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Pollution Aerosol in the Northeast:
Northeastern-Midwestern Contributions

Kenneth A. Rahn and Douglas H. Lowenthal

One of the most important but most
intractable problems of air quality in
eastern North America continues to be
determining the regional sources of its
pollution aerosol and in particular the
relative contributions of local versus dis-
tant sources. Until recently, it was nec-
essary to deduce the major source areas
from indirect approaches such as air-
mass trajectory analysis (/), directional

trace elements and sulfate in mixed aero-
sols of local or distant origin, or both (4).
Regions of North America with distinct
signatures included the East Coast, the
Midwest, and the Sudbury Basin of Can-
ada. Even though sulfate cannot be used
as a true tracer element because so much
of it is secondary in the aerosol (formed
in the atmosphere from SO,), its origins
are important to understand because it

Summary. In recent years, atmospheric scientists have been endeavoring to
determine the relative contributions of local and distant sources to pollution aerosol in
eastern North America. Elemental analysis of aerosol from various sites in the
northeastern United States has revealed a persistent northeastern “foreground” upon
which pulses of midwestern aerosol are superimposed every few days, in response to
large-scale meteorological features. Regional apportionment of tracer elements and
sulfate in summer and winter samples from Narragansett, Rhode Island, and
Underhill, Vermont, shows that most of the elements come predominantly from
northeastern sources. Notable exceptions include arsenic and indium, for which
Canadian nonferrous smelters are important sources, and sulfur and selenium, for
which the Midwest is an important source. During 1982 and 1983, the Northeast and
the Midwest contributed comparably to aerosol sulfate at Narragansett and Underhill,
in spite of the fact that the emissions of sulfur dioxide in the Midwest were ten times
those in the Northeast; Canadian smelters accounted for less than 10 percent of the
total sulfate. During a major pollution episode in July 1982, northeastern and
midwestern sources produced comparable sulfate concentrations in Rhode Island,
whereas midwestern sources dominated northeastern sources in Vermont. Thus,
although distant midwestern sources affect the quantity of pollution aerosol in the
Northeast and may dominate episodically, nearer northeastern sources are compara-
bly important on the long term.

association (2), and long-range transport
modeling (3), the sum total of which is

contributes so much to fine-particle mass
and acidic deposition.

suggestive but still inconclusive. In early
1984, however, we reported that certain
areas have discrete regional signatures of
pollution aerosol based on elemental ra-
tios, from which it appeared possible to
quantify the regional contributions to
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Since that time, we have expanded
and improved our signatures, solidified
our statistical techniques for dealing with
them, and added greatly to our data
base. In this article, we demonstrate on
the basis of extensive data from 1982 and
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1983 that the Midwest and the Northeast
contributed comparably to aerosol sul-
fate at two sites 300 km apart in the
Northeast, in spite of the fact that the
Midwest emitted ten times as much SO,
as the Northeast. We show that these
results are consistent with earlier studies
wherever they overlap, but we extend
them to create a more general picture of
the large-scale movement of air pollution
in the East. In effect, this study has
already begun to meet some of the goals
of the 5- to 10-year $100-million field and
modeling experiment on artificial tracers
that has been suggested recently as nec-
essary to determine the source-receptor
relations for acid deposition and its pre-
cursors in eastern North America (5).

Regional Elemental Signatures of

Pollution Aerosol

Our elemental tracer system for pollu-
tion aerosol is based on the seven pollu-
tion-derived elements arsenic, selenium,
antimony, zinc, indium, noncrustal va-
nadium, and noncrustal manganese (6).
Regional signatures are developed and
expressed as the ratios of the six ele-
ments to selenium (7), together with as-
sociated uncertainties (of the individual
measurements, not of the mean). The
uncertainties of ratios in a signature,
which are roughly 40 percent, are con-
trolled by sample-to-sample variability,
because sampling and analytical errors
are generally less than 10 to 15 percent.
For subsequent statistical purposes, in-
cluding regional apportionments, the sig-
natures are generally used in the form of
elemental concentrations scaled to unit
selenium. This scaling is for convenience
only because apportionments depend
only on the compositions of signatures,
not absolute concentrations. We con-
struct the signatures by averaging the
elemental ratios of high-volume samples
chosen chemically and meteorologically
to best represent the aerosol emitted by a
given region while excluding the effects
of adjoining regions (4). Although the
samples representing a signature are of-
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Table 1. Regional elemental signatures for eastern North America. The values given are arithmetic means and standard deviations (in nanograms

per cubic meter), scaled to unit selenium.

