K were between
0.05 and 0.08 µg/m3 (range over different samplers); there-
fore, the average water content associated with K would
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Figure 3. (a) Concentration of unidentified component versus its
uncertainty for sampler combination 3. (Squares represent concentration
of unidentified component; lines represent +/- measurement uncertainty,
i.e., ±1σ); (b) after accounting for the maximum amount of water
associated with sulfate, versus its uncertainty for sampler combination
3. (Squares represent concentration of unidentified component; lines
represent +/- measurement uncertainty, i.e., ±1σ).

be equivalent to about 1% of the fine mass. Hence, we
can also rule out water associated with dust as a major
source of unidentified component.

The different inlet size cuts of the various samplers are
unlikely to contribute to the mass closure discrepancy: in
this paper, we used sampler combinations (see Table 1a
and 3) that were consistent, (e.g., we subtracted the chemi-
cal mass measured and inferred from MOUDI measure-
ments from the fine PM mass measured using the MOUDI).

Measurements during SEAVS and prior studies sup-
port the thesis that water contributes substantially to the
unidentified component. Atmospheric particles contain
water at relative humidity as low as 20% and, for a given
aerosol, the amount of water absorbed by particles in-
creases with increasing relative humidity.1,42,43,46 During
gravimetric measurements, the filters are allowed to equili-
brate and are weighed in a controlled relative humidity
chamber; we expect that the humidity of the weighing
chamber would influence the amount of water included
in the gravimetric mass depending on the thermodynamic
properties of the sampled particles. Stanford typically

weighed their filters between 40 and 55% relative humid-
ity while the IMPROVE samples were weighed at humidi-
ties between 31 and 45%. When six of the Stanford
samples were reweighed at lower humidity (between 20
and 30%), they showed a weight decrease of between 17
and 43%, suggesting a decrease in water content of the
filters due to the lowered humidity. The question is how
much of the unidentified component can be attributed
to water and whether a combination of measurement er-
ror and particle water content can account for all of the
unidentified component.

To estimate the contribution of water to fine mass,
we assume (1) only sulfate compounds (e.g., H2SO4,
NH4HSO4, (NH4)3H(SO4)2, and (NH4)2SO4) absorb water in
measurable quantity; and (2) the amount of water ab-
sorbed by sulfate compounds (g water/g sulfate) contained
in atmospheric particles (which also contain other com-
ponents such as organics) is equal to the amount of water
absorbed by sulfate compounds in laboratory experiments.
Such experiments have been performed for aqueous solu-
tions of single (e.g., (NH4)2SO4) and multicomponent (e.g.,
H2SO4-NH4HSO4) electrolytes.47,48 In laboratory experi-
ments conducted with aqueous solutions of specific com-
ponents, it is feasible to measure water content of these
sulfate compounds at equilibrium, as well as in the meta-
stable state (e.g., supersaturation). In the metastable state
deliquescent compounds (such as (NH4)2SO4) will retain
more water than in the equilibrium state at a relative hu-
midity less than the relative humidity of deliquescence.

We estimated the particle water content using the
measured concentrations of sulfate and ammonium and
the extremes of weighing humidities (Stanford: 40 and 55%;
IMPROVE: 31 and 45%) as input for a computer code de-
veloped by Clegg et al.49 on the basis of laboratory observa-
tions. Results support allocation of some of the unidentified
component to water (between 0 and 47% of the fine mass
for individual samples; the range is over the two extremes
of weighing humidities, sampler combinations and whether
a metastable or equilibrium state is assumed). Including
the calculated water content, however, does not account
for all of the unidentified components. Even when using
the largest estimates of water absorbed by inorganics (i.e.,
a supersaturated solution at the upper limit of the relative
humidity range at which filters were weighed), the remain-
ing unidentified component was positive for at least 75%
of the study days (regardless of sampler combination) and
was larger than the overall measurement uncertainty (Ediff)
for over half of the study days (e.g., Figure 3b). This sug-
gests that, some, but not all of the unidentified compo-
nent may be water associated with the inorganics
(practically all sulfate). There is still 15 to 23% of the study-
average fine mass (depending on weighing humidities and
sampler combinations) which remains unexplained. We
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close the discussion by emphasizing that our estimates of
water associated with sulfate are just that: estimates on the
basis of laboratory experiments. Atmospheric particles (in
suspended state as well as on filters) may not behave like
pure aqueous electrolyte solutions either in equilibrium or
in supersaturated state. For instance, water-insoluble com-
pounds (e.g., organics, elemental carbon, dust) may pro-
vide sites for nucleation and thus obviate the existence of
the supersaturated state.49,50 Moreover, the presence of or-
ganics would likely alter the thermodynamics of atmo-
spheric particles from that of an aqueous electrolyte.51,52

For instance, the presence of completely miscible organics
in atmospheric particles could provide an explanation for
the retention of water by these particles at relative humid-
ity below the relative humidity of deliquescence of sulfate
and nitrate salts in an equilibrium state.

