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ABSTRACT

Week-long samples of airborne particulate matter were obtained at ‘Alert, Northwest Territories, Canada,
between 1980 and 1991. The concentrations of 24 particulate constituents have some $trong, persistent seasonal
variations that depend on the transport from their sources. In order to explore the nature of the cyclical variation
of the different processes that give rise to the measured concentrations, the observations were arranged into
both a two-way matrix and a three-way data array. For the latter, the three modes consist of chemical constituents,
weeks within a year, and years. The two-way bilinear model and a three-way trilinear model were used to fit
the data and a new data analysis technique, positive matrix factorization (PMF), has been used to obtain the
solutions. PMF utilizes the error estimates of the observations to provide an optimal pointwise scaling data array .
for weighting, which enables it to handle missing data, a’common occurrence in environmental measurements.
It can also apply nonnegative constraints to the factors. Five factors have been obtained that reproduce the data
quite well for both two-way and three-way analyses. Each factor represents a probable source with a compositional
profile and distinctive seasonal variations. Specifically, there are (i) an acid photochemical factor typified by
Br-, H*, and SO3~ and characterized by a concentration maximum around April, or shortly after polar sunrise;
(i) a soil factor representing by Si, Al, and Ca and having its main seasonal maximum in September and October; .
(if1) an anthropogenic factor dominated by SO?~ together with metallic-species like Pb, Zn, V, As, Sb, Se, In,
etc., peaking from December to April; (iv) a sea salt factor consisting mainly of Cl, Na, and K with maximum
concentrations during the period from October to April; and (v) a biogenic factor characterized by methane-
sulfonate and having a primary maximum at May and a secondary maximum in August. The results obtained
by both two-way and three-way PMF analyses are generally consistent with one another. However, there are
differences because of additional constraints on the solution imposed by the three-way analysis. The results also
help to confirm the hypotheses regarding the origins of the Arctic aerosol.

1. Introduction now known that the Arctic atmosphere is not a pristine
environment unaffected by air pollution and that Arctic
haze originates from both man-made pollution and nat-
ural sources like windblown dust and sea salt (Barrie
1986). The concentration of pollution in the Asctic has
a strong seasonal variation characterized by a summer

particulate matter that are available from the late 1970 Dinimum and a winter maximum. Furthermore, during
on, considerable progress has been made in understand-  Winter, much of the particulate matter is mostly of man-
ing the origin of the airborne particulate matter. It is made origin, while in summer, the lower concentrations
’ , are contributed mainly by natural origins (Barrie 1986;

Barrie and Hoff 1985). In order to understand the real

’ ' or potential effects of the Arctic air pollution to the
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The nature, origins, and transport of the Arctic aerosol
have been the subjects of active research since 1970.
Arctic haze was thought to consist mainly of windblown
dust in the early studies. Based on routine ground-level
observations of the chemical composition of suspended
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as the nature of the man-made pollutants, the origins of
the chemical species, the mechanism of the long-range
transportation, and the transformation of gaseous com-
pounds in the atmosphere that occurs in the cold polar
region, needs to be understood.

By collecting samples of airborne particles over time
and characterizing those samples by analytical mea-
surement of a variety of chemical species, a dataset can
be developed such that the nature (underlying structure)
of ambient air pollution data can be determined using
multivariate receptor models (Hopke 1991). Techniques
commonly used are principal component analysis (PCA)
and target transformation factor analysis (Hopke 1988).
However, the widely used PCA and related techniques
suffer from several drawbacks. The factors of PCA are
rarely physically explainable without rotation, and no
fully satisfactory transformation (rotation) techniques
have yet been found. In addition, PCA really represents
a least squares minimization. This fit is weighted by
implicitly assuming unrealistic standard deviations for
the variables in the data matrix. Thus, the results of a
principal components analysis do not represent a min-
imum variance solution since they are based on an in-
correct weighting (Barrie and Barrie 1990). A different
approach, called positive matrix factorization (PMF),
was recently developed by Paatero and Tapper (1993,
1994) to address such problems. This new technique
differs from the customary PCA because the error es-
timates for the individual data point values are utilized
as point-by-point weights. In addition, constraints on
the results such as nonnegativity of the factors is inte-
grated in the computational process. These are very use-
ful features for the receptor modeling of environmental
data. In the analysis of airborne particle samples using
nuclear analytical methods such as X-ray fluorescence
or instrumental neutron activation analysis (INAA), er-
ror estimates of the observations are readily available.
For the factor analysis of such data, both of the resulting
matrices must be nonnegative. PMF has been success-
fully applied to the analysis of daily precipitation sample