Element Signatures
Current signatures

NENG (n = 4)* CEC (n = 12) LMW (n = 5) UMW (n = 48) SONT (n=7)
As 0.136 = 0.047 0.74 = 0.26 0.23  *0.05 1.49 = 0.46 28 =19
Sb 0.46 = 0.13 1.14 =+ 043 0.148 =+ 0.038 0.43 =*=0.23 0.31 *=0.16
Set 1.00 =+ 0.28 1.00 = 0.37 1.00 =+ 0.30 1.00 +0.30 1.00 = 0.58
Noncr. V 11.6 +2.6 27 * 11 0.160 =+ 0.064 0.83 =*=0.32 44 =23
Zn 32 +5 29 + 9 5.3 +0.9 24 +9 29 +8
Noncr. Mn 9.4 +24 3.7 + 1.6 1.10 = 0.69 6.7 +29 44 =24
In 0.0060 = 0.0060 0.0046 = 0.0029 0.0010 = 0.0010 0.0045 = 0.0039 0.095 = 0.024

Previously used signatures (4)
NYC (n = 3) BOS (n = 3) INT (n = 4) SONT (n = 3)f

As 1.06 = 0.11 0.49 = 0.15 0.86 *0.22 8.1 =*=1.2
Sb 1.65 = 0.32 0.83 = 0.41 0.31 = 0.11 0.76 = 0.11
Set 1.00 *0.22 1.00 = 0.60 1.00 +0.44 1.00 + 0.09
Noncr. V. 10.6 + 2.1 35 *+ 6 191 =*0.56 20 *=1.3
Zn 37 +9 37 + 3 10.2 + 4.5 57 + 4
Noncr. Mn 6.9 + 0.6 4.2 + 0.8 24 *1.3 141 =18
In 0.0085 = 0.0017 0.0050 = 0.0040 0.0036 + 0.0003 0.051 = 0.025

*Number of daily samples (semiweekly samples used for NYC and 2 of 12 for CEC).
CEC, 1.13; LMW, 3.6; UMW, 2.4; SONT, 0.38; NYC, 1.88; BOS, 0.59; INT, 1.78; SONT, 0.66.

ten few in number, they are chosen care-
fully from a much larger collection of
samples. As illustrated in the rest of this
section, the resulting signatures are reli-
able even though they are sometimes
derived from relatively few samples. As
far as we can tell, the signatures are free
of bias or systematic error.

Our current and previous regional sig-
natures from eastern North America are
shown in Table 1. The New England
(NENG) signature was derived from a
period of unusual aerosol at Underhill,
Vermont, during the summer of 1982 (4).
Its most striking feature is its low arsenic
value, the reason for which seems to be
lack of significant coal combustion or
nonferrous smelting in areas north of
Vermont. The antimony and selenium
values in the NENG signature are in
normal proportions for eastern North
America, but zinc, noncrustal vanadium,
and noncrustal manganese are somewhat
enriched. The high vanadium comes
from oil combustion in the general area,
but the origins of the high zinc and
manganese are less certain. The area
represented by NENG seems to be up-
per New England and parts of eastern
Canada.

The Central East Coast (CEC) signa-
ture is new. It was derived from 12
samples taken during periods of meteo-
rological stagnation at Narragansett,
Rhode Island, two during the summer of
1979, four during the summer of 1982,
and six during the winter of 1982-1983.
The CEC signature thus reflects consid-
erable temporal variation. It is similar to
the average of the older Boston (BOS)
and New York City (NYC) signatures
[(4) and Table 1], which it replaces. It is
more regionally representative, howev-
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er, because it was derived from semiru-
ral Narragansett, which has no strong
sources nearby. It is also based on more
samples than the BOS and NYC signa-
tures. Although one might fear that pre-
vailing westerly winds would make it
impossible to measure northeastern
aerosol without perturbations from the
Midwest, we have found that sampling in
Canadian high-pressure areas stagnated
over the Northeast effectively eliminates
any influence of these upwind sources.
Stagnation conditions occur frequently
enough in all seasons that reliable north-
eastern signatures can be determined
without difficulty.

The CEC signature is high in zinc,
antimony, and noncrustal vanadium, and
low to moderate in the other elements.
The noncrustal vanadium originates
from the abundant oil combustion along
the East Coast. The zinc and antimony
seem to be associated with regional ur-
ban and industrial emissions. The low
selenium is linked at least partially with
the lack of significant coal combustion in
the region. Operationally, the CEC sig-
nature seems to represent the coastal
strip from at least Boston through New
York City, extending 200 to 300 km
inland. On the basis of the distribution of
oil-fired power plants and population,
the CEC area may well include parts of
Maine and Virginia.

