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‘Techniques of factor analysis are reviewed, particularly with regard to ‘analysis of the chemical
c.om'positiop‘of atmospheric aerosols, The methods most frcqu_cmly used were found to bt

lacking in some respects, and improyéments in the scaling of the original data and in the
‘ ' . ‘ o . 1l
. - » 4
A (. . '
Application of these modified procedures to (wo Separate dala sets gave mixed fesults, "

method of rotation are described,
Analysils of the chemical con;pé)silio;x of cloud particulates gave poor results, most likely due
to the in'approprialcncﬁs‘ of‘the; lln‘carly@ddilive model of factor analysis' for_this system.,
'Results from an analysis of the chémical Eomposition of hcrosgls collected in an urban area
Wcre found to be consistent with an independent study' of the data, Tﬁc factor scores \ycré
found to be very useful for apportioning the partial mass contributions from various‘:sqfurce
ly;;cs, and for depiciing trends and cycles in the source sirengths,: Problems of factor
an?ly‘sis, both in ger¥ral and with respect to aerosol data, are discussed,

| The literature on Arctic haze is surve;'éd briefly. Factor anal)}%is of aérosol
composition data from Alert, Mould Bay, and Igloolik, collected from July 1980 to.May 1983,
gave results genefally consistent with other studies, The omission of the total mass of each

S

aerosol sample prevented the scaling of the aerosol source profiles and source strcnglhs o
physical gnitﬁ: The ' normalized faclgrs‘ and scffes were used for ;ompari%?n with
simulu’meoué meteorologiéal data, | . ‘ t

. Three factors were found to be tommon to all three Arctic stations: marine (sea s‘alt\).
crustal, and a general anthropogenic componem.‘ A fourth factor was found at Mould Bay
_and‘lvlglooli_k which tfad features similar to both the sea salt and‘ anthropogenic com;;onems.

v

The interpretation of ihis factor as'a real aerosbl source is questionable. Ahother analysis of
winter concentrations showed the appearance’ of a unique bromir'xe factor at each station in
late wi.ntcr..

© "The normalized’ factor scores revealed that -the dominant components have
cﬁaractéristic z;n;:ual cycles. Comparison with meteorolegical data indicated that | cyclonic

activity in the Barentg Sea region, combined with the presence of a Siberian anticyclone, was:

iv



\

likely responsible for rapid increases in the anthropogenic aerosol component at Alert during

.

December and January. Some .chemical and meteorological evidence is discussed which -
suggests that the maximum in aerosol concentrations during late winter and spring s
composed of (wo similar overlapping cycles, but the results are inconclusive.’
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1. Introduction

The problem which eventually defined ftself was this: given a data matrix Xm.n.
where the fows fepresent m acrosol samples, cach of which has been analyzed for the
concentrations of n chemical species!, whal is the most efficient way of cxlracting Ancanixlgful
jnformation from the data? When the product m”n is on the order of scvefal thousand, then
an clement by clement examination of Xm.n Is tedious, expensivg, and likely to tx‘. mislcading,
 because Jarger structures of patterns fn the data may bc averlooked,

Multivariate statistical methods offcr a solution to this problem. But this answer Is not
clear~cut because there are many different inferential statistical methods which could be
applied, and choices and assumptions must be made with gach method, Factor analysis' was
the technique selected here because jt appeared (o address the main goal of an analysis of
acrosol composition data: what are the underlying sources (factors) which have contributed to
the observed varlability in the concentrations of the different chemical species? Qther
statistical mcmods have been applied to such data, including multiple linear regression, cluster
analysis, and multiple discriminant analysis, but ‘lhcsc have not been considercd here, Even
with factor analyvsis, which seemed the m(;s( appropriate method, there was still a degree of
forcing of the slalislical“modcl to fit an independent physical concept., More precisely, the
statistical method was not drastically changcdlbul“‘the results were interpreted in terms of
aerosol source Prof ilés'(the factors) and;acros;)‘l source strengths (the f act(;r scores),

Chapter 2 reviews FA basics, "parfticularly with regard to application to aerosol

s ‘ ' - ‘
composition data, Sludies Ilscing FA techniques are being reported more and more frequently,
but it often seems that FA has been émp3oyed as some sort of objective analysis method, This
is‘ certainly encouraged by lheﬂwide availability of statistical computer paékages, which make it

very easy to use, FA as a 'black box': data are fed in at one end, and the correct and

-~

N .

'Chemical  species'" refers to both individual elements (eg., sulphur S, lead Pb) and
jons (eg., sulphate SO%-, nitrate NOj;). since manf aerosol data sets are a mixture
of clcmental and ionic concentrations.

'Factor analys:s (FA) is assumed to include the classical factor analytical models,
where the communalities of the variables must be estimated, plus

, cigenvector/components analysis. :

‘ :
- 1 -



meaningful answers appear quickly and painlessly at the other end.

Consideration of the goals.of an analysis of acrosol data led 10 a rejection of the usual
FA methods, Two points scemed pa}licularly important for such data: (1) appropriate scaling
of the origi’nal data s0 that the relative proportions of the chemical species In cach sample are
preserved, and (2) rotation of the abstract or ‘mw“l'aclors 1o a physically-significant sct of
factors, Exlsting knowledge of the aCrosol sources can be fncorporated into the apalysls at the
rotation stage, By vusing a ‘flexible’ rotation method, instead of one which satisfies some
abstract mathematical criteria, suspected patterns in the data matrix can be tested,  This
contrasts wilh.(hc interpretation of factors derived from the usual FA methods: the factor with
the highest loadings for sodium and/or thlotine, for example, is automatically labelled marine
or sca salt,

The pew procedure for the analysis' of acrosol composition data is outlined in
Chapter 3, I is based largely on the Ta;rgcl Factor Analysis method of Hopke (1981) and
co~-workers, Where possible, it has been simplified. It hds also been expanded because aerosol
data are frequently from successive samples in a monijtoring program, and trends and cycles in
acrosol concentrations can be very important, Thus the factor scores can be as significant as
the factors themselves, There are problems with the method 100, and sinc.c this is only the
second independent application of Target Factor A‘nalysis lo atmospheric acrosol data, it should
not be cxpccted' il'hal all these problems have been overcome here, Different ai)proachcs were
tried, wh‘ich may seem unusual. For instance, much of the FA lilcréture discusses criteria for
determining the proper number of significant factors to retain, since FA 1hcl>ry is incomplete
on this point, The most influential criteria used here was (he,'inlcrpretabiiixy' of the factors,
which can be defined only loosely: if a fatTor looks physically reasonable, and it (or the
associated -scores) can be“relatcd to other data, or it has been derived from the same variables in
another data sel,. then keep‘lhe factor at least temporarily. This is not to imply that the
selection of the number of factors was completely arbitrary. A number of tests were calculated

which have been suggested as being capable of doing this, but there was always a degree of

judgement involved when the tests did not agree as to the appropriate number of factors.



. Target Faclo.r. Analysis is tested with two scparate data sets in Chapter 4, Analysis of
urban acrosol comlposilion data gave results consistent with the original interpretation of the
data in a summary report, and also revealed additional information, The method faiicd with
the other data set because,”it.ds belicved, the lincarly ~additive mode} (a basic assumption of
FA) was not valid for such data,

Chapter 5 briefly reviews the subject of Arctic haze, The reason for developing the
TEA procedure was to be able 10 do an analysis of composition data from acrosol samples
collccted in the Canadian Arctic, The analysis and results are described in Chapter 6 while '
Chapter 7 attempts o tic together the idcgs presented carlier,

Using real data to test an apalysis pr'occdure, and then drawing conclusions (rom an
analysis of the same data with the same pr'occdure. is not the most ‘scientific' approach, There
are ina(;cquacics at ali lcvélss‘;ol‘ th)‘s study, bcgfnnlng with the terminology used, 'Factors’,
‘vectors', and ‘components' are all used somewhat Joosely and may be applied to the same
quantities at different times, although the terms should denote a trend from the abstract
(factors) to the physically -significant (components of the aerosol). In a similar vein, ‘aerosol’
is the predominant term used here although ‘particulate matter' js probably more appropriate, '

In many respcéts this ll:xcsis is flawed because nothing is ‘proved’ or ‘disproved’. Not
arc there any startling new discoveries, theoretical or experimental, Verification of the results
oR TFA was less than conclusive, and depended mainly on being able to show that the results
were consistent with other data or with other studies. Even the calgulalion of correlations
between variables and data sets, plrescmcd difficulties. With one of the computer packages
used, three command lines would hav.e been sufficient to calculate over a dozen different
statistical tests of correlation, from the usual normal-distribution tests to non-parametric tests
to rank correlation tests. In the end, these tests were not used (although a few
cross-correlations were calculated to depict general relationships; they should be interpreted
very cautiously). There were two reasons for this. First, the assumptions for using the various

tests could rarely be satisfied. Second, for the Arctic data it was found that all of the tests

were biased by the predominant annual cycle in the aerosol and meteorological data;
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correlations or anti-correlations on a time-scale of a few weeks were sim;ﬁ‘swampcq' by the
effects of this common climatological feature, Perhaps fillering and/or cross-spectrum
analysis could be used, but that would require rdrcing a number of ir{cgulax ume'series 10 fit g
c(lpmmon sampling period. Instead, extensive use was made of graphical presentations of these
serics, relying on a visualk. somewhat subjective, cs‘llmallon of correlations and common trends,

JUis readily acknowledged that many things have been treated less thoroughly than they
deserved,  This was very much an interdisciplinary, exploratory study, and a much
too-ambitious one. It was necessary 1o try to combh}e statistics, glcoch(‘misl[)’. air [;t)llmiou,
melcorglogy, and Arctic climatology, withott the time Or resources 10 become an ‘expert’ in

)

any onc subject, And some things had tobe dropped; it would have been interesting to make a
comparison of acrosol optical and chemical data in the Arctic, but this would have been a
major project Ln fisell. It is hoped lhalv,lhis study will aty least help (o suggest o1 encourage

other work,



2. Factor Analysis Methodology

The application of FA techniques to a data set represents a father important
philosophical decision on the part of the analyst, It fs the resull of a realization, perhaps
implicit, of the deficiencies of the existing theory or knowledge of the System that produced the
data, This fs the normal state of affairs in A subject like psychology where the end results, such
as obsérvaliohs of human behaviour or decision-making, are likely to be the product of a large
" number of ill~defined, ambiguous, and/b} time-~varying processes, ﬂl'hus, it is not surprisiné
I’_/\lhal the origins of FA lie in the early attempts of psychologists to jdentify the most important

underlying faciors which contribute to the final observed entities,

This notion can be carried further by contrasting the use of statistical methods in
genera) (a postertort analysis) with modelling studies (a priori Vi‘ahalysis). There {s not always a
clear separation between the two, since the devclopmcm of a particular theory (culminating in
the formation and application of some sort of model) may well rely on previous statistical
analysis to identify variables or processes which are significant (must be included in the model)
or insignificant (can be excluded from the model), Similarly, slatis;jcal analyses of data sets
are certainly influenced by the analyst's knowledge 6( the sys{cm processes, if only jn biasing
the selection of variables to include in the analysis,

-~ Fig, 2.1 is ( simple example of the practical consequences of these different
approaches, The figu? shows the concentrations !Aod SOj- which might be observed in five
Hi- Vol samples of atmospheric particulate matter from e«llch of three monitoring sites. Also

—

shown are the results from a model which, perhaps based on ‘knowledge of source strengths and
,air parcel trajectories, attributed the SOi- at the measuring,sites to two se‘parate sources. The
mlculatgd contributions of these sourcéd are indicated. Faced with such a set of observed
éoncentrati;)ns, the honest factor analyst would admit that an analysis shoqld ndt be performed
on the data; the SO} concentrations at each site are fully described. by a single p;rameter, the

mean value. On-the other hand, the modeller could legitimately claim that the model is

exceptionally good and fully explains the observations.
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Fig. 2.1 Hypothetical observed and modelled SOI- concentrations. There
are three monitoring sites, and five samples from each site. Only two sourccs
are assumed to contribute to the observed SOi- concentrations. The fraction
contributed by each source to each sample, as might be derived from
modelling calculations, is indicated. ‘ : ‘ ‘
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T his cxample was admittedly cooked but serves to illustrate the essential difference:
“since FA bcgms by analyzing the original data, it is constrained by the information contained in
the obscrvalions,' The a priort analysis is‘also constrained, but by physical and meteorological
laws: mé actual observod_conocntrzrtions may llwe complr:lely.ignored until lheN final step, model
verification, Both approaches can be used to advantage in scientific study, The selection of
one or_rhe other.depends Jargely on howv well-known are the details of the system which
produccd the set of observations, | | |

A review of papers on u;e analysxs of almosphcnc ‘aerosol composition, pamcularly
those dealing with Jatge sets containing many chemical species, suggested that the combinalion
of source uncertainties, mclcorologiéal variability (transport and removal), and transformation
proccsscg‘is, él I¢ast at present, a system where the general principles are adequately known bur
the dgtails are still vague, This is particularly true for aerosol samples from remote areas.
Prospero et al, (1983), m a review of the global atmospheric aerosol cycle which hxghhgh(ed
the complcxmes of this particular system stated that
"AU present, we do not have a good understanding 6f the global cycles of most
clements and of their global budgets because of thekdh;rth of data‘on the
large-scale dis‘rribution of these species and their temporal variability, Data are
scarce for most remote regions. Few mcasuremcms‘ciist for very large areas of
Asia, South America, Africa, and the polar regions. O\}er the oceans there are
almost no data for vast areas in the Indian Ocean, the South Atlantic, and
much of the Pacmc especially the South Pacific. These ocean regrons alone
constitute well over half of the earth's surface.”
They mad; the sarne poinr later in regard to samplirrg of ‘aeroso,ls:

"...the timing‘ and the spatial distribution of the measuremcms should be small

m companson to the characteristic scales for the respective vananons At

present, the dxspersron of pollutants over mrcroscale and mmcale regions is

much better understood than transport over larger distances.” ’

There seems rcasonablc justification for 'adqpting an a posteriori approach with such data. "

-
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The remainder of this chaplcr describes the principles of FA, with an emphasis on
traditional or classical mcthoda Thcse are the methods most frequemly encountered in the
lucrature since they are the best developed and they are widely available, Indeed, the standard

computer statistical packages such a BMDP (Dixon, 1983) and SPSSx (Anon,, 1986) are

o~

programmed (o use these procedufres as the default, It takes some cffort to devise better
' - ' y

s—

| '
t

mg{hods. ‘ ‘ - '
2.1 FA Research Design - |
Factor analyéi's"of a data set is much more involved than the selection and application
of a factor model, It is a multi-step process, the final results being dependent ‘on the
‘ &
techniques used at each step.” Thus it is appropriate to consider FA as a problem in research

p ‘
design, Such a view was advocated by Rummel (1970) and Joreskog et al, (1976). Fig. 2.2 is

¢

an outline of the major steps involved (adapted from Rummel, 1970), .
\ . !
~ The heart of‘any‘ FA proccduré is the linearly~additive model. Consider the data matrix
x,;!_n where the rows represent m different aerosol samples, each of which was analyzed for n

* different chemical species, If the chemical species are conservative and are not involved in any
i ' N

chemical reactions or removal processes, then the observed concentration of* the fh species in

the fh sample is exactly equal to the individual contributions from all p sources of -the themical
species: ‘ ‘
- xk/=511r11+512f2/ . +s‘kfkj‘ +s,pfpj : (2.1)

‘Here the elements f are the source concentrauons of the chcmncal species (in units of

mnlllgrams per gram of paruculate matter) and, the Sk elements reprcscm the parlnculate matlcr
F/

Qper unit volume comnbuled by the k source at the sample collecuon site

‘Repeating Eqn. 2.1 for all m samples gives ‘a set of cquauops which can be expiesscd_ o

r P »

succinctly in matgk form:

v o ot | |
X o = Sm-pr-,. . (22)

The row vectors of the F;;n matnx represent the concentration promes of each of thc P

sources, and the S ' p matnx contams the amoum per unit volume in each samplc f rom each



r Research Goalsﬁ] '

[ Data_Selection ]

Data Pre-Processing
Transformation?

[

, L . Selection of Factor Mode| ]

LY

L Communaljties? —]
~

1

[ Calculation of Factors ]

: [ Number of Significant Factors? |

Rotation of Factors
Orthogonal?
Oblique?
Target?

[ F aftor Scoges

Interpretation -
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individual source, In FA lenniné]ogy, F;_n is the transpose of lh‘e { a‘cl(‘)‘r loading‘lmatrix andl
: S""‘P is the factor score matrix.‘ More commonly, a centered and/or §caléd data mgl[ix Zm_n ié
| used instead of the original data matrix, ‘ ‘

The assumption of a conservative chemical species is a condition whic‘h\is bcsl satisfied
by samples f{rom urban areas with an akraéixgg time (sample collection time) of one*to scpveral
days; lhe" aerosol characteristics, both physical and chemical, are sxyill closely related to the

* processes which producea the aerosol (Prospero et al,, 1983). This assdfnption is pot rcslrielivc
because the ‘lincarly-addilive model is a rcasonable firs( approximation to any collcclivc sample
which js nmc and volume ~averaged, such as an acrosol sample collccted in a Hi- Vol sampler,
In applymg the model to aerosol samplcs from remote areas, however, it must be reahsed that
the source profiles‘(rows of the F:’.n matrix) may not fepresent individual sources, such as
particular regions or industrial proécsses_ but might only indicate ‘prototypical’ soufccs which
appear as the end products of the combined cffécts of -many separate ‘sources and .
transformation reactions, This is an pn}esolvcd question which will bé\discussed later in
conjunction with the results of an ‘ana’lysis of some aerosol composiliorllgdata.

The ultimate goal of FA is to d;tcompose the data matrix.xm,n into the two component
matrices on the right hand side of Eqn, 2.2, JInextricably linked with this' 'goal is ‘the

- determination of the minimum dirﬁt‘tnsionbbf the component matrices. In other words, the rank

r of the data matrix must be found, where 7 is the |

”"order of the largest maui)‘;‘ with non-zero dgtermin‘ant formed by 'delctiné rows

“

and columns from the original matrix" (Rummel, 1970).

Equxvalem defmmons of the rank are also possnblc (Horst 1965; Harman, 1967 Joreskog —~.

et al 1976). The f uncuonal importance of rank is to place an upper hmn on ‘the number. of
factors p which are significant |

p<r<min(mn) o @3)
_‘ but the exact number must be derived by other means. More than p factors can be calculatcd
’,up to min(m,n), but (mln( m,n )-p) of -these factors must be attributed to noise in the system

(realised as observational errors, measurement erTofs, etc.).
. , hd Ty ' ‘

~
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Most FA studies a{lcmpt to determine the tlrue value of p, but the use of FA mc\lhods
with aerosol cbmpo‘sition data‘cmbh,asizcs the poinF that p can be, at best, an approximation,
“The number of possible sources which may contribute to the concentration of a\ chemical .
species in a sample js very lafge, much gréatcr that either m or n is ever iikely to be. Thus the |
determination of the p factors which adequately represent the observed concentrations is made

i

within a factor space already truncated to the dimensions m,n by the practicalities of aerosol

sampling.

:2.2 Blind Factor Analysis

Rummel (.1§70) gives a thorough Qiscussion of each of the slagés d6picl<;d in Fig. 2.2,
Classical or traditional FA methods assume that little js known about the underlyin&fac(qrs, SO
this sort of analysis will be referred to as BFA (blind factor arialys,is),‘ Typically, the first step
in BFA is 10 siaﬁdardize each cqlunﬁ of men, The minor product moment of the column

A .

* standardized data matrix Z e gives the correlation matrix

= At ‘
Ren = mlnemlimen (2.4)
where the T superscript indicates the transpose of the matrix. (It is assumed that n < m ,)
While this is by far the most common approach, there are four related matrices which .could be

used. Rozett and Petersen (1975) describe these as

1. Correlation about the mean (Rn,n;‘Eqn, 2.4)
2, Correlation about the origin (not centered,nonnaiized)
3. Covariance about the mean (centered,not normalized)
- 4, Covariance about the origin (not centered, not n(;i‘malized) ' ‘ -

‘ !l is Bn.n. or one of the other three product iﬁoméflt magiccs, which is the actuagistarting point
.for the decomposition calculations, - 4 . ;
.BFA us'ual'l)} usés one of two-factor models in the next step. The terminology varies
considerably. The{first model will be éaued PCA (principal components analysis; com;.x.)nems
"analysis; eigenvector analysis) and is described by | |

=Y

=S, Fl | (2.5)

z m®p p°n

m*

-
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that is, the same as Eqn. 2.2 but for a column standardized data matrix.. The second most
common factor model is PFA (principal factor analysis; common factor apalysis; true factor
apalysis; classical factor analysis; factor analysis)

‘e ' .
o T . N At ) n

Zoan ® S, Pbp ot Sm.Pl“.P.n ‘ (2.6)
where E_. s an error matrix whose elements are unique fesiduals not cxplaincd‘ by the p

common factors in the system,

T —
W,

" There are striking differences bet®Reen PCA and PFA. The former makes po
assumptions fegarding the variance observed.in the dala matrix: a solution is derived which
attempts (o explain all of the variance, The solution is found by calculating the n eigenvalues
of the system, 'starting from the characteristic equatjon -

l Rﬂln (2'7)
where Ln.n is a diégonal matrix with the n scalar cigenvalues as jts elements, Once the
eigenvalues are found, the n associated eigenvectors q, can be calculated from

| R., L., | q, =0, ) ’ | (2.8)
or, with the normalized eigenvectors arranged as columns in the matrix Q".,l

R.Qp, = Qerk

Qn nLn nQn “n . !
= <Q,. nLn-,) (L. Q,.,) R )
The matrix Q . ls square orthonormal such lhat ' ‘
n°n = Qn‘n ‘
' Q.Q. =Q.q. =1,
n*nnn ~ ¥n*n n*n - n*n
. A " ‘
so ) n‘n = Qn n n’nQ ‘
and R, =F, FT.
‘ n®n " A*n n®n ) L .
‘where : . ‘ F. = Qn, L., . ' o "(2.19) ‘

Two 1mportant properties of the eigenvalues are;

1. Trace.Ln, trace R e ;-that is, lhe sum of the engenvalucs cquals the sum of
the elements in the diagonal of Rn, ‘

\
o
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2. The numper of non-zero eigenvalues equals the rank r of Rn.n
Wi(h‘ real data, it is elmos( always possible‘té)calcula(e r = p eigerivalues but (n ~ p) 6f these
are due to system or observational errors, Similarly, the n eigenvectors form a se( of lincafly
independent ‘(orlhogon'z‘:l) basis vectors' which eor;lpletely span the np-~dimensional space, but
only ‘p eigenvectors are really necessary to describe the sigx;if ieanl portion of the data,” |

By contrast, PFA auempts 10 derjve the significant factors which account for on‘ly the

«  common variance in the data, The residual or‘t'mique variance (EP"! in Eqn, 2,6), comAiningv

both vgriable~speciﬁc and syslem error contributions,” is not accoumed_ for by the derived
factors, A major problem arises because the communalmes (or umquenesses) are not known
before - hand but must be denv0d durmg the analysls Typncauy, the diagonal elements of R

are replaced by the squared mulnple correlation (SMC) of the variable, the matrix js factored,

3
'

and pew communalities are ‘calculalcd from, lhe‘derived raclo[sA These pew communality |
estimates are fnserted jnto tl)e‘.diagonal, of R .. and'the proccdure is repeated until the
communality esti;nales convérge\ ‘ ‘

Derivatives of PFA have been developed bu( these are less commonly used, The
prmcxpal ones are Image I~actor Analysis (Guttman, 1953) Canomcal Factor Analysis (Rao,
1955), Alpha Factor Analysis (Kaiser and Caffrey, 1965), and Maximum Likelihood Factor

+ Analysis (Lawley, 1943) Rummel (1970) makes a detaxleq comparison of these factor models,

which have mterestmg and useful properties, But BFA usually relies on the PCA or PFA

models, o o

O'nce‘th‘e raw f acter loading matrix F has been denved a decision must’ be made as
to the numper of the factors p which are significant. Except for a couple of the lesser known
factor models, .thefe are no objective analyﬁc procedures which can be used to calculate' p.
BFA procedures typically invoke Guttman's Weakest Lower Bound, the 'eigenvalue-one’
criterion, which states that all factors 'v associated with eigenvahies greater than 1.0 are
significant (Rummel, 1970); but it does riot say anything about the significance of factors with
cigenvalues less than 1.0.. Rummel ( 1970) winds up his discussion of the problem wnh eight

‘rules of thumb’ wmch can be used to decxde on the number of significant factors
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The factoring mclhods used in BFA produce a 'sx‘:l of factors which are mutually

orthogonal The 'set is not unique, however, as there are an mf inite number of sets which can

be dcnved by rotating the raw factor loading malm F np' In contrast to the pumber of fac(on

problem, there are melhods available for dctermmmg the 'best’ rotation to apply 1o b‘n.p in

.4 order to meet some sort of analytical criterion, A f reduently used method s Varimax, which

allempts 10 maximize the variance of the squared factor loadings, This is.an orthogonal

rotation so that the final sel\of factors are still uncorrelated, Varimax was developed by Kaiser

A

~ (1958) to meet the goal of simple structure; that is, the rotated solulimould have these

characteristics (Rummel, 1970):

1.

2.

3

A

3

Each variable s closely associated with one (preferably) or a few factors,
The number of variables correlated with a factor is minimized,
Each factor acconnts for aboul the same magnllude of variance, A

Each faclor is idcnnﬁcd with a cluster of imerrclaled variances,

‘A common mistake in BFA is to apply the number of >lgnlﬂcanl factor criteria

(whatever it may be) to the unrotated factor loading matrix, 1t is not at all umisual_ 1o find a

*

' ' : "
couple of factors with eigenvalues between 0.5 and 1.0, Application of Guttman's® Weakesy

Lower Bound would discard these fac(ors as insignificant, If, however; they are rclaincd and a

*Varimax rotation is used the final rotated soldtion f xequemly has all cngcnvalues greatcr than

|
v
)

1.0. lndeed the rotanon attempis to dns(nbute thc variance fairly evenly among thc f actors in

’

accordance thh the snmple structure criteria, even though the unrotated faclor loadmg mamx

might have indicated that a smaller number of factors were sngmflcam

~ With the PCA model it is possxblq 1o calculate an exact soluuon for § . e p ONICE the

rotaled factor loading matrix has been found:

. therefore

.

. t :
. x‘m’n = Sm‘pr‘n e o
. L SR A
- xm"nFn‘p Sm‘pr’n n"p o ‘ ‘ ‘
x’"’""P(P""'P)l: m* p

Sni'h X e nE e pl‘p‘p
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| BN A U} | (2.11)

vt ntp PP

A 8
%malm faclor loadlng malrix This does not work for the PFA model, and it |s necessary to

use rcgrcssion mcthods with the factor'loadings as independent variables,

;‘n " The Iwo ﬂnal steps'in Kig. 2,2 will be discussed later, The most important point m be
rp'ad?xfow is that m BEA, or in general any FA method, is being used to detive factors fog
comparison with anolh.cr sc# of (‘ac.tbrs then using the safhe factor model does pot provide a

sufficient basis for a mcaningful comparison, Rather, it is necessary that the iwo analyses use

the same methods at cach step in hg 2.2. ‘This was the problem faced by Hopper (1984); a

compamon with the rcsults “of " Heidam (1981) was only feasible by following the same

toA 0‘.
.

mc(hodology . oo

- .
A \

2.3 Problems with FA Methods

1

) oy
' The description of BFA mentioned some of the problems of using FA methods, such as
. \] . ' . .

§ .
~ the difficulty in determining the number of factors, In simplest terms, FA methodology is

technically underdeveloped, Thus the analyst relies on “rules of thumb' rather than applying a
dcmonslrabl§' suﬂ"iciem analylical criterfon, Matalas and .Rc‘iher (1967) prepared a critique of
PFA methods, with addmonal comments on PCA and rolauon methods as well. Some of their
comn;)%ms regarding PFA were' (Matalas and Reiher, 1967): ‘ ﬂ\’?

1. * There are several mherem mdetermmacxes in the PFA‘nmdel (communalities,

number of factors, rotanon); chozues must be made wmch are often subjective,
pe

2. Liulg is known of the sampling ptoperties of the factor loadings.

3. ﬁe factors are not directly observable or expressible in terms of the observed
variablés

4“. The mlerprelauon of the factors as the 'cause’ of thc observations is not

xmplxcn m the PFA model, but is imposed by the analyst

-

5. It is dif ficult to use the rcsults of PFA in other analytical studies,

;- ! "
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On the other hand, Matalas and Reiher (1967) describe PCA as a 'self ~contained
method which, despite the superficial similarity to the PFA model, has quite different alms,

' The most significant advantage of PCA s l’hal the communality problem is avoided; it really
doesn't matter whether or not the underlying probability distributions ot‘hmo variables are
known (as long as they are reasonably well-behaved), The principal components (the PCA
factors) are mathematical devices which dcscribeﬁ ‘ihe observed system, but they have po
physical interpretation (according to Matalas and Reiher, 1967),

The use of FA methods with acrosol samples raises other difficulties, Prominent
among these s the effect of serial correlations between the samples, A typical situation is the
analysis of m samples from a continuous monitoring program, The concentrations in sample ¢
are related to the observed concentrations in sample £/, The elements of the correlation matrix
R .. are pol the true correlation cocfficients between the n chemical species consistent with
statistical random sampling, Nor is it possible to avoid the probllcm by calculating Rm,m, the
correlations between samples ra(h_cr than elements, because now the clements of Rm_m are
affected by the inter-clemental correlations, Whichever method is chosen, the clcmcn@‘of the
correlation matrix R are blased estimates of the true corrélalions, and all subsequent analyscs
performed on this matrix inherit lhis bias (Redman and Zinsmeister, 1982),

Another concern in FA, one which tends to be overlooked, is the scale dependence of
the factor model. Of all the models described or menuoned here, only Canonical Fac;or
Analysis and Alpha Factor Analysis produce results which are truly invariant of scale
(Rummel, 1970). As an example, consider the use of the PFA moéel with aerosol composition
data where the columns ofv the X .\ matrix contain the measured concentrations of the n
chemical species. Some (:f these species may be in the parts per million range, while others are
expressed as micrograms per cubic m“et‘cr. Still others may have concentrations in ranges which
ar‘e\‘an order of magnitude larger or smaller. These scale differences will only proportionally
cﬁange the results ot: af ac1‘0r a'haly'sis with a scale-independent meodel; if a column of X n is’
multiplied ﬂfﬂwl to convert from parts per billion to parts per million, the results of the

analysis will be within a scalar multiple (x1000) of the results obtained without the pre-analysis

\
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conversion. This is, in general, not true fbr scale-dependent models such as PCA and PFA.,
Scale-independence might be achieved by using tho correlation matrix as the starting voint for
the calculations, but then one must consider the possible consequences of calculating

product-moment correlations from variables which may have non-normal distributions,



3, Target Factor Analysis

There is nothing 1o prevent the application of BFA methods to acrosol comp(;siuon
data or any other metcorological dala set, except the xcalilzalion that there might be a better
approach, As a mauer of fact, an analysis of the correlation matrix formed from a
colunin-standardized data matrix has the important advantage of removing the physical units
from cach variable, Thus ju is possible to form X . from a misccllapcous collection of
chiemical data, physical data (eg., aerosol size and light-scattering propertics), metcorological
variables, etc,, and to apply BFA methods 1o explore the data space and sce 'what fally out',
Such an approach may bc \of use in uncovering qualitative correlations between variables’ which
would otherwise have been obscured or overlooked, but it is al odds with the rescarch design
concept of Rummel (1970) and others, .