data from Finland (Juntto and Paatero 1994), for the -

source identification of bulk wet deposition in Finland
(Anttila et al. 1995), and of aerosol in Alaska (Polissar
et al. 1996). ’ :
Data collected in air pollution monitoring systems can
logically be arranged into three-way data arrays in order
to examine the spatial and temporal variations of the
system as a whole. An obvious example is data from
air-quality-monitoring networks that routinely collect a
time sequence of samples from multiple sites and an-
alyze those samples for a variety of species (Zeng and
Hopke 1990) so that the three ways are location, time,
and chemical species. In other cases, a typical two-way
data block from a time sequence of measurements from

a single monitoring site can be rearranged into a three-

way or even higher data array if there are inherent pe-
riodic variations (daily, weekly, monthly, or yearly) that
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exist in the observations and the objective of the analysis
is to reveal the nature of the assumed periodicity.

There have been some efforts to employ three-way
data analysis techniques for receptor modeling (Zeng
and Hopke 1990, 1992a,b) and relationship elucidation
(Gemperline et al. 1992) of environmental data. By ap-
plying three-way analysis methods to both simulated
and real ambient airborne particle data, Zeng and Hopke
(1990, 1992a) tested three-mode factor analysis for re-
ceptor modeling. The same authors also tried to fit three-
way environmental data into a trilinear model, and direct
trilinear decomposition algorithm was used for solving
the trilinear model (Zeng and Hopke 1992b). Positive
matrix factorization can be extended to fit a trilinear
model to three-way data arrays, but it has not been pre-
viously used in this manner (Paatero 1997a).

Inspection of the time series of aerosol species con-
centrations at Alert over the time interval from 1980 to
1991 shows recurring yearly cyclical variations. From
the time series of the aerosol species (Barrie and Hoff
1985) and with the aid of a principal component analysis
(Barrie and Barrie 1990), Barrie and coworkers have
tried to identify the possible pollution sources of Arctic
aerosol and their seasonal variations. Because of a sub-
stantial number of missing data and values below the
detection limit existing in the aerosol measurements,
especially for the summers, only winter data were used
in the principal component analysis (Barrie and Barrie
1990). They identified four sources including soil, sea
salt, anthropogenic aerosol, and a fourth factor associ-
ated either with photochemical reaction (Barrie and Bar-
rie 1990) or a halogen factor (Barrie and Hoff 1985).
Seasonal variations of the possible sources were re-
vealed by the time series of four elements with each
representing a different source (Barrie and Barrie 1990),
or by the average seasonal variation of groups of species
that were believed to come from the same sources (Bar-
rie and Hoff 1985). However, considering the possibility
'of multiple sources of some species and the inherent
randomness of the observations, it is difficult to identify
the number of possible sources, their composition, and
the seasonal variation of each source simply from the
time series of the original measurements.

In this report, the complete set of aerosol measure-
ments from Alert, Northwest Territories, Canada, be-
tween September of 1980 and August of 1991 was ar-
ranged into both two-way and three-way data arrays and
PMF was used for both bilinear and trilinear modeling.
Based on the chemical composition data and the factors
from the PMF modeling, the possible sources of aerosol
particulate and their seasonal variation were identified.

2. Sampling and chemical
composition determination

Airborne particulate samples were collected at Alert,
Northwest Territories, Canada (latitude 82.3°N, longi-
tude 62.5°W) by the Atmospheric Environment Services
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TaBLE 1. The analytical method, geometric mean, and estimated
detection limit of measured concentration for each aerosol constit-
uent.

Analytical Geometric Detection
Aerosol method mean limit
Cc1- ‘IC 51.34 . 10
Bro . : - IC 1.53 1
NOj IC - - 45.53 1.5
SO - IC 5008 . 4
H* IC 1.01 03
Na* ’ Ic 71.14 4
NH7F IC 57.16 6
K* Ic 7.35 3
MSA IC 4.27 4
Zn " ICP 2.25 1
Pb icp 0.60 0.2
Mn INAA 0.69 : 0.05
N - INAA 0.21 0.005
Al INAA 58.43 ) 1
Ca INAA 70.57 . 5
s T INAA 5.23 0.5
I-- . INAA 0.24 0.03 °
In - : INAA 0.00073 0.0005
Si INAA 1923 - 190
As . INAA 0.13 0.05
La INAA 0.033 0.04
Sb INAA 0.025 0.04
Sm INAA 0.0086 0.005
0.027 0.05