The Lower Midwest (LMW) signature
comes from a several day pollution epi-
sode at Allegheny Mountain, Pennsylva-
nia, during August 1983 and represents
midwestern aerosol from the southwest,
that is, from the Ohio River Valley and
southward. This aerosol was also seen in
another southwestern episode at Alle-
gheny Mountain and was later sensed

tAverage Se for the samples used to derive the signatures: NENG, 0.37;
iNot used for any apportionments reported here.

repeatedly at the two Ohio sites dis-
cussed below. By comparison with the
other signatures, it is very high in seleni-
um, very low in noncrustal vanadium,
and moderate in the other elements. The
high selenium appears to be linked with
the extensive coal combustion in the
area; the low vanadium with the small
degree of oil combustion.

The Upper Midwest (UMW) signature
was derived from samples taken near
McArthur and Hartville, Ohio, in rural
southern and northeastern parts of the
state, respectively, during the winter and
spring of 1984. Although clearly high
enough in selenium and low enough in
noncrustal vanadium to be called mid-
western, it is three to six times as en-
riched in arsenic, antimony, zinc, and
noncrustal manganese as the LMW sig-
nature. Its character is thus coal-based
but with a significant component from
heavy industry. Synoptic analysis shows
that this signature represents aerosol
from the north and west, that is, from the
more industrialized upper Midwest
(northern Ohio-Indiana-Illinois, Michi-
gan, Wisconsin, and perhaps parts of
Minnesota and southwestern Ontario).
The UMW signature carries much the
same information as the earlier interior
(INT) signature (4), which it replaces.
The INT signature represented aerosol
from the upper Midwest transported to
Vermont and included aerosol from
sources between the upper Midwest and
Underhill. The newer UMW signature is
for pure midwestern aerosol.

The SONT signature, as before, repre-
sents the Canadian nonferrous smelters
of the Sudbury Basin of Ontario and
Quebec but has been updated from mea-
surements at Underhill, Vermont, during
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the summer of 1982. It is strongly en-
riched in arsenic and indium as com-
pared to the other signatures. Because
two of the smelters of this area, Interna-
tional Nickel Company and Falcon-
bridge, were shut down during this peri-
od, we felt that a signature specifically
for this period had to be determined and
used. For the same reason, the contribu-
tions of the smelters to northeastern
aerosol should be somewhat lower than
normal during this period.

The five current signatures are dis-
tinct, are stable during transport, and
include all the major types of aerosol that
can be found in the Northeast. Their
distinctness is shown by their lack of
colinearity, as deduced from the diag-
nostic procedure of Belsley et al. (8).
Their stability during transport seems to
be a consequence of a similarity of parti-
cle sizes of the tracer elements coupled
with effective transport of a broad range
of particle sizes. In Narragansett, for
example, 50 to 75 percent of the mass of
the tracer elements is on submicron par-
ticles and hence is easily transportable.
During transport, however, coarse (su-
permicron) particles will be removed
somewhat faster than submicron parti-
cles. This will alter the proportions of
elements that have different size distri-
butions. An upper limit for this effect on
element X is

(X/Se)lolal aerosol/(X/Se)submicron aerosol

which represents the factor by which its
ratio to selenium would decrease if all
coarse aerosol and no fine aerosol were
removed. In Narragansett, the factors
for five of the six tracer elements and
sulfate are less than 1.5; only that for
noncrustal Mn/Se is significantly higher,
at 2.4,

These factors are worst-case esti-
mates, because natural removal process-
es vary smoothly with particle size, not
in a step function. Actual changes in
ratios during transport seem to be very
much less. For example, in 35 pulses of
midwestern aerosol that we observed at
Underhill during two summers and one
winter, mean values of the Zn/Se, As/Se,
and noncrustal Mn/Se ratios (all of
whose elements come predominantly
from the Midwest during episodes) fell
within 20 to 25 percent of the mean of the
LMW and UMW signatures, and the
spread of the individual values was less
than the spread of the two signatures.
Thus, simple mixing rather than prefer-
ential removal controlled the proportions
of arsenic, selenium, zinc, and noncrus-
tal manganese during the 1000 km of
transport. This lack of fractionation was
particularly striking for the noncrustal
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Mn/Se ratio, which from particle-size
considerations alone might have been
expected to decrease frequently to val-
ues below both signatures. The popular
division of aerosol into coarse and fine
components at radius 1 wm, while mean-
ingful from the chemical and inhalational
standpoints, thus seems much less valid
for transport purposes. Contrary to
widespread opinion, studies of transport-
ed aerosol need not be limited to sam-
pling only its fine-particle component.