We have shown that measurement errors and inor-
ganic constituents and water associated with sulfate do not
totally account for the unidentified component. Next we
investigate whether the unidentified component is specific
to SEAVS or whether it is observed in other studies as well.
To this end, we examined results from prior published stud-
ies for a wide range of locations (e.g., 1-21, see Table 4) and
find a lack of closure among fine PM mass and composi-
tion measurements (i.e., the gravimetrically measured fine
mass is not equal to the chemical mass, calculated by sum-
ming the concentration of measured and inferred constitu-
ents). We have used study or annual average concentrations
reported in these publications1-21 and assumed organics
=1.4*organic carbon, dust =sum of oxides. For most part,
we have selected only post-1988 studies because the stud-
ies prior to 1988 did not utilize nitric acid denuders which
minimize nitric acid adsorption on particulate samples, nor
did they have any means of estimating particulate nitrate
that volatilized during sampling.

We hypothesize that the unidentified component arises
out of the errors in measurement and/or analysis of organ-
ics. Figure 4a shows the unidentified component as a func-
tion of organic component (both expressed as a percent of
fine mass) for the studies listed in Table 4. Two things are
obvious from this plot. First, the contribution of unidenti-
fied component to fine mass is often substantial and varies
significantly, ranging from -30 to +50%. The negative per-
centage indicates cases where the sum of the constituents
exceeds the measured fine mass. As discussed before, one
possible explanation for the positive values (for unidenti-
fied component) is the presence of water associated with
electrolytes (sulfates, nitrates and chlorides). A possible
explanation for negative values is as follows. In many of
these studies, fine mass was measured off a filter that may
have lost some of the particle phase nitrate during or af-
ter sampling due to volatilization; however, nitrate
concentrations were measured using filters or their

combination that minimized such volatilization. Therefore,
for some studies, fine mass does not reflect all of the par-
ticle phase nitrate and associated ammonium.26

Second, there is a strong negative correlation (r2 ~
0.8) between measured organic and estimated unidenti-
fied component for these studies which span the entire
North American continent as well as other parts of the
world.6,7,15 We find no strong correlations between the
other major components of the aerosol: sulfate and uni-
dentified component (r2 ~ 0.1), sulfate and organic (r2 ~
0.2). If water associated with sulfate were a major expla-
nation for the unidentified component, we would expect
a stronger association between sulfate fraction and uni-
dentified component fraction. Second, the organic-
unidentified component relationship persists, albeit
weaker, (r2 ~ 0.5) even when the percentages of organic
and unidentified component are limited to cases between
where they contribute only 0-40% of the fine mass (i.e.,
neither component is dominant).

As we discussed earlier, the estimates of organic con-
centration have relatively large errors associated with them
(compared to sulfate, for example). These errors transcend
the known measurement errors we considered in con-
structing Figure 3. Appendix A provides a mathematical
explanation for why relatively large random errors in con-
centration of organics could lead to a relatively large nega-
tive correlation coefficient (r) between the organic and
unidentified fraction. Physical explanations are discussed
in the next section.

DISCUSSION
We hypothesize that the relationship arises from one or more
of the following: (1) errors in measurements of organic car-
bon; (2) estimates of total organic concentration from or-
ganic carbon measurements; and (3) water absorbed by
organics. First, organics may contribute directly to the uni-
dentified component. For instance, the quartz after-filter may
contain adsorbed organic gases as well as organics that evapo-
rated during sampling from particles collected on the front
filter; therefore, estimating particulate organics as Q1 - Qaf
would lead to overadjustment for gaseous interference and
thus, underestimation of particulate organic carbon. Second,
the assumed organics/organic carbon concentration ratio
of 1.4 may be low, leading to underestimation of the true
organic concentration in the samples. For many oxygen-
ated organic compounds expected to be found in atmo-
spheric particles, the ratio of average molecular weight to
carbon weight ranges between 1.3 and 3.75.42 Recently
Turpin et al. (personal communication, 1997) have re-
examined this ratio and suggested higher numbers, par-
ticularly for non-urban areas where organic compounds
are more oxidized. Using similar reasoning, Hegg et al.41

utilized a value of 1.7 for fine PM samples collected off the
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Table 4. Summary of Studies used to construct Figures 4a and 4b.