Se INAA

of Canada. Samples have been collected on a weekly
basis since July 1980. Details of the sampling and pro-
‘cedures of chemical analyses were given by Barrie et
al. (1989) and Barrie and Hoff (1985). Major ions were
analyzed by ion chromatography (IC), and trace element
data were obtained by instrumental neutron activation
 analysis (INAA) and by inductively coupled plasma
emission spectroscopy (ICP). The range of average de-
tection limits for the different analytical techniques were
given by Barri¢ and Hoff (1985) and Barrie and Barrie
"(1990). A detailed summary of statistics of the chemical
concentrations of aerosol species were reported and a
comprehensive frequency distribution analysis suggest-
ed that most of the species are lognormally distributed
(Cheng et al. 1991). Since some species have a large
number of missing data and values below detection lim-
its, data for only 24 chemical species measured in sam-
ples obtained between September 1980 and August 1991
were used in this analysis. After replacing the missing
data with the corresponding geometric means, there are
532 weekly average concentrations. Thus, a 532 X 24
data matrix was available for the two-way data analysis.
Table 1 lists the chemical constituents used in the data
analysis, together with the analytical techniques used,
the geometric mean, and the estimated detection limits
for the measured species. In order to convert the data
into a three-way array, an additional 40 enfries were
created in the appropriate time intervals for all species
and their values were assigned as the corresponding
geometric mean. The 572 data points of each chemical
species were folded into a 52 X 11 .matrix, signifying
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11 separate years, each containing -52 weeks. Thus, a

52 X 11 X 24 three-way data array was constructed.

3..Data analysis
a. Brief a’escrzptzon of PMF

Suppose X is an n by m matrix con31st1ng of the
measurements of n chemical species in m samples. The
objective of receptor modeling is to determine the num-
ber of pollutant sources p, the chemical compositions
of each source, and the amount that each of the p sources
contribute to each sample. The corresponding two-way
factor model can be writtenr as ,

X =GF + E - (1)
where G is an z by p matrix of source compositions
(source profiles) and F is a p by m matrix of source
contributions to the samples. Each sample is an obser-
vation along the time axis, so F describes the temporal
variation of the sources, and E represents the part of the
data variance unmodeled by the p factor model.

In PME, sources are constrained to have nonnegative
species concentration, and no sample can have a neg-
ative source contribution. The efror estimates for each
observed data point were used as point-by-point
welghts -The essence of PMF can thus be presented as

mm Q(X o, G F), (2

whefe 7
_E=6n|" s (a)y

Q= a 22(0) @

Tey = : i é .kfkjs : ‘ )

w1thg,,c_0andf,g20fork—l -,p,'ando'is
the known matrix of uncertainties of X. Thus, thisis a
least squares problem with the values of G and F to be
determined.

This form of factorization is quite- different from
PCA. Matrices G and F are determined so that the Fro-
benius norm of E divided by o (elementwise) is min-
imized. As shown by Paatero and Tapper (1993, 1994),
it is impossible to perform factorization by using sin-
gular value decomposition on such a point-by-point
weighted matrix. PMF uses a unique algorithm in which
both matrices are varied simultaneous in each interation
step. The algorithm is described by Paatéro (1997b).
The process contintes until convergence.

For a three-way data array, there are different methods
to extend two-way factorization to three-way situations.
In one approach to three-way analysis, the data are fit
to a trilinear model, commonly called the PARAFAC
model, Wthh can ‘be expressed as

X —ABC+ E o j' (5)

or




252

forh=1,--,p, (6)

where X is an n by m by ¢ three-way data array; A, B,
C are the resulting two-way factor matrices for each of
the three modes, and E is the unmodeled part of X. Based
on the same nonnegativity constraints and minimization
criterion, PMF can solve the trilinear model (Paatero
1997a).

X = aihbjlzck/z + ey

b. Data arrangement

Application of PMF requires that erfor estimates for
the data be chosen judiciously so that the estimates re-
flect the quality and reliability of each of the data points.
Successful applications of two-way PMF to aerosol
mass apportionment have been previously published
(Juntto and Paatero 1994; Polissar et al. 1996). Based
on the detection limits and uncertainties associated with
the chemical measurements, an error matrix was com-
puted and used in the PMF analyses. However, it may
be that the variation inherent in the process being studied
is larger than the measurement error. In this case, the
experimental error estimates may not adequately reflect
the variability for the measured-values. Examples of this
kind are likely for Poisson or lognormally distributed
data where the latter is commonly encountered in en-
vironmental studies. Unknown expectation values are
then needed in order to estimate the standard deviations
of the distribution or “‘error estimates.” PMF offers an
option to solve such a problem (Paatero 1997b). By
making rough a priori approximations of the geometric
standard deviations, an initial factor solution of the
problem is computed. The initial factorization gives ap-
proximate expectation values for these variables. The
program is then able to compute better approximations
for the standard deviations. Since the concentrations of
most Alert particulate species were lognormally distrib-
uted (Cheng et al. 1991), this option was adopted in the
analysis.