This chapter describes an FA procedure expressly for the analysis of composition data
such as the chemical composition of atmospheric acrosol samples, but it has other Applicalions.
With a well-defined goal, it is possible to select a method ai cach step of Fig, 2.2 which will
-maximize the information available at the end of the aniilysis; morc()vcr, outside knowledge of
the system can be incorporated into part of the a}lalysis. although it is at the expense of the
‘objectivity' of FA methods which is often cited as a main advantage. The procedure also
remains ciose to lhe'original data, Several previous studies have been reviewed which used BFA
methods with aerosol composition data; but by the time a distribution lransformat‘ion (usu‘ally
loéan'lhmic) was applied, and the variables were standardized, and the eigenvalues were found
with a PFA model, and the faclor‘scores‘ were calculated by a mu}tiplc lincar regression model,
it was not certain that the physical meaning of the results was anywhere near the interpretation
of Eqn. 2.1 presented earlier. | |

This type of analysis falls under the general heading -of Q-mode FA, while the BFA ,
methods of Chapter 2 are usually (but not always) R -mode analyses. The various mo@cs arise |
from the concept of the data cube, originally outlined by Catiell (1952). Fig. 3.1 shows the.
data cube for an aerosol sam.pling problem, where there might be several monilorix;g sites

“ continuously collecting samples over a period of time. FA is a two-dimensional analysis;

18
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because the data cube can be sliced three ways, and each slice has two distinct row~column

arrangements, there are six possible modes of analysis (Table 3,1). The BFA methods could
have been interpreted as either R-mode or P-mode, depending on whether the samples: (rows of

xm,n) were from different sites at the same time, or from the same site at different times,

Table 3,1  FA analysis modes, A data matrix is a slice of the data cube with
one of the parameters held constant, The other two parameters form either the
rows or columns of the data matrix,

Mode Rows : . Columns Constant
R samples from different sites  chemical species time
Q chemical species samples from different sites . time
O  chemical species samples from differrent times sampling site
. P samples from different times chemical species sampling site
. S samples from different sites  samples from different times' chemical species
T samples from different times samples from different sites - chemical species
)
‘ Q-mode analysis attcrhpts\ntb decompose
- ' 1, ' .
- Z Lo (3.1)
while R -mode analysis starts with - .
. i gty | - : (32)
‘ CE n*m m®n ’

whére Z men YEPIESENLS the scaledﬁa‘la matrix. Thus ‘R;;ﬂ‘ode analyzes the correlation between
variables (concentrations of cherﬁi,glal specie§), v;hile Q?modt:, ';nalyzes th’corrij:lation between
samples; There is some confiusio’n‘ in the literatuté over the best‘nielthod‘ to use in any given
 case, and also regarding the ;eiatiop'ship between £he results of Q-que and R-mode analyses.

For instance, Rozett and Petersen (1975) compared Q-mode and R-modc‘avnalyscs of mass
- / ) . N

’
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spectra for each of the four product moment matrices. Table V] of Rozett and Petersen (1975)
shows identical results from both R -mode and Q-mode analyses, using aﬁ umranéformed data
matrix (ie., covariance about the origin) as the sta‘ru'ng poitt, - More recently, Hwang et al.
(1984) made a comparison of Q~mod‘e_:md R ~mode analyses, using real atmosp'heric aerosol
data, ’Fhéy suggested that the two modes produced equivalent results with most of their dala
sets although R-mode may be slightly more sensitive and hence caqulc of resolving a weak
factar into two scparalc factors, Heidam and Kronberg (1985) criticized that work, pointing
out that the cqulvalence can be proven only if the PCA model is used and if the same matrix is
uscd in the initial step; the cmpmcal cqunvalcnce found by Hwang et al, (1984) may not be
true jn general, . |

”ﬂlc equivalence of the posmve elgenvalucs of Q-~mode Z ZT om and R.~r¥1qde

Z: mZ o p 1S rather important. The basnc structure conccp( of a data matrix ('singutar value

decomposition’, Joreskog et al., 1976) states that

. 1 ‘
. ! Zrn vm"rl‘r‘rUr‘n ' (3.3)

‘ ; ) = 1 . . that i
where r is the rank of Z V’,mV l,, and Ur,nUn , = lr,r, that is, the columns of

V . and U,., are orthonormal. The matrix L

m*r rr

which are the singu_lar values of Z I The Eckart-Young'theorem (Eci&art and Young, 1936;
Johnson, 196%) describes the relationships between these componém matrices. Summariz@é
from Joieskog ét al. (1976)°: , | ‘ P
1. The major product moment of Z m.nZI.m has r positive eigenvalues (squares of
the singular valueé) ‘ér;d (m-r) zéro eigcnvalués; the columns of V e a‘revthe
corresponding eigenvectors. '
2 The minor product‘ moment Z,T,. ,,;Z e n has r positive eigenvalues (squares of
: . the siﬁgulér values) and {n - r) zero eigenval_u&s; ‘the c'olum;_xs of U,., are the
' i - corresponding Eigenvectom | | ‘ a
3.  The posmve p eigenvalues of ZI me m.n are the same as those of Z. ZT

| " and are related by:

I (r - p) factors can be consxdered phys:mlly insngmflcam then the dimension r
of these matrices is reduwd o p. _

is a diagonal matrix with positive elements -

Y A



" ‘ : U'n“r = Z:‘mvm‘rLr‘r A | (3 4)

Borh Hwang et al, (1984) and Heidam and Kronberg (1985) were aware of rhe
Eckar( Young lheorem bur disagreed on two pomts The first concerned the imporlance of
using the same initial matrix, Smce one of rhe first steps of the usual R+mode (Q-mode)
procedure is to standardize the' columns (rows) of the data matrix, the product momenr
matrices will be differenl because of the different scaling functions, The second point ‘of
drsagreemenl arose due 1o confusion over the matrix decomposmon wllh the PFA model; it has
not been shown that lhe usual methods for estimating communalmes wrll give the same resulrs :
(within a simple matrix transformation operauon) srarring fromZ . VAR Y AN/

l’l n*m ﬂ m m n
The PCA model forms the basis of the merhod to be used here with the atmospheric
aerosol composmon data. Not only does it avoid the problem of estimating communalities, but
the mamx decomposition gives the basrc strucrure of rhe dala matrix X n regardless of
whether Z nZT or Z,T,_’"Zm,’l is examined, The main disadvanlages of the PCJA' model

which remain to.be dealt with are the scale~dependence; the number of significant factors, and

the rotation to apply to the factor loéding matrix,

3.1 Data Preprocessing

All of the data sets t.o’be described were ohrained from elsewhere None were collected‘
with the intention of applymg FA methods nor was 'there any opportumty for input as lo ‘
samplmg srtes .sampling procedures nor the chemrcal specres whrch were to be measured

The frrst steps of this procedure-are the same as’those listed by Joreskog et al. (1§76)‘
under the headmg ‘Imbrie Q~mode analysrs The scalrng procedure seems to have orrgmated”_
with Imbne and Purdy (1962) who were coneemed with lhe Shemical analysis of geological
samples as was Joreskog 'er al. (1976) “The rotauon rechmques have been refined by
‘Mahnowskr and Howery (1980) for studres in chemistry, and they have been most recemly
apphed by Hopke and‘co workers for use with’ atmospheric aerosol samples (Alpert and
;Hop,ke. 1980; Hopke. 1981; -Alpert,‘and Hopke:‘ 1981; Roscoe arxd Hopke 1981a, 1981b; Liu

o



ct al,, 1982 Hw:an‘g et al,, 1984),

K S'ince' the aim of the analysis is to ‘prome the constituent sources ‘cl)f the aerosol
according to 'c.hcmical composition, the mosi important informationvis the relative proportion
of each of the elements in each sample (Q~mode FA), Joreskog et al, (1976) recommended
' the use of Imbrie and Purdy's (1962) 'index of proporuonal 51milamy also .known as cos;ne

theta:

8
cos 8,

)l

. T =02,0.m k=1,2,...m

This is just the cosine of the angle between each pair of ‘row vectors of the data matrix Xm.n
Cosine theta ranges from zero (orthogonal vectors; no similarity) to a value of 1.0 {parallel

'vectors; 1denucal samples, within a constant .multiplier), Computing cosine theta for all
| possnble combmauons of samples gives the association matrix H . {

The assocnauon matrix can be calculated in another way, on¢ Whlch is more in line with
lhe usual FA lermmology dcscnbed earlier, and thh the terminology of Hwang et al. (.1984),

K Rozett and Petersen (1975) and Malinowski and Howery (1980):

.32

H (Dm‘ m’n) (xn * m m‘m)

m*m

D is a diagonal matrix with elements equal to the row sum of squares of the data’ matrix

m*m

X m,n.' In the parlance of factor analysts,. the association matrix is equivalent to a Q-mode

a

analysis of the covariance about the o_figin. ' - o

-If m > n, as usually happens, then the matrix H e m will be very. large and the

' . . " .
computation of the eigcnvalues will be rather expensive. The computations are ' also

-unnecessary since only a maximum of p <n < m exgenvalucs can be sngmf icant. Tlns is where

, the Eckart- Young theorem has a very practmal value since the engenvalues of

(3.5)

(3.6) ...
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X e ) B ¢ X

can be calculated instead of using H P the positive c1genvalucs of Eqn, 3.7 are the same as

(Dm‘m n* m)(

e of Eqn. 3.6 (Joreskog et al., 1976),

All of these product momcm matrices are rcal and symmelnc and fmding the
,cxgenvalues does not prcscm much difficulty * It is also possible to operate on Lhe data matrix
dlrcctly and calculate me sub~matrices S and FT thhoul finding the eigenvalues of any
product moment matrix, Appendix A is a ’kORTRANVS program to do this, based on the
- Basic Structure Single Factoring algorithm of Horst (1965). It was proven by Horst (1965)
that the method js both a rank reduction sohition’ ;:nd a basic strucxurg" solution,* so the
method will ulnmalely give the same results as the more common cxgcnvaluc dccomposmon of
the producl momenl matrix, A numencal ex&mple of this equality is glven by Horst (1965).
3 2 Missing Data

The Basic Slruclure Single kacxoring Mcthod is convenient and émnomlcal in some
instances, but would require extensive modifications with data sets where missing_data are a
‘problcm; ‘This problem also arises when product-moment ei‘genval.u‘e methods are used. but it
is slightly casier to devise alternative procedures, The problem of lmissing data is one which has
ténded to be overlookgd. In an aerosol monitoring program, the nymber of samples for which
theré is a cor‘n.plete set of element concertrations availaple de#ends on lh;f: sensitivity of |
chemical analysis method. "If trace elements such as heavy metals are included, there may be
many samples where the concentrations are" ‘below the sensitivity of the chemlcal analysns

method {or ' _below detection limits). Treating these samples as missing data ‘wxll

*Various canned' software programs, such as routine EIGRS in the IMSL
mathemamal package (Anon., 1979), were tested, as well as the eigenvalue routines
.in the -BMDP (Dixon, 1983) and SPSSx (Anon., 1986) packages by entering the FA

routines with a pre- -calculated product moment matrix. No significant differences were

found. .

SA factor loading vector and the correspondmg factor score vector are derived
simultaneously at each stage; the major product of these vectors subtracted from the
residual data matrix reduces the rank by exactly 1. '

‘Each basic structure factor accouats for the maximum variance in .the mattix from
which it was calculated.

‘
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introduce a systematic error and bias the subsequent FA by weigh‘li‘ng those samples which have
. z;ll concentrations above the detectioh limils, possibly completely ignoring those éamplcs where

the ‘conccm‘ralions‘ of one or more chemical species are 'bdl", |

Such is the case, unfortunatcly, when BFA methods are implcmemed using lhe"defaplg
values of a statistical software package, If any varliable is coded as missing or 'bdl’, xhe defaultl
procedure is to delete the entire case or sahfple from the analysis, Alternatives exist, The mean
value of the non~m;ssing cases could be subsli(uled for all the missing values of a variable: this
Is only valid for true missing vaiues, n;)( fgr 'bdl’ values, Or‘produc( moment calculations can
be carried out using means and variances {rom all availablé data f(.)r cach element; ggz}in, this
in)lroduccs a bias towards complete samplcs‘which are those with higher concentrations, Or the
data set could be split into two (or‘ more) sets, which are separately analysed and later
compared,

There are no f{ixed guidelines oﬁ how to cope with "bdl’ valucs, The method suggcsled ‘

'

here is to select a comprehensive data set, tha: is, one mcluding as many varjables as possnblc
wnhoul mlroducmg an exorblmm number of 'bdl’ values ccrtamly < 5% of the producl of m
and n, The producl moment matrix can’. be galculated (Eqn. 3 7) using the non- missing,
non-'bdl’ values, and the pamal producls of termis with one or both values| ‘bdl" are set to
zero, This has the practical. and desirable, effect of biasing the elements of the
;‘)roduct-nmomem ma,trilx G".’I according to the‘ pattern of “‘ each pair of row vectors, For
instance, the dot products of | o | | | 3

-~

( .183, 365 bdl, 913 )
( 67, .535, bdl, .802 )

> -

(%]
n

( .797, bdi, 707, bdi )
(i, .707, bdl, 707 ) |

dre 0.976 and 0.0, respccnvely whxch agrces ‘with. the mtumvc appraxsal thal the fnrst two -

vectors havc both pattem and magnitude similarity while the second palr are pcrfec@y i
uncorrelated. This is, -of coqr‘sc.‘ equivalent to setting 'bdl’. values equal to zero. 'Ihe'validity
‘ oi this assﬁn‘p’tioh depends on the actual sensitivity of thé chemicz;I analS'sis method (ie., the
| é’ﬁtjéff level at which the element con;:e'ntran'ons are labelled 'bdl'). If the detection limits are

[ ‘{:
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Jow, then classifying 'bdl' values as functionally equivalent 10 ze10 is a reasonable approach,

. But if the 6pposiie is true, then that varjable should be excluded from the analysis of be used to

divide the data into two sets which are analyzed separately,

.
-

3.3 Number of l;*‘actors

The common methods for, dctefmining the number of significant factors, used
extensively b)l"social- scientists, are described in standard texts such as those by Harman((l%?)
and Rummel (1970), The more recent applica‘lions‘AOf FA methods to the physi‘cal sciences
have sparked a num.ber‘ of advances, The: main reasun for this lies in the nature of the raw

observations, which are physical quantjties that (usually) can be rigidly defined and can be

measured with a known precisibln; Malinowski And Howery (1980) summarized chcral tests

for factors which are based on the experimental error in the data. In general, there js less
emphasis on theé significance of ‘individual eigenvalues (abstract mathematical quantitics), and

more concern with the physical imerprctabili(y of the data and results,

The keystone for lhc newer: approach is the reproduclblmy of Lhe PCA nwdtm Wuh'

all p = n faélors the product of the factor score and factor loading matrices is

Sm pY; p = Xm,n. Factors can be extsacted successively until all of the non-error variance has

béen included. The remammg data then have a variance equal to the cxpcnmcmal error in the . °

“

ongmal data, and may be ignored.

There are problems with this approach too. The actual error or uncertainty in the data

should be known reaslonably well and slhnould not be just a limit error, such as is expfcssed by'

. the statement "the element concentrations are believed to be accurate to better than +50%".

o

The ‘error analysis methods would tend. in this case, to ignore data which are really significant.

v

And there is still ambiguity in some of the tests as to just what is significant and what is -

Y

negligible. | .

The multhle test method seems to be the safest one, and it was used here. cheral tests
are calculated for each value of p. When two or more tests indicate the same number of

significant factors, the analyst will justifiably have more conf idence in the results. But as of ten
. \ oo

\
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happens, the choice remains unclear and there is still a certain degree of subjectivity involved,

One very simple way to circumvent (pnot ovcrcomé) the prodblem is to consider the selection of

3

p factors as a testing of the consequences of this number of factors,
\ . ,

“The tests used here were:

h,
2.

matrix,

VAR - percent of the total variance in the dala associated with each eigenvalue,

CPV - cumulative percent variance, which is cQual to the cumulative total of

the p VAR values,

SCR - scree test, or percent of the total variance remaining in the residual data

1
l

IME - imbedded error, a measure of the difference between the pure daté and
the factor analysis reproduced data,

IND - Malinowski Indicator function; the physical meaning of this péramelef is
unceriain, but it has b;ccn‘ claimed to give good fesults (Malinm}vski and

Howery, 1980), It is defined as;
n
IND = - P
(n-p) m(m-p)

where A is the jm eigenvalue, A minimum in this function (when it exists) is -

J

assumed to mdxcate the correct number. of f actors

RSD - rcsxdual standard devxatlon apprommately equal to the dxfference

 between the pure data and the raw experimental data.

XNR - the Exner function, a measure of the deviations between the raw data

’

set and the data reproduced with only p factors (Exner, 1966).

The tests are described in detaxl by Malmowskl and Howery (1980). The calculations’

,.

"+ can be simplified considerably by notmg thal for Q-mode analysxs of the covanance about the-

origin, the sum of all the engenvalues is equal to m, Some of these tests (CPV IME, RSD)

Tequire a knowledge of the true expenmental error in the data in order to make a companson .

Others (VAR, XNR) require assxgmng some sort of critical value which corr&cponds to .the

bounda‘ry‘ between pure data and error. SCR and IND are mathematical functions which may

\
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change abruptly at the transition from significant data to"crr‘ors or negligible data,

“Of all these tests, the Exner function was found to be the most rel‘iable}. It also
required the most computations, since the data set js re-calculated n times, It was derived by
Exner (1966) specifically for additive‘data, and gives a direct measure of the dcvialion between

the original and re~constructed data mamccs: B

23(7(

mn

‘ )‘ .
XNR = | — I J . i (3.8)

x/("t/ BT (mep)

where the xU arc the clcmenls of ‘the original data matrix, the x are the elements of the data

Y

matrix re-calculated with p factors, and £ is the grand mean of all the x, . By assuming that

. Y
the devjations Q& ~ x'U) have'a norma) distribu(ion, Exner (1966) described how the t~test ‘can
be uscd o judge the approprlale (heory which, for FA sludlcs is the hypothesis that p is the
true number of slgmf;cam factors, Table 3.2 is a rough guide for acccp(able values of XNR,

A value of XNR ~<0,1 was judgcd 10 be acceptable with most of the aerosol data here,

BT . Table 3.2 Values of the Exner function,

| o /
XNR . Quality of Fit L
0.02 ) o ’ | very go;>d agreement
0.1 | good . I
0.2 I o fair | ,
*0.5 | | | ‘upper limit for acceptability
» >0.5 . | | unacgcpléble\
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& ! b N
‘5?73}\.4‘Tnmet Rotatlon ) .

While Varimax and other fotation methods will satisfy the appropriate analytic criteria,

there is no reason to suppose that such criteria have physical significance, MoreoVer, it would

o be unusual 1o have no Idea of some of the sources of atmospheric aerosol which might be
s ‘

i

jmportant at a monitoring site; at.the very least one should expect a crustal component derived
from wind-blown dust and soil. Any existing knowledge of the chemical profiles of major
acrosol sources can be incorporated into the analysis at the Tation stage. Once an acceptable

number of factors is found, then the factor Joading matrix FR.P can be rotated to a best fit with

" known or hypothesized factors, This also provi‘dcs a way of -testing the significan‘ce of an

hypothesized source ‘profile, since the factor space is, in effect, being searched for that vector,
" '/\‘
If lpqq,suspcclcm“z is not identified with dne of the p factors, then the rotation will produce
a best {it vector which is dissimilar {rom thie original target vector.’
Given the unrota}cd factor Joading ‘matrix Fﬂ’/’ and the hypothesized factor loading

matrix Y'f'l’ composed of ‘columns which are the suspected aerosol source profiles, then the goal

is to find the transformation matgix TP'P such that *

Y PR
| l'n.P’lp.P = Yn.p + Dn.P , ( | 7(3.9)
where Dn‘P fs a matrix of fitting crxors. Pre-multiplying by F;,n gives:
' 8 Aoyt et .
* . KprFnepXprp = FpenYnep + FpeiDpe, . (:;g,;m)
IrDp . s uncorrelated with ¥ P: | ' 4:\ ' tg
: 1 |
FP non"p OP'P
. F = F, v,

,pnnppp p°non’p

_ T art v _
prp = o0 ) FL YL .

o _ t oot . -
or | . Tp.p L, FL i _ BRERTY

The transfgmauon matrix T P‘; gives the best fit matrix Y ne p’ in a least squares Sense

(Rummel, 1970 Alpert and Hopke 1980) of ‘the factor loading matrix F 3‘ to the target

A

)

- "The target and derived factors are most easily manipulated as vectors.. Some
. measures of vectpr similarity are (Rummel, 1970):. ‘ »

- visual (subjective)
- root mean square coefficient o ‘
- ‘. coefficient of congruence - S :

ot A
e N
K s
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matxia Y. | Tha is, ' .
l‘“n‘P’l‘P'P = \'A.P (3.12)
The Jeast squares nature of the targel rotation is demonstrated in A})pcndix B. The column
vectors of )’n,P may still be orthogonal, depending on the rotation, More likelyT TP”P will be
an oblique rotation so that the orthogonality of the columns of Yn‘p is not preserved !

The method of target fotation is more commonly called Procrusican transformation® by
social scientists (Hurfy and Catiell, 1962; Mulaik;’mz). Kither a complete target rotation
matrix Y:‘P can be specified, or else individual vectors can be tested (recommended by
Malinowski and Howery, 1980, and Alpert and Hopke, 1980), The procedure suggested here is
to first use a Varimax rotation on Fn_P 10 give qup; this has the advamagc' of makiné the
preliminary identification of the suspected factors (crustal, sea salt, industrial sources)
somewhat easier, Target rotation can then be applied to l“n‘p (or Fi‘ﬁ’ which is>rcally the same
as F"‘P) with individual test vectors in order to refine the source profiles, A final operation on
the factor Joading matrix is necessary in order to remove the effects of the variable weights
from-the source profiles; this cz;n be done simply by mﬁ‘l(lplying the factor loading matrix by
W,:.n. The result is a matrix of vectors which are the relative concentrations of the chemical
species in each of the p sources,

If the factor score matrix Sm,p was already derived from Eqn 2.11, then an inverse
rotation must be applied to it in order 10 preserve the basic model:

| = Ly Fpe Ly ) (TH ) (3.13)

mn atp pp
since 7., = Sm‘ (TT. ) (F . )T

mn

R®p P'P
Otherwise, the factor scores can be calculated dxr’cctly from Yn,p

| Sﬂ_ﬁ Zz .Y, pPp , " (3.14)
where Pp_p = Yl,n\’n,p is the matrix of correlations between thé p factors, This matrix arises

when the dot products of the columns of Yn.p are not zero (oblique factors). Then the PCA

model'becomes

‘Procrustes was a bandit in Greek mythology whose victims were strapped to a bed
and had their legs cul off or streiched to fit the length of the bed.

l/
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Z =S Y (3.15)

m™n mppn

and the matrix Yn‘p is called the pr‘imary pattern matrix. Egn, 2.10 becomes:

- t .
LD P o (3.16)

In the orthogonal case, l‘P.P would be an identity matrix,

The factor scores can also be calculated from the original data matrix Xm_n instead of
the scaled and weighted data matrix Zm.,l in Eqn. 3.13. While the scaling matrix Vm.m can be
by - passed, the variable weights contained in the W An malrix musj be added to the calculations

=F §

p‘n n*p'

.

for the factor scores, Now if, instead of L. b p the weighted matrix

L. =rL wlF | (3.17)

P.P P-ﬂ‘ ’l‘ﬂ nqp
is used, then Eqn, 3,13 becomes: -
S = T l ‘ - 8
Spp !x"P"PFP(F‘) (3.18)

Post-multiplication of Eqn, 3.18 by \’2_" = (F . )T will show that the PCA mode]

'

=S 1 ‘ . i . i -
Xm‘n = bm‘pr‘n has been transformed only by a rotation. If all factors were retained (p =

npd pep

n), then the original data could be re-calculated exactly from Sm,}J and \’:_n,

3.5 Source Scaling

The rotated factor solution gi\./cs‘tl;eg best fit of the hypothetical source profiles to the
actual data, but there is one more parameter which must be calculated if the PCA model is to
be used to determine the actual source strengths in accordance with the physical interpretation
assigned to Eqn. 2.1, The factor loading and factor score matrices contain onl.)g the relative
profiles and source céntribulions. This is a major advantage of FA methods, since it is the
reason why binary, normalized, or even measured ‘a.bsolurl‘e source concentration profiles can be

)

tested. It still remains, however, to determine the scaling parameters (represented by elements
of the d;agonal matrix Ap,p) such that;

=(8 ) (3.19)

) ( AI"P p n
This can be done quite easﬂy lf the total mass of each sample (TSP, or Total- Suspended

M‘p PP

Paiticulates) is known. Hopke et-al. (1980) and Alpert and Hopke (1981) used multiple linear

regression (MLR), with TSP as the dependent variable and the p relativé source contributions
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A

(column§ of Sm.P) as the independent variables, The MLR coefficients can then be used to

) , .
scale the factor loadings and the factor scores 1o physically realistic units,
Th\s method of determining the scaling vector is simple ad straight~forward, but it is

only valid W\ilh an important assumption, It seems unlikely that an acrosol sample could cver

be analyzed for the concentrations of ‘all of the constituent elements; much of the mass is Jikely

'
\

. 0 be due to elements such as oxygen and nitrogen, For instance, the crustal component in the
\ ‘
sample will contain elements such as Si, Al, Fe, elc., as oxides, but the analytical mcthods used
I3 \ '
will only give the concentrations of these elements, The result s that the sum of all the

\

measured elcmcnt‘:\\conccmration.s is less than the TSP value, This does not prevent the use of
the TSP~-MLR met\hod for dclermining.lhe scaling parameters, as long as. it can be assumed that
the fraction of the tbtal mass which is actually measured from cach component js a consiant.,
If, say, the measured Si, Al, and Fe concentrations represent the crustal component in the
aerosol samples, thenthe TSP-MLR method is valid if these elements are always a fixed
proportion of the total mass from the crustal source,

This assumplion\is not unique to FA methods, It would secm to be a necessary
assumption for the imerp\f;talion of any set of composition data ghere the total mass §f the.

. \

’sample has not been partitioged into all of its elemental components, N .
| Source scaling is, in a\‘scnsc. the last step in the return journey from somewhat abstract
mathematics to the physical ‘\\\orld. There are a number of} §tops along the way, howcvcr,'
where it is possible tolcheck lhaf\ the results conform to a physical interpretation, For instance,
application of the liﬁearly-addit:ve modei of Eqn. 2.1 to .aerosol sources does not admit
negative terms in the chemical pr(}» ilés of the aer;;sol sources (the factors), nor in the source
strengths for each sample (the factor scores). But the PCA model is not constrained to give
only positive elements in Fn,p and Sm » as is readily s_eén by an _c’xamination of any of lhé raw
factor loadihg-mhtrices of later chapte ’

This constraint on the f actor }lo dilngs was added as part of the target rotation phase.
Rotat_ed vectors with large negative elem r_x{s were assumed 1o be a signal that the test vector

(and the product vector) were not fdctors representing aerqsol sources. The negative elements
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were replaced by zero, and a rrcw target rotation tried, In most cases, a stable refined vcctor
with only a few small negative elements could be derived in several iterations, When this did
not happen, the hypothctical source lype' was rojecled,
No constraint of this sort could be appliod during the calculation of the factor scores,
since these are already fixed by the ‘origioa.rl déta and the selected faclorsl, Negative scores were
-arbitrarily replaced by zero, which will be interpreted as the absence of a mass contribution
from the corresponding source in fhosc samples, This substitution was madc‘ after cxamining
the scores in order to determine that most of the scogés for each faclor were grca.ler' than 'zcro;
otherwise, the factor was réjected, |
| X Source scayng, when it could be used, provided a third check on the physical
significance of tl;e factors, The scaling was expected to girc aerosol profilcs. wpich were
‘reasonable looking‘: thz;( is, concemrations of major ‘clcmenls .were on lhc order of
100 mg-g", and the sum of all clerncms' was Jess than 1000 mg-g-'. Fu‘rthcr_r;nore; the

p ' v .
regression model TSP = 121 alS s .) was assumed; a calculation with a regression- model of the

i

+ Z aISI .) should show the constant term to be small, If not, or if the

“

form TSP = ay

scaled aerosol source prof iles were physically unreasonable, lhen lhrs was an indication of a

(23

major problem with the selected set of factors.

3.6 Errors in the Soorce Profiles

" This is perhaps the weakest part'of TFA. It is not clear how alll of the uncertainlics
inrolved will propagate’through the many stepc of the TFA procedure. Roscoe and Hopke
(1981b) devised a method whlch pamuoned the differences between the raw dala and the data
. re-constructed with p f actors, but this method is still only an approxrmauon |
- The errors in the factor loadmgs (source profiles) are csumated here by a srmphflcd

form of the Roscoc and Hopke (1981b) approach. An average error vector e, 1s calculated for

" each of the n variables from - ° , _
. , . v — 1 ” '
L €, = (3, ks .20
" where the x i and x' i ‘are the elements of the raw ‘and re- constructed data matnces
- 3
e

LI T
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respectively, The average error for each variable is divided ambhg the p factors by multiplying -

by‘:
(diag(L, )} |
£F ~  (3.21)
| ‘ (lracc(LP.P))
' — yt
where . Lp.p = Yp*nwn'nyn‘p' |
That is, the errors in the elements of the factor 1oading matrix \'n,p are: '
+  (diag(L . )" . :
o, =e £2 " (3.22)

A
trace(L.
| (trace(L. )
Errors in the factor scores are assumed to be only due to fitting errors from the multiple linear

Tegression, | ‘ \
N lI R . ) )

3.7 Summary of the TFA :Procedure

Following is the step-by-step procedure foerargel Factor Aqalysis of a data set which

is composed of the concentrations of chemical species in a number of individual sé'mplcs.
. . I

»

, 1. Form the data_mqu Xm.n. a

' Each of the n columns of the matrix is a vector representing the mcasured
" éonccnirl‘ations of the f h species.  Each rowl\}l is a vector of species
concentrations iﬁ each sample. Variables (chemical)species) or samples with
more ihanﬁS% of the values 'bdl' should be omitted.

2. Multiply each column of X, b.y a weighting factor, if necessary.

If a variable is more, or less, significant than the others, then the weighting -
rfacfor can be select‘ed' accordingly.. This is particularvl'y useful when the
analytical uncertainties in the measuredl con'centrations afe differcm for tﬁc
chemical species. Otherwise, ‘Wéi‘ghts should be used which will give roughly
the same range (ord‘er of fnagnitude) of values in each _column. | ‘l
3. Normalize each row of the weigh;ed dat.a matfix,to,unit length.

This normalization will give equal ;vcight to each sample and still preserve the

6 ,
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relative proportions of Llle chemical species in each sample,
4, Calculate the minor product moment r‘n‘a‘trix R‘ -
A Rn‘ ( m‘mxm’nwn‘n)'R m‘mx w )
. The diagi)nal matrin W",’l coma:fns ‘the weighting factors apphcd in Step 2,
v e m is a diagonal matrix with elements equal to the row sum of squares of the
weighted data matrix X m‘nwn‘n from Step 3.

S, Calculate the %igenvalues\and eigenvectors of R . .
The scaled eigcnvector matrix “is the raw factor loading mauix F , . )

6. Apply several tests fo‘r the significance ol‘ the factors, and discard insignificant

factors. Factors which are clearly insignificant acco;ding‘[o all tests should be dropped, |
If the tests do not all: indicate the same number p ol‘ significant factors, retain
the larger number. Alternatively, select an arbitrary number of factors which
are suf £ icient to profile the major sources, ’

7. Use a Varimax rotation to find an approximate orthogonal simplesuucture matrix.
Consider again the tests for the significance of the factors and drop any
insignificant factors. |

8. Construct and test individual source profile vectQrs y:,‘

. In the absence of any other information, binary test vectors can be used which -
: nave elements equal to 0 or- 1. Usé ll‘le reaults-of each least sqnares rotation <§f

——’F:.p to refine the test vecter,' and repeat lhe target rotation un‘u'l the calculated
best fit vector has c'onvergéd to a stable prof’ ile'y . The stability can be checlced
by varying lhe elements of Y, shghtly and domg another target rotanon If the
vector is stable (1e associated with a well defmed cluster of vanables) Lhen‘
the small changes in the test vector have no efl'ect and the calculated best fit
vector y, will not change |

9, \‘Collect the p refined vectors into the rotated factor ldading matrix Y, |
The associated rotation vectors form the columns of the rotation matrix T,

Conllpute‘the. factor correlation matrix P p =Y n Y "y Factors nvhlch are
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highly correlated (~>09) may really represcnt the sa ce, within
scalmg factor Unless there is addmonal ‘information to. jtﬂlaming thegﬂ
f aclors such as previous knowledge of the actual sources, of posslbly a

, Adifference in a unique 'marker’ element for different sources, then only one ot\ ‘
these should be kept, . '

10, The corrcs'po'nding. f aclor score matrrx can be calcurated f rom Fqn 3,18,

Use multiple linear regressron to find the p scaling parameter:. for the sources,
lf the regression calculatrons are made wrth TSP in ‘ug-~m:* then the rndrvrdual

\

source contributions (in units of ug-m-?*) are equal .S, . me p ‘P p _and the

source concentration prof iles (mg-g'') afe equal 10 1000 x ¥ . pAp p
3.8 Variations of the TFA Procedure

The TFA procedure outlined in this chapter was dcsrgned specifically for }aerosol souree
apportionment f rom composmon data. Many modifications and extensions are possible; one
“ such procedt.re will be described for the analysis of data from large air qualrty networks,

The Inco staclr at Sudbury is one of the largest pornt sources of sulphur compounds in
the world. Yet initial.analysis of precipitation chemistry data from a monitoring nctwork in’
the Sudbury basin revealed no significant change in a‘cidic deposition during a nine-month
shut-down of the refining operations; only after an effort was made to determine baékground
Ilevels and amounts transported into the region, .could a 10% 20% reduction in- aoidic
deposmon be identified (comments by M Lusis durmg a panel drscussron on air qudlity a
‘momtormg networks, reported in Prerce et al. 1982, P 445 -446). Meteorologrcal vanabrltty‘\“
and the small local contnbutron f rom the 380 m stack were crted as possrble causes for this.