Sample

Referencea Site #s Location  Seasonb Typec Lengthd Time of Dayd Duratione

This study 1-3 Smoky Mountains, TN S R 12 h day 42 days

Turpin, 1997 4-5 Southwest U.S. S R 12 h day 1.5 months

Chow, 1993 6-11 San Joaquin Valley, CA S RTU 24 h - 1 year

Gray, 1986 12-22 Los Angeles, CA A RTU 24 h - 1 year

Salmon,1994 23 China A U 24 h - 1 year

Salmon, 1995 24-25 Poland A U 24 h - 1 year

Chow, 1996 26-35 San Joaquin Valley, CA S RTU 24 h - 2 months

Chow, 1994 36-44 Los Angeles, CA S/F RTU 4-7 h day and night 17 days

Salmon, 1997 45-49 Northeast U.S. A RTU 24 h - 1 year

Pryor, 1997 50-52 Western Canada S RT 24 h - 1 month

Dzubay, 1982 53 Houston TX S U 12+12 h day and night 1 month

Malm, 1994a 54-55 Northwest U.S. S R 12 h day 2.5 months

Tuncel, 1985 56 Shenandoah, WV S R 12 h day 3 weeks

Stevens, 1984 57-59 Russia and WV S R 12 h day & night 1 month

Wolff, 1982 60 Detroit, MI S U 4 h day & night 1 week

Cahill, 1996 61  Mexico City S U n/r n/r 3 years

Tombach, 1996 62 Dallas, TX W U 4 h 8AM-noon 2 months

Watson, 1988 63-65 Denver, CO W U 7 h (am) day & night 3 months

17 h (pm)

Watson, 1997 66 Chicago, IL A U 24 h - 1 year

Dzubay, 1988 67 Camden, NJ S U 12 h day and night 1 month

Ferman, 1981 68 Shenandoah, WV S R 12 h day 1 week

aReferences are listed by first author and date of publication; bA=Annual, S=Summer, F=Fall, W=Winter; cR=Rural, T=Transition, U=Urban;  dn/r = not reported;  eWe have used averages

of all available experimental data and we report here “Duration” only to give the reader a notion of the period over which averages were derived in various studies.  In many cases,

samples were not collected every day: for instance, a 24-hr sample every 6 days for a period of 1 year was used in some studies to derive an annual average.

mid-Atlantic coast of the US. Second, water associated with
organics may also contribute to the unidentified compo-
nent.42, 43, 51, 52 In summary, our hypotheses (1) and (2) stem
from our work as well as the work of others.

If part of the unidentified component is due to or-
ganic compounds and associated water, the following rea-
soning leads us to expect that rural areas would have a
larger percentage of the total fine PM mass manifested as
unidentified component in our analysis (Figure 4a). Ru-
ral areas are expected to contain relatively more polar and
oxygenated compounds which have organics to organic
carbon mass ratios greater than the value we assumed (1.4).
Researchers have noted possible sources of such com-
pounds to be oxidation of both anthropogenic and bio-
genic volatile organics as well as direct emission from
vegetation.53 Hence, as an aerosol is transported away from
its source area, VOCs can undergo oxidation which re-
sults in particle phase secondary organics that are both
hydrophilic and have an organics-to-organic carbon ra-
tio higher than 1.4.

In prior studies, the contribution of secondary organ-
ics has been inferred from the ratio of organic carbon (OC)

to elemental carbon (EC).5, 54-56 The idea is that direct par-
ticle emissions (e.g., from automobiles and other sources)
have a characteristic ratio (OC/EC); the ratio will increase
as more organics are formed from oxidation of volatile
organic compounds. An indication of the contribution of
particulate organic compounds stemming from biogenic
and secondary sources can likewise be inferred from the
ratio of OC to total carbon (TC). We chose to use the OC/
TC ratio, rather than OC/EC, because EC is a small frac-
tion of the carbon measured during SEAVS (EC was often
near the LDL) and a small amount of noise in the EC sig-
nal may result in a larger noise in the OC/EC ratio. (The
two ratios can be related by: (OC/EC)-1 = (OC/TC)-1 - 1.)
An OC/TC ratio greater than 0.69 (based on the OC/EC
ratio of 2.2 used by Turpin and Huntzicker, (56)) may be
indicative of the presence of secondary organics. During
SEAVS the OC/TC ratio has a median value of 0.97, 0.87,
and 0.9 for the Stanford, IMPROVE and MOUDI samplers
respectively. The high fraction of total carbon that was
organic suggests that much of the particulate organics
measured during SEAVS originated from VOC oxidation.
A similar conclusion was also drawn by Turpin et al.1 for
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Figure 4a. Comparison of percent unidentified component and
organic carbon for a number of different studies. (1-3 SEAVS, this paper;
4-5 (1); 6-11 (2); 12-22 (5); 23 (6); 24-25 (7); 26-35 (4); 36-44 (3); 45-
49 (8); 50-52 (9); 53 (10); 54-55 (12); 56 (14); 57-59 (15); 60 (16); 61
(17); 62 (18); 63-65 (19); 66 (21); 67 (11); 68 (20)).

their Grand Canyon study; there OC/TC ratios of 0.80 to
0.90 were found.