For solving the lognormal model, the logarithm of
the geometric standard deviation [log(GSD)] for each
measured value has to be specified. Often the same value
is adequate to represent the variability of the measured
points for each species, so a constant could be used as
the estimate. A problem in this approach is that zeroes
cannot occur in a lognormal distribution, but zero values
do occur in practice. These values make the factorization
unreliable if they are processed under the assumption
of pure lognormality. Hence it is necessary to modify
this assumption. The curmrent version of PMF assumes
that there is an additional normally distributed error
superimposed onto the underlying lognormal distribu-
tion. The detection limits for the measured values were
used as these additional errors. Based on the published
detection limit range by Barrie and Hoff (1985) and
Barrie and Barrie (1990) and by inspecting the data
itself, detection limits were estimated and are listed in
Table 1. From our experience, it appears that fully ac-
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curate estimates of detection limits are unnecessary to
obtain useful factor analysis results.

Handling data with high uncertainties such as missing
data, values below the detection limit, and outliers is
another feature of PME By specifying large error es-
timates for these uncertain values, PMF can include such
data in the analysis and the final fit will not be greatly
affected. This feature is essential for the analysis of
environmental data where below the detection limit and
missing data are common occurrences. There were still
some negative values because of blank correction, which
were considered to be values below the detection limits.
They were replaced by the corresponding detection lim-
its. Missing data were replaced by the corresponding
geometric means. Large error estimates were used for
the missing data. In the three-way PMF analysis, miss-
ing data also included the extra 40 entries for every
species, which were inserted at appropriate time posi- -
tions in order to provide a consistent 52 week per year
dataset for all 11 years. Also, a few abnormal data points
for Ti and Se were detected by inspecting the species-
pair scatterplots. They were replaced by the correspond-
ing geometric means and large errors were assigned to
the corresponding elements in the error matrix.

There is a difference between PCA and PMF in the
determination of the dimension (number of factors) of
the model. In PCA, the solution forms a hierarchy, that
is, a higher dimension solution contains all the factors
of the lower dimensions. In PMFE however, the factors
are not orthogonal and thus there is no hierarchy. All
of the factors may change when the dimension is varied.
Therefore, PMF modeling was initially performed with
a different number of factors. For the determination of
the number of factors, it was useful to inspect the fit of
the model to the data and the interpretability of the
resulting factors.

In contrast to conventional PCA, PMF reduces the
rotational ambiguity by applying nonnegativity con-
straints on the factors. In some cases, the results are
fully unique with no rotational freedom at all (Juntto
and Paatero 1994). The rotational ambiguity, however,
is basically inherent in PMF as well. As indicated by
Henry (1987), the commonly used natural physical con-
straints are generally insufficient to guarantee a unique,
physically valid solution for factor analysis techniques.
In this application, rotational freedom exists. The ac-
ceptable rotations were determined by trial and error.
Although human intervention brings some degree of
subjectivity to the results, there is a good reason for
using the rotation to bring experience and other results
into the analysis. *

4. Results

Five factor solutions after rotation are presented.
These five factors fit the data well and are the easiest
to physically interpret for both the two- and three-way
analyses. Accompanying the factors, individual error
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estimates were also computed for all the factor elements.
The error estimates are calculated in a manner similar
to that described by Roscoe and Hopke (1981) in which
the errors in one factor matrix are estimated based on
the errors in the ambient concentration values and as-
suming that the other matrix or matrices are error free.
Each matrix is treated similarly in turn such that each
matrix element has an uncertainty associated with it.
Figures 1 and 2 present the two-way PMF results. In
Fig. 1, the five factors related to chemical compositions,
that is, possible source profiles are shown. The left side
of Fig. 2 shows the associated temporal variations of
the five possible sources. In order to facilitate the in-
vestigation of the assumed yearly cyclical seasonal var-
iation of each possible source and the comparison with
‘the counterpart from the three-way analysis, the 11-year