Compositional Cycles and

Intrusions of Midwestern Aerosol

Now we illustrate the inclusiveness of
our signatures by showing that the major
chemical features of northeastern and
midwestern aerosols determined at the
source are also the major features of
aerosol measured downwind. One of the
most striking features revealed by se-
quential daily aerosol samples through-

out the Northeast is a ubiquitous and
strong cycle of X/Se ratios. Because we
have found this cycle wherever and
whenever we have sampled, we presume
it to be a characteristic feature of the
northeastern atmosphere. Figure 1
shows typical summer cycles for Narra-
gansett, Underhill, and Allegheny Moun-
tain. Cycles of concentration, which
have been recognized for many years
and which stem from alternation of rela-
tively clean air from the north or east
with relatively dirty air from the west or
south, are seen clearly. But the X/Se
ratios also show regular cycles, several
of whose amplitudes approach those of
the concentration cycles. For example,
the amplitude of the cycles of noncrustal
V/Se and Sb/Se is nearly an order of
magnitude, whereas that of Zn/Se is
roughly a factor of 5. Of the cycles not
shown in Fig. 1, that of noncrustal Mn/
Se resembles the cycle of Zn/Se, while
those of As/Se and In/Se are more ir-
regular. Except for Allegheny Mountain,
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the sulfate/Se ratio is nearly constant.

The cycles of noncrustal V/Se, Sb/Se,
Zn/Se, and noncrustal Mn/Se are nearly
in phase with each other. This means
that an aerosol relatively rich in vanadi-
um, antimony, zinc, and manganese is
alternating with an aerosol rich in seleni-
um and sulfur. In other words, organized
compositional cycles rather than individ-
ual elemental cycles are being sensed.
According to the ratios of Table 1, maxi-
ma and minima of the cycles correspond,
respectively, to pure northeastern aero-
sol and midwestern plus northeastern
aerosol (the latter because minima of
noncrustal V/Se and Sb/Se, the two ra-
tios most enriched in northeastern aero-
sol, do not reach pure midwestern val-
ues). Thus, pollution aerosol in the
Northeast has two major regional com-
ponents: a persistent northeastern *‘fore-
ground’’ and a midwestern component
which appears as superimposed pulses
with durations of 1 to 4 days. The mid-
western component is present in abun-
dance about 40 to 50 percent of the time.

The fact that the two major extremes
of pollution aerosol appearing at various
northeastern receptor sites correspond
closely to the two major types of aerosol
(northeastern and midwestern) measured
in eastern North American source re-
gions constitutes the strongest evidence
to date for the basic validity of our
regional elemental tracer system. Other
pieces of evidence discussed in this arti-
cle include the link between chemistry
and meteorology as well as the agree-
ment between our results and those from
independent studies.

The compositional cycles are strong-
est and most regular at Underhill and
Allegheny Mountain, and weaker and
more irregular at Narragansett. The con-
trast between Narragansett and Under-
hill is easy to understand, because Un-
derhill is well removed from major pollu-
tion sources in both the Northeast and
the Midwest and hence receives greater
extremes of aerosol than Narragansett,
which is closer to northeastern sources.
The intensity and clarity of the cycles at
Allegheny Mountain came as a surprise,
however, because we did not expect to
see such efficient transport of aerosol
retrograde from Northeast to Midwest.
The Allegheny Mountain results are con-
sistent with more recent ones from out-
side Akron, Ohio, still farther to the
west, where we have found regular
transport of aerosol from the Northeast
during winter.

It is reasonable to find regular ex-
change of aerosol between the Midwest
and the Northeast, however, because the
atmospheric residence times of submi-
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cron aerosol in mid-latitudes are com-
monly 4 to 7 days (9). Assuming wind
speeds of S to 10 km hour™' and linear
trajectories, pollution sources would
have a range of influence of approxi-
mately 500 to 2000 km, that is, the size
of typical source regions within the east-
ern United States. Consequently, both
the Midwest and the Northeast should
affect each other’s air quality.

The period of the compositional cycles
is somewhat irregular and varies from 2
to 3 days to more than 1 week. It is
generally shorter in winter than in sum-
mer. This finding suggests that the com-
positional cycles may be controlled by
large-scale meteorological factors be-
cause in eastern North America the basic
synoptic cycle (the time needed for a
high-pressure area to be replaced by a
low-pressure area and then by another
high-pressure area) is roughly 1 week.
Indeed, synoptic analysis confirms that
the compositional cycles are linked very
closely to the better known meteorologi-
cal cycles, with the northeastern phase
of the compositional cycle associated
with stagnant air or winds from eastern
Canada or the East Coast and the mixed
midwestern-northeastern phase associat-
ed with flow from the interior, that is,
with winds from the Midwest.