Figure 4a suggests that for the rural locations (e.g.,
SEAVS and Meadview, points 1-5 on the plot) typically a
greater percentage of fine mass remains unidentified than
for the urban locations (e.g., Dallas and Denver, points
62-65 on the plot). Based upon these observations and
the above discussion of primary and secondary organics,
we test two additional hypotheses: (1) the unidentified
component is proportional to the contribution of the sec-
ondary organics to the total organics in a sample; and (2)
secondary compounds contribute more to the total or-
ganics in the rural areas than in the urban areas. In test-
ing these hypotheses, we presume that the OC/TC ratio is
a measure of the contribution of secondary organics to
total organics. We differentiate between rural and urban
areas by assuming that sites within 20 km of a city (or a
metropolitan area) are urban, sites more than 50 km from
a city are rural and sites between 20 and 50 km are transi-
tional. Figure 4b shows that the dichotomy between ur-
ban vs. rural sites is unclear in terms of the range of OC/
TC ratios as well as the range of the percent unidentified
component. Therefore, neither of the two hypotheses,
which taken together would lead us to expect higher OC/
TC ratios and higher contribution of the unidentified
component to fine mass at rural sites than urban sites, is
borne out in Figure 4b. However, our test results are a
product of the quality of the observations and our assump-
tions and we hope that these hypotheses can be retested
with more reliable observations in the future.

CONCLUSIONS
Fine particles comprised, on average, approximately 80%
of the PM10 concentration measured in the SEAVS study
in Great Smoky Mountains National Park between July
15 and August 25, 1995. Over the period of study there
were wide variations in fine mass and its components: for
instance, fine mass ranged from less than 10 to greater
than 100  µg/m3 while the average concentration was 23.5
to 28.1 µg/m3 (range over different samplers). Study aver-
age component concentrations (range over different sam-
plers) were 8.7 to 9.7 µg/m3 sulfate, 1.8 to 3.9 µg/m3

organics (estimated as OC multiplied by 1.4), 1.8 to 2.3
µg/m3 ammonium, 1.3 to 2.8 µg/m3 soil dust, 0.1 to 0.4
µg/m3 elemental carbon and 0.1 to 0.3 µg/m3 nitrate. Sul-
fate was the dominant component accounting for more
than 30% of the measured gravimetric mass, while
organics, soil dust and elemental carbon each accounted
for 5 to 13% of the total mass. Particulate nitrate was fre-
quently near or below detection limits.

We tested the consistency of the measurements by
comparing the sum of component concentrations derived
from chemical measurements with the gravimetrically

measured fine mass concentration. Although the sum of
components is strongly correlated with fine mass, between
28 and 42% of the fine mass could not be attributed to
specific components (study average contribution, range
across different samplers and sets of assumptions). We
found that the known measurement uncertainty may
make the unidentified component (e.g., the difference
between fine mass and the sum of chemically measured
or inferred components) appear smaller or larger than
what was observed, however, this uncertainty alone does
not appear to be a sufficient explanation for the entire
unidentified component.

We investigated other potential contributions to the
unidentified component and found that errors associ-
ated with the dust contribution or water expected to
be absorbed by sulfate could not account for all of the
unidentified component. Combining the SEAVS mea-
surements with results of other similar studies, we find
a strong association between fractional contributions
of organic carbon and the unidentified component. We
offer several tenable hypotheses for the relationship be-
tween organic and unidentified mass fractions that
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Figure 4b. Relationship between unidentified component and OC/
TC ratio categorized by whether a location is urban, rural or transitional
(the same data as in Figure 4a).

deserve to be tested in future work. Specifically, we hy-
pothesize that (1) errors in the measurement of organic
carbon;(2) estimates of organic concentration from
measurements of organic carbon; and/or (3) water ab-
sorption by organics may all contribute to the observed
relationship. These hypotheses can be tested in future
studies that address the following: sampling improve-
ment to minimize losses (e.g., denuders, concentra-
tors);27,57,58 organic compound identification;59-61 and
laboratory studies of water absorption by individual or-
ganic compounds as well as organic-electrolyte mix-
tures.51,63,64

ACKNOWLEDGMENTS AND OTHER SEAVS
DOCUMENTS
We thank Thomas Cahill (UC Davis), Derek Day (NPS),
and William C. Malm (NPS), for providing us the IM-
PROVE measurements discussed in this paper and for their
comments as the paper evolved; Mary Ann Allan, EPRI
Project Manager for reviewing the manuscript and coor-
dinating SEAVS measurements and data analysis. This
work was supported by EPRI, American Electric Power,
Duke Power, Oglethorpe Power, South Carolina Electric

and Gas, Southern Company and Tennessee Valley Au-
thority. In addition to these organizations, the National
Park Service and U.S. Department of Energy supported
SEAVS. Readers can contact Ms. Mary Ann Allan for other
SEAVS reports and papers.