temporal variations from the two-way analysis were
folded into 11, separate, year-long sections and dis-
played as overlapping curves on the right side of Fig. 2.
Figures 3-5 show the results from three-way PMF
analysis. Specifically, displayed from top to bottom, the
factors in Fig. 3 are regarded as sources profiles of the
five possible origins, Fig. 4 shows factors associated
with temporal variations, and Fig. 5 presents factors
reflecting year-to-year time trends of the possible pol-
Iutant sources in the investigated period of 11 years.
All plots in Figs. 1-5 are in arbitrary units, Total mass |
values were not available and thus a renormalization
could not be performed. The computed error estimates
for all, the factor elements have been presented in the
corresponding factor plots as error bars except for the
factors presented in Fig. 2. In Fig. 2, there aré too many
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factors overlapping and the inclusion of error bars
makes the plots indistinguishable.

Based on the source profiles shown in Figs. 1 and 3,
the primary constituents and the attributions for each of
the possible sources are given in Table 2. In order to
check the fitness of the modeling, the weighted residuals
of the model, that is, the residuals divided by the stan-
dard deviations of the data elements, were calculated
for each species. The frequency distribution of the
weighted residuals was plotted. Figure 6 shows the fre-
quency distribution plots of the weighted fitted residual
of representative species, one for each possible source
and for SO%~. The left part of Fig. 6 presents results
from two-way analysis, while the n°ht part comes from
the three-way modeling.

The weighted res1duals of most species are within the
range of three units, thus one can conclude that quite
good fits to the data have been achieved for both two-
and three-way modeling. Generally, the two-way- fit is
better than three-way modeling. The QO value for the
two-way fit was 14 004, while for the three-way fit the
0 had increased to 48 826. If we have fit the data well,
it could be expected that the @ value should be ap-
proximately equal to the number of data values, which
in this case is 12 768 for the two-way dataset and 13 728
for the three-way set. Thus, the two-way Q values are
only slightly above the value that would be achieved if
all points were fit to their values within one unit of
uncertainty for each point. The most notable decrease
in the quality of fit is among the crustal and sea salt

elements. Some typical r> are given in Table 3. One
exception to the general trend in decreasing fits going
from the two-way to the three-way solution was meth-
anesulfonate (MSA), where the 2 value increased from
0.166 to 0.356. ,

There are several reasons for these differences in the
quality of the fits. First, the three-way data array con-
tains 40 more uncertain data points than the two-way
data matrix. The missing values may explain why there
are more large residuals for three-way modeling than
for the two-way fit. Second, the assumption of the un-
derlying bilinear and trilinear structure in the data may
not be well established. The repetitive behavior of the
Arctic aerosol is caused by the influence of external
periodic circumstances such as the emission of original
sources and meteorological conditions on a global, or
at least semiglobal, scale. Such periodicity cannot pre-
cisely recur from year to year. The randomness together
with occasional nonperiodic source emissions or weath-
er variations may obscure the underlying structure of
the data being expressed by the bilinear or trilinear mod-
el. This effect would be particularly so for wind driven
sources such as soil and sea salt. Hence a purely bilinear
or trilinear model is only an approximation of the real
structure of the data.

From Figs. 1 and 3, the first source is related to the
species Br-, H*, and SO?~. The seasonal variation of
this factor has a maximum around April, just after polar
sunrise. In .the Arctic atmosphere, the air is at subzero
temperatures in the dark during the winter. At polar
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sunrise in -the-early-spring, it is suddenly exposed to
sunlight. When the sun rises after the winter darkness,

" photochemical reactions release Br, leading to tropo-
sphere O, depletion (Barrie et al. 1988, 1989). Thus this
factor represents photochemical conversion of SO, to
acidic sulfate as well as the production -of particulate
bromine. Based on PCA, Barrie and Barrie (1990) also
obtained such a factor. The chemical mechanism in-
volving the production of Br and the depletion of ozone
in the lower Arctic troposphere at polar sunrise has been
investigated by Barrie et al. (1988)."

The second factor is dominated by Si, Al, and Ca,
the major constituents of soil, and this factor can be
regarded as a windblown dust factor. From Figs. 1 and
3, it seems that windblown dust is the major origin of

Ti, La, Sm, and Mn in the Arctic aerosol. The seasonal
variation of soil factor features two peaks-(see Figs. 2
and 4), one around April/May and another in the late
summer—early. fall period from September to October.
According to previous studies (Barrie and Barrier -
1990), soil dust in the Arctic is not only of local origin,
but also from remote areas. The peak in April/May
may probably be associated with long-range trans-
ported desert dust from Asia raised by storms occurring
particularly in April and May, while the peak in Sep-
tember/October is probably caused by the onset of
transport -farther south reaching areas of suspendable
soil. .