. ’

lt would be mterestmg to perform an etgenvalue analysrs ‘of monthly CANSAP’

precipitation chemrstry data (time versus stauon drstance) and then attempt a target rotation

of the factor score matrix to a record of monthly emission data f of the Inco operatrons This - -

.

assumes that there’ would be sufficient van_abrhty in the emissions data within the CANSAP’

IS

SCANSAP: Canadian Network for "Sampling Precipitation{ (AES, 1978-1983)
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sampling peri(')d}to permit an jdentification of the Inco Eomponcnt. If so, t‘hcn the rotation
would give“the best estimaie (in a least i,squ‘arcs sense) of the response of the system to lpe
variation in the source strength, ’I‘here“are sevcral‘con‘sidcxalions‘ which may make this-
approach unsuccessful, however, such as the rather large unccrlaimies‘- associated  with
CANSAP data (Barrie and Sirois, 1982) and the use of momhly.avcrage daia, but jt scéms like
a worthwhile experiment, '

Ina sifnil;r vein, there is'z\ great deal of similarity between the linearlyiaddilive vx‘nodels
of FA and lhg almosphgrfc "transfer matrix* model of ‘Xoung and Shaw (1986), which may be

"

of use in devising national control strategies (Shaw, 1986},



’ | 4, ‘Exam‘pla of Factor Analysis of Atmospheric Data
Applicatjons, of FA methods lo meteorological data sets socm to have orlglnaled with
l,orenz (1956 cited by Barry and Perry, 1973) Craddock and Flintoff (1970) outlined the use
of cxgcnvcclors to describe the spallal structure ol‘ mcxeorologlcal fields, Statistica)
considérations on the use of theNPCA ‘model (eigenvector ‘method; crnplrlcal orthogarial
1 uncllons) ’ including tests for mé significanco of faclols havo been discussed by
Fsscnwangcr (1976) Preisendorfer and ‘Barnett (1977) and Bucll (1975), A fcw cxamplcs of
+ fecent studies of FA methods in ieteorology, Whlch xllustrate the dnversny of the possnble
appllcanons are the papcrs by Essenwanger (1975) Schlckcdanz (1971, Blasmg (1975)
LeDrew (1980), and Pitchford and Pitchford (1985). ’I‘hcse have ‘mostly used the
_principal~'componcm/cm‘pirical onhogonal-jf unction approach to analyze a spatial correlation
matrix, using procedu_res wnich fall under the heading of BFA, | |
BFA methods llave been applied frequenty8o derosol composition data from urban
areas, beginning with Blifford and Meeker (1967), Other examples are'lhc sllxdies by Hopke
et al, (1976), Gaarenstroom ct al. (1977), Gatz (1978), Parekh and Husdin (1981), and Tanner
and Leaderer (1982‘)} BFA methods has«e also been apolied to aerosol complosition“dala from
remote areas such as Antarctica (Boutron and Martin, 1/980:‘ Shaw, 1983a), Alaska
{Shaw, 1983a; Lowenthal and Rahn, 1985), the Canadian Arctio (Hop}é. 1984), and
Greenland (Heidam' 1981, 1982, .198‘4' 1985). The Antarctic ‘s‘tudy of Boutron and
Martin ( 1980) and the study by Shaw (19833) were somewhat different. Instead of collecting
almosphenc aerosols on a fllter Boutron and Martin (1980) analyzed the composmon of
surface Snow samples Shaw (l983a) used surfac‘é and alrbome impactors to collect aerosol
samples, and then analyzed mdmdual pamcles wn.h a scanmng clectron microscope equipped
. with an energy . dnsperswe X -Tay spectromelter. His results describe the composluon of

>

individual pamcles not the bulk sample. ‘ o N

3

TFA methods have been used with aerosol data frdm urban areas by Henry (1977),
Hopke et al (1980), Alpert and Hopke ( 1980 -1981), Hopke (l9g) Liu et al (1982) Roscoe

. and Hopkc (l981a 1981b) and Hwang et al. (1984) With a few small differences, the TFA

| 4
o B
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. procedure described in Chapter 3 is the same as that developed by Hopke and co-workers, -

Henry's (1977) method is not exactly the same as lhe Hopke TFA me(hod but the differences

are in the techmcal details rather rhan the overall approach, so it is reasonable to-consider his

method a forerunner of lhe Hopke TEA procedure, Some interesting discussions of the

problems of using BFA, TFA and FA methods in general‘wlth atmospheric aerosol samples, | '

can be-found in the comments of Hopke (1982), Redman arld stmersrer (1982), and Heidam

and Kronberg (1985).

'

© The development and apphcauon of TFA methods for urban aerosol samples was

* stimulated in large part because of the potential for use as a receptoraoriemed aerosol source

+. apportionment model, TFA has several points in common with the more' familiar chemical
elemem balances (CEB) of Friedlander (1973), Gatz (1975), Kowelczyk et al, (19:/8), and
Macias and Hopke (1981). The linearly-additive model of Eqn; 2.1 and Eqn, 2.2 is assumed to
be valid, and source profile vectors are constructed for each of the p ma jor aerosol sources in
the area, A isub;set of the chemical soedes ls formed by selecting elements which are strongly

associated * with only one or two of these sources,'° These marker elements should also be

!
"well-measured, relatively non-volatile, and sensitive to variations in the strengths of specific.

components” (Kowalczyk et al., 1978). A least-squares fit of the concentra[ions of the marker

elements to the measured concentrations gives the fractional mass f rom each of the p'sources.

The TFA procedure does much the same thing with two importém exceptlons The -

source profile vectors are, in a sense, compared 'to the actual or 'realizable’ factors derrved
from lhe ergenvalue decomposmon portion of the calculations. Or the factor space can be
‘searched via the [argct rotation, and the best source profrles extracled and refined. In either
case, relative source strengths (the factor scores) are found srmultaneously, and need only be
scaled by the TSP- MLR coef f icients.

‘ There have been no published applications of TFAWmeLhods to aerosol samples from
remote areas. ‘ o

v .

‘°A sub-set of chemical speaes must be used becduse the problem is over -defined;
. that is, there might be n different elemental concentrations known, but there are
only 13 ( < n) major sources known/assumed/posmlated

3 ,
AN




4.1 TFA of Cloudwater Data‘ | A . ' ‘ >
This dala‘ sol is composed of the concentrations of six .elements (silver, iron,
‘max‘lg‘ancso mugncsium polassium - sodjium) and ihroe anions (chloride, nitrate, sulphate)
obsexved in clopd droplets, The samplcs were collected by a cryogcmc impactor mounted on an
| alrcrafl during a co operative cxpcnmcn( in August 1983 bc(wccn lhe Desert Research lnsmu(e
and the Alberta Hail Pm)ccl (Stone and Warburton, 1984). Most of the samplcs were collected
in the Hail Pro;cct target area in soum central Albcrta although several were also collected
downwmd of a ground-based secdmg network near Lethbridge, Both sccdcd (with Agl) and .
non-seeded clouds were sampled, the latter pamplcs usually obtained during an iaitial
'backgrouud’ pass through the target cloud, Tho main-goal of the eipefimen( was 10 cv'aluale
the use of (h'e observed silver conccmralion as a‘cloud-socding sighature,

- Full details of the chcmislr); portion. of the cxp;:rimcn( are given by Slo'neAand
Warburton (1984), Typicall_y sample volumcs of ~5 - 20 cm’ v;crc» accumulated during each
‘pass through a cloud wuh an integrating time of 2 - 20 minutcs Table 4,1 and Table 4,2
d;:scnbe the samples and list the mcasured concentrations (copied {rom the report by Stone and
Warburton, 1984}A The instrumcmal unccrtai}nl‘ics (upper limits) of the anal)'lical proccdurcs
were 5% for mé anions, 20% for Ag, and 10% for the other elements, '

The ma]or conclusions from the expenmem were (Stone and Warburton, 1984)
1. The dlfference in the Ag concentration bctwecn the seeded and non-seeded |
| clouds was statistically sxgmf icant, fThe background (_non-secded) “Ag

concentration was low and relauvely stable, ~(36.6t 10 ) X 10 g - ml,

2. There were no sxgmf icant dlfferenccs between seeded and non- s;:cdcd clouds in

- the remaining specxes concentrations.

3. The Ag .concentration was linearly ' propomonal to the mean ice crystal
concentration ( r* = 0.69 ) (both seeded and non-seeded clouds).
4 Ag concentratious were at the background level m clouds sampl&d ‘downwi(nd of

: the ground -based seeding network. o _ |

These data are from a complex muted phase system so one would not cxpect mc sunple

( ’ . ' : -
Y W " W
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Table 4.1 Cloudwater sample descriptions,

Code '

seeding by ground generators 100km upwind of sampled clouds

-

4

ID # Date Collection Cloud  Secd? Yolume Samnple
‘ Time (GMT) (mi) Appearance .
' "
} 83708708 23132326 A yes 10,5 clear nime 1
2 83/08/08 23422352 B yes 139 cleag nyme 1
3 83/08/08 2407.2418 C yes 0. " sample jost
4 83/08/08 24472455 D yes - 9.9 , rime-particulates j
5 83/08/14 21072108 . A no 5.4 clear pme
6 83/08/14 21132127 A yes 8.8 clear mime
7 . 83708714 2135.2136 "B no 4,0 clear nime
8 83708714 21382149 B yes 9.5 clear nme
9 83/08/14 22092220 .- C yes 7.8 clear nime 2
10 83708715 2155-2206 A yes -0~ sample Jost 3
11 83/08/15 2213.2215 B no 6.3 . mme+particulates
S 12 83708715 Co119.2222 B yes 8.4 clear nme (D 1
13 83/08/15 2224-2227 B yes 3.0 clear nime e ‘
14 83/08/15 2231-223) C no ‘6.5 clear rime
15 83/08/15 22362238 C yes 8.7 rime + paruiculates
16 83/08/15 22422244 C . yes 9.5 clear fime
17 83708715 2306-2316 DT T yes 42 clear nime 1
18° . 83/08/15 2326-2329 E no 6.2 " clear pime 1
19 83/08/15 2331.2338 E" yes 8.2 clear fyme 1
. 20 83/08/16 20422044 A no' 5.6 . clear rime
2] 83/08/16 2046 - 2048 A yes 17 gime 4+ particulates
22 83/08/16 20512053 . A yes g4 clear nme 2
23 83/08/16 21042106 B no 18.1 clear rime
24 83/08/16 2112-2113 - B no 8.3 clear nime
25 83/08/16 2122-2124 C no 9.4 clear rime
26 83708716 12127-2132 Wy © no YD rime + particulates
27 - 83/08/16 2152-215% "\ D yes 20.1 clear rime - 2
28 83/08/16 22002206 D" yes 22.5 . clear rime
29 .. 83/08/17 042- 2247 A yes 7.4 opaque nme
30 83/08/17 '2258-2301 B  no 143 tlear nme
31 - 83/08/17 2306-2310 B yes 1.2 rime + particulates
32 83/08/17 2314-2319 B yes 11.8 rime + particulates
L¥] 83708717 o 2323-2329 ‘B yes 5.8 particulates
34 83/08/17 2359-2404 <€ no 15.8 clear rime
35 83708717 , 2406- 2411 C no . 16.1- clear rime ‘
36 . 83/08/18 2235-2242 A yes 6.9 _clear rime 4
37 83/08/18 2247-2255. B yes - 9.5 time+ particulates’ 4
38 83/08/18 7+2302 B. = yes 7.3 rime+particulates . . A4
39 83/08/18 -2314 B yes 19.2 rime + particulates 4
4 83/08/18 2324-2330 C yes 5.5 clear rime 4
1  inaccurate volume measurement
2 ' known outlier . o !
3 opemational cloud base seeding mode
4



Table 4.2

Cloudwater sample concentrations,
10-? g-ml™, except for Ag wmch has concemralion units of 10-# g~ ml *

The cohcentrations are in

N R AR Na Mg Fe Mn K Q- NO;  sof
. ‘ . ‘
4 36.6. 1416 4748 156 218 1068 587 3334 537
5 5.8 3692 6617 283 257 142 740 3563 9837
6 334 9679 . 3530 1867 522 076 49,7 3541 4696
7003730 3042 4853 . 259 376 1447 643 3651 23072
8% 537 2238 1050 . 494 A72 1295 . 759 . 4426 7823
M 86.0 3957 4866 1535 . 325 2155 1460 9253 7087
12 669 2846 . 3620 215 309 1600  H1a4 10293 7284
13 464 2583 . 6682 65.4  4LA 1752 1149 9629 16484
14 AL2 2808 4166 2162 320 1857 4734 11031 9862
15 833 2673 2086 1070 8.0 1348 . 803 727 7095
b6 542 49277 3760 172 184 2853 99.7 9550 435}
17 ML 3996 4900 17730 409 3280 2433 35100 32100
18 30,1 1872 4659 65,5 182 161,17 1299 11179 9326
"19 69.0 2897  All.8 5,9 ¢ 336 25%.4 2233 25340 19610
20 64,2 916 77.1 26,5 8.2 8.4 1081 7821 687
21 76.2 8052 2424 629 174, 1532 459 6797 9823
23 40.8 . 2406 1121 31,00 A7 1156 43,8 17162 7721
24 439 3538 2291 402  28) 2087 43,5 8264 9782
25 36,0 4415 9158 14.6 53,2 3029 544 952,0 42150
26 383 190 2931 270 176 1246 539 9260 10920
28 2.1 2004 2721 1519 344 2494 62,0 8585  43)5 -
29 60,5 + 2013 23,3 81 54 1256 855 . 1312 1789
30 441 2480 832 443 12,7 1899 356 4773 4302
31 89.8 ° 1613 59.0 292 167 91,1 494  679.0 7180,
32 79.7° 4213 2008 170 201 3403, 515 3644 4074
33 91.9- 306.3 705 285 182 1117 55.7 - 19117 5531
.34 273 2103 934 - 682 . 105 |, 1286 353 '675.1 12355
35 26.6 1342 . 1066 - 757 . 151 68.5 288 8065 14831
36 260 8482 1322 1017 248 4820 - 1200 888.4 . 950.1
37 347 3348 4.5 1202 2.5 1785 - 968 §40.8 4271
38 293 2360 4508 248 432 402.6  102.8 . 5260 19740
39 293 1296 " 215.1 329 334 0 1077 1304 8076 9932
40 2.6 3924 2663 245 3294 1531 12041

133

404.1
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parl;clvsource interpretatijon of Fqn.'liil 10 be;valid. ernhclcss, it is an Interesting data set
on which thle TEFA methods can be tested, |

Samples which were flagged in Table 4,1 as ‘having a known outlier were deleted, The
remaining thirty-three samples were combined into a single data matrix, Weights of 1.0 were
assigr;ed to ali clements except Ag (weight = 0,5) because the emphasis was on the unperturbed

" cloudwater chemistry, A co‘mparis'oﬂ.';vi(h CANSAP data (AES, 1978-1983) for August 1983
shows that the mean conécmralions of Na, Mg, K, Cl, NO;, and SO} in the cloudwater

L]

saffiples aré similar to the concentrations in precipitation reaching the ground, For rthis
i

comparison, sodium, magnesium, and potassium are assur_l}ed to be-prc§cnl solely as c;uions, It
should be émphasiwd that the CANSAP data are from composite precipitation samples
collected during the moﬁlh, while these cloudwater concentrations are averages fron;
thirty -three samp;es of (usually) non-precipitating clouds, And the CANSAP samples may be

contaminated, because soil and orgahic matter were visible in the samples.

ppn Na® Mg K- d NO, SO}

CANSAP )

Rocky Mountain House 0.8 1.43 0.47 0.82 - 1.68 1.33 2.71
Coronation - R 1.8 0.09 0.15 0.13 0.14 1.90 2.61
CLOUDWATER .

mean 033 030 022 009 08 100
0 , ot 0.20 0.21 0.18 0.05" 0.63 0.83
maximum 0.97 0.92 1.07 0.24 3.51 4,22
minimum. -~ 0.8 0.02 0.07 0.03 0.13 0.18

[l 3
. '(p;ecipitaﬁon‘ incm.; éll concentrations in mg-1-*)

-

Table 4.3 displéYs the results of the eigenvalue calculations. ** Both the Scree test and
' ' }

1Only thé lower left ,trianglé of symmetric matrices will be -shown.



Table 4.3  Cloudwater eigenvalue calculations,
Data set dimensions: 33 9
Vapable {(column) weights;
AR Na Mg Fe Mn K Cr NO, 50}
0.5 1.0 1.0 1,0 1.0 10 1.0 1.0 10
Imual product moment .mattix;
0,026
0,233 3.052
0,142 1,806 2.110
0,034 0,452 0.344 0,126
0.014 0,166 0,155 0,030 0.014
0,143 1,943 1.167 0,314 0,114 1,445 .
0,065 0,672 0,470 0,109 0.042 0,425 0217
0,429 4,786 3.75) 0,962 0,333 3.00) 1.361 12,103
72.A 98 .4 100.0 68.) - 91.2 93 8 779 100.,0 100 0
Total variance (covar0): '
0,026 3,052 2.110 0.126 0,014 1,445 0.217 12,103 13,908
Eigenvectors (columns):
0,128 -0,04] -0,008 0,023 -0,026 ~0,042 0.014 0,067 20,004
1,472 -0.818 0347 020 0,220 0.038 20,003 <0003 0,000
1173 0,161 -0.316 0717 -0,008 -0,002 0,007 0,000 0,001
0,272 -0,098 0,034 +0.027 0,064 0,099 0,162 0,002 00
0.102 0,024 -0.019 -0.032 0,013 -0,00) ~0,004 0,011 0,030
0,931 -0,627 -0.274 0.144 0,297 -0.026 0,024 1 0.001 0,001
0,397 -0.107 0,013 0011 ° 0043 -0.199 0,080 ~0.014 0,00}
3.366 0173 0.859 0,052 0.007 0,006 --0.017 0,000 0,000
3621 0,728 0,487 0178 0.010 0,002 0,004 0,000 20,000
Eigenvalues:’ - '
“ 29.114 1.670 1.272 0,708 0.144 0,053 0,034 0,005 0.001
Significance tests for eigenvalues:
& EIGEN VAR CPYV SCR IME IND RSD , XNR
1 29.114 88.22 88.22 11.776 0,040 0.00190 0.1213 0,439)
2 1,670 5.06 93.28 6,716 0.046 0.00200 0.0979 0.3209
3 1.272 3.86 91.14 2.860 0.040 0.00192 0.06%0 0,138
4 0.708 2.14 99,28 0.716 0,025 0.,00151 0,0378 0.0838
5 0.144 0,44 9.2 0.281 0.020 (.00166 0.0265 0.0477
e 6 0,053 0.16 99.88 0.120 0,016 0,00222 0.0199 0,0370
7 0.034 0.10 99.98 0.017 0.008 0.00232 0.0092 0.0220
8 0.005 0.01 100.00 0.003 0.005 0.00522 0.0052 0.0060
9 0.001 0.00 100.00 0.000 0,000 0.00000 0,0000 0.0000
Vanmax orthogonal rotation with 4 factors:
0.057 0.473 0.378 0.072 0.037 0.243 - 0,158 1,586 2.792
0.100 1.468 0,460 0.175 0.058 1.030 0.261 1.368 1.35%
0.061 0.515 0.371 0.177 0.039 0,287 0.222 2.474 1.376
0.040 0.597 1.2712 0.136 0.079 0.390 0.164 1,262 1,542
Variances of rotated factors: 10.7712 7.252 8.589 6.150
% communalities (covar0) with 4 Vanmax factors; :
98.4 100.0 - 68.1 91.2 93.8 7.9 100.0 100.0

T2.4
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the Malinowski{ indicator function point to four or five significant factors, The Exner function
does not give a clear indication of the number of factors in this case, but the 'satisfactory lcvcl'
of XNR ~<0,} is attained with four factors, Calculations with both four and five factors
suggested that the fifth factor did not contribute to the final imcrprélalion of lhé data, so only
four factors wcr? icmincd,

A Varimax rotation is also shown, The similar loadings on each rotated factor indicates
that the variables have not rcally been separated imo strong cluslcrs associated with unique
sources, Part of this is due to the magnitude of the NO and SO conccmrauons wmch
dominated the product-moment calculations, By deriving unique factors for each of these
species through target rotation, their effects can, to some extent, be isolated from the other
variables, )

A number of hypothetical factors were devised {or the targél rotation phase, A crustal
factor was assembled from the average reiative abundances of elements in the earth's crust
(Mason and Moore, 1982), A sea salt factor was taken from previous FA and CEB studies
(Hopke, 1981; Kowalgzyk et al,, 1978): it differs from the ;herriical composition of bulk
seawater principally by bciilg depleted in chlorine, The remaining test factors were mostly
binary vcclofs.« ' | |

Four of these test vectors were found to be well matched with actual factors dfrived
from the data. They were refined from the test vectors in, typically. 2-4 iterations. The initial
and final vectors are compared in Table 4.4. Several other factors could also have been
acceptcd but on scruuny it appeared that they were composucs of two or more of the factors
in Table 4.4. For.instance, a 'vapour’ factor was found which was cqual to the sum of the
sulphate and nitrate factors; it was dropped in favour of the two separate factors.

The third factor has been labelled 'soil', even though it was ref ineq from a general test
vector representing average i:ru_stal abundances. What is }:iamcular}y notable about this { actor
is the deficiency in iron; vthislcan also be seen in the raw concentration data of Table 4.2. This

factor represents material originally derived from rocks but which has undergone considerable

_element fractionation by weathering., In highly simplified fashion - (after Mason and



Table 4.4

Cloudwater target and final vectors,

Mn

Label Ag Na Mg Fe K Cl - NO,  SOb
Crustal 0000 0570 0,420 1,000 - 0020 05520 0003 0000 0,000
0028 0622 051 0069 003% , 0470 0080 0049 0000
Nitrate NO; 0,000 0000 0000 0000 0000 0000 0000 1000 0000
0013 0017 0000 0068 0004 -0014 0067 0998 0000
Sulphate SO!* 0000 0000 0000 0000 0,000 0000 0000 000 1000
X 0.007 002 0001 .0028 0002 .00 0000 0002 0999
Magnesium Mg 0000 0000 0,000 0000 0000 0000 0000 100 0000
. -0014 0000 0999 0043 0047 0014 0012 0000 0000
Correlation matrix of refined vectors;
1.000
0.068 1,000
0.007 0.001 1.000
0.546 0.004 -0.000 1.000
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”

Moore, 1982) the effects of weathering on the chemical ‘composilion of rocks might be

fllustrated as:

weathering I

P B o

] l | I
Si Al,Sil. (K) Fe - Ca, (Mg) (Ca), Na, (K),

(Mg)
| - | | I
Resistates Hydrolysates Oxidates Carbonates " Evaporates
Clay Minerals o ‘
SiO, | Fe(OH), CaCoO,, CaS0,, MgSO,,

CaMg(CO,); NaCl

The soil fécl0{ thus represents the lighter, more friable material at the end of the
weathering sequence, The rcla}ive concentrations in this factor are consistent with chémical \
analysis of glacial tills and soils in south-central Alberta. Glacial tills underlie most-of the area
east of the Rockies and form the barenl material from which the soils are derived. Fe is
present m concemrauons of 1 typlcally 2%, - 3% and js correlated with minor elemcnts such as B,
Co, Cu Zn, and Mb; the correlation rcﬂects a common source, mamly assocnated with the
~clay-size fraction of the tills (Pawluk and Bayrock, 1969). On the other hand, the calcium
. content of tﬂls (and fhe Mg ah‘d Na conteni inferring from ihe datévof Pawluk and Bayrock,

‘ 1969) is uncorrclated with Fe since Ca, Mg and Na are mainly derived from silt -sized pamcles'
of 4cdimentary ongm As well, Ca, Mg. and Na can be found concentrated as soluble salts
(Na,SO., CaSO.. MgSO,. NaCl) on Or near the surface in depressed areds because of leach_ing
by rainwater.  The concentration of Mg*, for example, is ﬁs;xally a few tenths of a percent or
" less in the surface layer of loams, but may reach 1% - 2% in salt crusts (Bowser et al., 1951) ~

'Ifhelfoimh factor derived, uxijque for magnesium, was necesgary in order to explain the
variability in the observed Mg cbnce_n&a‘tions; The data are too limited to permit a reasonable

interpretation of this factor. It is iempting to say that the TFA procedure has differenfiated
" . ' ' N ' . '

5\
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between a 'normal’ soil component and a component from salt crusls or salt-enriched alkaline
soils, but there is no support for this other than the presence of lhe weak magnesium factor, In
addition, if the fourth factor is really indicative of such a source, it s surprising that there is
not at Jeast a small correlation with Na, The reliability of tllis analysis (and interpretability of
the resuits) could have been greatly increased if the cloudwater .semples had been analyzed for
addilional species, especially calcium‘r It has been observed in CANSAP samples lhal calcium
~ and magnesium are both unreallstlcally hlgh at sampling sites in the West, suggestive of samplc
conlammallon by basic Salls (Barne and Sirois, 1982), lf true, then this source would also
make a sizeable contribution to the total amount of SOl‘ observed,

"In the southern Prairies, cenrral Alberta, and northeastern British

Columbia, the acidity of precipitation is so low that a calcium correction

estimate is meaningless, [t suf fices to point out that in these regions there is

sufficient calciurn present in CANSAP semples lo neutralize rain with an

acldily of pH 4.0. 4.5, and 4.7, respectively. If the calcium levels in ‘these

rcgions are indeed 50% or ‘more coﬁlaminalion and originale from Besic salts,

the ability of the network to detect acid precrpnanon would be severely v

lmpalred A study is needed to resolve this lmportam quesuon

....... Insufficient evidence exists to do a comprehensive error.assessment for

data collected in western Canada. It is ‘our opinion that in the Prairie reglod of.

western Cénada SOi- and NO, concentrauons in precnprtauon ongnnate :

" predominantly from the same sources as Ca*". Smce CANSAP samples Lend to

“have unrealisueally high calcmm levels, precrpltauon chemrslry results in_ this

region should be used with a great deal of caution.f" (Barrie and Sirois, 1982)

There is a need for further‘ anelysis of Alberta clo’udwaler samples, and'an' eflon
should be made 10 measure calcrum concentrations. I cloudwater Mg and Ca are correlated
and are both at levels comparable to those observed in ground level precrpnauon collectors,
then the larter cannot be explained solely by low-level contarmnauon due to collector/sumg and.

samplihg protocol. Rather, the high Ca and Mg concentrations are at'least 'p'art'iall'y Idue to the
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composition of the 'backgreund"airborne particulates in this regiorl. It is of interest to note
that studies of " airborne particles over the Great Plains of the United States (Hobbs
et al., 1985) have shown tlm( lhe rallo of the number of calcareous pxnicles in a sample to lhe
nlxmber of siliceous particles can vary widely, and appears to be dependent on the regional soil
composition, A ratio of ~1 was observed over. Texas, whcre the soil has a hlgh calcium content,
but decreased to ~0.2 over Momana and the Midwest,

Overall, the use of the TFA ';irocedure wlth. the cloudwa{cr data nlustlbe judged a
failure in the sense that the results were not definltive or unambiguous, ’l’he methode were
unable to extract reliable chemical profiles of underlying factors f rom the data, although there
was an indication of a soil-derived componen/y and, a separate’ (weak) component for
magnesium, 'There was also ‘evidence that the concemratidns of the QOmixlanl chemical species ,
(SOl‘, NO;) were eoml:what de-coupled from the other elements, During the target rotation
of several h}pothetical vectors, ‘it was found that the SO}~ and NO; loadings could be fixed
independently of the other eleniem loqdirlgs. The test vectors would con'i'erge to the s;xl'ne final

factors regardless of the initial SOi- and NO; loadings, which were relatively unaffected by the

g
A "

rotations. P

Tlle reasons for tllis failure ale ﬁlainly due to the nalure‘ of the data. The samples were
taken under conhiiioné which were sueject to too many other variables and processes that
woul(l affect- the ‘chemical composition of the ‘clo.udwa;er. such as airmése origin, in-cloud
s)c’aveng‘irig of particles, absorption, of gases, etc. The inadequacy of the simple model of
chemical concentrations bemg equal to the sum of conmbuuons from a small number of

sources can be seen most easily in - the. correlation matrix calculated from the observed

:

concentrations: . o ' '. o N
lm . B . \»
.02 . 1.00
127 13 100
09 3 16 100
120 30 s 2 1.0 :
-6 s -9 44 S5 1.00
18 00 28 34 21 9 100
380 26 36 29 05 9 100 -
Y 04 - .61 04 54 09 33 51 100

Only four of the cross-correlation terms are gxeater‘ than 0.6; most indicate little or no

n
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correlation belween pairs of elements. Additional concentration data for major elements like
'Si and Ca, for trace elements such as Pb, Cu; Cr, Nx and V, and cloud physncs parameters
would be necessary fora reasonable chance 'of stccess in fnterpreting cloudwaler eoncenlratnon

data, . ‘ E

4.2 TFA of Urban Aerosol Data

"These data were copied‘ from‘a report by Klemm and Gray (1982), which summarized
the results of an exploratory sludy of the chemical composition of elmospheric acrosols din the
city of Edmonton, In three ‘study periods' (November, 1978:" Marelr/April. 1979;
July/August, 1979), each of approximately 30 days durarion. da‘ily 'Hi- Vol \‘\éamples ‘were
collected at a monitoring site within the city, supplemented .by occzrsion'al Hi-Vol samples -

'from WSE (Stony Plain), 15 km west of Edmonton, and routine data (Pb, CO, COH, TsP)
from a monitoring network operated by Alberta Environment,

The November samples were collecled at the site of the Edrnonlorr Residential
Monitoring Unit in the norlhwest part of the crty (135 Avenue, 127 Street). During this
period, the authors of the study realized that lhelr data may be biased because of emissions .
from low-level stacks on nearby buildings The sampling‘ sile was re-located to the Edmonton
Indusmal Momtormg Uml near the eastern outskirts of the cny (105 Avenue 17 Street) f or

“the sprmg and summer sampling penods (Frg 4 1)

" . The November 1978 data are used here, for three reasons First, the dala set was the
most Acomprehensrve of the three periods and contained concemrauons for-a number of
chemical species useful for charactenzmg drfferem sourcés. Second, these data are the most
representanve of the aerosol composmon likely to be encountered in resxdenual areas. Third, ‘
the possible sample bxas due tpa local source means that this data set is a rather stnngem test
of the TFA -procedure. The data were qopled dlrectly from T able 6 and Table 7 in the fmal'
: report of Klemm and Gray (1982) Whrle the actual copymg could be checked easily, there

are numerous typographml errors throughout hre fmal report whrch raise the possrbxlity of,

snmxlar errors in the data tables.