To illustrate this correlation between
chemistry and meteorology, Fig. 2
shows simplified surface meteorological
maps for a typical compositional cycle at
Underhill, from 5 to 13 August 1982.
General airflow near the surface is
shown by broad arrows. The cycle con-
sisted of 3 days of nearly pure northeast-
ern aerosol, 3 days with a distinct mid-
western component, and then 3 days of
northeastern aerosol. Figure 2 shows
that during the first 3 days, Underhill
was influenced by a Canadian high-pres-
sure area whose center was migrating
from Hudson Bay to Pennsylvania. Air
of the next 3 days, when midwestern
aerosol was present, came from far to
the southwest, in association with an
intruding Bermuda high-pressure area
and a cold front approaching from the
west. During the last 3 days, the air again
came from Canada and the American
Northeast, as another large Canadian
high moved into the area.

Thus, both theory and observation
agree that neighboring regions affect
each other’s aerosol regularly and sub-
stantially. There can no longer be any
doubt that midwestern sources contrib-
ute importantly to aerosol in the North-
east. On the other hand, coastal north-
eastern influences are felt not only along
the coastal strip but also as far inland as
Vermont, Pennsylvania, and Ohio.

Long-Term Regional Apportionments in
Rhode Island and Vermont

By itself, alternation of two aerosols
implies little about their relative contri-
butions to the total, especially for indi-
vidual elements or compounds. For this,
long-term regional apportionments are
needed. Using extensive data from the
summer of 1982 and the winter of 1982—
1983 at Narragansett and Underhill, we
have apportioned our seven tracer ele-
ments and sulfate among the five current
regional signatures of Table 1. The re-
sults are shown in Table 2. Together,
they create a general picture of sources
and transport for the Northeast that is
both reasonable and defensible. Among
their most interesting features is the first
direct evidence that the Northeast con-
tributes as much sulfate aerosol to itself
as the Midwest does.

The number of daily samples per sea-
son and site ranged from 55 to 96. The
seven tracer elements in each sample
were apportioned by the standard least-
squares chemical element balance model

P
Ci=2 AS; %))
J=1

for p sources, where C; is the concentra-
tion of the ith species in the ambient
sample, A; is the concentration of the ith
species in the jth source, and S; is the
derived proportionality constant, or ‘‘re-
gional coefficient,”’ which represents the
relative strength of the jth source. The
regional coefficients were generated with
the Environmental Protection Agency’s
Chemical Mass Balance Model program
(10). If the initial apportionment gave
any negative coefficients, they were set
to zero and the sample was reappor-
tioned; the process was repeated until all
regional coefficients were positive or
zero. Of the five starting signatures, only
one or two were found to contribute to a
typical sample. The program was modi-
fied to generate and use uncertainties for
sources with coefficients of zero. We
used the ‘‘effective variance’ weighting
option (I1), which calculates regional
coefficients for a sample and their uncer-
tainties from the uncertainties in the sig-
natures and the sample. Uncertainties
were propagated through all subsequent
calculations according to standard pro-
cedures (12). (Propagating uncertainties
over a series of samples may give unreal-
istically low values, however.) The con-
tribution of the jth source region to the
ith element in a sample is the product of
Ay and ), that is, the concentration of
the element in the signature multiplied
by the coefficient of the signature.
Next, we apportioned sulfate by re-
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gressing its concentrations in a series of
samples from a given season and site
against the five regional coefficients S;
over the series

p .
(S027); = Z] SE; 7))

for p sources, where (SO27); is the
concentration of sulfate in the ith sam-
ple, §; is the regional coefficient of the
Jjth source in the ith sample, and E; is the
derived ‘‘effective sulfate’” for the jth
source. The effective sulfate represents
the mean sulfate associated with the jth
signature over the series, that is, the
initial sulfate near the source plus that
formed from SO, during transport to the
receptor. Because this regression also
used effective variance weighting, both
the set of effective sulfates and their
uncertainties became functions of the
uncertainties in both the measurements
of sulfate at the receptor and the initial
set of regression coefficients S;. The
contribution of the jth source region to
the sulfate of a sample is the product of
E; and S, which is the effective sulfate

ij>

of the signature multiplied by the coeffi-
cient of the signature.