There is a sharp peak around February 1983 appear-

‘ing in the seasonal variation of soil factor obtained by
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the two-way analysis (see Fig. 2). By inspecting the
time series of the original observations of Al, Ca, La,
Sm, and Mn (no Si data are available for 1983), it was
found that there is exactly the same sharp peak as that
in the seasonal variation of this factor. Such unusual
peaks must have been caused by an unusual event in
that time period. Examination of the wind data for this
week indicates that there were high winds with a max-
imum reaching 119 km h™!. Under such blizzard con-
ditions, the snow can be blown from the ground, re-
sulting in the aerosolization of the local soil. Compared
to the three-way result (Fig. 4), the influence of such
unusual observations on the three-way PMF is much
less since these peaks appear in only 1 of the 11 years
of data. Thus, these values are not strongly reflected in
the results.

The third factor contains species like SO3~, NO3, and
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NHY, etc., which are considered to be of anthropogenic
origin. Sulfates constitute approximately 30% of the to-
tal mass of suspended particulate matter in the Arctic
atmosphere (Barrie 1986; Barrie and Barrie 1990). They
are thought to consist of two parts: (i) primary sulfates,
which originate from particulate pollution released dur-
ing fossil fuel combustion and processing of sulfide ores,
and (ii) secondary sulfates, which are produced in the
atmosphere from the oxidation of sulfur dioxide. The
oxidation rate and residence time of sulfur dioxide in
the Arctic atmosphere has been studied (Barrie and Hoff
1984). Investigation also apportioned sulfate into a va-
riety of sources, which showed that about 62%—-74% of
sulfates in the summer and 78%—-85% of sulfates in the
winter are of anthropogenic origin (Li and Barrie 1993;
Li et al. 1993). Results of an analysis of the isotopic

TagLE 2. The composition of each of the factors identified in the five-factor PMF analysis.

Factor Constituents Possible source origin
1 Br= SO3~, H* NH», Acidic photochemical
2 Si, Al, Ca, Mn, Ti, La, Sm, SO%*- Soil’ -
3 SO3%-, Zn, Pb, As, Sb, Se, V, In " Anthropogenic
4 Cl~ Na+*, SO3~, K* Sea salt
5 MSA, SO%-, NO;s, NH;, Br-, I- Biogenic
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composition of sulfur in the Arctic haze suggested that
most of the sulfur comes from Europe rather than more
local areas (Nriagu et al. 1991).

With the aid of meteorological information, Cheng et
al. (1993) and Hopke et al. (1995) investigated the
source origin and preferred pathways for sulfur transport
to Alert by using potential source contribution function
(PSCF). In winter and spring, anthropogenic SOZ- has
high PSCF areas in Europe that coincide with known
emissions there. Also, those regions with high PSCF
patterns in eastern Canada or off the east coast of North
America are close to emissions in eastern North Amer-

ica, and the high PSCF areas in central Canada and near
the Ural Mountains in Russian coincide with the known
smelting activities in these areas. In summer, no high
PSCF areas were observed, which reflects the poor
transport of material into the Arctic region and the
strong removal of particulate SO}~ by precipitation in
the summer (Cheng et al." 1993; Hopke et al. 1995).
Besides the major constituent sulfate, Figs. 1 and 3
show that Zn, Pb, As, Sb, Se, V, and In are mostly
contributed by this factor. These elements are generally '
considered to be associated with anthropogenic activi-
ties. The element Pb usually comes mainly from anti-
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TABLE 3. Values of the squared correlation coefficients 2 for the

relationships between the reproduced -values from two- and three-
way PMF and the original data values calculated using weighted
values and omitting missing and below detection limit values*.

Species Two-way Three-way Species Two-way Three-way
Cl 0.992 0.750 Zn 0.467 0.410
Br 0.716 0.731 Pb 0.891 0.778
NO, 0.948 0.863 Ca 0.981 0.459
SO, 0.996 0.987 Ti 0.961 0.396
H 0.997 0.929 I 0.620 0411
Na 0.996 0.934 In 0.890 0.616
NH, 0.974 0.921 Si 0.838 0.212
K 0.903 0.773 As 0972 0.852
MSA 0.166 0.356 La 0.908 0.185
Mn 0.965 0.605 Sb 0.888 -0.661
\% 0.997 0.906 Sm 0.432 0.149
Al 0.996 0.561 Se 0.731 0.638