¢
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cheral analytrcal methods were used to determine the various spocres concemrauons

X-ray fluorescence (XRF), jon chromalography (IAN), neutron activation analysis (NAA).

| A composite data sel was formed from the XRF (Pb, Fe, Ca, K, Si, Al) and IAN (Na-, CI',

NHi, NO;, SOi") conccnlrntions; elements w‘ere‘selecled which shou/cd a feasonable degr,eo of
variability throughout nié sampling period, and wlhicn have been found us‘ef ul for
characterizing aerosol sources in previous studies, The data are shown in‘Taole 4.5, Klemm
and Crny (1982) stated an aocuracy of iBO% for the XRF data, Tno ‘mdl", or minimum
detectable levels (XRF), and the mean conccmrntions (IAN) in 15 blank filters were;
Pbo Fe Ca K Si Al Na= O NHi NO; SOI

IAN | 0 a2 05 0 02

‘ )

XRE' 05 .01 .03 08 .09 30

(all concentrations in ug-m-* of air)

Weights were assigned on the basis of the magnitude of the element variances,' Uniform

‘weighting of all qlements gave a product moment matrix completely dominated by‘ the Si and

. , N ‘
SOi" terms; weighting of these concentrations (and’the concentrations of NH; and NO;) by

0.2 gave a more reasonable matrix, without sacrificing the variability necessary for eigenvalue

" extraction.

The,r'csulls of the eigenvalue calculations are displayed in Table 4.6. The minimum in
the Malinowski Indicator function suggests only. three significént'\ factors, but the Scree test

points to fivé‘ or six factors, The Exner function decrcases by about 0.03 when both the

‘ fourth and fif th Factors ‘are added, but the decrease is only ~0.01 with each addmonal f actor

~af ter that. As well the magmtude of the Exner f unctnon reaches the acceptablc level' of 0.1

. with five factors. Expcnmems with four five, and six factors suggested that the set of four

- factors resulted in blurred profﬁes-composed of -more than one component, whrle the set of

six factors indicated that the factors were beginning to describe ‘individual variables, As a -
compromise, basedmamly on the Scree and Exner tests, five significant factors were retained.

e
. s
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Urban aerosol concentration data,

Table 4,5

Al Na©  NH; C  NO; SO

Si

Fe Ca

Pb

Date '

I3

RRRBBRS2FRIRRIIRSTRKLYRI22EY
IAIA.IAO0001l2113411223313136236

ERKIRKZKI WMO%ONMW%M mw%momm.

.80
A0
50
50 .
50
90
80
40
40
00
50
90
A0
.30
4,00
.20
50
0.80
2.20
0.20
1.10
0.20
0.40
0.30

.............
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Table 4,6 Urban aerosol eigenvalue calculations,
Data sct dimensions: 28 11
Yagjable (column) we\phls* : -
Pb Fe Ca K Sy Al Na* NH; ar
1,0 1.0 1.0 1,0 0,2 1.0 1.0 1.0 0,2
Initjal product moment matnx:
0,835
1.126 3233
1.252 2,823 3,070
0,479 1,264 1,269 1.204
1,577 A 485 4,198 1.891 7,432 _
0,956 2,438 2,344 1.03}1 3,635 2.145°
0,720 1.120 1.362 0,470 1,823 1.060 1.530
1.670 2.365 2.791 1,002 3,740 2111 2,789 5482
0.316 0,409 0,482 0.180 0,601 0,466 0,380 0,774 " 0.276
0,347 0.479 0.579 0,201 0,738 0,465 0.380 0,830 0,195
0,852 1.00) 1.181 0,447 1.450 1.137 0921 1976 0,750
Total vanance (covar0); - C
0.835 3,133 . 3,070 1,204 7.432 2.145 1.530 5.482 0,276
Eigenvectors {(columns): - ’ '
0742 -0240 0070 0140 0267 0299 0170 0079 0,060
1.632 0544 0066 0034 0214 0,)62 -0247 -0,186 0,016
. 1,65) 0,225 0,009 0247 -0352 0,040 0.323 0,044 0,002
0,716 0.263 0,064 0.690 0,376 0,011 -0,035 0,004 .0.00)
2.533 0,88 -0.054 -0377 0,301 0.161 0,044 0.017 0,013
. 1.381 0,257 0,179 0,009 -0111 0,253 -0,050 0,236 -0,05%
0930 -0667 0380 -0.044 , 0107 0,185 0,109 0,052 0,087
1.889 -1,255 -0.570 .0,002 0.04] 0,040 -0,082 0.007 0,058
0328 . -0244 0255 -0.007 -0,004 0052 0004 - 0121 0134
0,359 -0.189 0.154. -0.000 -0,043 0.079 0,032 0,017 0,078
0.849 | -0.808 1.130  -0.085 0,106 0.004 0,024  .-0,074 0,015
"Elgenvalues:
20,162 4,060 1.883 0.709 0.511 0.252 0.221 0.121 0,042
‘ Significance tests for eigenvalues:
# EIGEN VAR . CPV SCR IME. IND " RSD XNR
1 20.162 72,01 72,01 27.991  0.05 0.00167 0.1673 0.4395
2 4,060 14.50 86.51 13.489 0.052 0.00151 0.12
3 1.883 6.72 93.23 6.765 0.048° 0.00144 0,0920 10,1449
4 0.709 2.53 95,77 4232 0.047 0.00159 0.0778 0.1058
5 04511 1.83 97.59  2.405 0.043 0.00176 0.0633 - 0.0725
6 0.252 0.90 98.50 1.504  0.041 0.00219 '0.0549 0.0638
Ty, 0221 079 9928 0.717 0,034 0,00265 0 0423 0.0579
8 0122 0.44 99.72 0.281° 0.026 000340 0.3058 0.0400
,z | 0.042 0.15 99.87 0.129 0.023 - 0.00635 * 0,025 0.0301
8t 0.022 0.08 99.95 0.049 0.021 0.02210 0.0221 0.0158
L ,,\L‘gf' 0-014 0.05 - 10000  0.000 0.000 0.00000 0.00000 0.0000
"% Van orthogonal rotation with 5 factors: : ‘ o
s 1607 . 1418 ~0.497 2494 1238 0337 0.751  0.120
0. 431 0367 0.591 0.140 .0.726 0.374 1.106 72.041 0.159
0.410 . 0333 0.433 0.127 0.424 0.487 0.34 0.801 0435
0122 0.373 0.438 . 0959 0.533 0.311 0.115 0.242 0.044
0.355 0207 0.470 0.036 . -0.437 0.125 0.007 0.194 0.036
Variances of rotated factors: 13.572 6.873 4.505 1.733 0.643

. % communalities (covar0) with 5 Varimax factors:

842 %1 %5 999

96 941 959 9T 80

«NO;
0,2

0,216

0,625

0,216

0,058

0.024

0,010

-0,002
0,034
0,064

0,038
0.093

0,049
0,023

" 0.022

0.180
0.195
0.337
0.041
0.069

88.2

SOl
0,2

2,677
2,677

-0,005

" 0018

0,004
0,001
0,002

-0,048
0,033

+0.001

0,097
0,015

0,014

0.206
0.256
1.59

'0.114
1-0.031

'
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A Varimax rotation with these five factors is also shown,

“As before, a number of hypothetical veclors were constructed which included both
binary vectors and aerosol composluon ‘profiles denyed from other FA and CEB studies
reported in the literature, Specl)f ic information of the composmon of major aerosol sources in
the Edmonton arca could not be located General test vectors were used which conststed of
the relative chemical profiles of aerosols from crustal material, sea salt, automobiles, burning
of refuse (fugitive emissions and/or municipal incinerators), xoad salt, emissions from ccrnent
_plants, and ﬂyash from the combustion of icoal and oil, The best five factors are shoyyn in
Table 4,7, There fs considerable reason to be confident (in adualitative sense) that the final
factors are very similar to the true underlying factorsﬂ All test veetors, including the binary
vectors, eventually converged- to one of these factors, or a very similar one, The problem of
lnterpretatt'on of thelf actors remains, however,

The factor scores were caleulatod for each factor, and rnultiple linear .reglression with
the observed TSP gave the approprlale scaling cocff icients, (The regression model ‘was
TSP = 5 a ‘S ; -) The coefficients and the scaled factors are shown in Table 4.8, The scaled

’source prof iles are somcwhat easier to dlSCUSS than the unscaled factors, since they should be
close to the prof 1les which would be obtamed if a separate analysns could be made of aerosols
from each of these sources |

There is ltttle doubt about the mterpretatton of the ftrst three factors although the Si -
content of the soil component is somewhat htgh Assumtng that all 'Si is present as the oxrde

' StO2 then the maximum Si content}ossnble would be 1000 x (m—) = 467 mg-g**.

‘And this would be for a sample of quartz or, perhaps sand. Nevertheless gtven the’ accuracy-
of iSO% in the ongmal data the fact that Si was certainly the domtnant mtneral in most of
the aerosol samples (an average of 15% of the total parucula}e mass) and the s1m11artty
between these element conoentrattons and those found in other cities (eg Alpert and

| Hopke, 1981), this source profile seems quite reasonable. The sulphate component reﬂec'ts the

unusual behaviour of the major ions,” which were present at relattvely constant levels unttl the

end of the month when the concentrattons rose abruptly Reference to Table 11 in Klemm

]
f E



Table 4.7 ' Usban aerosol factors,

Refuse

Soll Sulphate | Traffic ‘Flyash
° ;

Pb -0,064 0,120 0.222 0,230 0218
Fe 0.352 0,007 * 0,040 0,417 0.295
Ca 0,147 0.017 0.218 0,476 " 0,50)
K 0,045 0,006 . 0,000 ©0,10] ’ 1,000
Si 0,952 0,002 0,000 0272, : 0,00}

0,28) 0,142 0.06) 0,30) $0.22)
Na* 0,088 -0.001 0.512, +0,036 -0,016,
Qr 0,10} 0,079 0,939 0,05} 0,079
NH;3 0,004 0.247 0.057 0,038 0,030
NO; 0,008 0,167 " 0,080 0,060 0,036
soy 0,028 © 1,000 0.039 0,049 0,029
Correlation matrix of (he rolated factors: -
Soil 1,000 .
Sulphate 0.068 1,000 ' o
Traffiq 0,158 0.1504 1,000
Flyash '0,645 0.182+* ©0.252 1,000
Refuse 0217 ~ 0,09 . o 0,187 0,613 1.000

. y
Q
e



" Table 4.8  Urban acrosol source profiles,

Y

b ' . v Soil Sulphate Tralhe Flyash Refuse
u‘ -
Pb 27,4 12,7 191
' Fe 4.9 23,0 25,9
Q 26.9 26,2 440
K 0.1 5.6 87,8
St 0,2 74.9 1.0
Al “ 7.5 16.6 19,6
Na* 63.2 0.0 0.0
Clh ~ 1183 2.8 6,9
~ NH: 35.4 ' 10,4 132
‘NO; A49.2 16.6 15.7
SO: 24,2 C13A 131
A
MLR coefficients: 934 2095 8.10 18.13 1 40
"
._‘; *
? '
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.

and Gray (1982) will show that the concentrations of several heavy metals, such as cadmium,
exhibited a sfmilar trend, (Cd, and other metals, were not included in this analysis because the
concentrations were 'bdl' in 100 many of the samples, )

The third component has been labe‘llcq ‘traffic' rather than ‘motor vehicles', as has
been customary i,n FA and CEB studies, Lead is an excellent tracer of vehicle emissions, since
minor elements such ais Fe, Al, Ca, and Cl are only a small fraction of the Pb content of
these particles, An even better mélhod of identifying vehicle emissions in urban arcas requires
Pb and Br conc.énlfaliOns (Harrison and Sturges, 1983), but Klemm and Gray (1982) did not
measure Br, The curious thing about the traffic component is the association of Na* and Cl
. with Pb, This Is easily understood by noting that Novcmbc:r 1978 was rather cold and had )2
days with 0.2 cm or more of snow (AES, 1978): foad salting opcra'lionS'c(';mmenccd in the
sccond half of the month (chmrp and Gray, 1982), Thus tt}c TFA procédur'c: was unable (o
resolve a separate (predominantly Pb) 'co'mpqncnl fot vehicle cmiséioné; ‘only a mixed
component consis(i‘ng ‘of the primz;ry automotive (cﬁ\issions and road surface particles,
en‘n‘chcd ‘in salt, could be derived, '

: The fourth and fxflh componcms are. somewhal amblguous since they are snmnlari to
several of lhe test promcs One of the uncertamues of TFA is the sensmvity of the mcthods
al whal point can componems which have very sxmllar chemical profiles be separalcd into
:umque f actors" An example is the composmon of aerosols f rom a crustal or soil source, coal
/

ﬂyash oil ﬂyash ahd cement plants Typical re.lauvc composmon profiles of thesé sources,

based mostly on mcasured concemrauons at the sources, are shown in Table 4 9
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Table 4,9  Relative composition profiles of particulate matter from similar

sources,
Soilt - Coal Flyasht Oil Flyasht Cement$
‘ » |
Pb 0.00019 0,004 094 0.00
Fe 0.63 0.70 6.70 ¢ 0.48
Ca 0.081 0.090 , \ 19.40 20.00
K -0.19 0.13 ‘ 1.06 0.24 .
Si’ . R o . 4.60
Al 1.00 1.00 ‘ 1.00 1.00
Na 0.053 0.016 ©29.40 0.20
l . 0.0033 0.002 29.40 0.00
NH; L J L L3 i *
NO;‘ * L L ] *
SO:- .. ' . . .

1 From Kowalczyk et al, (1978),
t From Friedlander (1973),
* Not measured,

The scnsit‘i\i‘gy of TFA may depend ultimately on ‘tho variability of only one or two
characteristig chemical glcmcnls. This is the situation here ;arith factors four and five. The
major differerfices are only ipsthc Si and K loadings. A comparison with the profiles i;l
Table 4.9 and with others (eg:, Alpert and Hopke, 1981) led to the tcmative label of 'flyash’
for the fourth factor. The fifth factor is labelled 'refﬁse' principally because a source with
this profile could not be identified. Interestingly, Alpert and Hopke (1981) derived a similar
refuse com‘ponem in aerosol samples-from St. Louis, Missouri. ;vhic)ll also ﬁad a high ldading
for potassium. Their identification of the refuse component was more reliable b.ecause their
data set included zinc concentjations, often used as a rﬁarker element for incinerator emissions
* (Kowalczyk et al., 1978). Biomass burning and, possibly, combustion of fossil fuels, have
been suggested as sources of panicles_ with high potassium ‘coxﬁem (Andreae, 1983).

Direct confirmation Sf the source profiles for aerosols at the ‘Edmonton Residential

Monitoring Unit would be’ difficult. Some confidence in these components can be gained by

[}
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examinihg ‘lhc time series of the corresponding scalcd- factor scores (Fig, 4..2)\ and
simultaneous meteorological data (Fig, 4.3), As described by Klemm and Gxay (1982), high
sulphate and ‘heavy metal concentrations were corfelated with wind direction, This is clearly
evident in the scorC§ for the sulphate component which reached thcir highest values with the
northeast winds at the end of the month, Hopper (1986a), exlch;iing the ‘work of Hage (1972)
and Robertson (1955), showed that reduced visibilities at the Edmonton Municipal Airport
(XYXD) during cold spells were also strongly correlated with northeast winds, and could be
reasonably ex;;lained by édvecti‘on of water vapour emissiogs from the Strathcona Industrial
Area, The change in the visibility pattern at YXLQIC a number of years is shown in
Fig. 4.4. Given the concentration of heavy industries in the east and northeast parts of the
city, it is suggested that ;he correlation with northeast winds of both rcducccl visibilities (high
water content), and high valués of the sulphate component, is not a coincidence,

The traffic component usually contributed Jess than 10 ué~m*" to the Hi-Vol samples,
The amount increased rapidly to 60~70 ug-m-* in the third week 61‘ November, when a cold
Arctic High pressure sy,stcm‘mc’)ved inio Alberta, Precipitation amounted to only a few
éc'nlimctcrs of snow, “but daily maximum le;npera(ures remained below -10°C from
17 November to 20 November, making roads slippery and leading to the application of road
salt to the city streets. Light winds during this period helped to increase the particulate
loading from local streets. |

The. flyash component contributed an -average mass loading of 27 ug-m™’ at the
monitoring site, compared to 22 ug-m~’ from the soil co;nponem. Klemm and Gray (1982)
ndtgd the high éorrelation (r>09) ‘betwecn the ~crustal elements’ (Si, Al, K, Ca, Mn) and
TSP; by assuming the normal crustal abundance of ;)xygen they caléuiated lhat‘96% of the
TSP could be accounted for by these eleménts.'F;om that, they concluded that "rh:)st (95%)
c;f Edmonton TSP o;iginates from l;thophilic material: In gartiéular. the elcn'lems Si, Ai. K,
Fe, and Ti are essentially of crustal origin" (Klemm and Gray, 1982). The TFA res;ults‘
indicate that this estimate‘ véhould be lowered. The soil’ cotﬁponenl only accounts for an-,

A

average of about 30% of the TSP, while the mean flyash contribution was 35%. Together,

3
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these two components might be considered lithophilic material on'glnally, but the remelning
three components still accounted for an average of one-third of the TSP, As Fig; 42 shox'}‘s,
however, the relative contributions from each component fn any sample can vary
considerably, The meteorologtcal controls on the soil and flyash components are more
complicated than the omers Precipitation, wind speed, wind drrecuon and tempera(ure all
seem 1o be 1mportant, ‘but these are not independent variables,

The finel f actor_ ref use, ‘makes only a small contribution 10 the TSP each day, Witb
the exceptiorl of 4 Noverr'tbert The small amounts would normally be expected from fugitive
emissions in a predominantly residential area, The sample of 4 November was do’minated by
the refuse component; the calculated mass contribution from this source alone was several
‘ttmes larger than the measured TSP T hts is a direct consequence of setting all negative factor
scores equal to zero, For lhlS one sample a large positive score for the refuse f actor
( necessary to account for the high K concentration observed in the sample) was of fset by a
large negative score for the flyash factor, When the offsetting negative score was neglected,
the mass contnbutron from the refuse component was greatly exaggerated It should be noted
that this was the only case of a Jarge negative factor score. There were 16 factor scores less '

. than zero in the entire factor score matrix (out of a total of 5 x 28 =. 140), 15 ol' which were
small and assumed to be negligible. It is possible that this;datum is iricorrect perhaps due to 5.
typographrcal error, since the potassium concentration in- this sample is three times greater
than the largest concentrauon observed in any of t@ other samples. Or the sample may have
been contaminated by emissions from a local mcmerator wnthout further mfbrmatlon the
reason for the high K concentrations . cannot ‘be determined. Whue the ref use componen} -of
4 Fovember could be adjusted accordmgl)’, or omttted this does tllustrate a potenttal btas in’
the TFA procedure. ! Table 4.10 compares the observed TSP wrth the predicted TSP from all

factor scores and with the predtcted TSP after replacmg negative factor scores by zero.

- YHopke and co-workers have managed to avoid this problem by not calculating the
. partial mass contributions for each sample, such as have been displayed in Fig. 4.2,
“but. only- calculated the averages at each site. To examine correlations with other

. data,  however, it would seem that the sets of individual factor SCOres are rcally
qurte an important part of the ‘Tesearch results

A
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Table 4,10 Observed and predicted TSP, Measured TSP refers to the aerosol |

mass actually measured in each sample, Preliminary TSP is the sample . mass
re~calculated from the initial factor' scores, after scaling by the MLR
coefficients. The. Final Predicted TSP is the sample mass calculznu:d1 from the

"scaled factor scores, after setting negative scores equal to 0.0, All units are.

ug-m*. . :

Measured Preltminary . Final Predicted
TSP { TSP : TSP
A

148, , 147, ‘ 157,
45 46, 162
84, ‘ 28, 28
116, 98, o 111
101, 109, 114
66 ' 51, 54
60 39, 39
93 9s., 95,
89, 61, 61
67. 72, 72
e ) 73. 7
‘ 108 115, 115
79 86. 86
86, . 70. 72
39 30, 34
36 33, 33
49 28, 60
88 70, 106

150 172. 172,

) 125 138, 135,
46 58. 58
61 ' 59, 60
61 69. .. 69
33 23. 23
70 69. 69
18 18. - 18
49 63 63

77 <74, 75. -

65
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Before applymg the TFA procedure to the prrmary data set, it is worthwhile to review
. lts performance wrth the cloudwater data and wrth the Edmonton aerosol data, When the
chemtcal species follow the addmve mode} of Fqn 2 1, reasonable source profiles can be
derived by using target rotauon wrth vectors which represcm erther abstract hypothesrzed
sources, Of real source proftles even if the latter are known only approximately, By using
methods based on the principal components model and, covariance about the origin, the
procedurc is simply an attempt to align the eiéenvectors descrlbing the data set with the ta‘rgel
prof iles, A successful allgnment xs assumed to lndrcate that' the source is a true contributor to
the observed variance in the data r , e
" More frequently, a rotated vector is similar to, but not identical'with; the_ target
'vectorr‘ln this case, the taréet factor analysis give's‘ the actual o ‘reallzabl‘e‘ source profile:
that is, a prof ile which represents the source contribution at the monitoring site,'Changes in
the source composruon may have occurred during transport of the aerosol from source to‘
re¢eptor, giving a drf l‘ erent apparent chemtcal c'omposmon |
The procedure worked well with the urban aerosol data, although there are still a
number of potential problems (number of significant factors, interpretation of ambtguous }
factors, ne%atrve source’ strengths) Wrth care, these dtfftcultres can be overcome and errors.
I ‘} can be kept toa mtmmum The advantages of TFA are significant, since both realtsttc prof tles
at the reccptor (as opposed to ldeahzed source composition prof |les arbrtranly forced to fit
the data) and the parttal mass contrrbutrons f rom each source can be denved srmultaneously
Accurate local ‘Source. proftle data ‘need to be collected in order to perform a propcer "
vertf 1catron of the TFA results | : | ,
0 A more senous problem is presented by data sets where the vanables do not follow,
Eqn 2.1; The cloudwater data was one example where heterogeneous chemrcal reactions,
‘cloud physrcs and synopttc parameters apparently had greater Itnfluenee on the chemrcal
composition than the varrabthty eaused by source l‘luctuatrons alone. With such data. TFA is |

not an effective way of -analyzing-\the data. BFA or analysiS, of data correlations mjgln be a



better, althdugh less pdwcrf ul, approach in this case,

L

i

i
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5, Arcﬂo Haze - lntroductlon
Arctic haze is a rclauvely new f 1eld of research, but one which has grown rapidly ig
the pas( decade ”’I‘he term refers to a dramatic mcreasc in gaseous and particulate air
pollutants in the Arctic almosphere during the late winter and early spring, This 1s perhaps
‘the ulnmate in long-range transport of air pollutants because it appears that lransporl over
several thousand kilometers is involved Il\ is unplikely that Arctic haze has really become a
household word as claimed by Rahn (1985) but the subjecl is of suffxcnem interest to have
mented three specjal symposia_ in 1977 1980, and 1984, There have also been (hree issues of
“scientific journals ‘devoted largely to Arctic haze; Almospher_ic E‘nvironmem 15(8). 1981:
Geophysical Research Letters’ il(S) 1984; Atmospheric Environmem 19(12) 1985,
Revxews of Arcuc haze, both expert and popular have been written by Rahn (1978).
Rahn (1981a), Rahn and Heldam (1981) Hileman (1983) Schnell (1984a), Schnell (l984b)
. Rahn (1984) Rahn (1985) and Bame (1986). Some of the more important features of
Arctic haze arc.v
1. . Itis n‘widespread phenomenon. Data from Alaska, the Eianadian Arctic,
Greenland, Norway, and Spilsbergen all show a pronounced annual cycle. with
gas and aerosol concentrations lowest in the summer and highest in the late
wmler, There are no data f rom the Sovrel Arcuc
2. Durmg the winter maximum, concentrations of several species such' as
~ sulphate (~2 ~3. ug- m ’) organics (~1. ug-m~), and soot (~0.3 ug-m"?) can
reach levels as high as those found in rural mid-continental areas. These three
. species are the dominant. materials in the aerosol, but lhere is a wide variety
of other chemical specres present (Rahn,, 1985). |
3. ‘Arcnc haze can’ often be detected by gye. and appears as layers, bands or
_ patches. Aircrafy experiments (Schnell 1984b) have shown that these layers ‘
can extend over la&e honzontal distances, or. they may be rathcr spotty |
The annual cycle in SO} concentrauons is dlsplayed in Fig. 5.1 for three locations in
the Canadian Arctic. Plomng the SO.: concenuatrons on a logarithmic scale (Fxg. 5.2) revogls_ dl

o
)

[
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" the intcfesting fact lha( the annual cycle is asymmetric; this js most ndticcable at Alert, where
the springumc weekly mean SO{" concentrations decrcasc qune rapldly That Arctic haze is
mdoed a wxdespread phcnomcnon 1s demonstrated in Fig, 5,3; wthh compares SO
conccmratlons at Jgloolik ‘and at Ny Alesund; Spitsbergen, (Some of the locations mentioned
here are indicated in Fig, 5.4 and in'Fig. 5.5,) The uniqueness of the annual cycle to high
latitudes can be inferred from Fig. 5.6, which compares montnly mean TSP cdnocnlratlons at
several locali‘ons in Ca,nada: if anything, the annual lrcnd ayl places, l’ikc Edmonton is 180" out’
of phase with the cycle displayed ln Fig. 5.1, A comparison between snlphale and TSP js ‘

known ld be incorrect because SOZ* in the Arcu‘c ls more closely [‘elatcd to the fine pérticle

mass than mcl total mass (Barrie and Hol‘f 1985 Bame 1986), but SOi" is one of the
prcdommam constituents of lhe Arctic aerosol and jts annual variation gives a rOugh plclure

, ' N
The simplesl classification method for reﬁe‘arch papers on Arctic haze, and: related

of the ann 1 variation in TSP
a )

| topics, ls by geographxcal area, Bofys and Rahn , (1981) observed high levels of
cloud- condensauon nuclei (CCN) transported Yrom Europe o lccland Megaw (1982)
' reported that a "curious thm laycr haze over the Greenland 1cecap had been observed in the
summer of 1973 but this may- bc a phenomenon umque to the xcecap Momlonng programs of
several years durauon in Grecnland (Heidam, 1981, 1982 1984 1985: Davidson et al 1981
ng:dson et-al., 1985) do sholv however, the lale winter maximum in aerosol concemranons
This is sngmflcam because the Greenland lcecap contains an -excellent record of long term
’atmosphenc concentrations (Oeschgcr et al., 1966 Busenberg and Langway 1979 Boutron |
and Delmas, 1980; Herron, 1982; Craig and Chou, 1982) '

Numerous studlcs have been’ camed out in th¢ Norwegian 'A'rctic,‘ both by .
Scandmavxan groups (Hemtzenberg, 1980; Rahn ‘et al., 1980; Heintzenberg et al., 1981;
‘ Hcmtzcnberg. 1982; Pacyna et al., 1984; Joranger and Ottar 1984; Semb et al., 1984; anr
and Pacyna 1984; Pacyna et al., 1985; Pacyna and Ottar 1985) and Amencan groups (Raatz
and Sclmell 1984; Wmchester et al., 1984; Cahill and Eldred 1984 Raatz et al., 1985b,

: 1985c) Rahn (1981d) attcmpted to csumate the deposmon of the aerosol to thc Arctic ocean,

o
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and arrived at figures which IshoWed that the atﬁbspheric fluxes of Al, V, Mn, Cd, SO{", and
NO; were probaply insignificant compared to the fluxes of these species from rivers and
inter-ocean exchange; only Pb may have a signil‘ icant atmospheric component ‘

Studres from the Alask(én Arctic l‘orm a large fraction of the papers on Arctic haze!

Rahn and McCaffrey (1979, 1980) Rahn (l981b 19810) Raalz (1981): Halter and -

Peterson (1981)' Mlller (1981); Bodhaine et al, (l981)~ Shaw (l982a)~ Raatz (1982); Peterson

et al, (l982)g Rahn et al, ¢2983); Raatz (1983): Khalil and Rasmussen (1983); Shaw (1983a,"
\41

1983b); Kienle et al,-(1983); Schrell and' Raatz (1984) Shine et al, (1984) Lazrus and
Ferek (1984) Shaw (1984,1985): erkmss and Larson (1984) Radke et al (l984a .1984b)

Bailey et al, (1984) Clarke et al (1984) Bodhaine (1984); Hansen and Rosen (1984); ‘Raall

and Shaw (1984) Rahn and Lowenthal (1984) Dayan et al, M985)' Raatz

et al, (1985a,1985d); Halter and Harris (1985) Conway et al, (1985); *Sheridan and ‘

8

Musselman (1985); Lowenthal and Rahn (1985) , l o ‘ri},

Studies from the Canadian- Arctic were reported by Barrie el al, (1981) Koerner and

Fisher (1982) Hoff et al. (19837, Hofl‘ an}\Tnvett (1984) McNeely and Gummer (1984)l ;

Hogan et al. (1984b), Leaitch et al. (1984), -Barrie -and ‘Hoff ‘(198'4), Higuchi ‘and

‘Daggupaty (1985), Barrie et al. (1985), and Barrie and Hoff (1985).

. perturbation of the radtauon balance in a cllmattcally sensmve regron The Polar,

'scale First, there are posmve feedback mechamsms (hrgher temperatures o Iower albedo ‘

Much of the original interest in Arctic haze was stimulated by the calculations -of

Shaw and Stamnes (1980) who estimated that atmospheric heatmg rates of 1°C- day mrgpt

resulr from absorption of vrslble solar radiation by the haze aerosol Such high heatmg rates

were, in a sense, alarming since they appeared to be the result of an amhropogemc'

Group (1980) 1dentxfred two reasons whlch make tlle .polar regrons 1mportant orga global

)

’ Second the polar reglons respond more dramatrcally than lov2er latitudes, so’ mdrcauons ol‘

. chmatlc change mnght be expected to be noueed f rrst at hlgh latxtudes

~




« T

To pursue further the radiative effects of Arctic haze, ia variety of different
approaches have been used, ranging from more observations of thé optical depth with sun
- photometers (Mendonca et al.,, 1982; Shaw, 1982b; Dutton et al.; 1984), to application of

radiative transfer mcdels and analyses of broadband radiation data (Freund,, 1983a, 1983b;

Leighton, 1983; Blanchet and List, 1983; Cess, 1983; Wendling et al., 1985; . McGuffie

-

et al., l985). A significant experiment during the AGASP* aircraft flights directly measured

the radiative flux divergence at different altitudes in Arctic haze (Valero et al., 1983; Valero
.et al., 1984; Ackerman and Valero 1984) .- Heatmg rates. ol‘ 1.1 * to 1.5 "C-day-* were indeed
found, conf trmlng the estimates of Shaw and St?mnes (1980) '

+

. ) .
' The more recent data, summarized by Rahn (1985), suggest that these heating rates

can certainly be found in the Arctic during late winter and so'ring but that the overall average

for the Arctic is rnuch less ‘(0 01" - 0.1 °C-day!) and may not be of 1mmedtate lmportance
The lower estimates came about because ol' revtsed fi tgures for the absorptivity per umt mass

of aerosol, and the awareness that the haze is usually not distributed throughout a very thick

layer of the Arctic atmosphere. - .