Knowing that most sulfate of remote
aerosols is secondary, one might wonder
how it can be apportioned among pri-
mary elemental signatures without in-
volving theoretical considerations such
as rates of dry deposition of SO,, rates of
conversion of SO, to sulfate, relative
oxidation of SO, in clouds versus the
free atmosphere, and scavenging of SO,
and aerosol during precipitation. Despite
the many reasons why the link between
primary signatures and secondary sulfate
might be tenuous, the empirical relation-
ships between sulfate and the five source
areas are reproducible and reasonable at
both Narragansett and Underhill. As ex-
pected, the uncertainties of apportion-
ment shown in Table 2 are considerably
larger for sulfate than for most of the
primary tracer elements; however, the
regional relationships with sulfate are
real.

The reason for these regional associa-
tions seems to be that air masses reach
quasi-stable proportions of secondary

sulfate and primary tracer elements after
only a few hundred kilometers of trans-
port, in response to declining rates of
transformation with time. In Eurasia,
there are indications that this near-
steady state is reached by about 1000 km
(13). Underhill, which is roughly 1000
km from major midwestern sources of
SO,, seems to be nearer stable propor-
tions than Narragansett, which is more
influenced by northeastern SO,.

The results shown in Table 2 have
several main features: (i) Most of the
zinc, antimony, noncrustal vanadium,
and noncrustal manganese (50 to 98 per-
cent) came from the Northeast. (ii) Ar-
senic and indium had significant compo-
nents (25 to 80 percent) from the Mid-
west or the Canadian smelters, or both,
particularly during winter. (iii) The influ-
ence of the smelters was greater at Un-
derhill than at Narragansett. (iv) Annual-
ly, selenium and sulfate at both sites
came roughly equally from the Northeast
and the Midwest. (Even at Narragansett,
sea-salt sulfate was unimportant, be-
cause it accounted for only 10 percent of
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the total sulfate in winter and 5 percent
in summer.) (v) Only 3 to 5 percent of the
annual average sulfate came from the
smelters. (vi) The apportionments at
Narragansett varied little with season,
whereas those at Underhill were much
more northeastern in winter than in sum-
mer. (This was particularly true for sul-
fate: in the winter of 1982-1983, 74 per-
cent of the sulfate at Underhill came
from the Northeast and only 21 percent
from the Midwest; the previous summer,

only 34 percent came from the Northeast
and 62 percent from the Midwest. Thus,
the relative contributions of the North-
east and the Midwest changed by a fac-
tor of 6 with season. At Narragansett, by
contrast, the relative contributions
changed by less than a factor of 2 but in
the same direction.)

Seasonal average concentrations of
the tracer elements were generally pre-
dicted to within 10 to 15 percent or so,
whereas individual daily concentrations

were predicted to within 20 to 50 per-
cent. (The poorer daily predictions for
indium are artifactual, because most of
the points were upper limits.) Sulfate
was predicted to within 10 percent for
seasonal averages but only to within 50
to 60 percent for individual daily sam-
ples. Daily predictions were as good at
Narragansett as at Underhill.

In summary, most trace elements in
northeastern aerosol came from the
Northeast itself. Only when an element

Table 2. Average regional apportionments of eight trace constituents in aerosol at two northeastern sites.