REFERENCES
1. Turpin, B.J.; Saxena, P.; Allen, G.; Koutrakis, P.; McMurry, P.H.;

Hildemann, L. “Characterization of the southwestern desert aerosol,
Meadview, AZ,” J. Air & Waste Manage. Assoc., 47, 344-356, 1997.

2. Chow, J.C.; Watson, J.G.; Lowenthal, D.H.; Solomon, P.A.; Magliano,
K.L.; Ziman, S.D.; Richards, L.W. “PM10 and PM2.5 compositions in
California’s San Joaquin Valley”, Aerosol Sci. Technol., 18, 105-128,
1993.

3. Chow, J.C.; Watson, J.G.; Fujita, E.M.; Lu, Z.; Lawson, D.R.; Ashbaugh,
L.L. “Temporal and spatial variations of PM2.5 and PM10 aerosol in the
Southern California air quality study,” Atmos. Environ., 28, 2061-
2080, 1994.

4. Chow, J.C., Watson, J.G., Lu, Z., Lowenthal, D.H., Frazier, C.A.,
Solomon, P.A., Thuillier, R.H., and Magliano, K.L., “Descriptive analy-
sis of PM2.5 and PM10 at regionally representative locations during
SJVAQS/AUSPEX,” Atmos. Environ., 30, 2079-2112, 1996.

5. Gray, H.A.; Cass, G.R.; Huntzicker, J.J.; Heyerdahl, E.K.; Rau, J.A. “Char-
acteristics of atmospheric organic and elemental carbon particle con-
centrations in Los Angeles,” Environ. Sci. Technol., 20, 580-582, 1986.

6. Salmon, L.G., Christoforou, C.S., Cass, G.R., “Airborne pollutants in
the Buddhist cave temples at the Yungang Grottoes, China,” Environ.
Sci. Technol., 28, 805-811, 1994.

7. Salmon, L.G., Cass, G.R., Bruckman, K. and Haber, J., “Historic cen-
tral Krakow, Poland, World Heritage Site indoor/outdoor pollutant
exposure study,” Final report to the Maria Sklodowska-Cuire Joint
Fund II, December, 1995.

8. Salmon, L.G., Cass, G.R., Pedersen, D.U., Durant, J.L., Gibb, R., Lunts,
A., and Utell, M., “Determination of fine particle concentration and
chemical composition in the Northeastern United States,” Progress
Report to NESCAUM, October, 1997.

9. Pryor, S.C., Simpson, R., Guise-Bagley, L., Hoff, R., Sakiyama, S., “
Visibility and aerosol composition in the Fraser Valley during RE-
VEAL,” J. Air Waste Manage. Assoc., 47, 147-156, 1997.

10. Dzubay, T.G., Stevens, R.K., Lewis, C.W., Courtney, W.J., Tesch, J.W.,
Mason, M.A. “Visibility and aerosol composition in Houston, Texas,”
Environ. Sci. Technol., 16, 514-525, 1982.

11. Dzubay, T.G., Stevens, R.K., Gordon, G.E., Olmez, I, Sheffield, A.E.,
Courtney, W.J., “A composite receptor method applied to Philadel-
phia aerosol,” Environ. Sci. Technol., 22, 46-52, 1988.

12. Malm, W.C., Gebhart, K.A., Molenar, J., Cahill, T., Eldred, R., and
Huffman, D.,” Examining the relationship between atmospheric aero-
sols and light extinction at Mount Rainier and North Cascades Na-
tional Parks,” Atmos. Environ., 28, 247-260, 1994a.

13. Malm, W.C., Sisler, J.F., Huffman, D., Eldred, R.A., Cahill, T.A., “Spa-
tial and seasonal trends in particle concentration and optical extinc-
tion in the United States,” J. Geophys. Res., 99, 1347-1370, 1994b.

14. Tuncel, S.G., Olmez, I., Parrington, J.R., Gordon, G.E., Stevens, R.K.,
“Composition of fine particle regional sulfate component in
Shenandoah Valley,” Environ. Sci. Technol., 19, 529-537, 1985.

15. Stevens, R.K., Dzubay, T.G., Lewis, C.W., Shaw, R.W., “Source appor-
tionment methods applied to the determination of the origin of
ambient aerosols that affect visibility in forested areas,” Atmos.
Environ., 18, 261-272, 1984.

16. Wolff, G.T., Ferman, M.A., Kelly, N.A., Stroup, D.P., Ruthkosky, M.S.,
“The relationships between the chemical composition of fine par-
ticles and visibility in the Detroit metropolitan area,” J. Air Poll. Con-
trol. Assoc., 32, 1216-1220, 1982.

17. Cahill, T.A., Morales, R., Miranda, J., “Comparative aerosol studies of
pacific rim cities - Santiago, Chile (1987); Mexico City, Mexico (1987-
1990); and Los Angeles, USA (1973 and 1987),” Atmos. Environ., 30,
747-749, 1996.