' The 'high heating rates are the direct éonsequence of the ~relatively large amounts ol-‘ o

soot in the Arctrc aerosol (Soot is also called graphitic carbon elemental carbon pamculale ‘

elemental carbon) Thrs matertal is -produced by combustion processes and is significant

because it .is a highly absorbmg 'matenal Fig. 5.7 compares the absorptmty of various l

- - '

matenals (expressed by the 1mag1nary part of the refractxve index of t.he materral) wrth

E \r

) -

o esnmates of the range of values “for typlcal" atmosphenc aerosols summanzed from a -

”‘lﬂ‘

number of observauonal studtes Soot is. notable for havmg a hrgh absorptlvrty throughout the

VlSlble- and near mfrared pomons of - the spectrum The' absorpuvrty of the typtcal"

x;

7, hlmosphenc aerosol shown in Frg 5 7 can be explarned by only very small amounts of soot in

' ’the aerosol Ittis nqt surpnsmg. then ‘that soot in the Arcttc has been exarmned in great detatl

(Rosen et al., 1981 Porch and MacCracken 1982 Patterson et al 1982 Hogan et al 1984a

Rosen and Hansen 1984 Rosen and Hansen, 1985 Hansen and lsosen 1585) The effeets of .

e {‘"’lﬂ.jGASP’:r Arctic Gas and Aerosbl ,samplmg Project ~(‘spring. ,198'3) f
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soot in the Arctic are not limited to airborne material, since the results of Clarke and
Noone (1985) indicate that the absorptnon of shortwave radlauon by the sprmgtxme snowpack |
may be 5% 10% greater than for soot-~free snow, ‘
There have also been investigations of Arctic concentrations of the same pollutants ~
u/hich are a source of concern in more populatedareas_ such as pesticides (Ottar, 1981),
organics . ( Weschler, 198~15‘ Daisey et al,, 1981; Hovl et al,.-‘l98‘l), and halocarbons ~(Be'rg
et al., 1983; Oehme and Ottar, 1984; Khalll and Rasmussen, 1984 Rasmulssen “and
Khalil, 19;34; Berg et al., 1984~ Winchester et al,. 1985)
1 -~ The meteorology of ' Arctic haze Temains poorly underslood. Traj'ectory !calculatlo.ns'
(Nliller, 1981; Barrie et al,, 71981‘: Patterson and Husar, 1981; Harris, 1984; Barrie and
| | Hoff, 1985) ‘have' not been able to identify une}uivocably the sources of Arctic haze_ although .
there“ls much indirect elridence to support locations in Siberia and Eurasia as rnajor sources of
aerosols in the Alaskan and Canadian Arctic, "l'herc are several reasons Why‘trajectory

-

calculatlons hav beefi‘ at best, only modcratcly successful The main reason is the long

time-scales invgfved, typlcally 10-20 days (Rahn, 198lb) Roughly 50% of the 10- day 85 kPa

.back trajectones from Mould Bay, calculated by Barri¢ et al. (1981) for' December 1979 and

»

January 1980, never left ‘the Arctxc Similarly, the maJonty of the 5 day back" trajectones |

: from Mould Bay (calculated with a three dtrnensronal trajectory model) had endpomts over

.

the polar basm (Bame and Hoff 1985) however, there was. a tendency for traJectones
[

assoctated with htgh values of aerosol hght scattenng at Mould Bay to have orrgmated on the |
Eurasxan side of the Arctrc Ocean ’I'he relatrve scarcrty of rellable synoptlc data for the Arcttc .
'3, 1s also a srgnif xcant cause of ‘ihe poor performance of. tra]ectory programs ' X -' y;- ' ', " |
Attempts ‘to 1dent1fy the' Sources of Arcuc haze have prompted mvestlgatlons of the
'meteorologrml transport processes mvolved Retter (1981) tned to rel‘ planetary wave .
vbehavxour to aerosol tracer concentranons at Point ‘Barrow, Alaska Carlson (1981) suggested

the transport prooess rmght m a fust asproxrmauon be consrdered adrabaue so that a’ -

N quas1 conservatn'e hydrodynanuc

IR

: ble hke p"te““al temperamre" could serve, as a tracer: e
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‘ .
of Arclio hare; although a correction l‘or radialive cooling may be 'necessary if lransporr times
are very long, | | \ | | |

_-The ldea' of an isentropic process re-appears in the papers ‘by' Iversen (1984) and
Raatz (1985), These same aulhors have also attempted to describe 1he meteorology of Arcllc
} haze from more of a synopuc pomt of view, Iversen and" Joranger (1985) showed that -
blockmg over rhe Laptev Sea and the Kara ST accompanied by deep troughs over the Barems
Sea and Scandipavia, respectively, could{wcr”eale ‘a direcr pathway £ rom ‘northern Euragla into
the polar basin; they ‘substamiated ﬂlisl vvilh- two examples of enhanéed sulphurt'dioxide
concentrations at Spirsbergen under these condllions. The work of Raatz and Shaw (1984),
Raatz (1984), and Raatz, (1985) emphasized the Alaskan Arctic (Pt, Barrow), but thesarne
!mechanism' was later used to explain somé of the conditions eneo'untered during the 'ACASP
flights. The scheme'involved several srages the first of which was an. accumulauon of
atmosphenc aerosols and gases in a stationary ngh pressure area (stagnauon) such as mlghl
be* found in Srberra during winter. "In the second stage_ the stagnation conditions were
disrupted by an approaching Low pressure system ‘the increasing pressure gradient led to
strong winds around the perrphery of the Hrgh These winds caused a surge or pulse of

pollutams mto the Arcuc which were then advected across the polar basm '

One of the problems in studymg Arctic haze rs thal it is a phenomenon assocrated

o wn.h several ume and space scales Many of the more detalled measuremems of the haze

l .
vy

" aerosol (chemlcal composmon size, drstnbuuons physncal and opucal propertnes) are, xsolatedv"_,f-l";j o

4 . .
i ~ v

S spot measurements Arcnc haze is a wrdespread phenomenon rrrvolvmg distant:es on me order |
of 10‘ km and has a pronounced annual cyele (Flg 5. 1) yet there can be orders of
magmtude drfferences m aerosol concentrauons over as small a- dlstance as 100 m

i R S

“(Rahn 1985) Shaw (1981) tned to look at the large scale problem al}d devrsed an eddy" '

S/

_drffusxon model to explmn the observed sulphur concentratlons at Point Barrow Whrle there '

Lo .

were many approx;mgnons and srmplrfrcauons mvolved the rnodel drd grve a mean sulphur .

conoentranon wuhrn a\factor of 2 of \he observed value The most serrous drff u;ulty with lhrs' PN

approach rs ‘ha‘ it as&umes a. f‘alﬂ)' Uniform dismbunon of pollutants wr n~~tl‘1‘e Arctic”
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atmosphere, and the later studies have shown)that there {s actually congiderable variability,
” " One of the highlights of the AGASP flights jn 1983 was a Araverse of a tropopause
fold (Staley, 1960; Danielson; 1968). The tropopause was found to descend from 20 kPa.. _

outside of thepolar vortex to 40 kPa within the vortex; the tJtsition zome was marked by.

Ay

lobes where the tropopause descended even further, Wrtht%ts area, ‘Shapiro- €t al: (1984) '

measured high -ozone concentrations typical of l'e lower stratosphere as well as an order of

A

magnitude increase in condensauon nuclei coheentrauons above the perturbed tropopause,
Analysis‘ of aerosol ‘samples showed ‘»a population ‘conslsting of‘ small spherical
- sulphur-cogaining' particles, most likely "H,S0. droplets and larger 'lrregularly-shaped
particles, mostly composed of crustal elements lt was concluded that the latter type was
volcanic debris fronf the eruptton of El Chichon the prevnous year, In a ‘related aircraft
expenment.v‘Chuan and Wopds (1984) measured small amounts of carbon in some of their.

i

. samples of stratospheric aerosols; however, they-suggested that, since no mechanism is known
o ’ 22! : : .

. N ' . 1 l‘( "
which relates carbonaceous particleg to volcanic activity, their samples may. have contained

-

debris from meteorites, ‘
- - . t

5.1 Data
The aerosol data used here are fmm the Canadtan Arctrc Aerosol Samplmg Network :
- and have been descnbed 1n detatl by Barne et al. (1981), and Bame and Hof f( 1985) Weekly

'Hi vol samples were collected at Mould Bay, lgloohk and Alert The samples were analyzed

for tons and trace elements usmg ion chromatography (IAN) mductrvely coupled plasma ,
B emtssron spectroscopy (ICP) and neu{.ron acttvauon analysrs (NAA) Detectron lumts (taken R
"\from Barne and HofT, 1985) i:dr the vanous species are shown i’ Table 51 Barne and L
- ;Hoff (1985) gwe confxdence hm1t§ of 20% : 30% rh the measured absolute concentriﬁons -
:V ' ;Several specres were measured by ~more than' ‘one’ analytreal method wrth one excepnon (Al) |
“"‘,flmear regressron of the patred coneentraho%showed good agreement That is, t regressron '
‘,’ve' a~slope of about 1 0 and a squared cor:relauon coefftctent of 0 8 or greaterh&ble 2 of

Barne and Hoff 1985) When a choree had to be made the NAA concentrauons were
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. ‘ Table 5,1 = Arctic aerosol composition data, '
r
Chemical Analysis "+ Detection Limit ,
Species Teckmique : ( ng-m )
k- ‘ -~ AN T 14030
Cr IAN : 12 - 20
Brr ~ +lAN (large) S
NO; -~ IAN 1.0-15 .
- SO IAN 10430
H o JAN R
Na*. -~ IAN_ 4.6
NH4 IAN e 110
K IAN . 225
I . . NAA . .05~ .,09
' Br -~ NAA 0.5-19
Mn o NAA S S I - S
Na., ., NAA A B
vV oo NAA - 003 - 01
Al § NAA. 1 -4
Cl NAA 12-20
Cu ICP 1-.3
Cr e ICP 05-~.2
Al ICP 1-4
Ba ICP 04 - .07
S ICP 7
Ni ICR ., .01-.20 :
Ca ICP . 5-7 b
Zn ICP 9-17T I
. Pb ICP 2.5 Lol
Mg ICP 5.8
St , - Icp \ +.01-.03 B
Fe /.., ICP 2-5 :
Y, 'pl ICP - | 003 3 01
T - ICP . L2 S
Mn ICP - 108018
- tp ! ,ICp s vt n0- 1.4
v .,J‘: ) A ;

~t
LR )
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assumed to be the most reliable beeause the method gave the total élemental concentratlons
with a minimum of sample pre-treatment (whtch mtght lead to species f racttonauon)

The prlmary data penod studted here was between 01 July 1980 and 30 June 1983 )

' hxcept for the final month, all three samplmg sites .were in operation dunng this penod Some ' .
-aerosol data were also available for late 1979 and early. 1980 as the samplmg programs began

at each site, but these data were' used mostly: fo or /checkmg the results of the primary data

l‘

analysxs These early data. were dlscussed by . Bargje et al (1981) while Barrie’ and
Hoff (1985) analyzed all of the avallable aerosol data o ’ 1
Meteorologlcal data consrsted of tWo. series (surface constant upper-,pressure levels)

3 / of microfilm weather maps for North Amerrca and the"N\ortherr }:emtsphere obtained rrom
. ‘the Natxonal Oceamc and Atmospherne Admtmstrauon in /}suevme North Carolma In
addltlon magnettc tapes wtth standard a d significant level observauons from OOZ and 122

H g 'Jl":upper -air soundmgs were obtained from the Atmosphenc Envlronment Servrce of Canada, - . .

| Down‘svtew Ontario,’ for nine’ Arctic. stations (Alert Eureka Mould Bay, Resolute Inuvik, |

,f

S | Sachs Harbour . Cambridge Bay, Hall Beach Froblsher Bay) Both the mlcromm weather o

e : maps and the upper alr soundings covered the cqmplete pnmary analysts penod 80/07/01 to

.‘2/
© 83/06/30.

vt

o . - The aerosol samplmg program places limits on the types of anélyses whrch mtght be

[y

done, and on any conclusxons whlch mnghb-be drawn The data were weekly averages S0 they

o & - tan be related only to the larger scale meteorologlcal systems and cycles It is not possmle for
s ‘,.' \‘1 ':“I" ‘,c‘
R rmstanee to 1denufy pulses of . hxgh pollutant levels whrch are only a couple of days durauon
ol Y
oy ‘even. though ‘such rapld events are Known to. occur (Iversen and Joranger 1985) Datly or

.‘\‘ ! ;. even hourly measurements would be necessary for a study of the higher frequency vanabthty
-An example of the var.ablltty in aerosol concentratxons wtuch #ght .be observed W1th hourly

averages albett from a mid- contmental loeatlon at bnly 5} and close to large aerosol
,‘souroes lsshowanxg 58 '1'; - "m R

:" LT All three of the Arctm aerosol samplers were - located at ground level While'
' . o ‘ - i . \ " s . PR

»/‘v"""", N B L
gt h . ACYRE



Fig. 5.8 Hourly averagcs of tHe aerosol scauermg coqfﬁéxem The samplmg
; location was the . University of - Alberta ‘Elferslie " farm on- thé .southern.
¢ outskirts-of Edmonton AB. Aerosol scattering. was méasured. by a Mode) 1591 -
v ,MRI lntegratmg Nephclomcter durmg Lhc period 86/03/01 10 86/03/22
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A

"

considerable care was taken lo avoid- contamination from local aerosol sources'* (Barric and

‘Hoff, 1985), there may be some sample bias under certain conditions, As an cxample, higﬁcr

v

. !
\

* concentrations of crustal materjal might be found in summgr samples than in samples from

winter months duc to wind-blown dust from the area immediately around the saripler, The

samples also give concentrations representative gf (hc"boundary layer, Given the
+

1

frequently -reported Jaminar structure of Arctic haze, detected at altitudes up 1o several

- kilometers on occasion, onc should pot expect to be able to do a comprehensive study of

Arctic haze with ground-level data only, This problem was recognized and, in conjunction
with the continuous ground-level sampling program, scveral shori-term aircraft experiments
have been carried out by the Atmespheric Environment Scrice of (anada (Hoff ot al., 1983

Hoffl and Trivett, 1984: 1 caiic al,, 1984).

A

+

"For instance, the sampler at Alert was located on a plateau 10 km from the
camp. ‘
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6. TFA of Arctic Aerosol I;Sta

There are numerous ways of analyzing the Arctic data, The approach here was to try
10 usec the dala as e('ficvien(ly‘as possible, particularly with regard to the variables (chemical
‘spccics) to jinclude in the ‘apalysis, The major control on this was the availability of )
concentration data for each variable, since many concentrations were ‘bdl' during the summer
months,

Pata availabi,[ily is shown in Fig. 6.1 (Alert), Fig. 6.2 .(Mould Bay’)‘ and Fig, 6;3
(lgloolik). Line segments indicate ‘va‘riable concentrations above the detection ’l;q;lgls: gaps
indicate cither 'bdl’ concentrations or missing samples (data missing for all variables), To
cxamine trends over the entire three-year period, a data set (Arctici) wés formed of twelve
species; Cl, NO,, SO{, Na‘, NHi, Mn (NAA), V (NAA). Al (ICP), Ca, Mg, Sr,‘ and Fe,
This daii;l sct was weak in the sense that few trace metals were included, but it was relatively
complete lhroﬁghoul the entire l.hrcr.e-)'car period (ie,, a lolcre'xble number of 'bdl' values),
‘ [Descriptive statistics for this data set are summarized in Table 6.]1. Statistics for both the
original data and the data after a logarithmic transformation are shown; the concentrations of
many of the chemical species have aﬁ approximate log~n0rm;} distribution, which was also
noted by Heidam (1981, 1982), " |

A sécond data .se; (Arcticé) was formed from sambles collected in the period
December -',March' of each winter, The three winters were comt;ined in order to have an
adequate number of samples for the analysis. These four months were assumed to be most
';cprescmative of Arctic haze, although there is cér;ainly some year-lo-year variability. The
. chemical species included in Arctic2 were the éame e;s thése in Arcticl, with an addi‘tional six
elements: Br, Cu, Ba, Ni, Zn, Pb. A minor improvement in Arctic2 was, the'u"se of the
Al  (NAA) concentrations instead of the Al concentrations determined Hy ICP; when
necessary, the resuits\.of a linear regression betwéen these two sets of Al concentrations
(Barrie and Hoff, 1985) were used to supplement the Al (NAA) data. Descriptive statistics .

| ]
for Arctic2 are shown in Table 6.2,
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o ‘ o Tablf 6.1 Arcticl variable statistics.. " ¢, T
AN . . ‘,. [ ' R . “‘ . . ! ot @ . .
‘ Alert Arcucl. - Linear o - ot s o
ID P S'pccic; ‘ N' Min; . Max B Mecan std dev ‘ '\:Sﬁqw Kurt
< . SN \
1 ar 137000 133890 18425, 25524 2.13 477
2 NO; - -« 137 L 7.04  r 642,61 67,64 . 69.34 14,50 32,88
3 sox J137 . - 000 345170 103020 -+ 93413 - 0.8 .37
4 Na* ' 137 0,00 656,08 162,06 158.25 1,06 47
5 . NH; 13 - 000 . sl717 L9640 98,48 161 . 8 253
6 Mn 137 . 000 ° 1016 1,63 1.70 9 - 498
7 v 137 000 . 307 057 . 62 ' 164 2.97
8 Al 137 0.00 442,34 65.67 85.61 224 494
9 Ca 137 734 171250 205.95 276.21 2.47 7.21
10 WM 137 0.00 657,47 113,59 116.90 1.84' 3.90
11 St 137 0.00 2.00 0.47 043 - 1.06 0.84
12 Fe 137 5.26 544,46 96.01 116,09 4 1.86 T 277
Alert Arcticl Logl0 -
. ( o | ,
ID# Speces N>0  Min Max Mean  sid dev Skew . Kurt'
. '. i
101 cr 117 1.03 313 202 0.5 005 . -0.9
102 NO; 137 0.85 2.81 1.68 0.38 -0.07 -0.47
103 soi . 136 1.51 IsE 276 0.54 -0,45 -1.04
104 . Na 129 = 0.62 2.82 1.97 0.57 -0.674 -0.55
105 : 136 0.97 2 1.77 0,44 0.13% <110
106 Mn 134 -0.89 1.01 0,01 0.45 -0.10 «, -0.85
107 v 132 -1700 7 049 -0.51 0.56 035 . <090
108 Al 19 N 0s? 265 © 1.9 £ 047 028 +0.49
109 Ca 137, 0.87 3.23 2,01 0.51 0.27 ~0.59
110 Mg 135 -0.39 282 » 18 0.51 0% 1.47
Tl St 124 -2.00 0.30 -0.47 0.47 -0.94 0.74
112 . Fe 137 0.72 2.74 %) 0.49 0.19 -0.72
- ; L ‘
4"'\\
, .



‘ Mould Bay

Arcllci

Table 6.1  (continued).

91

« Linear
ID # Species N ‘Min Max Mean std dev Skew Kurt
1 cr . 138 0,00 2661,80 317.02 . - 451.14 2.78° 8.45
2 NO;. . 138 0.00 - 270.9 62.12 59.16 1.66 2.41
3. SOt © 138 ' 36.74 3217.50 873.08 862.85 1.18 0.51
4 Na® 138 - 0.00 1401.60 217.05 233,09 228 6.74
5 NH: 138 0.00 539.28 87.45 98.39 2.39 6.36
6 . Mn 138 0.00 4.15 0.9 0.86 2.17 4,66
7 A% 138 0.00 4.17 0.38 0.61 3.50 14,78
8 Al 138 . 0.00 297.61 2.0 43,16 3,58 - 16.42
9 Ca 138 0.00 159.34 34.52 33.82 1.49 2,38
10 Mg 138 0.00 701.20 78.32 102.22 2.85 11.22
1 Sr 138 0.00 2.94 0.39 0.48 2,07 5.63
12 Fe 138 0.00 245,67 33.69 38.03 2.88 10,58
Mould Bay - Arcticl® Logl0

ID # Species N>0 Min Max Mean std dev Skew Kurg
101 Ccr - 130 0.94 343 224 0.51 0.08 -0.28
102 NO; ’ 137 0.7 2.4 1.62 0.40 0.07 0.78
103 sot 138 1.57 3.51 2.67 0.54 -0.34 -0.98
104 . Na* 135 0.77 115 2.11 0.50 . -0.58 0.02
105 NH: . 137 0.81 2.73 1,74 | 0.42 1 0.16 -0.42
106 Mn 131 -1,30 0.62° -0.26 0.41 0.04 0.34
107 v . 1 -1.70 062.  -0.59 0.47 0.21 0.29
108 Al 125 0.55 2.47 1.36. 0.39 0.40. 0.10
109 Ca 114 0.86 2.20 149 . 034 0.06 0.84
110 Mg © 119 - 0.78 2.85 175/ 0.43 0.22 0.58
111 'St 103 7 -1.40 0.47 -~ -0.45 0.39 0.04 0.54

112 - 0.18 2.39 1.36 0.41 0.07 -

Fe 133

'
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© " Table6.] (continued),
L ' T :
>\‘
Igloolk  Arcticl ' Linear s
ID# Specles  + N Min Max  ‘Mean  siddév | Skew ' - Kun
‘; 1 . 11 000 324460 48572 © SSTAY. 2.9 5.82
2 NO; . Il 1066  202.87 70.58 . . 4510 " 095 0.34
3 sor . 1l 7515 312100 - 91205 = 824.88 1.07 007,

; "4 Na T 0.00 176050  298.47  263.11 223 1,86
i ¥ NH: . 111 © 000 34098 9095 . 7464 L1039
.6 Mn . ' UL 0.00 2.46 0.66 © 0.51 1,01 0.46
7 v v 000 234 0.33 0.49 2.0 3.74
: 8 CAl T A 0.00 © . 10046 ©  19.21, 14,73 2.11 17.85
/ 9 ' Ca 11 000 8876 10190  129.56 3.06 10,64
.10 Mg 111 932 - 559.02  129.87 10310 . 1.64 3.20
a1l St I 000 . 244 . 0.5 0.49 1.47 2,10

12 Fe! :© 11 0.00 8206 A1 1562 097 137

Igloollk + Arctiél ' Loglo «
D # Species N30 | " Min. | Max' Mean  sid dev Skew Kurt
v .10 &) ©m 1.03 351 . 245 0.51 033 .38
102 ; 111 103 231 1.76 0.30 -0.29 -0.63

103 soF . In 188 3.49 2m 0.43 0.43 -0.02

104 Ne 110 .0 098 '3.25 2.31 0.43 0.84 087
.105 : 109 . 0.86 2.53 1.82. 037 -0.02 -0.74
. 106 Mo T MO -1300 039 032 038 -0.41 -0.48
107, v £ -2.00° 0.37 -0.67 0.55 0.04 . "-0.90
- 108 Al 108 032 ' 200 119 0.32 -0.31 -0.01
. 109 Ca 110 1.02 291 1e2 038 . 065 0.25
110 Mg -1l 0.97 275 . 198 . 0.6 032 -020
. 111 St 104 . -1.82 039 042 = 042 040 - -0.37

o Fe 98 ' 0.40 191 1.3 0.27 039 010
\ ‘ -
1 ¥ . e
\
e
- ) E :
‘ : k o .
. ‘”‘ . - v -



Table 6.2

t

Arctic? variable statistics,
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[

f

93

028

< Alert Arctic? Linear ..

ID #  Species N >0 Min Max Mean std-dev Skew Kurt
BE cr 47 31,75 7 133890 . 362.61 291.05 1.31 1,89 .
2 NO; 41 43,80, - 642.61 12420 8881 437 22.96
3 SOl 47 SIS 3451700 1709700 73492 0.4] 0.5

4 Na- = 47 4376 656.08 296.59 141.73 0.59 -0,07
.5 NH;: 47 23.14 517.17 172.10 109.00 1,02 0.90
6 ~ Br a7 0.00 ' 7211 1080 13.41 12,89 .- 883
7 Mn 4777 02L 1006 , 199 1,80 2,62 837
8 v ] 0.02°. . 307 097 0,75 1,00 0.57
9 Al " 47 7.5  1338.80 - 10238 201,54 507 2864
10 Cu 47 0.00 : ‘49N 2.27 1.24 024 092
1l Ba '47 0.00 3.04 0.64 0.54 2,28 6.80
12 Ni 4 000\ 174 0.70 0.50 0.53 .. -0.62
13 "Ca 47 20190 . 1712.50 197.99 31,72 3,16 . 10,89
14 Zn 47 0.00 ' - 256.68 12.92 36.64 6.46 40,51
15 'Pb 47 0.00 10.59 3.85 2,50 0.71 0.31
'16 Mg 47 0.00 ' 65747 163.82 129.73 1,54 2.81
17 Y 47 0.10 2.00 0,76 - 0.4 0.75 0,39
18 Fe 47 8.53 544,46 88,56 110.90 2.66 688

Alert Arctic2 Logl0

ID#® . Species N >0 Min " Max Mean  std dev Skew ' Kurt
. . : ! !

101 Q- a1 L% 313 . 24 0,40 0.46 :-0.51
102 NO; , 41 ' 1.64 2.81 L 2.04 0.20 099 -1

103 sor ., - 41 277 3.54e 319 020 045  -0.47

"104 Na* 47 168 . 2.8 = 24 0.24 082 - .085 -

105 ‘NH: ap 1.35 2. 2.4 0.1 0.51 - 013
106 ©oBr ot 46 0.9 .7 18. . 086 0.37 0.66 . .04l

;107" " Mn Y -0.68 101 . 016 0.35 015 --0.00

108 ' 47 -1.70 0.49 \:'°-0.19 0.48 1.16 133
109 . Al 47" 0.88 3.3 %11 0.44 0.65 " 09
110 Cu’ 46 -0.37. 0.69 V' 0.29 027 - 069 - -0.21
111 Ba as/ ~0.80 0.48 - :0.27 1029, 030 . -013

S112 .'Ni . 42, -0.82 0.24 - ++0.20 0.30 043 -0.66
113 .Ca )47 1.32, 323 2.01 045 0.82.. 0.16

114 Y Zn 2040 2417 ¢ 091 0.32 215 898 .
115 ‘. Pb - 45 -0.25 1.02 0.51 L0310 - -0:70 -0.03
116 - Mg 46 1.36 2.8 C2u 033 .. -0,09 -0.51
117 St 4 -1.00 0.30° -020 030 - -0.81
118 - Fe- 4 . 093 274 1.74 0.4 ©0.44° ' 0.05



Mould Bay

‘Table 6.2 ‘(continued)’,‘

¢

"y
/

94

Arctic2 . Linear - I‘, g

ID # Species N >0 Min Max Mecan ' std dev. Skew ~ Kurt
B a8 47.50  2183.30 580.32°  1558.62 1.36 1.11
"2 NO; 43 23,40 - 270,90 113,18 64,65 0.96 015
o3 sot- - 43 256.93 | 321750 154360 ©  '890.21 . 0.53 ~0.86
"4 Na* 43 ' 4085  1149.40 358 .42 262.73 ‘1.2 1.53

5 .. NHy 43 0.00 53928 162,71 133,44 1,28 0.94
6 Br 43 000 97.82 1921 . 2. 1.94 3,02
, 7 Mn 43 020 4.15 1.13 0.97 '1.67 2.03
8 v 43 0.00 417 . 0.84 091 1.97 3,76
9 Al 43 1292 55.06 21,52 114,01 082 oM
10, Cu 43 000 838 1.91 1.57 2,15 5.73

11 Ba 43 0.08 518 0.52 0.79 496 . 2621

12 Ni 43 0.00 1.7 0.56 0.50 0.85 -0.09
13 ' Ca 5] 0,00 159.34 47.84 31.59 1.14 2.19
14 Zn 43 0,00 25,54 6.88 $5.58 1.30 1.55
15 Pb a3 0.00 25.60 5.00 5.04 - 2,06 499
16 Mg 43 11.79 701.20 154.01 137.10 1.97 4.81
17 St 43 0.00 294 0.75 0.60 1,30 2.5)
18 "Fe s 4,48 73,10 26,42 17.37 1.10 0.44

‘Mould Bay  Arctic2 Logl0

ID » Species N>0 Min | . Max . Mean std dev ‘Skey Kurt
101 ‘W CI a3 1.68 334 256 10.45 -0.08° -0.95
102 °  NO; 43 1,37 2.43 1.98 026 - -0.29 -0.11
103 sor 4 241 3.51 30 029 -047 . 045
104 * Na** 43 1.61 3.06 .2.43 036 -040 °  -0.66
105 : 42 1.45 2.73 ©2.09 0.35 -0.01 0.85
. 106 Br 41 . 0.19 1.9 1.10 '0.42 0.42 034,
107 Mn 43 -0.70 0.62 -0.08 0.33 . 0.26 0.47
08 -— .V 41 -1.22 0.62 -0.25 0.43 -0.05 0.39
109 7 Al, 43 0.47 1.74 123 031 " -0.40 +0.44
110 Cu 42 :0.51 0.92 0.19 0.30. . 0.17 0.14
11 ., Ba 43 4110 . 071 -047 .. 036 . 068 . 1.53
12 YN 3s 2105 025 -0.26 032, 045 0.31
113 " Ca 42 08 . 220 -1.59 0.32 -0.68 0.12

114 . Zn. 39 031 - 141 0.79 028 ' 10.32 0.83 .
1S - PO 4 . -004.. 14 0.59 0.35 0.35 0.58
T 116 Mg 43 107 28 203 040 . -0.33 0.42
1 Sr @0 . -140 047" -0.22 0.38 -0.87 0.82

18 18 133 029 . ' -0.16

: Fe

43

0.65

in



Tabl7//é,2 (continued), -
E / ' !

—

/
Igloolix Arctic2 mear// “

i B N / . . ) i
. ID &  Species N>0  '* Min Max Mean'  sud dev Skew Kurt
. / . L \ ‘ ) .
1 a /oM 10,70 2281,90 69820 55030 1.25 . 119
2 NG /S R 37.01 202,87 111,70 - 4398 0,22 -0.77.
) 3 sor  /  ® 480.10 312100  1574.80 738.29 0.55 -0,59
‘ 4 Na© /. 32 75.02 94915 257 218,71 - 0,74 -0.04
5 NH; /. 32 20,06 340,98 152.13 80.16 0.36 0,74
6 . B/ 32 . 3.19 6235 2167 . 18.45 0.93 ++0,44
7 Mi 2 0.00 2,46 1.03 0.60 0,19 +0,68
"8 N 32, 0.00 234 08 0,62 064 - 038
9 JAL- 32° 0 0.00. v 4999 18,87 14,16 044 0,74
10 S Cu - 32 030 503 174, 108 . 1726 1.34
1/ Ba 32 0.05 0.73 032 . 018 ' 063 -0,42
12/ Ni 32 000 - 1,08 - 044 037 . 023 41,09
13 /  Ca 32 2432 12322 . 6138 27,20 0,67 0,18
. 14/ ' Zn 32 0.00 16.21 7.53. 393 . 011 -0.51
‘ 15/ Pb 32 0.00 18,64 '720 0 A49 . 1,04 0.95
16’ . Mg 32 38.99 42321 176.42 101,01 0.98 0.42
1 St 32 - 0.26 2,44 097 10.53 082 03p

/

A8 Fe 32 - 000 220 235 1331 041 -0/a4

7 .
Igloolik ArcticZ . " Logl0

/ e Species N> 0 . Min - Max Mean"  std dev Skew Kurt
/S ‘
/ o ' ! ‘
-/ 101 cr S22 103 336 0 2,67 0,48 -1.47 2.90 -
102 NO; £7) 1.57 231 201 019 . -0.5 -0.38
103 “sor 32~ 268 3.49 3.15 0.2 . -028 ° -0.7
104 Ng® 32 1.88 298 . 257 0.25 062 044
. 108 'NH; R 1.30 2.53 2.11 0.28 -0.83 0.51°
o ‘106 Br £p) 0.50 L1 ) 117 0 04 004 124
/ 107 Mn - 31 -0.60 " 0.39 -0.05 029 0.5 - -0.92
' - 108 v 31 -0.96 0.37 -0.20 0,39 -0.52 . | -0.92
w0 al 30 0.10 170 11 0.44 094 4016
10 - Cu- 32 -0.52 070 0.16 0.27 024 - -0.05
11 °  Ba £7) 130 - -0.14 057 029 . -0.54 -0.27.
112 Ni 2, -0.92 " 0.07 025 . 023 -1.15 170 .
113 Ca 32 1,39 2.09° 1.75° 0.20 -0.15 -0.80
114 " Zn 31 0.11 121 . 0483 027 -1.03 0:66
. us Pb 30 - 0.50 1.2 08 - o0 03  -0.50
116 Mg L0320 18 1. ‘218 . 026 029 035
117 "S- 32 -0.59 039 . -008 025 -0.28 0.7
118 . _Fe 30 102 n 1.35 021 -+ 005 -1

95 -
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Conoentration data for F-, H-, K-, Cr, Ti, and P were judged to be too frequently

'bdl at one or more stations 1o be tncluded m the analysis, and were ignored, For the twelve .

spectcs in Arcticl and the etghteen- spectes in Arcuc2 any 'bdl’ concentrattons were - replaced

by zero These two data sets were further sub-divided by statton and the data from Alert,

.

Mould Bay, and lgloolik were analyzed separately
One of the advantagcs of "TFA is the ease with which the results of one analysxs can
be.used as a startmg pomt for another analysns Thus whlle the constructton and testmg of

possible soutce profile vectors is the most time-consuming part of the TFA procedure, this

* step could be shortened constdcrably by usmg the fmal refmed factors from one station as

target véctors for the other two stations. ’I‘hxs does not assume that the factors are common (o
each station, Rather, Jt is a testing of the hypothcsts that the factors are the same, since the
target rotation will produce a rotated vector dtfferenl from the test vector if the factor is not
common, Data from Alert, the most northerly statlon were the first to be analyzed followed

. by, Mould Bay and Igloolik.