Narragansett, Rhode Island

Underhill, Vermont

Component Winter Summer plus Winter Summer plus
P Summer 58 1982-1983 winter R 1982-1983 winter
"= (n = 96) (n =171 "= (n = 56) (n = 135)
Sulfate
Northeast (%) 54 + 4 60 = 4 557 - 34 +3 74 £ 6 49 + 4
Midwest (%) 45+ 5 34 + 4 42 +6 62 +7 21 £ 4 45+ 5
Can. smelters (%) 0.8 +0.3 6+ 1 2.5+04 4 +1 6+ 1 S+1
Avg. pred. (ug m™3) 5.8 +03 25 +1 4.2 *+0.5 3803 2.5+0.2 3.2+0.2
Avg. obs. (ug m™3) 6.1 2.3 4.2 4.0 2.3 3.2
Avg. obs./pred. 1.06 = 0.57 1.01 = 0.52 1.07 = 0.57 1.11 = 0.59
Selenium
Northeast (%) 50 =4 57«5 53+ 3 34 + 4 47 £ 6 41 + 4
Midwest (%) 48 + 6 37+ 6 43 + 4 56 + 8 40 +9 48 + 6
Can. smelters (%) 2+1 6+ 1 4 +1 102 13 +£3 11+2
Avg. pred. (ng m ™) 1.00 = 0.06 0.91 = 0.06 0.96 + 0.04 0.47 £ 0.04 0.53 + 0.05 0.50 = 0.03
Avg. obs. (ng m™?) 1.06 0.91 0.98 0.45 0.50 0.48
Avg. obs./pred. 1.05 = 0.24 0.99 = 0.21 0.92 + 0.27 0.85 + 0.31
Zinc
Northeast (%) 79 6 77 £ 7 78 £5 52+6 67 = 8 60 =5
Midwest (%) 18«3 16 £3 17 £2 34+ 4 16 5 25+3
Can. smelters (%) 3+1 8+ 1 5+1 14 + 2 17 £2 16 £2
Avg. pred. (ng m™>) 18.9 = 1.0 199 £ 1.2 19.4 £ 0.8 9.7 + 0.6 11.3 £ 0.9 10.5 = 0.5
Avg. obs. (ng m™?) 19.4 20 19.7 9.9 12.4 11.2
Avg. obs./pred. 1.02 = 0.22 1.04 = 0.25 1.04 = 0.28 1.10 = 0.40
Antimony
Northeast (%) 83+ 7 86 = 8 84 =6 54 =7 75+9 65 = 6
Midwest (%) 16 2 11 x2 13 +£2 38+5 17 £ 4 25«3
Can. smelters (%) 1.1 04 2.5+04 1.8 0.3 82 8§ +2 8§ x1
Avg. pred. (ng m™%) 0.55 + 0.03 0.64 = 0.04 0.60 = 0.03 0.181 = 0.014 0.25 = 0.02 0.22 += 0.01
Avg. obs. (ng m™3) 0.82 0.66 0.74 0.185 0.24 0.21
Avg. obs./pred. 1.38 = 0.59 0.94 = 0.52 0.95 + 0.30 0.92 = 0.46
Noncr. manganese
Northeast (%) 76 = 8 69 9 74 £ 6 55+6 70 = 10 62 £6
Midwest (%) 22 +4 24 +5 233 37«5 18 6 27 £ 4
Can. smelters (%) 21 7=x1 4.6 £ 0.7 9+2 12+2 10 £2
Avg. pred. (ng m ) 3.6 0.3 33+0.3 3402 2.4+0.2 2.4+0.2 2.4+0.2
Avg. obs. (ng m™3) 2.9 2.3 2.6 2.9 2.4 2.6
Avg. obs./pred. 0.84 = 0.22 0.73 = 0.22 1.23 = 0.52 0.96 + 0.47
Noncr. vanadium
Northeast (%) 98 = 10 98 +9 98 + 7 88 + 12 93 + 11 92 + 10
Midwest (%) 1.0+0.2 0.8 0.2 0.9 = 0.1 4+ 1 1.2+04 22+04
Can. smelters (%) 09 +0.3 1.7 £ 0.3 1.3 +0.2 82 6+ 1 6.6 1.0
Avg. pred. (ng m™) 11.1 = 0.8 134 09 122 £ 0.6 2.7+0.3 49 =04 3.8 +£0.3
Avg. obs. (ng m™3) 9.8 17.4 13.6 2.4 5.8 4.1
Avg. obs./pred. 0.99 + 0.48 1.32 = 0.39 0.94 + 0.23 1.28 = 0.44
Arsenic
Northeast (%) 54 £ 6 53+5 53+4 12+2 26 = 4 19 +2
Midwest (%) 34 +7 25+6 29 + 4 52+8 25+9 39+6
Can. smelters (%) 11 =4 22 +4 173 36 +9 49 + 12 43 = 8
Avg. pred. (ng m™?) 0.50 = 0.04 0.66 = 0.05 0.58 = 0.03 0.37 + 0.04 0.38 = 0.05 0.37 = 0.03
Avg. obs. (ng m™) 0.44 0.76 0.60 0.41 0.66 0.54
Avg. obs./pred. 0.78 = 0.40 1.06 + 0.50 0.99 + 0.43 1.30 + 0.88
Indium
Northeast (%) 50 + 8 31 + 4 39+4 15+3 16 =3 16 £2
Midwest (%) 12+3 7£2 9=+2 9+2 4 +1 6+ 1
Can. smelters (%) 38 + 12 62 + 10 53 +8 75 £ 12 80 + 12 77 = 8
Avg. pred. (pg m™3) 5.0 0.6 79 = 0.7 6.4 = 0.5 59 +0.6 8.0 = 0.8 7.0 0.5
Avg. obs. (pg m™?) 5.1 8.6 6.8 6.3 7.2 6.8
Avg. obs./pred. 1.17 £ 1.28 1.36 = 1.80 1.64 + 4.44 1.01 = 0.38
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was strongly enriched in a distant
source, such as arsenic and indium in the
Canadian smelters and selenium and sul-
fur in the Midwest, did the distant source
contribute significantly relative to the
northeastern ‘‘foreground.”’