18. Tombach, I., Seigneur, C., McDade, C., and Heisler, S. “Dallas-Ft. Worth
Winter Haze Project,” EPRI TR-106775-V3, Vol. 3, 11.1-11.31, Elec-
tric Power Research Institute, Palo Alto, CA, 1996.

19. Watson, J.G. and Chow, J.C. et al., “The 1987-88 Metro Denver Brown
Cloud Study,” DRI Document No. 8810-1F3, Vol. 3, 3.1-3.15, Desert
Research Institute, Reno, NV 1988.

20. Ferman M.A., Wolff, G.T., and Kelly, N.A., “ The nature and sources
of haze in the Shenandoah Valley/Blue Ridge Mountains Area,” J. Air
Poll. Control Assoc. 31, 1074-1082, 1981.

21. Watson, J.G., Chow, J.C., Rogers, C.F. et al., “Annual Report for the
Robbins Particulate Study,” DRI Document No. 7100.3F2, prepared
for VERSAR, Inc., Lombard, IL, Desert Research Institute, Reno, NV,
1997.



Andrews et al.

Volume 50  May 2000 Journal of the Air & Waste Management Association  663

22. Vasconcelos, L., Macias, E.S., and White, W.H., “Aerosol composi-
tion as a function of haze and humidity levels in the southwestern
U.S.,” Atmos. Environ. 28, 3679-3691, 1994.

23. Saxena, P. and McMurry, P.H., “Study Plan: Southeastern aerosol and
visibility study (SEAVS)” Electric Power Research Institute, Palo Alto,
CA, 1995.

24. Hering, S., “Measurements for the Southeastern Aerosol and Visibil-
ity Study (SEAVS): Field Report,” prepared for the Electric Power Re-
search Institute at Aerosol Dynamics, Inc., 1996a.

25. Speer, R.E., Barnes, H.M., and Brown, R., “An instrument for measur-
ing the liquid water content of aerosols,” Aerosol Sci. Technol., 27,
50-61,1997.

26. Hering, S. and Cass, G., “The magnitude of bias in the measurement
of PM2.5 Arising from Volatilization of Particulate Nitrate from Teflon
Filters,” Submitted to J. Air Waste Manage. Assoc., 1998.

27. Hering, S.V.; Appel, B.R.; Cheng, W.; Salaymeh, F.; Cadle, S.H.; Mulawa,
P.A.; Cahill, T.A.; Eldred, R.A.; Surovik, M.; Fitz, D.; Howes, J.E.; Knapp,
K.T.; Stockburger, L.; Turpin, B.J.; Huntzicker, J.J.; Zhang, X.-Q.;
McMurry, P.H, “Comparison of sampling methods for carbonaceous
aerosols in ambient air,” Aerosol Sci. Technol., 12, 200 - 213, 1990.

28. Turpin, B.J., Saxena, P., Andrews, E. “Measurement and simulation of
particulate organics in the atmosphere: problems and prospects,”
Atmos. Environ., in press.

29. Turpin, B.J., Hering, S.V., Huntzicker, J.J., “Investigation of organic
aerosol sampling artifacts in the Los Angeles Basin,” Atmos. Environ.,
28, 3061-3071, 1994.

30. Lewis, C.W. and Macias, E.S., “Composition of size-fractionated aero-
sol in Charleston, W. Virginia,” Atmos. Environ., 14, 185-194, 1980.

31. Thurston, G.D. and Spengler, J.D., “A quantitative assessment of source
contributions to inhalable particulate matter pollution in metropoli-
tan Boston,” Atmos. Environ., 19, 9-25,1985.

32. Weast, R.C., Handbook of Chemistry and Physics 67th edition, CRC
Press, Boca Raton, FL, 1986.

33. Mason, B. Principles of Geochemistry, John Wiley, New York, 1958.
34. Lawson, D.R. and Winchester, J.W., “A standard crustal aerosol as a

reference for elemental enrichment factors,” Atmos. Environ., 13,
925-930, 1979.

35. Gone, J.K., Che, J., Ames, M., Olmez, I, “The crustal contribution to
fine aerosol mass as determined by receptor modelling,” submitted J.
Air Waste Manage. Assoc., 1997.

36. EPA, “Air emissions species manual, Volume II - particulate matter
species profiles,”EPA-450/2-90-001b, January 1990.

37. Wohlers, H.C., “Carbon monoxide and sulfur dioxide adsorption and
desorption from glass, plastic, and metal tubings,” J. Air Poll. Con-
trol Assoc., 17, 753-757, 1967.

38. White, W. H. and Roberts, P.T., “On the nature and origins of visibil-
ity-reducing aerosols in the Los Angeles air basin,”Atmos. Environ.,
11, 803-812, 1977.

39. Grosjean, D. and Friedlander S.K., “Gas-particle distribution factors
for organic and other pollutants in the Los Angeles atmosphere,” J.
Air Poll. Control Assoc., 25, 1038-1044, 1975.