As with the analyses of Chapter 4 'weights were assigned to.each chemical species. "

> i

The selection of weights was only an attempt to keep the variance at Toughly “(order of

magnitude) the same level and, by doing so, equalize the significance of each variable.

3

. Weights for vanables common to Arcttcl and Arct1c2 were the same for each data set, and the

h)

same wetghts were used with the data f rom each of the stattons

6.1 Arcticl - Factors

The restxlts of the eigenvalue calculations are‘ ‘shown' in Tables ‘6 3-65 for Alen,

Mould Bay, and lgloolrk respecuvely The Malmowskt lndtcator function and the Scree test |
suggest only three significant factors at Alert and ‘the value of the Exner functton is |

E aooeptable with only these three factors The etgenvalue one' criteria would requtre keeptng

| at least ftve factors however tf this cntena were used it woild be difficult to tgnore the sixth

- factor whtch As assoctated w1th an etgenvalue only margmally less than 1.0. And then the’

- seventh factor has an etgenvalue of 0.740, not much smaller that the srxth etgenvalue One of



, . ’ \
Table 6.3  Arcticl eigenvalue calculations for Alert
Aleri Arcticl M,N; Data set dimenstons: 137 12 ‘ ,
Variable (column) weights; o L, ‘ o ‘ ‘ "
Cl - NOj;  SOb Na* NH: Mn vooloal Ca Mg - Sr ‘Fe
10.. 1.0 0100 1.0 1.0 1000 1000 1.0 1.0 1.0 1000 1.0
Tota] variance (covar0): ; . v . ‘ ‘
21,328 5,841 13,786 18.606 11,606 15,793 7,65 . 3058 30779 ' 5699 1272 6.580
Eigenvectors (columns) oo ‘ e :
3333 2,390 - 2,043 039% -0206 -0323 0,087 0050 0,139 0012 0030 0,00l
,1.983 0389 -0,680 0968 0137 0506 0,064 0260 .008 0006 0,042 00
2,936 1.048 -1.885 ~0.45% 0,326 '-0276 -0207' 0,007 .0.254 ~ .0017 . 0050 0,005
~3.587, 2.203 0,335 ‘;0 604 0,345 0,480 0.156 0,082 0154 0,070 0,052 0,002
2,792 0,658 1,677 0.560 -0,1}4 -0304. 0046 0277 0.256 + 0,007 0.029 .0,003 .
3690 1185 <0229 -0212 0679 - 0327 --0,015 0215 .0146 -0206 -0006 0030
-1,25%9 0,117 0445 . -0,243 0630 -0170 0,517 .0253 .0009 0190 0.009 ' 0,004
1475 0772 0,076 0,040 .0135 0,061.'.-0,402 -0055 0093 0,228 0.069 0163
. +4,679 -2,801 0,764 0,087 0.580 -0,206 0.255 0,016 = .0,04) 0,022~ -0,063 -~ 0021
22,273 -0,229 0,401 0,200 0,047 -0,136 -008  .0,302 0,266 -0,258 0,15¢ .0,017
0,990 0101 0,009 . 0,005 0,18 -0,054 -0.262 .0.237 0,048 0,042 0,340 .0,010
~2.208 . -1.207 0.168 -0,050  -0:176 0,115 -0.299 0,023 0.030 0,208 0,058 .0,178
Elgenvalues - .
94.609 23.632 12143 2,137 1,580 0,975 - 0.740 0,427 0,286 0,248 0,161 0060
Significance. tests for c\genvalues - . T ‘
# EIGENS VAR CPV  SCR' ‘IME IND RSD . XNR ’
1,000 94,609 69, 69.060 30,942 0,048 0.0014 0,168 0,478
000 ' 23632, 17.25% 86,310 13.692 0,048 0.,0012 0117 0,368
3.000 12,143 8.860 95.170 .4.828. 0,037 0.0009- 0‘073 0.087
4,000 . 2137 1.560 96,730 | .3.268 0,037 0.0010 0,064 0.068 ’
5,000 1.580 1.150 97,890~ 2.115 ' 0,035 0.0011 . 0.055 0.061
6.000 0975 0,710 98,600 - 1.403 0,034 00013 0048 - 004 . .
7.000 0,740  0.540 99.140 - 0.863  0.032 0.0017 0,042 - 0.032° ,
8.000,, 0.427 0310 99.450 0551 °© 0.030 00023: 0. 037 0,017
9,000 0.28 . 0.210 99.660  0.342 0.029 . 0.0038 0034 0.007 - o
10.000  0.248 0.180 99.840 0.161 0026 0.0071 0; 028 0.006 - .
11.000  0.161 0120 99960 0044  0.020 0.0209 0.021 0,005 :
12.000 . - 0.060  0.040 100.000 00 00 -0.0 -0.0 - 0,000
Varimax.orthogonal rotation with 3 factors : ‘ o ' o
0959 0924 0.857  0.920 1.079 3 284 . 0.676 1,559 5.299 1,776 0.594 2,381
4359 . 0.9 0.935 31326 0745 0897 0412 © 0272 0.959 1.198 0.536 0.408
1.0 1.751 3.416 2434 3.053 . 1.8¢ - 1.082 0.524 1.149  0.889  0.591 v.726
Var‘m@f factors: ‘ S ‘ .
S 55.446 3 38.965
% communalities (covar(Q): S . , ‘ o ‘
- 98.400 77.900  96.300~ 9S,~800 95.1‘9@ 95400 67.800 90.800 ' 98.500 94400 77.800 96,700
4
e .



Table 6.4

Arctic] eigenvalue calculations for Mould Bay,

98

Mould Bay Arcuicl M.N; Data set dimensions;: 138 12
Vanable {column) weights; .
Cr NO; SO Na* NH; Mn A Al Ca Mg St Fe
1.0 1.0 0,100 1.0 1.0 100 .0 100 9 1.0 1.0 1.0 100 .0 1.0
Tota) variance (covarQ): “
53,528 507 11.274 . 30.3}9 14,290 8.976 1.7 3.591 1,388 3.502 0,900 3,163
. Eigenvecton (columns):
.6818 .2.491 0271 -0.8% 0165 .00 0060 ..0075 0014 0016 0004 0002
-1,886 0,847 0.111 .0,240 -0.383 0.212 0.65) 0317 0,043 0.094 0,02} 0.011
-2.568 1.776 0,978 0.032 0,541 0,054 0,276 -{) A40 0.016 0,002 0,013 0,010
~.5269 -0.205 0.688 1,404  -0,520 0,027 0.064 0,133 0,021 .0.,017 -0.003 -0,005
-2.827 2.161 0375 :1.076 -0302 0.311 0,028 0,366' .0.,046 -0.048  -0013  -0,012
-2.311 1.297  -1,18 0.145 0.013 0,664 0,207 0,030 .0225 -0,05 0009 -0.015
0,881 0,649 0.100 -0,092 0.232 0.510 0,036 0.221 0,418 0,124 .0,017 -0,008
-1.141 0717 -1.203 0.245 -0,055 0,420 0,022 -0.156 0. 200“ 0.05 0,083 0114
-0,865 0,281 -0.269 0321 0,349 0.266 0.02) ™39 -0.165 0,380 .0024 -0,037
1,592 0.13% .0,028 0,409 0,725 0,074 0.414 0,158 .0052 0,197 -0,103 -0,031
-0,751 0.160 -0.066 0215 0,369 0.072 0,14) 0210 .0.023 -0,024 0,210 0,099
-1.157 0.4 .1.05% 0201 -0,087 0.295 0,037 0,092 0.113 0.017 0,104 0,153
Etgenvalues:
104 991 18.040 5,706 4,367 1.676 1.9 0.749 0,623 0.314 0,217 0,075 0,049
Significance tests [or eigenvalues: ’ .
& EIGEN VAR CPV  S5CR IME IND RSD XNR . -
1.000 104990 76,080 76.080 23918 0.043 00012 0.147 0.631
2,000 18.040 13070 89150 10,846 0,043 0.0010 0.104 0.128
3.000 5,706 4140 493290 6,711 0.043  0.0011 0.086 0.105
4000 4367 3160 96450 3546 0038 00010 0067  0.08)
5000 16% 1210 91670 2332 0037 00012 0058 0051
6.000 1.195 0,860 98.530 1,468 0,035 0.0014 0,049 0,046
7.000 0.749 0.540 99.070 0.926 0.033  0.0017 0,043 0.021
8000 0623 045 99530 0474 0028 00002 0034 0014
9.000 0314 0230 99.750 0.247 0.025' 0,0032 0.029 0.004
10.000 0.217¢ 0.160 99.910 0.090 0.019 0.0053 0,021 0.003
11.000 0075 0.050 99960 ' 0036 0.018 . 0.0189 0.019 ., 0.000
112000 0.049  0.040 - 100.000 . -0.0 -0.0 .00 0.000
Vanimax orthogonal rotation with 4 f acw%{" ‘ o -
6.674 1.014 1 202. 4672 927 1.005 0,342 0.404 _ _0.558 1.269 0,542 0.429
1.718 1.618 2.874 . 2232 3.363 , 1451 0.945 0.446 0.390 0,714 0.373 0.528
1.552 0.835 0.733 1.445 1.274 2.307 0.446 1.721 0.690 0.705 0,416 1.596
-1.899  -0.045 0.683 1.161 -0.412 0.029 .0.082 0.011 0.249 0.323 0.183 0.012
Vumnm of factors: a ‘
73386  34.391  19.527 5,800
% communﬁliues (covar0): o '
99.900  85. 600 ys 000 © 99, 000 97.700 94000 68.600 92.500 ,72.200 77,700 71.100 95200
- -4



Table 6.5

Arcticl cigenvalue calculations for Igloolik,

Iglooltk Arcucl M,N: Data set dimensions;
Vanable (column) weights; .
cr NO; SOV Na* NH:
1.0 1.0 0,100 1.0 1.0
Total vaniance (covarQ});
A7.184 3,488 7,025 24,608 7451
Eigenvectors (columns);
~6,45] 2.280 -0.28] 0.532 0,032
-1A43  .0.836 0,210 -0,005 0,752
-1.832 -1.558 097} 0286 -0315
AT <0344 0953 -1.087 -0.05
-1.906 1,743 0.475 0.601 0,241
-1.230  -0975 . 0,066 0239 0123
-0,539  .0,428 0,279 0,329 -0.3¢4
.0393  -0.325 0026 -0036 0.086
~1.741 -1.247 2324 -0.184 0.005
2201y -0.797  -0.991 <0074  .0.249
-0.810  -0.265 0,228 0,05 .04}
-0,418  -0.366  -0,09% 0,003 0,010
Eigenvalues:
82938 15.118 8.730 2.116 0.951
Significance tests for eigenvalues;
# EIGEN VAR CPV SCR
1.000 82938 74720 74720 25280
2,000 15.118 13,620 88340 11,660
3.000 8.730 7.860 96,200 3.796
4,000 2,116 1.910 98,110 1.889
5,000 0.95] 0.860 98,970 1.032
6,000 0.459 . 0.410 99.380 0.619
7.000 0.247 0.220  99.600 0.397
8000 0.199  0.180°" 99.780  0.218
9.000 0.109 40.100 99.880 0.120
10,000 0.068 0.060 59,940 0.059
11.000 0.041 0.040 99.980 0.022
12.000 0.024 0.020 100.000 0.0
Varimax orthogonal rotation with 4 factors :
6.490 0.702 0.667 - 3.776 0.559
1.368 1.315 2.440 2.449 2.466
1.683 0.683 0.445 1.210 0.925
~0.592 0.342 0,463 1.694 0.087
¢  Variances pf factors:
' v T 59.562
% communalities (covar0):
97.300

100.000 80.500 96.900  99.900

991

Mn
1000

2.669

10,033
0,319
-0.114
-0,070
-0.276
0.155
0,246
0.011
-0,185
0,324
0.195
0,003

0 459

IME
0,044
0.044
0.032
0.028
0,025
0.023
0.022
0.019
.0.017
0.016
0.014

-0.0

0.431
1.326

0.100
25.857

94 600

1009
0,938

0,041
0.064
0.283
0,097
0,230
0,015
0,217

0151

0.024
-0,046
0,060
0,148

0247

IND
0,0013
0.0011
0.0008
0,0008
0.0008

0.0011
0.0015
0,0022
0,0043
0.0148

0.0

0.202
0.774
0.098
-0.102
19.841

70.300

Al

1.0
0.321

0,008
0,016
-0.111

0.039
-0.058

0,266

0.125

0,060

0.072
-0.24})
0,012

0.166

0.199

RSD
0,152
0,108
0.065
0.049
0,038
0.032
0.028
0.023
0.020
0,017
0.015

-0.0

0.131

0.374

0.298
0.128

3.641

81.600

Ca
1.0

10,074

-0.007
-0.091
-0.102
-0,001
0.082
0.142
-0.185
0.060
-0.096
0.109
0.049
0,046

0,109

XNR
0.14
0.203
0.102
0,057
0.038
0.025
0.011
0.008
0.002
0.002
0.001
0.001

0.476

3,059
.0.019

Mg
1.0

5935

0.006

0,016
0,042
+0,00)
-0.04]
0,098
0,013
-0,005
-0.026
0043
-0,215
-0.073

00068

95,900

St
1000

0,898

0.0
0.0
0,005
-0,001
-0.014
0.051
11,019
0.051
0.030
-0,046
0,070
-0.164

0,04]

0.524
0,670
0.208
0,125

87,000

Fe
140

0,401

00
0,013
0,016

0,002
0,014
0,043
0,042
0,137
0.012
-0 013
0,029
0,004

0.024

0.119
0.392
0.377
0.08s

79.100
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the difficulties with the 'cigcnvah;&one‘ criteria is that it does not include the possible effects
of errors in the observations on the magnitude of the eigenvalues, If a!l expcrimcnlal error
could somehow be removed from the data, then an analysis of the error-~{ree data might very
well give a different number of factors with eigenvalues greater than 1,0,

Experiments with three, four, and five factors showed lha(' three factors were readily
idcmifigble and were sgfﬂéiem to account fo'r most of the observed variance in the data. Four
significant actors were retained for both Mould Bay a;;d Igloolik, a decision based mainly on
the 'XNR. IND, and’ Scree tests. This meant, again, ignoring tw‘o factors with eigenvalues
greater than 1,0 at Mould Bay, d

Test vectors for the three factors at Alert were relatively easy to devise, From data
tables in Mason and Moore (1982)A relative composition profiles were assembled for seawater
and for crustal rocks, These test veclors are shown in Table '6.6, ak)ng with the' refined
profiles (concentrations. have been multiplied by the weight appropriate for ‘each chemical
species). Also shown is',a binary vector (Al, Fe) and the profile refined from this test vector,
This was a check of the derived crustal component profile; the crustal test vector and the
binary (Al. Fe) vectc;r ga‘vé approiimately the same final vector, within a constam”scaling
parameter.

Test vectors for the third factor a‘l Alert, and the third and‘fourlh factors at Mould
Bay and Igloolik, were more difficult to .devise. since a source composition could dnly be
guessed at.pThe procedure in Lhié case (and for similar cases later) was to compare the vectors
already derived with the unrotated vectors comprising the raw factor loading matrix. Binary
vectors were then constructed with elements corresponding to chemical species which were not
yet explained by rotated vectors. For example,' the refined crustal and seawater factors at
Alert were 'weak’ (small loadihgs) for species such as NO;, SOi-, NH;, and V. If there are
only three significant factors, then the third‘factor‘must account for most of the observed
variance in the concentrations of thwe species. | |

The refined profile for the third factor at Alert is shown in Table 6.7. It is labelled

"Anthro’ to suggest a man-caused or anthropogenic source, but this may be a misnomer. The



Table 6.6

i

Arcticl test and refined vectors for Alert,
o ¢

10}

Cr
NO;
SO}
Na*
NH,
Mn

Al
Ca
Mg
St
Fe

Seawater
%’mal
0.960
0.076
0.027
0.645
-0,005
0,035
0.026
-0.001
0.035
0.195
0,083
0,000

Test
0.001
0.000

0.100
0.000
0,300
0.050

0,300 .

0.130
0,080
0.100
0.180

Crustal
Final
0,052
0.118
0.001

-0.004
0.086
0.729
0,103
0.3712
1.299
0.378
0,105
0.572

Al Fe .

Test .

. 0.000
0,000
0,000
0.000
0.000
0.000
0

288828

1
0
"0
0
I

»

Binary
Final
0,040
0.093
0.002

-0.003
0.067

10,561
0,080
0.286
0.999
0.291
0.081
0,440
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problem is that factor analysis, and other statistical methods based on the analysis of variance

in a data set, can only resolve factbrs which have“at least a little .independcm variability. As
am example, conside} an Arctic aerosol monitoring site, and as;ume that there are two aerosol
vsox‘xrcc types in mid-latitude continental areas, One source may be a true anthropogenic source
(industrial and/or urban area emissions), while the other is a biogenic source (emissions from
vegetation, forested areas, etc,), If the transport of aercI)sols to the Arctic from both sources
is governed by large-scale metco’r'olo‘gical systems, then most of the variance in tile observed
concentrations ié’ind‘epcndem of the variability in the source, st'rengths. Statistical anélysis of
the observed variability would not be able to resolve these separate sources, but would give‘a
single pseudo-source with a profile which was a composite of the twb true sources,

The way to overcome this pfoblem is to try to incorporate outside or independent
kndwledgc of the sources and variables into the analysis, Tatget rotation of known or likely
source profile vectors is one method to do this, but 1o extract weak ‘factoxs (or to resolve
muluple factors which are sirpifar) requnres better and better knowledge of the dominant
source prof:les Without this knowledge it was deem%d better to acépt a ‘single general
component’ at Alert to represent the fraction. of aerosol material from ‘non-crustal.

non-seawater sources. | - e

The refmed vectors for Alert Mould Bay, and lgloohk are summanzcgi in' Table 6.7.

Negatwe loadings were small and were asstimed to be msngmflcam (resulting from round-off

: €rrors); they have been replaced by zero. Binary test vectors were used to refiné the fourth

" f actors: yat N}ould Bay and‘lglodlik. This appears to be a factor common to thesg two stations.
The general Vcomposithic“m of - this factor is apparent in the fou‘rth 'row of the
or;t;ogonally-rota'ted (Varimax) ‘factor loading matrix; the factor has high loadings‘ for Na*
and SO, but a large negative loading fovr' Cl-. The adaﬁtatiqn of the PCA model to
atmospheric aerosol composition data does not admit negative source ‘elemems. so the: target
rotations were camed out by testing binary vectors with high Na* and SOt- loadmgs whﬂe

forcing the Cl- loadmgs to zero. o

«

s\
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Table 6.7 Refined Arcticl aerosol &rce prof ifcs. -
Aler Sea Salt : Crustal Anthro
cr . ‘ 0,960 0.052 . ~0,001
NO; « . 0.076 _ 0118 = -~ 0.492
SO 0.027 000155 - . 1.061
Na* 0.645 " -0,004 055 L
NH: -0.005 . 0,086 . Sl 10938
Mn 0.035 | 0,729 031
v o 0.026 0.103 0303 )
Al -0.001 0.372 0.065 - ' '
Ca 0.035 _ 1,299 0.000
Mg ‘ 0.195 ‘ 0.378 0.114
St y _ < 0,083 .0.105 00130, .
e Fe o 0.000 05724 - 0074 T -
~ - PR
Mould Bay Sea Salt Crustal?  Anthro Na/SOjr
Cr 0971 -0.001" -0.001 0.000
. NO; 0.084 0.123 0.473 - 0.145
sor- 0.075 0.006 0.874 , . 0,588
Na* ’ A 0.637 0.116 - 0.080 1.243
NH; -0.003 , 0.151 C1.200 0.006
. Mn . 10,046 0.658 4 0.288 © 0091
v 0.010 0.074 +0.296 0,105
Al 0.000 0.556 o 0.001 -0.014
Ca '0.057 - 0.192 0007 - 0179
Mg 0.160 0.135 : 0.041 | 0.328
Sr o ' 0.063 . 0.095 0.031 0.159
Fe . . . "Q.005. 0.504 _0.041 . ' 0.001
_Igloolik - - + Sea Salt - Crustal % Anthro " Na/SOY
e . 0.971 0.026 . . 0.001 S 0.006
NO; ' ' 0.089 10.202 . 0.362. L 0.267
SOt , 0052 : 0098 . © 0.831 0.340
Na* 0.640 . ‘ 0.008 ’ 0.107 ‘ " 1219
: \ 0.008 @ - 0.341 - 0.940 0.132 -
Mn ‘ 0.029 " ‘ - 0.278 T 0.462 0.117
v .. ‘ -0.001 : 0.027 0.340 - -0.039
Al , 0.016 0.109 S 0.0% 0095
.Ca , © 0054 T 1301 T -0.002 _ 0.119
Mg o 0.149 - 0.699 0.160 0.204
St ©0.070 0.025 ) 0.189 ) 0.110
Fe - S 0010 . 0.148 ‘ 0.114 . 0.07)

\¥4
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Again there was al degree of Subjective judgement lnvolved ‘:‘l'he eigenvalue
calculations are indetermmate as to the major onentatton of the fadtor axes, A 180 rotation
of the fourth factors at Mould Bay and lgloohk would give large posmve loadmgs f or—Cl ,-and
large negative loadings\for Na~and SO3-. Thls is Just as valid as the original vector *3%\

Comparison of the sea salt factor at each statron shows that the’ rauo of Na“ to Cl" is
about 0.66, suffi crently closa?o the ratio of the molecular werghts ol“ these elements (0.65) in
bulk’ seawater to demonstrate that a reasonable marine componem can be derived which does
not show significant loss of Cl'. The major differences between the derived sea salt
composition and the composition of bulk seawater' lie in the relative amounts of the trace
elements. The amount of strontium associated with sea‘salt is lower by a factor of 5-10, while
.NO‘,, Mn, V Ca, and Mg are all larger than expected. These results agree roughly with the
results of Heidam (1981, 1984) and Hopoer (1984), but they contradict the results of

Shaw (1983a)™, e
B Shaw (l983a) had found that marine particles . in the Alaskan Arctic were
charactemed by high levels of Na Mg, Ca, and K, but Cu and Cl behaved anomalously He i
suggested that’ Cu and Cl mlght be due to brogemc actrvrty instead of sea salt. It is possrble to
' reconcrle his results at least partially with the Canadtan and Greenland studies, assumtng of |
course that there is not a signifi 1cant dif’ ferenCe in the behthour of chlorme in these dtfferent .
“ regtons The TFA results in- 'l‘able 6.7 show that a marine component can be readily extracted
" at all three Canadian stauons wrth the expected Na'/Cl rauo The fourth factors at Mould
Bay and Iglooltk mdrcate that there is addmonal vanabtlrty in Cl Na®, and ' SO}
.concentrauons not explained by the sea salt c0mponent- in partlcular the opposxte -vsigns on &
the loadmgs for Cl and Na in thts factor suggest that these elements are mversely related.

Sea salt is the dommant source of Cl- for the Arctic aerosol but there ts an addmonal mmor
o ‘:s .

™

“Any comparison with BFA studies must be a rather qualttauve .one.. The usual

. BFA prodedure uses a Varimax rotation to calculate a final factor loading matrix,

and retains only thosé factor loadtngs which are larger than some 'significant’ level “"

- say 0.5; smaller loadtngs -are assumed to be msrgmfmnt The analogous -procedure - m o
TFA would be to ignore all the spectes.concentrauons in the sea salt factor except

. for Na* and Cl _



105

control on the Na*, SO?-, and CI- concentrations from another component, '&
‘ . : - e e e
The relative composmon prof iles for the sea salt component can also be'compared to

ey

a freqtt\ently made assumption regarding sulphate It has became customary to correct the
total amount of SOr observéd in samples for the amount of SO' contnbuted by sea salt :
partrcles (see Atmospheric Envrronment 19(12) for examples) The wetght ratio of SOl to
Na“ in bulk. seawater is 0.25, (Mason and Moore 1982), %0 that the non: marine ‘or excess
sulphate is given by: " - - — L
4 o [XS0i] “== [SO::) - 0.25 x [Na‘] : (6 YA

Thrs correctron assumes that the SOi- /Na ratio is constant for alt atmosphenc partxcles .
ongmally derived from sea salt The sea‘ salt components here seem‘ ‘to challenge that
assumption, since the ratio is 0. 42 at Alert, 1.18 at Mould Bay and 0 81 at lgloolik

What these ratlos mean is that marine aerowls in the samples are accompanled by
more sulphate than can be accounted for. by sea salt alone even if the sea salt partncles are

"o chemically conservatrve and do not undergo any changes in composmon durmg transpor,t m'

the atmosphere The correctton expressed by Eqn 61 could sttll b‘e vahd in terms of o

5 )

mdrv:dual partrcles but 1t may not be suttable for apportromng aerosol mass ina bulk sample‘ o

S (dependmg on how the hlgher levels of SO¢- arc to be mterpreted) The ratros only mdtcate o

t Qi‘* that the appearance of partrcles of marine ongm at each receptor site corncrded wrth hrgheri | '

lev&ls of SO}~ than can be explatned by srmply assummg cherruga(lly conservatlve partlcles

- The composrtion of the crustal components at each stauon lS also mterestmg lt |s'» o

well known that chemlcal f ctmnatron and enrrchmént processes can, occur whrch will change o o

/" the relative amounts ol’ some elements compared 1o the ongmal crustal matenal

sy L

YA Shaw (tl983a) hsts some possxble mechamsrns There are some srgmfxcant dlfl"erences between

the crustal components denved here for the three Arct1c stauons Calcrum 1s the dommanf Lo

crustal element at Alert and Igloohk but rt is only a mmor element at Mould Bay Al and Fe
-are. relatwely st.rong at /£ Alert and Mould Bay. but they are weak at lglooltk |

4 There does not appear to be a common crustal factor for all three stattons On the

- other hand, the anthropogemc factor is relatwely srmrlar at Alert Mould Bay. and lgloolrk




106

Thrs is not too surprtstng because the crustal mmponent should be mﬂuenwd by the sorl and‘
rock composmon of - the regton around the samphng site, whrle the anthropogemc factor
(based on the lrmrted number of elemental tracers mcluded in Arcucl) would be expected to' ‘
. be more wrdespread and have a rather umform composmon ‘

| ‘ No errors or confrdence lrmtts have been plawd on any of the loadtngs of the refined
_.source prol'lles because the method descnbed in Sectlon 3 6 could not “be applred 10 these »
. data, The reason for thts wrll be dtscussed shortly in connectlor\r with the calculatron of the
i' 'factor scores A crude upper lxmrt on ‘the unoertarnty assocThted with each element can be
'estrmated by assummg the conftdence limits in the raw concentration data (~:t30%) also
, apphes to each factor loadmg Thts esttmate is a lrttle higher than mtght be inferred from
some observatlons dunng the tests of the stabtltty of the factors after a change of ~110% in
any major element a target rotatton would usually produce the origimal vector agam “These
uncertatnty estrmates are’ really only valid' for the larger factor loadtngs A bias was‘
mtroduced when it was assumed that small negattve elements were msrgmftcant resultmg
.f rom numencal round of f and could be 1gnored Some of the small positive elements are also
ltkely to be the result of srmrlar errors and should be rgnored 0 s,

.

6 2Arctlcl Scores

L Factor scores l‘or the reftned source proftles were also calculated Unfortunately. the ¥
final step of the TFA prowdure (source scalmg. Sectron 3. 5) could not be carrted out. TSP B
ofr the total mass m each sample was not measured for these Arcnc samples Thrs prevented 3
the converslon from relative source composmons and source strengths to absolute umts and.
the assessment of errors in the factor loadmgs and scores by the method of Sectron 3.6. The

omission of TSP from the data set is most regrettable Tlns parameter is not an tndependent‘ |

vanable although Herdam (1982) argued that it was such and used 'I'SP as just another.’ |
vanable for his factor analyses While one can apprecrate the pracucal drfftcultres in obtammg g

an aecurate TSP measurement for samples collected in remote areas” the total partrculate

"Among the potential problems is contamination by on-site handlmg, smce everyone ‘
up ‘there . smokes like a chlmney (personal communication, R. Hoff, 1984) S
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.- ,;ma'ss is a necessa'ry parameter f or rnass apportionment studies of this sort**,
An attempt was made to estimate the TSP for each sample based on the observatron

by Leattch et al (1984) that the ratio of soluble to total parttcle mass was typrcally 0.15- 0 35
An apprOxtmate soluble mass- for each sample was calculated by summmg the concentrauons

of all of the measured tomc species. Thts sum  was muluplted by 3 0 Lmear regression !

between these "TSP" values and the factor scores (S ) at the three statrons gave
* ro,
. L .

Alert ©CTSP" = 05IS, + 6128, +°38.4S, (62)
I ='0.999 ' . , | ,
Mould Bay  CTSPY=487S, +081S, + 3395, + 2268, \ - (63)

r* = 0.963 - . - | | o~
igloolik © Y "TSP" = 4738, + 13851+ 29.08, + 18,23'4 " (6.4)
= 0.939 ] “ ' -

The parttal mass contrrbutrons for.each source are plotted along wrth the "TSP" at each statlon

in thures 6 4-6. 6.

* The solirce contributions in these figures are inicorrecy, as'are the regression results in
Equations6 2~6 4. The approximat'e "TSP" is préddminantly~'Na' CI-, SOI", and’ NO; "The

linear regressron over esttmated the contnbuttons from the components which have relatrvcly.

a

large amounts of these species (such as sea salt) and at each statron under estxmated the

. contrlhutron from the crustal component whrch had only small amounts ol‘ the elements used to " ‘
- devise "TSP" ; | | L

In ‘order. to examme the trends ‘and cycles m the components the factor scores were
',“normahzed by the largest score for each component ‘These normahzed scores are . plotted m -
‘Frgures 6. 7 6 9 Typrcal source profrles after removmg the vanable werghts and scalmg by an

v arbttrary constant are shown in Table 6 8” It should be emphasrzed that the elements of the

, “An altematrve approach avords the need for TSP data by usrng rauos of elemental ‘
* concentrations . to identify . trends (Barrie and’ Hoff, 1985) or as tracers of slgmfrcant
*aerosol -sources .(Rahn, -1981c; Rahn and Lowenthal 1984; Lowenthal and
Rahn, 1985), but ‘these could be ‘used for mass. apportronment only if a number of .

. additional assumptions are made.

!* The scaling constant' for each. eomponent was ‘selected only to grve a . .
reasonable-looking source proftle so that major. elements ‘were on the order of 100 :
: mg g‘ and the sum of the elernents was less than 1000 mg g" '

H




‘Table 6.8 ' Arcticl scaled source prdfil'c's.‘ ‘

Alcn Arcticl M, N, LP;

138

Fe

‘ o 137
MLR score coeffs: =~ . - 051
Weighting coeffs: - 10.00
-Scaled source profiles (mg/g); ‘
‘ o Crustal
Cl C 10.40
NOG, . B2
S0 , ‘ . 340
Na: . 0.00
NH: i 16.90
Mn S ‘ 1,40
v 0.20
Al | 73.00
Ca : 255.20
Mg - 74.40
St ‘ 0.20
- Fe . - 112.60
Mould Bay Arcticl M, N, LP:
'MLR score coeffs: '4.87
Weighting coeffs: - 1.00
Sctled source profiles (mg/g) ,
Sea Salt
Cl‘ 199.90
NO; 17.30
80%: 153.50
. Na* 131.10 -
v 'NH; ©0.00 -
Lt Mn 0.09
R v 0.02
. Al o020
Ca 11.70°
Mg 33.10
e 8t ©0.20
" Fe
" lgloolik Arcticl M, N, LP: I
C oo 11
"MLR score coeffs: 1473
" Weighting coeffs:
. Scaled source profnlu (mg/g):.
. ' Sea Sait
cr 206.80
. NO; 19.20°
. 8OF o 11510
Na* 136,20
NH: - 210
"Mn - 0.06
v 0.00
- Al 3.40
- Ca 11.40
‘Mg 31.70
Sr , 020
230

120

12

0.81 -
5.00-

~ Crustal

30.20

1240 -
28.80 .

3720
1.70

020

137.60
47.60

. 33.50

0.20

125.00

12

1.38

.5'.00%."'