knock agents in gasoline and from nonferrous metal
smelting. The PSCF analysis suggested that high values
in most parts of eastern Europe, Russia, and the Baltic
states, also high potential source areas, were identified
in the northeastern United States and Quebec, (Cheng
et al. 1993). Zinc can be emitted from nonferrous metal
production process such as copper—nickel production or
incineration. Four high PSCF areas were identified by
Cheng et al. (1993) as in Siberia, close to the Bering
Sea; in the Alaska area; in northeastern Canada; and in
the Moscow area. The elements Sb and As are most
probably released from fossil fuel combustion and V
from fuel oil combustion. High PSCF patterns were
found for As in central and eastern Russia and central
Canada and for V in the western Iberian Peninsula, the
area of western Europe, the Kuznetsk area in the central
former Soviet Union, and two areas around Alaska
(Cheng et al. 1993). Indium is an indicator of smelting
and Se probably results from both smelting and coal-
fired power plants.

The species in the anthropogenic factor come from
different source origins. This fact suggests that pollut-
ants entering the Arctic from individual sources in
source regions are mixed in the atmosphere before
reaching the Arctic. From Figs. 1 and 3, it can be seen
that some species are attributed to multiple factors. This
may either reflect the multiple source nature of the spe-
cies or may just be because of the insufficient resolution
of the data analyses themselves. However, the whole
pattern of the contribution of the species does coincide
with current knowledge of the source attribution of aero-
sol particles. As shown in Figs. 2 and 4, the anthro-
pogenic factor peaks in January/February.

Sea salt is another possible source of part of the Arctic
aerosol (see Figs. 1 and 3) and contributes Cl-, Na*,
K*, and SO%. It has a broader peak over the whole
winter period from October to April. According to Bar-
rie and Barrie (1990), this seasonal feature probably
reflects a combination of longer aerosol residence times
and a stronger sea spray source in the winter than in
the summer.
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The fifth factor is characterized by the presence of
MSA and iodine. Methanesulfonate is the product of the
oxidation of sulfur-containing compounds like dime-
thylsulfide or dimethyldisulfide emitted by biogenic ac-
tivity in the surface layer of the ocean. Iodine is pro-
duced by the photolysis of methyliodine, also produced
by biological activity in the ocean. It, therefore, rep-
resents a biogenic component of the Arctic aerosol.
From Figs. 2 and 4, it can be seen that there are two
peaks in the seasonal variation of the factor, one around
April/May and another about August. Li et al. (1993)
attributed the spring peak to the sea surface temperature
anomalies (SSTA) in the North Atlantic Ocean west of .
the coast of continental Europe, and the summer peak
to the SSTA in ocean regions farther north in the At-
lantic ocean off the coast of Norway and in the north-
western North Pacific Ocean. Hopke et al. (1995) iden-
tified locations of the sources of the MSA to samples
collected at Alert and they found that different regions
contribute to the observed concentrations during dif-
ferent time periods of the year. Also the preferred path-
ways for transport of MSA to the Arctic were suggested
(Hopke et al. 1995). )

Figure 5 shows the third mode factors of three-way
PME These factors are assumed to reflect the year-to-
year time trend of each source’s contribution. These
factors would involve changes in emission strength and
year-to-year differencesin the transport of material from
midlatitudes to Alert.

5. Discussion

It can be seen that there are similarities between the
factors derived by the two-way and three-way analyses.
The three-way analysis imposes the condition that the
week-to-week pattern of the source contributions should
be the same from year to year. As can be seen in the
right side of Fig. 2, the year-to-year variations are sim-
ilar but not precisely identical. To examine the quality
of the factors, the ratios of elements can be examined
in the various factors. For example, Mn/Al in the soil
factors (factor 2) was 0.0075 = 0.0004 for the two-way
analysis and 0.0073 = 0.0002 for the three-way results.
Similarly, the V/AI ratios are 0.0011 = 0.0001 and
0.0012 = 0.0001 for the two- and three-way results,
respectively.

For sea salt (factor 4), the Cl/Na ratios are 1.26 =
0.04 and 1.18 = 0.05 in the two- and three-way results,
respectively. Both are lower than their ratio in seawater,
and there is higher SO3 in both factors. The displace-
ment of Cl by SO7 in transport to Alert is quite rea-
sonable and thus this factor also appears to be reasonable
in both sets of results.

The anthropogenic factors are also quite similar in
both results. Since this factor is dominated by the De-
cember to February time interval with reasonable reg-
ularity, it might be anticipated that the resulting source
profiles should be similar. The two-way factor has much
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lower acidity (H*) than the three-way factor. However,
since there is some acidity during the dark winter period,
some acidity in this factor seems reasonable, although
there is probably an overestimate in the three-way factor
because of the overlap with the start of the photochem—
ical period.