40. Tabor, E.L., Hauser, T.E., Lodge, J.P. and Burtschell, R.H., “Carcino-
genic bioassays on air pollutants,” A.M.A. Arch. Ind. Health, 17, 58,
1958.

41. Hegg, D.A., Livingston, J., Hobbs, P.V., Novakov, T., and Russell, P., “
Chemical apportionment of aerosol column optical depth off the
mid-Atlantic coast of the United States,” J. Geophys. Res., 102, 25293-
25303, 1997.

42. Saxena, P., Hildemann, L.M., McMurry, P.H., and Seinfeld, J.H. “Or-
ganics alter hygroscopic behavior of atmospheric particles,” J.
Geophys. Res. 100, 18755-18770, 1995.

43. Dick, W. D. “Multiangle Light Scattering Techniques for Measuring
Shape and Refractive Index of Submicron Atmospheric Particles,”
Ph.D. Thesis, Mechanical Engineering, University of Minnesota, Min-
neapolis, MN, 1998.

44. Sherman, D.E., Kreidenweis, S., and McKee, T. The Influence of Syn-
optic and Local Meteorological Conditions on Ambient Particle Con-
centrations During the Southeastern Aerosol and Visibility Study
(SEAVS); Cooperative Institute for Research in the Atmosphere, Colo-
rado State University and Latimer and Associates: Boulder, CO, Feb-
ruary 1997; ISSN #0737-5352-34.

45. Robinson, R.A. and Stokes, R.H., Electrolyte Solutions , Butterworths,
London, UK, 1968.

46. Hanel, G., “The properties of atmospheric aerosol particles as func-
tions of the relative humidity at thermodynamic equilibrium with
the surrounding moist air,” Adv. Geophys. 19, 73-188, 1976.

47. Tang, I.N. and Munkelwitz, H.R., “Water activities, densities, and re-
fractive indices of aqueous sulfates and sodium nitrate droplets of
atmospheric importance,” J. Geophys. Res. 99, 18,801-18,808, 1994.

48. Kim, Y.P., Pun, B. K.-L., Chan, C.K., Flagan, R.C. and Seinfeld, J.H.,
“Determination of water activity in ammonium sulfate and sulfuric
acid mixtures using levitated single particles,” Aerosol Sci. Technol.
20, 275-284, 1994.

49. Clegg, S.L., Brimblecombe, P., Liang, Z., and Chan, C.K., “Thermody-
namic properties of aqueous aerosols to high supersaturation: II - A
model of the system Na+ - Cl- - NO3

- - SO4
2- -H2O at 298.15,” Aerosol

Sci. Technol., 27, 345-366, 1997.

50. Han, J-H, and Martin, S.T., “Heterogeneous nucleation of the efflo-
rescence of (NH4)2SO4 Particles Internally Mixed with Al2O3, TiO2,
and ZrO2,” Submitted to J. Geophys. Res., 1998.

51. Tang, I.N. and Fung, K.H., “Thermodynamic and optical properties
of mixed aerosol particles: NaCl and succinic acid,” submitted to J.
Geophys. Res., 1997.

52. Saxena, P. and Hildemann, L.M., “Water absorption by organics: sur-
vey of laboratory evidence and evaluation of UNIFAC for estimating
water activity,” Environ. Sci. Technol., 31, 3318-3324, 1997.

53. Saxena, P. and Hildemann, L.M., “Water-soluble organics in atmo-
spheric particles: a critical review of the literature and application of
thermodynamics to identify candidate compounds,” J. Atmos. Chem.,
24, 57-109, 1996.

54. Turpin, B.J., Huntzicker, J.J., Larson, S.M. and Cass, G.R., “Los Ange-
les summer midday particulate carbon: primary and secondary aero-
sol,” Environ. Sci. Technol., 25, 1788-1793, 1991.

55. Turpin, B.J. and Huntzicker, J.J., “Secondary formation of organic
aerosol in the Los Angeles basin:  a descriptive analysis of organic
and elemental carbon concentrations,” Atmos. Environ., 25A, 207-
215, 1991.

56. Turpin, B.J. and Huntzicker, J.J., “Identification of secondary organic
aerosol episodes and quantitation of primary and secondary organic
aerosol concentrations during SCAQS,” Atmos. Environ., 29, 3527-
2544, 1995.

57. Eatough, D.J., Wadsworth, A., Eatough, D.A., Crawford, J.W., Hansen,
L.D. and Lewis, E.A., “A multi-phase system, multi-channel diffusion
denuder sampler for the determination of fine-particulate organic
material in the atmosphere,” Atmos. Environ., 27A, 1213-1219, 1993.

58. Sioutas, C., Koutrakis, P., Ferguson, S.T., Kim, C.S., and Burton, R.M.,
“Development and evaluation of a prototype ambient particle con-
centrator for inhalation exposure studies,” J. Inhalation Toxicol., 7,
633-644, 1997.