* Crustal -

3.60

2920

140.60

100

49.20
0.40

0.04

+-15.80

18820

101.10
0.04

X

22,65

108

100

Na/soi

. 0.00
T 6.40
260.10

© 5490

030
0.04

0.05
© 0.00

7.90

14.50
0.10

- 0.04

520

11.20
0.10
4,00




109

" e, A
(o]
Anthrd B A ' '
Sea Salt. = . B an
1'0:-‘, ‘ ! . ~
o dm 1M, ‘A,_JML“”/A mﬁnJLmlnu |
(‘ug/mB) ~ Crustal ' . o
10 |
O‘ — , A
| “r3pr '
. S
10 A ’
'Q“ Y S, =SOSR SV e R
. 1980 1981 '1932 1983

\ .

" Fig: 6.4 . Source-strengths for the Alert factors (Arcticl). 'Also shown is ll‘c
- pscudo-"TSP”, bascd on a constant ratio of soluble to total mass, The source .
strengths were scaled by the. coefficients obtained from a mullipie. lincar’

regression between "TSP” and the factor scores. - '

.4
L)




N

10 .4

1.

-l mnm

Anthfio

I

- Fig. 6.5
. Fig. 6.4,

‘Sourcc strengths for -the Mould Bay facl'c")rs‘ (Arcticl). Same as” .

0



10, ~

10,

ter I, gwfvfﬂl\

"(ug/WB)

10,

19,

c

Fig. 6.6

Fig. 6.4,

111

—

Crustal

s .

| C}Jmk
Y
t

" Sea Salt

s e




f »
. ’
n
[
'
'
|
'
™~
-~
' .
&
Y ¢
f
2t
N
'
'
)
A ' 1

Mﬂﬁf\

Sea Salt '

AJMIL:L Mﬁ%iﬁﬂmﬂum

Crustal

Loty iy

Fig. 6.7 Normalized factor scores at Alert (Arcticl).

112




0 Mﬂlﬂ!bk AHDMLH- LM\H

Na/50,

Anthro

0 ~b.,mcilﬂ“ﬁmm /J\"_AH‘\L

Crustal

1.0

0 AL Mg A, .ph&mr—;ﬂ[k JLL ~n JU
Sea Salt

l,.O'“ .o \

0 1980 ' 1981 ' 1982 1983

. Fig. 6.8 Norrhalized factor scores at Mould Bay (Arcticl).

113




' Na/s0, : A "
1.0 - 1
o JnAmﬂmﬂﬁv}Ln l]n .ﬂPMLJ} ) me

0

!
A

~e  ANthro

A

1.0 f . | |
‘ %“ﬂ/‘ 'nﬂnﬂf’fr;miHl

{

Crustal ‘
1.0 1 v o
0 _M a N o j‘(L\ A‘ N
Sea Salt ‘ | : '
1.0 4 ‘ : ' J
0 ”M“—Awﬂmw ,nl"J\

1980 1981 1982

[

1933

Fig. 6.9 . Normalized factor scores at lgloolik (Arcticl).

114




115

'

f
' —_—

components and scores are accurule on a relative basis; they have been scaled and normalized,
fespectively, solely'for convenience, Without a true TSP estimate for each sample, scaling to
absolute{uni.ls cannot be doue. . ‘
Some generalizations can be made from the plots of the normalized factor scores.
) ,
Trends in the components are similar at Alert, Muuld Bay. and Igloolik., The sea salt, anthro,

and Na/SOji- components all show an annual cycle, but the times of their maxima are different.

The sea salt component appears first, usuall)} in September or latc August, and peaks in

January -February. Sea salt is at a minimum in May-June, The mean data for the complete ‘

freeze-over of seawater ranges from early November in the Igloolik area, to mid-September at

Mould Bay and early September at Alert (Maxwell, 1980). The mean date for seawater clear of

.

ice is late July at lgloolik; Maxwell (1980) shows the séa‘lé\u‘rf ace around Mould Bay and Alert

-as never being completely clear of ice. Comparison of these dates with the behaviour of the sea -

salt component suggests that the presence of an ice-free sea surface in the immediate area may
account for the first appearance of marine acrosols in late summer or fall, but sea-ice cover by
itself is insufficient to explain the winter maximum and the MayAJune minimum.

The amhropogemc componenls are at a mxmmum from July o October, and their

increase in the autumn lags sea salt by 1- 2 months They also peak later than sea sall typlcally.

in February or March. The Na/SOj components at Mould Bay and lgloohk are more episodic,
-
bul—their,annual cycle tends"to reach a. maximum in late winter (March-April)._ The ‘winter

maximum in thcse components reflects the seasonal, variation in particle residence time in the

Arcuc atmosphere.

\
§

t - The crustal componem at lgloohk also has an obvious annual :ycle but it peuks during
the summcr and is negligible ‘much of the remammg time: Maxwell‘ (1980) nges the mcan dales
of snow-cover loss and formation as early_July and rmd-September, respectwely. for the
Igloolik area, which agrees well with the' cycle of. the crustal componem (allowmg for some

year-to-year variability). By contrast, the crustal components at Alert and Mould Bay have a

less definable pattern, although one might try to argue that hlgh values of this component at

' Mould Bgy are more likeiy during the summer months.
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’I‘he strong summer maxlmum for the crustal component ‘at Igloolik agrees well with the
dlscussmn of nephelometer data by “Bame and Hoff (1985). The samplmg site was on the edge
of the town of Igloolik, and Barrie and Hof f (1985) noted that contamination of nephelometer

-data by vehtcular dust was evident durmg the summer. months. The crustal component at
Igloolik is probably dominated by this source and reflects the composmon of the local sagil. The
crustal components at Mould Bay and Alert are more likely an average of local soil-derived dust
and dust transported from other sources.

Cross-correlations between similar f actors at Alert and Mould Bay are shown in
Flg 6.10.. They were calculated using 59 f: actor scores for samples from the period rnid-March

. 1981 10 May 1982. These represented approxim%tely weekly samples, but two of the Mould .liay

Samoles were from longer periods?®. The original concentration data are. known to be from

non-normal and non-randOmly sampled populations, and the distributions of the scores have
been f urther distorted‘ by transforming neéat'ive'; scores to zero; thus the crOSSecorrelation

f unctionSvshould be interpreted rather cautiously. There is no evidence of a sig'nifi‘cant.

. correlation’ at any large lag, although there seems to be a tendency for the sea salt and anthro
‘ components at Alert to lead the corrcspondmg components at Mould Bay by ~1 week The

‘ crustal component scores do not appear to be correlated at all, which agrees with the rather .

. random nature of the scores depicted in th 6.7 and th 6. 8

6.3 Arctlcz Factors _

- The second data set was processed in a manner‘ similar 1o that used for Arcucl
: Selecuon of the number of srgmfreant factors was consrderably more dif) frcult however
because it was unusual for two or ‘more tests to indmtc the same number of factors In
general the Scree aner and Malmowskt Indxcator tests pomted to. between three and five. -
sxgmflcant factors Results of the ergenvalue mlculauons for Alert Mould Bay, and Igloohk

are dtsplayed in Tables 6.9-6. 11 In the end, five factors were retamed at each station, a“

‘decxston wmch also took into aceount the 1denttf1abtltty of factors That meant, for instance e

" ."The Mould Bay series was adjusted by z\ssummg that the results for  the two long
samples- would. be the same for ‘shorter periods in the same sampling interval.
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Fig.. 6 10 Cross correlauons for Arcucl ‘scores.
scores at Alert and Mould Bay were used for these calculations.

gives the number of samples- (~weeks) by ‘which lhe scores for Mould Bay lag

behind the Alert scores.
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trying to include f actors sxmtlar to the factors derived f rom Arctxcl since these are present in

the wmter but the selected time intervals may have been too short for these factors to show

\
substantial vanabthty .

<
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The relative source profllee refined by target rotation are shown in Table 6 12 These : . o
are compared to the proflles for Arctlcl m Table 6, 13 Common to all statnons is " the ‘.
appearance of a factor unique for Br, T hé”re is also a small amount of sulphate assomated wrth

| this factor, Af ter removal of the vartable wetghts the mass ratio of Br to SO¥ is about 0. 05
twice the rauo for bulkmaterr Moreover there are only small (probably rnsrgnlflcant)

amounts of Na and Cl- assocrated with the bromme factor, whlch argues against a dlrectr

A
v

seawater source for the observed Br, ' RIS - ' ' l

I

\

A’nother new factpr also appears at Alert, Thts is mamly a copper zinc factor,

_ .although there are small amounts of Mg Nr and Mn associated wrth it, This ractor is"most

.
likely an artifact, Inspection of the factor scores showed that this factor contributed only small

~amounts. in all but one sample (collected from 14 March to 21 March 1983) The reported Zn

N

concentrauon ln this sample was 256 ng-m~*, two orders of magmtude larger than the average

level and an order of magmtude greater than the largest Zn concemratron in any other.sample.

pireet NN

The sea salt crustal and anthro factors denved from Arcttc2 at Alert are|quite similar

to'the correspondmg components from Arctncl The addition of Zn’ and Pb in the second data

set shows that these metals are clearly associated wrth the anthro. f actdr By contrast, Cu Ba

14

and Ni.are grouped srmllarly to Mn, V, Al, Mg, and Sr that is; they ate assoctated wrth ‘both’

'the crustal and anthro- factors. A -possible explanauon for tl'ns would attribute the anthro '

f actor to relattvely 'f resh' atmosphenc aerosols transported m a. short time from thetr sources,

“ while the crustal factor at Alert 1s an aged aerosol mrxture of ' true crustal matenal and .

arlthmpogemc parucles

At Mould Bay and lgloohk there are some drfferences between the sea salt and

r

- Na/SOi- factors denved fr‘ m the two data sets, but these are farrly small for most of the

chemical elements More significant are the changes in the crustal and anthro factors These

are casily: explamed at Iglool’( since the Arcuel crustal factor was a fatrly clear rgpresentauon
. 'of local road dust and was’ present mostly dunng the summer months so that it would n0t be a N

_major component for the: Arctxc2 samples A sumlar explanauon may be vahd at Mould Bay, -

O

| but the omlssxon of the samples wrth a strong xdenuf xable crustal component 13 not as obvnous

) C P ’ .
P e— ‘ ‘ ﬁ‘ ) _@
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Table 6,12  Refined Arctic2 aerosol source profiles,
Alert Sea Salt Crustal, Anthro Cu/Zn ) Br
cr 0.953 ‘ 0.071 ' 0,008 0.045 0.028
NO; 0.160 v 0,001 , | 0.476 -0.027 ‘ 0.011
I8 0,067 ‘ 0.122 0.865 0.051 0.200
Na* 0.597 ‘ 0.033: 0.613 0.024 0,002
NH; : 0.014 0.091 0,992 0.065 0.078
Br 0.020 0,030 0.303 C0.015 ‘ 0.930
Mn : 0.024 0,705 0.594 0.105 ‘ -0,008
v 0001 0.092 0.531 0.075 | ©-0,013
Al o £0,001 - 0.568 ~ 0.146 -0.022 0,075
Cu % 0.056 0.190 0.438 0.184 0.030
‘Ba ‘ 0.014 0.216: \ 0,181 0.0s5 -0.014
Ni -0.013 0.109 ‘ 0.342 , 0.093 0.002
Ca . 0.068 1.255 0002 10.052 0.056
Zn . 0,001 . -0,002 0.271 0.984 0.006
. Pb ‘ 0,006 St 0,032 0.439 ’ 0.065 ‘ 0,043
Mg . 0.234 " 0426 ' 0.080 0.135 0.040
St . 0.103 0.107 0.129 0.041 0,039
Fo 0.020 0,496 0.099 0.052 0,006
“Rtould Bay Sea Salt - Crustal Anthro NassO}: ‘ o B
cr . 0.962 0.000 0.197 : 0.099 10,013
NO; . 0104 0.222 0,463 0.244 © . 10.000
sor 0,070 0.313 0.594 0.382 0.206 .
Na 0.596 L0139 - 0.034 1,296 10.023"
NH: Ny - 0047 0,457 0.726 0.336 _ 10367
Br | 0.002 0,002 0.042 ~0.001 0,961
Mn . - 0.052 034 0.558 © 0195 £ 4%99 :
v 0.016 0280 - 0451 0.142 i oﬁ
Al 10.022 0017 . 0,051 0.079 T 0.083
Cu -0.003 . 0170 0804 . -0.003 . 0.024
Ba 0.019 . .. 0.087 0.185 0.047 " 0.064
Ny, 0.019 0.183 0.338 0.086 -0.009
Ca 0.064 0.015 0.023 0.078 0.045
Zn SR 0,024 0202 0.388 0.09 ' -0.009
Pb ' , 0 000 , 036 UV 0.615 . -0.014 0.048
Mg - ., 024 0.023 S 0081 0.199 T 0.060
St , e 0.108 0.028 0.018 0.082 0.034
Fe ‘ 0.014 " 0.059 , 0.110 S.0.083 , 0.018
Igloolik wr' . Sea Salt *~  Crustal . Anthro Na/SOt : Br
cr . ﬁ 0969 © 0983, . 0.097 .00 0.013
NO; 0138 0,085 ‘ 0.19%0 _ 0310 33 -0.008
sor : 0.056 . 0155 t0328 0.270 , 0.172
‘Na* - 0.610 Lo 0923 S 0138 - 10227 0.054
NH: T 0.047 . 0.025 - 0.459 0232 0.068
Br.- 0023 0.064 . ©0.105 . . 0115 . 0.916
Mn = o008 0.081 0251 - 0.024 W 0.0Mm
v . - 0000 . -0.00S - 0.282 -0.002 0.021
Al S 0017 0.030 0.028 0.066 . 0.015
QG 0007 . 0.308 0.049 002 ©0a
Ba R 0.026 . 0072 0.025- 0.028
Ni 0.026 10482 0.005 -0.001
Ca 0.108 0.041 0.102 . . 0.048
Zn . 0222 0.108 0.087 + 0.061
Pb o ! 0.822 0.032 0.068 0.002
Mg 0.197. 0212 S 04107 0.224 0.537
fsr - 0.092 - 000 . . 0.95 '0.050 ‘ 0.084

Fe - 0.003 009 0.051 '0.010 0.021
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Table 6.13 Comparison of Arcticl and Arctic2 components,
Alest Sea Salt Crusta) Anthro CusZn B
cr 0,960 0.953 0,052 0,071 .0,00] 0,008 * 0.045 * 0,028
NO; 0,076 0160 0118 0.001 0,492 0,476 ¢ 007 : 0,011
Ny 0,027 0.067 0.001 0.122° 1,06} 0,865 : 0,051 . 0,200
Na* 0,645 0.597 -0,004 0,033 0.554 0.613 . 0,024 . 0,002
NH1 0,008 0.014 0,086 0,091 0.935 0.992 ¢ 0,065 . 0,078
Br * . 0.020 . 0,030 . 0.303 . 0,015 * 0,930
Mn 0.035 0.024 0,729 0,705 0317 0.594 . 0.105 * -0,008
A 0.026 0.001 0,103 0092 0303 0.531 . 0,075 0,013
Al ~0,001  -0.001 0.3712 0.568 0,065 0,346 ¢ 0,022 . 0,075
Cu . 0,056 . 0,190 . 0.438 . 0.184 . 0.030
Ba . 0.014 . 0.216 . 0.181 . 0.055 .t .0,014
Ni s -0.013 - 0.109 . 0.342 . 0,093 . 0,002
Ca 0.035 0.068 1.299 1.255 0,000 0.002 . 0,052 . 0.056
Zn . 0.00} * -0,002 . 0.271 . 0,984 . 0.006
Pb * 0.006 * 0,032 ) ¢ 0,439 e 0,065 * 0,043
Mg 0,195 0.234 0.378 0,426 0114 0.080 . 0.135 . 0.040
St 0,083 © 0,103 0.105 0,107 0130, 0.129 . 0,041 . 0.039
Fe 0,000 0.020 0,572 0,496 0,074 0.099 . 0.052 . 0.006
Mould Bay Sea Salt Crustal Anthro Na/SOt Br
cr 09 0.962 -0.001 0,000 0,001 0.197 0,000 0.099 . 0.013
NO; 0.084 01204 0123 0222 0471 0.463 0.145 0,244 . 0,000
SOt 0.075 0.070 0,006 0.313 0.874 0,594 0,588 0.382 . 0,206
Na- 0.637 0.596  0.116 0,139  0.080 0.034 1.243 1.296 . 0,023
NH; 0.003 0,047 0.151 0,457 1.201 0.726 0,006 0,336 . 0.167
Br . 0.002 . 0.002 . 0.042 ¢ -0.001 . 0.961
Mn 0,046  0.052 0.658 0,324 0.288 0.558 0.091 0.195 . 0.009
A 0.010 0.016 0.074 0280 0.296 0.451 0.105 0.142 . 0.009
Al 0,000 0.022 0.55% 0.017  0.001 0.051 -0,014 0,079 . 0.033
Cu * -0.003 * 0.170 * 0.804 * -0.003 . 0.024
Ba * 0.019 ~  ° 0.087 . 0.185 ¢ 0047 . 0.064
Ni - * 0019 . 0.183 * 0.338 . 0.086 * 0.009
Ca . 0.057 0.064  0.192 0015  0.007 0.023 0.179 0.078 - ¢ 0,045
Zn . 0.024 * 0.202 . 0.388 ¢ 0.096 * 0.009
Pb . 0.000 . 0.356 . 0.615- ¢ -0.014 . 0.048
Mg 0.160 . 0242 0.135 0.023 0.041  0.057 0.328 0.199 ¢ 0.060,
Sr 0.063 0.108 0.095 - 0.028 0.031 0.018 0.159 * 0.082 . 0,034
Fe 0.005 0.014 0.504 0.059 0.041 0.110 0.001 0.053 . 0.018
Igloolik Sea Salt Crustal . Anthro Na/SO!- Br
Cr 0.9 0.969- 0.026 0985 0.001 0.097 0.006 0.011 . 0.013
NO; 0.089 0.138  0.202 0.085 0362 . 0.1% 0.267 0.310 ¢ -0.008
SOt 0052 0.0%  0.098 0.155 0.831 0.328 0.340 0.270 * 0.172
Na* 0.640 0.610  0.008 0.923 0.107 0.138 1.219 1.227 . 0.054
: 0.008 0.047 - 0. 341 0.025 0940 0.459 0.132 0.232 * 0.068
Br * 0.023 0.064 ¢ 0.105 ¢ 0.115 * 0.916
Mn 0.029  0.018 0.278 0.081 0.462 0.251 0.117 0.024 . 0.071
v -0.001 0.000 0.027 -0.005 0.340 0.282 0.039  -0.002 ¢ 0.021
Al . 0. 016 0.017 0.109 0.030 0.0% 0.028 ~ 0.095 0.066 * 0.015
Cu 0.007 * 0.308 ¢ 0.049 ¢ 0.022 . 0.127
Ba . 7 . 0.026 ¢ 0.077 . 0.025 ¢ 0.028
Ni . ‘007 . 0.026 ¢ 0.152 * 0.005 *  -0.001
Ca 0.054  0.060 1.301 0.108 -0.002 0.041 0.119 0.102 ¢ 0.048
Zn . * 0013 * 0.222 - 0.108 ¢ 0.087 * 0.061
Pb ¢ 0.017 ¢ 0.822 ¢ 0.032 ¢ 0.068 * 0.002
Mg 0.149 0.197 069 0212 0.160 0.107 0204 0224 ¢ 0127
Sr 0.070 0.092 0.025 0.050 0.8 0.095 0.110 0.050 ¢ 0.084
Fe 0.010 0.003 0.148 0.029 0.114 0.051 0.071 0.010 ¢ 0.021
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Thcre is a high correlation between the Arctic2 crustal and anthro factors at Mould Bay
and at lgloohk Were it not for the behaviour of some of the trace metals (Cu, Nl Zn, Pb),
which are associated with one factor and not the other, these factors might have been judged to
be the same, Whether the Arctic2 crustal factor still deserves this laoel is questionable, The
crustal 'and a‘nthro'factors derived from the winter concentration data may, again, represent
two different combinations of 'fresh’ and ‘aged' aerosols, rather than distinct source types,

For convenience, the crustal and anthro labels will be retained,

6.4 ArctioZ - Soores
| The normalized factor scores are displayed in Figures 6.11-6.13, Soorce scaling was not
attempted. The rather unique behaviour of the bromine factor at each station, rising from a
minimum - in Deccmoer to a peak in March (or possibly April), suggests that this is a’ fairly - |

reliable factor. B'arrie and Hoff (1985) pointed out that the particulate Br observed in the -

A oe.

~

sarﬁoles may be an artifact, due to the conversion of gaseous Br speciés as air is drawn through
the filtering medium. ‘These autllors also describe the differences in the mean winter - Br
concentrations at the three stations, ranging from 13 ng-m-* at Alert 1o 26 ;g -m”’ al ‘Mould
Bay, which may be Lhe result of the ‘effects of dnfferent amoums of solar radiation. on
photochemical reacuons mvolvxng Br |

The scores for the Arcuc2 sea salt factor "at all three stations are very srmllar to Lhe
‘ Arcucl scores, and the similarity suggests that this factor is also reliable. The same comment
~-also applles lo the Na/SO" factors at Mould Bay and Igloolik, and to the crustal and anthro
f actors at Alerl The remammg ‘factors are somewhat dubxous Inspecnon of the unrotated -
’ 'factor loadmg matrix for Alert and the ongmal data suggests that copper and zinc do exhibit
some vanabxlity not completely'expl ined by the other factors, but this. is- rather small and
wuhout the unusual sample of 14-21 March 1983, would not Jnsuf y a unique factot for these ‘
metals. Companson of the scores for the anthro and cmstal factors at Mould Bay shows that

these factors are inversely related; that is, when the scores for one of tllese are large. the scores

- for the other f‘ao_tor are small or zero. These factors are. associated with source profiles which




* Fig. 6%11.

Normalized factor scores at Alert (Arctic2). -
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| appear to be too srmtlar to fully separate the source cogtnbuuons and, instead, they swing
from one extreme to the other according to the magnrtude of some trace etal concentrations. R
There is at least one reltabl component in the Mould Bay Arctrc2 data set with a prof ile similar

1 N

to the crustal or anthro factors of Table 6.12, but a division into two separate factors does not

seemtobe]ustrfted | L ‘ " o

6.5 Element Ratios
Various methods have been devised to derive more information from aerosol
composition data, than 1s possible. by a srmple mspectron of the raw data. Calculatron of
Ennchment Factors (Milford and Davidson, 1985) was one of the earltest
[Qa] /IR) -

EFQ = ’ ‘ o (65)
. IQCIJ/[RCI'] - e

»

This is a ‘'ratio of ratiOS' ." A reference element R characteristic of crustal material is selected,
[ 4
and ratios of the concentratron of the element of. mterest Q to the concentratron of R in an |

‘ ‘aerosol sample (subscnpt a) and in background crustal matenal (subscrtpt cr) are calculated
EF s around 1 0 are assumed ta indicate crustal weathenng as the predomtnant source of Q
-while larger values suggest non- crustal or enrrched sources There are drff 1cultres in

..

mterpretatron of ennchment factors because of uncertarntres in the relatrve cornposmon of

1

vbackground‘ materral in the atmosphere and because of uncertamty m decrdrng at.what level
"Ennchment Factors become srgmfrcantly larger than background A sunple error analysrs of
‘Eqn 6 5" (Bevington, 1969) shows that the uncertatnty in the EF equals twrce the uncertamty
| "m the elemental concentratrons For mstance conf rdence levels f or.the Arctrc aerosol data used
»',here were :l:30% assurning an equal confrdence level for the concentratron of true crustal

Vmatenal (or for the apphcabrlrty of data ltke those of Mason and Moore 1982) then the EF of

o true aerosol crustal matenal would be 1 OiO 6.

1 Assumes that all errors are uneorrelated that there are no systematrc errors and

“.. that each parameter on the right: *hand srde of - Eqn 6. S ts mdependently measured

‘withthesameaecuraey.‘ S . .
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Another method calculates the amount of .an element in an aerosol sample which

exceeds the crustal contrrbutton that is, the measured conccntratton of Q is adjusted by

subtracting the portion f rom crustal materral ot
Q 0-[R) iy e
= ~ Xx— . B
| ) R . : o

4

. The excess amounts can be used by themselves (eg., Raatz and Shaw 1984) ‘or ratios of. excess
amounts of two elements can be f ormed The ratio of excess Mn (XMn) to excess V (XV) was
once advocated as-a’ drscrtmmator between European Eurasran and North Amerlcan aefosol

- sources (Rahn, 1981c; Raatz and Shaw. 1984), ,but more recent attempts have used a set of
seven ratios (Rahn and Lowenthal, 1984; Lowenthal and Rahn, 1985).

The . use - of | such ratios raises many ~<'1uestions 'ranging from the theoretical
Justrfrcauon“ to the statlsttcal mdependence ol‘ the ratios?*, none of Whlch can "be senouslyr ,
exammed here. A practrcable tracer scheme usmg such ratios would be mvaluable it would be
a. smokmg gun capable of 1dentrf ymg the dommant source regrons or countnes for large SCale" ‘
arr quahty problems such'as Arctrc haze and acrdrc precrprtatron - |

It lS of mterest to compare elemental ratros with the TFA results The avarlable data'

- lrmrt the companson to the XMn/XV ratlo An 1mmedtate problem is the selectron of an
appropnate reference el‘ement for calculatmg the crustal fractron Al Fe Sr and. Tr have all =
v'been ‘used by vanous groups Frg 6 14 shows the ratros of Al (ICP) to Fe (ICP) in the -
fsamples from all three statrons There 1s consrderable vanabrllty in thrs ratro suggestmg that .
the concentratrons of. one or both ol‘ these elements are affected by a non crustal source

. “lf the ratio is ‘a- functton of the’ type of - mdustry prevalent in a regton or
. reflects the composrtron of -oil ‘used for heating .and power ‘production- ‘

* (Rahn, 1981c) or depends on the relative efficiency of 'industrial’ processes in ,

- different. countries, ‘then. can observed regional differences. in -elemental ratios form a
stable and reliable set of tracers in' a volatile world economy'? :
© BIfa. number of sammes are . used to calculate - mean element ratro characterrstrc
for a ‘region, . is this result. a unique srgnature for the region or is it a composite.

‘from a mrxture of aerosols transported from .other’ regrons dunng the - samplmg
perrods" R : o

.
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(o ‘ }
Moreover even in the Alert series wlm:h seems to have the least vanabtltty. the mean valuc

(mdtcated by the dashed lme m th 6. 14) is much less than the ratio of Al 10 Fe in the average ‘

a

' crustal matenal of Mason and Moore (1982)

- - Average crustal Al/Fe ratio: | 1.626 | i
Alert Al/Fe ratio:. " 'mean = 0.705

(n=129)  siddev = 0.137
L range = (0.454,1.11)

The alumtnum content of the Arctic samples was als&measured by neutron activation
' analysrs Barrte and Hoff (1985) have already descnbed an analytrcal problem mvolvmg the Al >
fmeasurements whtch shows’ up in the results of a lmear regressron between the two sets of Al '

~

concentratrons " A slope of 2.43, not 1.0, was found whtch was attnbuted to loss of Al durmg i
’the chemtcal pretreatment of sample; for ICP analysrs Fig. 6. 15 suggests that' the problem‘
may not have been SO srmple ThlS graph is 1dentrcal to Fig. 6. 14 but Al (NAA) has been
substttuted for Al (ICP) While the mean values are closer to-the expected value of 1.626, the
' 'ﬂuctuattons are much larger and there 1s evrdence of a problem wrth the Al (lCP) ‘
'concentratrons in 1981- 82 o ‘ - ‘ e . : S

| Not enough is known of the ongmal data to be able to. explam Flg 6 14 and Flg 6 15 o
,‘ ,Certamly the Al concentratlons should not be used as a normaltzmg or ref erence element lf it
is assumed that the Fe concentratrons are accurate and that Fe is a reliable ref crence f or crustal
‘matenal in atmosphenc aero?bls then Enrtchment Factors (th. 6. 16) XV XMn and .
‘ XMn/XV (th 6. 17) can St.lll be calculated Companson with l‘ igures presented by Raatz and
/Shaw (1984) wrll show that these results are qutte reasonable Companson wrth the factor' ‘
scores of Fig. 6. 7 (Arcttcl) and th 6 11 (Arct1c2) wrll show tfat XMn and XV are well"

‘ . | *_\ ,' | S

th 6 18 is a scatter plot of XMn. versus XV for the Alert data 'I'hts is‘simila‘r to‘ : .

correlated wrth trends in, the anthro component at Alert

th 3 of Rahn (1981c) and areas on thrs plot wrth values charactensttc of certam reglons are .

i tndrcated (adapted from Rahn 1981c) The companSon may not be enttrely justtf ted becausc
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the Alert datq were calculated from wgekly average samples, and it seems likely that the length
of the samp_lc'.avcraging (collection) time, could have an impoftanl effect on calculation of
. ‘avefage excesses’ (a point not«discussed by Rahn, 19“81c or by Raatz and Shaw, 1984), If o’ne
does accept the vahdn(y of Fig. 6 18 then one must conclude either that Alert shares a greater
slm:laxiny with thc Norwegian Arctic than Rahn s Norlh Amcncan Arcuc (le Point Bano\w)_
or elsé one must begin to question the simple mterpremuons of X|Mn, XV, XMn/XV, and
similar ratios, | . |

. Finally, it is noted that Heidam (1985) has attempted 1o normalize aerosol composition

it

qdala with respect to a crustal reference (;I‘i), and then applied FA techniques,



‘
7. Arctic Aerosols and Nleteorology

A s:mple view of the Arcuc atmosphere might describe the winter months as cold, dark,
and dry, the summer months as- cool bright, and (relatively) moist, and spring and fall as
transition periods, Closer examination reveals considerable variability within any season,
although the fluctuations may not be as large or as dramatic as in lower‘la‘titudes.

Many of the meteorological quantities to be discussed are presented in the form of time
series plots, For upper air parameters, the original data were taken from t\:vice;dally
radiosonde ascents at stations jnthe Canadian Arctic: A 15~point' rectangular filter was used to
smooth these series and remove the high f reouericy comoonents‘ Fig 7.1 is an etample of the
fzhf fi erence between an unfiltered time series of 12 hour data and the same series after
calculatmg approxlmately weekly movmg averages,

;I‘he amount of solar radiation received at ground level is a f unction‘of both time of
year and'cloucl cover. Fig: 7.2 reveals that insolation is not a smoothly-varying parameter in
the Arctic. In spring and early summer, insolation increases fairly constantly each day but by
June the daily totals begm to ﬂuctuate from day to day, due to the<ffects of varying cloud
cover. This agrees well thh figures presented by Maxwell (1980) portraying the mean monthly
cloud amount (all types) at high Arctic stations. From December to April, the mean cloud
amount is about 4/10, but rises quickly to 8/10 during the June- August per'iod. Thls difference
between the insolation in spting and in latesummer could be significant when m'odel’ling-theﬂ
behaviour of photochemical species in the Arctic atmosphere.