In the photochemlcal factor (factor 1), it can be seen
that thére is some addition of crustal elements in the
three-way results. Because of the imposition of the time
coincidence constraints in the three-way analysis, part
of the soil that is observed in the latter part of the mid-
March—April time interval is forced into this factor.

The biogenic factors are similar, but there are some
important differences. In the two-way factor, the MSA/
SO7 ratio is 0.079 = 0.001 while in the three-way re-
sults, this ratio is 0.35 = (0.04. Li et al. (1993) found
from isotope ratio analysis that this ratio is typically
0.31 for biogenic sulfur in the Arctic region. Thus, the
three-way results are much closer to the measured re-
sults.

In examining the periodicity of the factors during the
year [Fig. 2 (right) and Fig. 4], the factors show strength
during the year as anticipated. The anthropogenic factor
is the Arctic haze that is transported to Alert during the
winter months, while the photochemical factor shows a
peak in the period from mid-March to early May. This
pattern is fully consistent with the prior results of sam-
pling at Alert. -

The time sequence of soil shows a small peak in the
spring (May-June) and larger peaks in September and
October. Previous studies have suggested that the spring
soil is transported from long distances while the fall
peak is from a local source since the snow may be blown
from areas around the sampling site.

The biogenic factor shows a late spring peak and a

secondary peak in August and September. MSA shows
a similar pattern, although it peaks more in' August,
while iodine tends to show a strong peak in September.
Thus, it is the combination of elements in the factor that
gives rise to the observed time pattern.

In general, the year-to-year variations in the three-
way analysis are difficult to interpret. The variation of
the biogenic factor (factor 5) shows a strong rise during
the late 1980s and a sharp drop from 1990 to 1991. The
decline, rise, and decline were suggestive of the inverse
of voleanic activity affecting the level of particles in the
stratosphere. There were several explosive eruptions in
the early 1980s (Nyamuragira, Alaid, El Chichén) as
well as the eruption of Mount Pinatubo in 1991. The
input of SO, into the stratosphere resulted in-an increase
in the earth’s optical depth as seen at Barrow, -Alaska
(Polissar et al. 1998), and some cooling of the atmo-
sphere of the Northern Hemisphere has been attributed
to this aerosol.

Because the level of biological activity should be re-
lated to average temperature, the scores for this factor
were plotted against the Northern Hemisphere temper-
ature anomaly (Fig. 7) as obtained from Jones et al.
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(1997). These results were compiled by Jones et al.
(1986a,b,¢), Jones (1988), Jones and Briffa (1992), and
Briffa and Jones (1993). There is relatively good cor-
relation between these quantities with a squared cor-
relation coefficient of 0.780. We have been able to iden-
tify this factor because of the availability of methane
sulfonic acid and iodine data. These resulis suggest that
further examination of the concentration of MSA in re-
mote locations may provide a good indicator for large-
scale climate changes.

Shaw (1983) suggested the potential importance of
particles produced from biogenic sources ‘of reduced
sulfur compounds Charlson et al. (1987) pointed to
ocean sources of dimethyl sulfide leading to the for-
mation of methane sulfonate and non—sea salt'sulfate
particles in the air. There are also terrestrial sources of
reduced sulfur compounds. These biogenic sulfur sourc-
es should respond to changing temperature by producing
additional reduced sulfur emissions. Bates and Quinn
(1997) have very recently reported a possible increase
in dimethyl sulfide in seawater from latitudes around
the equator. Thus, these results may be the first indi-
cation of the inferaction of climate with biogenic sulfur
aerosol.

Even though quite good source profiles and reason-
able seasonal variations have been obtained from three-
way modeling, the other factors of the third mode from
three-way PMF are not easﬂy mterpreted .

6. Conclusions

PMF has been used for the analysis-of Arctic part1cle
composition data from samples collected at Alert, Can-
ada, between 1980 and 1991. The nature of the aerosol
sources has been well explained. Five possible sources
with distinctive seasonal variations have been retrieved.
The Arctic airborne particulate matter includes particles
derived from acidic photochemical reactions after polar
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sunrise, particles of long-range transported soil dust,
long-range transported anthropogenic pollutants, sea
salt aerosol, and aerosols originated from biogenic ac-
tivity at the ocean surface. The resolved seasonal var-
iations of the possible sources coincide with the hy-
potheses from previous investigations.
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