59. Rogge, W.F., Mazurek, M.A., Hildemann, L.M., Cass, G.R., Simoneit,
B.R.T., “Quantification of urban organic aerosols at a molecular level:
Identification, abundance and seasonal variation,” Atmos. Environ.,
27A, 1309-1330, 1993.

60. Hildemann, L.M., Mazurek, M.A., Cass, G.R., Simoneit, B.R.T., “Quan-
titative characterization of urban sources of organic aerosol by high-
resolution gas chromatography,” Environ. Sci. Technol.,
25,1311-1325, 1991.

61. Hildemann, L.M., Mazurek, M.A., Cass, G.R., Simoneit, B.R.T., “Sea-
sonal trends in Los Angeles ambient organic aerosol observed by high-
resolution gas chromatography,” Aerosol Sci. Technol.,,20, 303-317,
1994.

62. Wagner, J., Andrews, E., Larson, S.M. “Sorption of vapor phase oc-
tanoic acid onto deliquescent salt particles,” J. Geophys. Res., 101,
19533-19540, 1996.

63. Andrews, E. and Larson, S.M., “Effect of surfactant layers on the size
changes of aerosol particles as a function of relative humidity,”
Environ. Sci. Technol., 27, 857-865, 1993.

64. Hameri, K., Rood, M.J., and Hansson, H.C., “Hygroscopic properties
of a NaCl aerosol coated with organic compounds,” J. Aerosol Sci.,
23, suppl. 1, s432-s440, 1992.

65. Deming, W.E., Statistical Adjustment of Data, John Wiley and Sons,
New York, NY, 1943.

APPENDIX
On the Negative Correlation of

Components in a Mixture
Figure 4a in the text suggests a strong negative correla-
tion between organics and the unidentified component,
while weak correlations were observed between other pairs
of components. Using statistics we demonstrate how these
observations can result from random measurement errors
in one of the components.

Suppose we have a mixture of total mass, TM, such that

TM = M1 + M2 + …+MN

(e.g., TM = Morganics+ Msulfates + Mremainder).

If we consider the relative contributions Ci = Mi /TM then
C1 + C2 + … + CN = 1

We can then ask, what is the variance of the sum of
the relative contributions to total mass, i.e., what is var
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(C1 + C2 + … + CN)?  Since C1 + C2 + … + CNi =1 is a con-
stant and var(constant) = 0 we could simply write:  var(C1

+ C2 + … + CN) = 0.
However, based on the definitions of variance and co-

variance and working through the algebra, we can also write

 (A1)

In more familiar terms, var(Ci) = si
2 and cov(Ci, Cj) = sisjrij

where si is the standard deviation of Ci and rij is the corre-
lation between Ci and Cj.  (This is how s and r are de-
fined.)  Putting these various identities together yields the
following constraint:

(A2)

Consider the special case of symmetry where the stan-
dard deviations and correlation coefficients are equal, that
is, si = s for all i and rij ≠ r for all i ≠ j.  Then eq A2 can be
rewritten

0 = Ns2 +N(N-1)s2r (A3)

Solving for r yields

r = -1/(N-1) (A4)

For the example TM = Morganics+ Msulfates + Mremainder, we might
thus expect negative correlations of order r = -0.5 between
each species.

Now, suppose that C1 is measured with random error
e, and C2, …, CN-1 and TM are measured exactly. This is
plausible for the example TM = Morganics+ Msulfates + Mremainder,
because errors in the quartz-filter carbon measurement
do not affect the Teflon-filter measurements of sulfur and
gravimetric mass. We can calculate what this error will do
to the correlations.

Note, first, that the measurement noise inflates the ob-
served variance

(A5)

This assumes that the error e in measurement is indepen-
dent of the true composition C1, C2, …, Cn so that cov(C1,e)
≠ 0.  For j < N, the observed covariance cov(C1 + e, Cj) =
cov(C1,Cj) + cov(e, Cj) ≠ cov(C1,Cj) is unaffected, again
assuming that the error is independent of the true com-
position.  The observed correlation is thus

(A6)

So the observed correlation r’1j is closer to zero than the
actual correlation r1j.

The derived value for the residual component has
error –e, so a similar argument yields

for j > 1 (A7)

Again the effect of the error is to attenuate the observed
correlations.

The only covariance affected by the measurement
error is the one between C1 and CN

(A8)

The observed correlation is then

(A9)

In the special case of symmetry, this simplifies to

(A10)

where f = se/s.
For the example TM = Morganics+ Msulfates + Mremainder , we

found r = -0.5 for the symmetric case.  If we suppose that half
of the observed organic variance is attributable to measure-
ment error, so that se = s (and f = 1), then r’13 ~ -0.75.  The
correlations involving sulfate on the other hand, are then

(A11)