Fig. 7.3 displays the Liquid‘ Water Equivalent (LWE)-calculated from the radiosonde
data This parameter gives the equivalent depth of liquid water which would be. produced by
condensation of all of the water vapour in a column of air. Of particular note are the very low
values dun‘ug winter.( February monthly means ran}e f rom 1.1 kg-m-? at Alert to 2.4 kg-m? at
Inuvik) and the large, rather abrupt changes during the summer. A spectral analysis of the
summer and yvinter portions of these time series revealed a broatl peak \yith a period of

- 10 days (Fig. 7.4). Hopper (1986b) attributed this peak to the passage of large-scale -

synoptic systems although the frequency is somewhat less than the 4- -day synopttc maxxmum
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reported by Van der Hoven (1957) The shape of the Spectrum is remarkably similar for'
| summer and winter and f or such dtsparate stations as lnuvxk and Alert. N

Rahn (1981b) Barne et al. (1981) and Raatz (1981) have all descnbed the mverse
correlation between the annual cycle of cloud cover and aerosol goncentratlons in the Arctlc |
“and a srmllar correlatron is revealed »by a comparison of sulphate concentrations and
simultaneous average LWE val.ues‘ (Fig. ".I.‘S). Unfor?ulnately.v such- good agreement does not
necessarily establish a cause an'd effect relau'onship.' The correlation is best ona tirhe%ca_lé of a
year or.more, but fails to expla’in some of the larger variations in sulphate concentration (and
other aerosol parameters) durtng the wmter months Ttme serres of atmosphenc data in the
'Arctlc are domtnated by the annual cycle which is a common clrmatologrcal feature. To -
ldentlfy the srgmftcant meteorologrcal controls on the Arctrc aerosol requrres a more detarled
consnderatlon of the data. - | ‘ ‘ o R

One"approa‘ch involves the use of -hydrodynamic tracers. ‘Relter. (1969) discusse‘d\ the

L basis for Such tracers and reviewed m'uch of ‘the older work ‘The primary diff iculty' is‘in the

‘ selectton ol‘ an appropnate hydrodynamrc parameter because no smgle parameter is stnctly
‘ conserved for all thermodynamtc processes tn the atmosphere For rnstanee potentral' .
temperature has been dtscussed as a’ tracer of Arctrc haze by Carlson (1981) Iversen (1984)

and Raatz (1985) but potenttal temperature is not conserved durmg saturated adlabatrc

' ‘expansron or durmg rsobarrc warmmg and coolrng, the latter ts parucularly tmportant because o

o\
ol‘ the strong radlatrve coohng whrch takes place dunng the polar mght T

A Meteorologtcal data from Alert only were studred rn detarl An exammauon of mean '

| | .monthly proftles of temperature wmd speed and the honzontal f'luxes of sensnble and latent

“ ‘ b heat (Frg 76 - th . 10) suggested that the boundary layer (~< 90 kPa) was somewhat ?‘ |

de- coupled f rom the mid- troposphere and stratosphere during the winter months Heat flux |

" _wasdeflnedas | : - ) . | o )
--; - .'H-=j1005 xV'x(T+27315) 1))

where V and T are the wmd sp&d and temperature at each pressure level latent heat flux was.'

del' med srmilarly The aerosol data from ground -level samples might then be compared to the



" Fig. 7.5 LWE and sulphate concem’raiiphs. i
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charactenstrcs of the surf ace - 90 kPa layer, This was a crude but necessary simplifi rcauon
Pressure- wetghted mean values of four parameters in the surf ace - 90 kPa layer were
Calculated f rom each raghosonde ascent;. temperature potemlal temperature specrf ic humndrtyn

‘and statrc potentral vorticity, T he latter is grven by (Hoskms et al,, 1985) |
| ' | PVS fgx(aO/ap) S o . (72)‘
‘ ‘That is, PVS is the same as the isentropic potentral vortlcuy (eg.. Reiter, 1969) wrthout the
relative vorticity term, It does not seem qutteapproprrale to refer to the quantity expressed by
"Eqn. 7.2 as any sort of vorucrty when the relatrve vortrcuy term has been lef t out, but the, '
'PVS" label will be retamed here PVS was mterpreted as an mdrcator ol‘ 1he lapse rate in the |
surface - 90 kPa layer since the fg term becomes lmportant only for PVS calculauons at
different’ latnudes oo | ‘J | |
Trme scrres plots of these parameters such as drsplayed m Fig. 7. 11 “show' suffi lctent' »
‘vanabrltty on trme scales of a week or month to encourage further examination of these
' parameters. Thrs cannot be done here because of the ‘coarseness of the aerosol data. When
- "‘averages of these parameters were calculated so as 10’ comctde wrth the samplmg penods of the .
: aerosol data, much of the f me -scale structure dxsappeared especrally durmg the winter months o
) and the armual cycle lS predommant (th 7 12) ‘ " . a
Correlatrons wrth temperature or temperature based tracers appeared 10 have the most
| ‘hkely chance of success' A more detarled companson ol‘ PVS with the nermahzed scores f¢ or:
, the anthro factor (Arctrcl) at Alert was encouragmg at f rrst (th 7 13). Durmg the wmter of -
“ 1980- 81 these two series were mversely related that is, the largest mcreases in the anthrd ‘

component were accomparued by large decreases in PVS Thrs relauonshrp was not true f or the

"next two wmters when it appeared more hkely t.hat mcreases and decreases occurred at the

‘u'
!

: same ttme in PVS and in the anthro- component Some sort of temperature based parameter o

1

may indeed be correlated wrth JAhe anthropogemc component of Arcttc aerosols but potenttal
'temperature and PVS do not seem to be reliably correlated wrth the anthro factor on a

time- scale of a week The quesuon of a temperature based or thermal hydrodynarmc tracer

gl

wrll be taken up agam shortly B
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Fig. 7.12 Boundary layer characteristics at Alert. The surface - 90 kPa

. layer was .assumed to be representative of the boundary “layer.

Pressurc-weighied mean ‘values of (from bottom 1o top) temperature;

potenitial temperature..@pecific humidity, and static potential vorticity were

calculated from radiosonde ascents, and averaged over the same time periods
as the aerosol samples. ' Units of PVS are 10-* K - m* - kg-''- s°'.
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Two periods have been noted as being especrally mlerestmg. these are marked ‘A’ and

B'in Fig. 7.13. The early part of the haze season (December - January) is somewhat easier to
. study because the appearance of new aerosol material is more conspicuous. ‘A’ and 'B' were | .
characterized by an abrupt increase in the stores forl the amh>componem al Alert, For ‘A",

 the scores for the samples were™:. ‘ NG

Sampling Period ' Amhro Faclor‘ Scores

80/12/02 - 80/12/09 ., . S 014 |
80/19/09 - 80/12/16 . , . 030 . °
80/12/16 - 80/12/22 - . g 060 S
80/12/22 - 80/12/29 035
80/12/29 - 81/01/04 . 043

The surface weather map?*® for 80/12/08 (Fig, 7.1‘4) shovlred little organlzed llow in 1nc ‘ccnrral"
"polar basin, ‘although major storms Were localed south of Novay')a'vlcmlya and over lhcy
' Norwegian Sea. By 80/12/15 (Fig. 7. 15), these two Low centers had plvowd slightly’ and
substannally increased the pressure gradient across the polar basm provndmg almosl direct
‘ transpolar flow from north-central USSR to northern Greenland and northem Ellesmerel :
‘ Island. The mtensrty of the pressure gradrem was ‘enhanced by a Ia.rge Srberran High pressure.

center which was movmg only slowly The transpolar surface ﬂow contmued for several days

(Frg 7.16) unul the Srberran High had moved into Alaska and westem Canada (Frg 7.17).-
| The anthro factor score decreased by half in the sample f rom the f ollowmg weck as Alcrl was
no longer in a direct Lranspolar flow but came under the mfluence of a large lcelandnc Low
lmked to a secondary center over Axel Helberg lsland (Frg 7. 18) The amhro factor score -
remained about the same f or the next week.

‘B’ represents a slmilar sequence of events but the changes were more dramatic.. The

o "These are the normalized scofes from Arcml and range from 00 to 1.0.

© Al maps are for 00Z. These maps are only rough sketches of the actual NOAA
surface maps, to show the main Low and High centers and the general trends of
the-isobars. A particular shortcoming is the inability to depict regions where there
was a strong pressure gradrent It is assumed that the flow in the

~-'surface - 90 kPa layer was, in general, parailel to the isobars although this is yet '
‘another approximation, . ‘ '
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| Fié.. 7.14 Surfate Wealher.m'ap for 80/.12_/08.
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| Fig. 7.15 ~ "Surface weather map for 80/12/15.
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* Fig. 7.16.  Surface. weather map for.80/12/18.
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Fig.7.17 - Surface weather map for 80/12/21. -
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' Fig.7.8 Surface weather map for 80/12/28. . .
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normalized scores for the anthro component at Alert were: '

‘-Sampli,ng'Period, o A Anthro Factor Scores

- 82/01/04 - 82/01/11 | o ' . 016 -
82/01/11 - 82/01/18 e 058
82/01/18 -'82/01/25 ‘ 055
'82/01/25 82/02/01 - o , . 0m

Dunng the last week of 1981 and the f irst week of 1982 a Low prsssure center domlnated the
* surface ﬂow over the Arctlc rslands (Frg 7.19). This srtuatton changed raprdly and by
82/01/12 (th 7.20), the Canadtan Arcttc was agam in a dtrect transpolar surf ace flow The
dnvmg stimulus for this srtuatron was the same: a deep Low center over the Barents Sea and a.
Srbenan antrcyclone extendrng mto Alaska and northeastern Canada Thrs ttme however a.

, storn}) system was approachtng Cape Farewell on the southern l.lp of Greenland ‘and soon spht :

,‘ tnto two centers Berry et al (1953) descnbe storms along thts track as havmg a rather htgh P

o frequency dunng the. cold season " As rs typrcal for cyclones followmg thts storm track the

)

smaller center moved north into Davrs Strart and Baffin Bay whrle the matn system contmued L

towards Iceland By 82/01/14 (Fig. 7. 21) the lcelandrc Low center was. well establrshed and a

:' secondary Low was located over Melvrlle Pentnsula Between these systems and the old Srberran
i antrcyclone the center of whrch was movrng northeastwards mto the- East Srbertan Sea a stronghr'
* pressure gradrent conttnued to exrst across the polar basm t’or some trme and the anthro :
» component at Alert also remamed htgh ] I' | | . ‘ “ . v |
o A companson wrth the anthro f actor scores from Mould Bay rs not possrble because the' .
. aerosol sample was not changed regularly durtng thts pertod There is only a smgle average
'o~ sample collected from 81/12/28 to 82/01/25 However the normahzed score for the anthrov . :
_‘factor at Mould Bay was low («0 0) precedmg thrs perrod and was qurte large (0. 87) in the -
o followmg sample (82/01/25 82/02/01) The anthro factor scores at lgloohk were relatrvely :
‘ constant (~0 5) throughout January 1982 ' - '

These two exarnples do not prove anythrng by themselves but they are conststent wrth "

. 'the surge hypothesrs of Raatz and Shaw (1984) An tmportant part of thigdea rs the"., .' . o

o combmatron of two meteorologrcal systems leadmg to raprd transpolar advectron of aerosols o
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“Fig. 7.19 - Surface weather map for. 82/01/08. -
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* Fig. 7.20  Surface weather map for §2/01/12.
. - ‘ ' | Lo )
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The lnteractron of a Barents Sea Low with a Siberian High provtdes both the necessar)' pressure ‘

t

| gradrent and the east- west direction of the flow, .
| ‘ The fate of aerosols transported to the Arctic has recerved very ltttle attcntron An
rexample of a raptd decrease in the anthro component at Alert (lndtcated by 'Clin th 7.13)
will'bé dtscussed in the same qualnatrve fashton as 'A"and 'B’, The normaltzed scores for the

ant_hro factor at Alert durmg the period were;

~ Sampling Period Anthro Factor Scores lylean Temo Q) ’: .+ Total Precip

. . o ) ' . ‘ . o (mm). .
82/04/1 - 82/04/18 ' - 080 . R X I 1.9
82/04/18 - 82/04/25 086 -27.8 .63
82/04/25 - 82/05/04 :0 15 ‘ 22 l" o 3.2

T he surface weather map for 82/04/23 (Frg 22) rs similar to the raprd tranSport scenarto of ..

A and 'B’, although the cen'ers of action are f urther to the wesl, This wouldsuggest that the ,

" high anthro score at Alert was due to an aerosol source regron ‘in western USSR or. northeastern

Europe mstead of central USSR as in the two previous casev Once more the srtuatton

changed raptdly and three&ys later (Fig, 7 23), northern Elle,mere Island was under the

i

B mﬂuence of an Arctic antrcyclone Thts Htgh mtensrfted and remamed over Greenland and the

1

northem Arctic 1slands for the next week (Frg 7. 24) 'colncrdmg with the aerosol samplc of

| 82/04/25 82/04/09 The Low center near Cape Farewell on 82/04/09 split as before wrth the .

'mam Low carrymg on towards lceland and the smaller center trackmg nonhwards along the .

-west coast ol‘ Greenland (th 7 25) However thrs secondary center dld not reach Alert ‘

1

whtch rematned under the anttcyclone f or several more days (th 7 26)

Temperatures at. Alert were begtnnmg to moderate a lrttle by the ftrst week of May .

Sttll the air mass was cool and absolute humtdmes were. low ’l‘he raptd decrease in the anthro' o

" factor scores is’ not explatned by tncreased prectpttatton scavengtng because the recorded total ' -

precrpttauon f rom 82/04/25= 82/05/04 was only one half of the total precrprtauon dunng the .

| prevrous week Rather the abrupt decreqse was the result of a dtf f erent air mass, over Alert as .

’the spring Arcttc anttcyclone became establtshed and blocbed any dtrect advecuon of aerosols'
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B S L. m
: The earlier inference ‘regarding an imperfect lmlr between the lanthro scores at Alert and
a temperature-based meteorological parameter seems’a little more credible af ter reviewing ‘A’
and 'B'. ‘l’he(mportant role gl‘ ‘the Barents Sea Low suggested that an examinationof the heat
flux might be in order. There is a llttle previous work which implie§“that aerosol and energy
~ transport in polar regions mrght be correlated Hogan et al (1982) and Hogan et al. (19&4b)

- f ound that surface ozone and aerosql'concentratrons at the South Pole were correlafed.\with heat NM -~

' 3 -
and moisture fluxes and explalned this with an uncomplrcated synoptic model. Srzeable eat
e

ﬂuxes in the mid- wrnter Arctic. atmosphere also occur as descnbed by Jackson (1960 quoted

by Maxwell, 1980):  * ST o PP v

Y, .
2" -
'\x

"A significant source area for warm. air amvmg over northern in
Ellesmere Island in mid- wmter appears to be the Norwegtan Sea (between

Greenland and Norway) Three,rnatn fi eatures characterrstrc of. thrs arr are: A
[ v B .,‘,ﬂ ‘ ‘-

(a) The advectron appears to take place above 1500 m and especrally between

- 1500 m and 2000 m suggestmg that- north Greenland forms an orographrc-..
| barrier to the intrusion of warm air at |ower levels | ’ _ |
P (b) Partly because of this feature the warmth from such air appears to be:'

transmrtted to the ground more often by long wave rad;atron from clouds or B}
[ . . L 4 ! R .o yon \ E .
‘ snowfall than by surface winds. = . .. Cou S

o

(&The snowfall assocrated wrth tlus warm arr possrbly accounts for the maJor ‘

part of mrd wmter preerprtatron '-,‘ SR O

T .
wery AN g e e ee ot

From the Alert radrosonde data the trme senes of the senslble heat flux Hont 95 lcPa |

' "was calculated and then averaged over the same penods as the aeroso{ samples" (Heat flux H

) was defmed in; Bqn 1. 1) 'I'hrs level was chosen as a compromrse betweethhe comments of ',v"'f"j;{j
.. ot

_'."Actually. any - data in the mterval 94 96 kPa were used in order to decrease the E 'A
T,,number pf nussmg data T Sl Co :

sy r . e,
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Jackson (1960) which suggested warm air advectron occurred around 90 80 kPa, and the
ground level aerosol d‘ata th 7.27is a s1multaneous plot of the: normaltz.ed scores for the |
anthro factor and the heat flux at Alert A isa remarkably good conf 1rmauon of this idea,
. but 'B' seemis to contradict it.r The good agreement for A is a httle forturtous Condtttons
- were such that the heat flux’”swas maximized, wrth a strong pressure .gradient and
correspondtngly stro‘ng wmds impacting dtrectly onto northern Ellesmere Island Thts wasn't
the case for 'B', when surfaoe temperatures rematned very low and the strongest pressure
gradient was f urther to the west, giving rather lrght winds and small values f or H

' An examination of srmrlar Iapld lncreases in the anthro factor scores at Alert in

)

th 7.27 revealed the same errat1c correlauon For instance, the end of March 1982 and late
January 1983 were both oecasrons of strong dtrect transpolar flow amvmg at Alert and the .

o anthro score and the heat flux both mcreased On the other hand, t'he htghest score for the

0

. anthro facior occurred at the end of February 1982, but the heat flux tncreased by only a small

amount This was a drfferent synoptrc srtuatton wrth a large antrcyclone over eastern Stbena

o

whtch eventually moved mto the Beaufort Sea area In general the correlation between heat .

. . '

flux. and the anthropogemc aerosol component at Alert anses from a specral set. of

Y

ctrcumstances} whrch seems most hkely to occur m December or January | S . "
The*prolonged penods of a hrgh anthro factor score durmg late wmter and early spnng

] are more dtfftcult 16 explam A common feature 1n most of these cases lS a large anucyclone ,‘

-

extenclmg northeastwards f rom Stbena and/or occupymg the western polar basm Advecuon of

aerosols along the pertphery of a Hrgh may agaln be the predommant pathway but the route f or

aerosols reaching Alert wOuld be rnuch more ctrcurtous Aerosol sources m oentral or

.‘f-,t:’;' northeastern Stbena could be mferred in suclr cases but thts rnay bea"' 1mphsuc mterpretahon , .

o~

because levels of aerosol’s m the spnng are generally lugh and the htgh scores for the .

anthropogemc component may just be old matenal re~c1rculating through, or persrsung m the
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-1 lConjectures " | .

‘ Once more these examples are 100 few and msufftctently detarled to prove anything
But |t is possrble to oombme the larger trends in 'the aerosol and meteorological data rnto a. "
consrstent prcture When drscussmg the annual cycles of the three Arcticl f actors at Alert |
(Fig. 6. 7). it was. noted that the sea salt factor tended to lead the anthro factor That is, sea

- salt’ appeared earlier (~September) and peaked m January February, whtle the anthro factor
-reached 1ts hrghest levels in. February to March- ?r Apnl These trends can be explamed by

| combmmg the dtscussron of synoptrc condrtrons with maps of the mean surface pressure for N

[N

o January and Apnl (Frg 7 28 and. Frg 7. 29 respectrvely. adapted from Vowmckel and
orvig, 1970). | ;\. | | o |
N ; The Icelanic Lown and the Stbenan Htgh are the dominant features in the hrgh latrtude |

‘ eastern hemtsphere in January It 1s suggested that the elongated trough extendmg from Iceland

; to Novaya Zemlya in Frg 7. 28 is only partly due to the quasx statronary Icelandrc Low The

& ' AR frequency of cyclones m the Whrte Sea and Barents Sea regrons 1s sufftcrently htgh $0 as 1o
| appear o the mean monthly map. as an extensron of the lcélandrc Low.: On most days the
transpolahj flow is. probably more varrable m both pwd and dtrectron than mrght be rnferred

f rom the rsobars of Frg 7 28 ‘The weak transpolar flow on the mean monthly map is partly

due to averagmg of the strong pressure gradrents between the Stbenan Hrgh and an approachtng

Barents Sea Low whrch create occasronal surges of aerosol rrch (relatrvely speakmg) atr f rom

..;"._‘_" R east to west Vowmckel and Orvrg (1970) present data whrch show that the percent,age ol‘ open o

ke i - January. reachrng a mtmmum in February and‘March The sea salt may have been added from ;

the open water m thrs regton. or it may have been eamed from areas further south (such as' the ¥ -5 : 3
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Lkﬁj 'li shghtly smaller in" Aprtl June than in January -March (a total of 15 tn January March

' 1M41951 V‘l3 in Aprrl June) but perhaps mormrgnlf rcantly, the mean track of the

‘ " f systems is about 5" of lamude further south (that is, rom a lrttle south ol’ Spltsbergen oa

) e

track along the ScandmaVlan coastlme) Thrs was expressed a lrttle more clearly by Hare and

l ‘! vooe ' : )
Orvrg (1958) ‘ , P " i .
oo o . ’ ] . . . . '

"The Norwegran Barents Kara Seas maxrmum is also well known though we

have-recently leamed tl}at rts summer behavrour rs more vrgorous than f ormerly

E-

/:""ﬂr -

L ﬂ

supposed In the cooler months the area is f requently mvadedl by fast - movmg o\

’ Atlanttc cyclones wrth strong southwesterly advectron of warmth and humrdrty

B ' e [ SR [

over Scandmavra and along the Srberran coast. Agarn there is Warrn open water '
S i

AR to favor the maintenance of mtensrty At umes howeverv - and especrally in

.

ST ! sum’mer 5 the path may he drrectly across Scandmavra Frgs 7- 10” showmg '

o frve day mean pressures for perrods rn January 1955 show that cyclomc

: actrvrty of the greatest mtensrty may occur well mland.‘ provmg that the TN
[ LR V] - ,"{J;’J_ .

Warmth of the Norwegtan Sea water is. ndt a necessary condmon for thrs _""“;‘nﬁ' .

N e .' ] 'VI',._. \ '
. lactrvrty - thought rt: rs possrble that the B’altrc plays ‘a srmrlar role For

e N . Sy

| 8 rolonged pertods thrs sector may be the scene ol“ the most yrgorous cyclones ;",‘

all ."_ “accompamed by acttve t:yclonrc actrvrty m thts area whqse locus shlfts L
| westwards as the blockmg hrgh retrogresses R o

e 55;,; , The sea salt cornponent at Alert decreases steadrly from January to March The anthro




r

' . | . ; “ ‘ ) Co ‘ | lsp VA

western 'Arcu'c Ocean (Fig. 7.29), These are.cold, dry air masSes "which vvould account lTor the

lack of significant levels of sea salt, and also for the steady unbroken mcrease each sprrng in

RFI at Alert (as shown thxg 72) ' v e “'f,

- 1If thrs stmple model is correct tt has rather srgmflcant 1mplrcauons .The anthro

‘ component at Alert is not one annual cycle but is: composed of two over lappmg cycles

%t

Durmg Deoember January the Arctic atmosphere is bemg cha-rged up wrth aerosols pumped"

fatrly qutckly across the polar basm As the synopttc cond‘tttons re(ponsrble for thts become :

fess freduent a new regime starts to dd‘mnate in March and’ Apnl Whether the anthro

. cbmponent is~ hrgh at thrs ume because of a mtxed reservoir of aerosols in the ' Arctic' "

~x
nuCyclone\r because these slow >moving, almost quasr statronary systems estabhsh a

long-‘%ved route (or advectton of aerosols along thetr perrphery cannot be determmed f rom the )

'
f f

data avarlable here. R - S

There is’ one other small bit of evidence, however whrch may support the two- mode o

: cycle for the anthropogentc component of the Arctrc aerosols The Na/SO’ factor derrved at

Mould Bay and Igloolrk tended to have htgh values \nncrdmg wrth the latter part of the peak in

e

the anth 0 ‘component at these statrons (Frgt 6 8 and Frg 6 9) A dtscussron of this factor as -

,’ aerosol data at Mould Bay and Igloohk and 1t may have represented an adjustment durmg the‘ "

,'4

a= true source component bht a spotler factor Tlns was the fourth factor dertved from thef,‘.‘

!

etgenvalue calculattons to balance the vanancé removed durtng extractron of the frrst three

l‘actors The questron of the physical srgmfrcance of the Na/SO’ factkﬁ(a true component l T;

or a spoller factor") probably tsn 't 1mportant at thrslstage, what y unportant rs that the o

scores for tlns factor show that somethmg different‘ was oocumng tn late March and Apnl o

dunng the latter part of the annual cycle m. the anthro component Whether tIuS\was the’, i
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The following is a listing of a *Fortranvs program to calculate the factor loading and
factor score matrices by a direct ‘algorithm, without [irst calculating a product-moment
matrix, The calling routine is:

——

REAL*4 D(SOO 50),5(500,50) ,F(50, 50)
1 EIGVL(50).CONVG,CUVAR.FVLEV .
COMMON /BLK1/D :
COMMON /BLK2/S
COMMON /BLK3/F
- INTEGER®*4 1,IRC,J K ,L.M,MAXIT, N
‘DO 10 I=1,500
DO 10J=1,50 . A
D(1,1)=0.0 )
10 S(1,J)=0.0 ot :
DO 201=1,5
+ DO 20J=1,5
. 20 F(LLJ)=0.0 °
READ(5,*) M,N,MAXIT,CONVG,CUVAR LPFAC,FVLEV |
WRITE(6,800) M,N,MAXIT,CONVG,CUVAR ,LPFAC,FVLEV
800 _FORMAT('***_Program DFA ***'//,
'‘Data nréatyix read with',I4;,’ rows and',I3," columns’,/,
‘Subroutige control paramet\ers (IP):'./, s
' 5X,'Maxm iterations ="'1I10,/, =
5X, 'Convergence level =',F10. 4 Y
5X,'Requested total variance = FlO 4./,
5X, 'Requested number of factors =",110,/,
5X,'Requested minimum significant variance =" Fl0. 3 /77y ‘ e
READ(7,*) ((D(1,J).J=1,N),I=1 M) . -~
DO 100 I=1M '
100 WRITE(S, 810) (D(1,]),J=1,N) .
810 FORMAT(50F10.3)
Tl WRITE(8,820)
- 820 FORMAT(//)
: IRC=-99 '
CALL DFA(M,N, MAXIT CONVG ,CUVAR,LPFAC,FVLEV, fRC LP,EIGVL)
- DO201I=1M o
200 WRITE(S, 810) (D(1,)), J 1 N) .
'WRITE(8.820)
‘DO 300 1=1M
300 WRITE(S, 810) (S(1, J) J=1 LP)
- WRITE(8,820) . '
DO 400 I=1,N : . ‘ . ‘A
400 WRITE(8.810) (F(1,)),J=1,LP) ’
999 STOP . o,
- END . : e ‘ ",

~I AWV BN -
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“The subroutine 'DFA" contains the actual implementation of the algorithm:

C Subroutine'DFA' ' . @ C
C ’ . : ‘
C Routine to factor a data matrix using a direct method (jterative),
C No product-moment calculations required. The method finds the
C factor loading matrix and factor score matrix simultaneously. -~
C Refer to Horst (ch. 12), Basic Structure Single Factoring ‘Method.

N = number of rows in the data matrix (IP) , v
M . = number of columns in the data matrix (IP)
MAXIT = maximum allowable number of iterations for each [ actor (IP)
CONVG = iterative convergence criterion for successwe
~factor estimates, | N
~CUYAR = requested total variance to be explained (IP) o -
by factors; factoring halted after sum of factor '
‘ variances exceeds 'CUYAR' ? 3
LPFAC = requested maximum number of factors to be derived (IP)
FVLEV = minimum variance of a factor which is (IP)
to be significant; factors with variance less
than 'FVLEV’ are considered to be insignificant
IRC = result code (OP) ’
t IRC=-1: no convergence for current factor A
maximum allowable iterations )
IRC= 0: maximum number of factors derived
. without exceeding any other criterion
IRC= 1: next factor has variance less than
individual significant amount
" IRC= 2: sum .of variance of derived factors
o exceeds cumulative variance level -
LP = nufhber of valid factors derived (OP)
EIGVL. = vector containing variances of factors (OP)
(vanances = eigenvalues)’ :

'oYololelolelololioteloioiolo o o ololoioiotoloieToNe

SUBROUTTNE DFA(M,N,MAXIT, CONVG CUVAR, .

1 LPFAC,FVLEV, IRC,LP,EIGVL) : ¥
REAL*4 D(500,50),S(500,50).F(50,50),

1 DD(500,50),FLV(50),FSV(50), EIGVL(SO) .‘

1 ~ ALPH,ALPHO,ALPH1,CONVG, CUVAR FTVAR FVLEV
INTEGER®4 I,IER,IRC,J K,L,LP, LPFAC MAXITM\N .
COMMON /BLK1/D
COMMON /BLK2/S , ‘

COMMON /BLK3/F

L DO 700 1=1,M

| \ . DOT00J=1N

\

700 DD(1.))=D(1,J)
DO 740 LP=1LPFAC "
\ . EIGVL(LP)=00 °
. ALPH0=0.0 .
ALPH=0.0' .
DO 701.J=1.N . .
701 FLV(J)=1.0 » - o :
DO 710 K=1MAXIT -
DO 7021=1M '
FSV(1)=0.0



- DO.702J=1,N
702 FSV(1)= FSV(I)+DD(I J)‘FLV(J)
DO.7M4I=1M.
' 704 ALPH= ALPH+PSV(I)‘FSV(I)
ALPH=SQRT(ALPH/M)
DO 706 I=1,M =
706 FSV(I)=FSV(I)/ALPH -
" ALPHO=EIGVL(LP) ' :
EIGVL(LP)=ALPH .
DO 708 J=1,N o
FLV(J)=0.0
DO 708 1=1.M
708 FLV(J)= FLV(J)+FSV(I)‘DD(1 1)
DO 709 J=1,N
- 709 FLV(J)=FLV(J)/M
IF(ABS(ALPH- LPHO). LE CONVG) GO TO 720
710 CONTINUE
IRC=-1
WRITE(S, 781) LP, MAXIT
781 FORMAT('Factor',13." failed to converge after" / 16," iterations’)
GOTO-770 ‘
© 720 IF(EIGVL(LP).LT. FVLEV) THEN
IRC=1
‘'WRITE(6,782) LP EIGVL(LP) FVLEV
782, FORMAT( 'Next factor (',I2,') has variance of',F10.3,/,
1 . 3X,’ which is lcss the sngmf icance level of ' F10. 3)
GOTO 770 - _
ENDIF. .
DO 722 1=1.M :
722 S(1,LP)=FSV(I)
DO 724 J=1,N
‘724 F(J,LP)=FLV(J)
.. IF(LP.EQ.l1) THEN
FTVAR= EIGVL(I)
ELSE ' v
FTVAR=0.0 . o ,
: ©~ DOT6L=1LP . *
© 726 FTVAR= FI'VAR+EIGVL(L) -
ENDIF, .. :
IF(FTVAR .GT. CUVAR) THEN N (\ |
IRC=2 SRR N
" WRITE(6,783) FTVAR, CUVAR '
783 FORMAT('Total variance of factors is' F10 3./,
-1 . .5X,'which exceeds. the requested variance of’ GlS 6)
GOTO 770 = . ' . ‘ ‘
~ ENDIF. L
DO 730 1=1,M . }
.. . DO70J=IN " - I
730 DD(L))= DD(I J) FSV(I)‘FLV(J) R
740 CONTI'NUE L
IRC=0 ‘
" WRITE(S, 784) LPFAC :
o 784 FORMA‘I‘( Maximum ‘number of requ&sted factors (' 12
- 1'")found without meeting any other cntena N
770 IF(IRC.NE.2) LP=LP-1 =
. WRITE(6,785) LP,FTVAR

Y ————

201

"g»



785 FORMAT(// "Number of derived factors =".110,/,
1 'Cumulative variance = FlO 3./7)
 WRITE(S, 786) R
786 FRPORMAT(" Factor Vanance %Total Cu, Var %Total’ / )"
: ALPH0=0.0 )
DO 788 L=1,LP
ALPH=100.*EIGVL(L)/FTVAR B
ALPHO=ALPHO+EIGVL(L) L,
ALPH1=100.*ALPH0/FTVAR .
WRITE(6,787) L,EIGVL(L),ALPH ALPHO, ALPHI
787. FORMAT(16.F14.3,F10.3, FlO 2,F10. 2)
~ 788 CONTINUE 3 .
. 799 RETURN . : o
END o '
' P

T s




10. Appendix B
* This proof of the least square nature of the column rotanon was adapled from that
,shown in the Appendlx of Alpert and Hopke (1980).. Let e, be the dif ference between a target
' ‘vector y and 2 rotauon of the mmal factor loadmg matrix F,I CIf t is the corresponding

rotation vector f or fhls uansformanon then

For a least squares f it, it is desirablée to minimize e ‘ b
. _ T * B '
e (anp, )(anp n-)\."
: ' L A |
o = (tFL., - yD(F, L, - 1) |
T t CLdE oot t
?n'—. tpl}}rv'nFn pp F rryn' ynFn pp i yn’n :
Because the third lerm is a scalar quanuty itis equal to its transpose “Thus: -
~ fpt -2'Ft, R
en‘ thp'nnpp 2tF +ynyn |
- Differentiating with respect to t -and setung equal to zero gives:
<Y t t
. o (ae/at)—ZFpnFn.pp 2Fny—0
Solving for tp: \
L = (p! F .
. | | (l"‘”,”r,)‘.,,y,l - AR |
211 F! 1 ‘ '
- From Eqn 3211, p.n wp = ,L v and L p 1s a dlagonal mamx wn.h elements equal to the

recnprocals of Lhe srgmf icant elgenvalues of the unrotated factor loading matnx . Thus:
. cat _ f B At
t Lp pr‘uy n

- ”1‘ - ;‘ ~