Are the apportionments of sulfate rea-
sonable? It would appear so, based on
the following evidence.

1) The apportionments are stable with
respect to changes in the combinations
of signatures used to generate them. Ta-
ble 3 shows seasonal apportionments of
sulfate at Narragansett and Underhill
resulting from four different combina-
tions of northeastern and midwestern
signatures, ranging from our oldest to
our most current. This is a severe (per-
haps unrealistically so) test of our appor-
tionment procedure, as it incorporates
temporal and spatial variabilities in sig-
natures as well as different numbers of
signatures for the major source areas.
The actual dispersion of the four esti-
mates is not very different from the un-
certainties calculated for each estimate,
although the dispersion is greater at Nar-
ragansett than at Underhill. This sug-
gests that our estimated uncertainties are
reasonable. Seasonal apportionments of
sulfate seem to be accurate to within 10
to 20 percent at both sites. The best
apportionments, from the newest signa-
tures, are within a few percent of the
mean from all the combinations.

2) The apportionments of sulfate are
not random but are related to those of
other elements. The Northeast and the
Midwest, which are the major sources of
most of the tracer elements, are also the
major sources of sulfate. The Canadian
smelters, which are minor sources of all
but arsenic and indium, are also minor
sources of sulfate. This lack of sulfate
from the smelters confirms earlier data
(14), which showed that less than 1 pg of
sulfate per cubic meter accompanies
even strong smelter signals at Narragan-
sett, and that the smelter signals appear
less than 1 day per week.

3) The apportionments of sulfate most
resemble those of selenium, to which
sulfur is most similar chemically. At both
Narragansett and Underhill, sulfate and
selenium were apportioned within a few
percent of each other (except for winter
1982-1983 at Underhill); these appor-
tionments differed from those of the oth-
er elements. A number of other research-
ers have also found similar sources for
sulfate and selenium in aerosol (/5).

4) The reality of major northeastern
contributions to sulfate in the Northeast
is confirmed by ‘‘pure’’ northeastern
samples (whose total midwestern contri-
butions to sulfate are less than 10 percent

19 APRIL 1985

Table 3. Effect of regional signatures on the apportionment of sulfate (in percent) between

northeastern and midwestern sources.

Narragansett, Rhode Island

Underhill, Vermont

Signa-
tuges* Summer Winter Su;ﬁ;‘;er Summer Winter Su:ﬁ;l;er
1982 1982-1983 winter 1982 1982-1983 winter
Sulfate from northeastern sources
1 61 + 4 68 + 4 63 £ 3 35+ 4 74 + 7 57 + 4
2 49 £ 3 60 = 4 52+3 335 719 48 £ 5
3 72 +5 69 +5 71 %3 343 76 + 6 50+3
4t 54 + 4 60 + 4 55 +7 34 +3 74 £ 6 49 + 4
Mean 59 =10 64 + 5 60 =9 34 + 1 74 =2 51 =4
Sulfate from midwestern sources
1 39+4 29+3 363 62 £ 6 19+3 44 + 4
2 515 36 4 47 £ 3 63 +9 26 =7 48 + 6
3 28 £3 253 27 2 62 +5 183 453
4t 455 34 x4 42 *6 62 +7 21 = 4 455
Mean 41 = 10 315 38+9 62 + 1 21+ 4 46 £ 2

*Signatures: 1, NENG, BOS, NYC, INT, SONT (oldest signatures); 2, NENG, BOS, NYC, LMW, UMW,
SONT (old northeastern, new midwestern and smelter signatures); 3, NENG, CEC, INT, SONT (new
northeastern and smelter, old midwestern signatures); 4, NENG, CEC, LMW, UMW, SONT (newest

signatures. tBest values.

of the observed value). At Narragansett,
these ‘‘pure’’ northeastern samples con-
tained about 10 percent of the sulfate in
both summer and winter. At Underhill,
they contained roughly 5 percent of the
sulfate in summer and 10 percent in
winter, These figures are estimates of the
minimum effect of the Northeast on it-
self. Because only part of the northeast-
ern sulfate will be associated with
“‘pure’’ northeastern samples, the actual
effect of the Northeast on itself should be
larger.

5) The seasonal attributions of sulfate
at Narragansett and Underhill are con-
sistent with their locations and large-
scale seasonal changes in meteorology.
Narragansett, being east of the Midwest,
is downwind of it during all seasons,
whereas Underhill, being 300 km farther
northwest, is much more easily cut off
from the Midwest during winter, when
the prevailing winds come from the
northwest, rather than from the south-
west as in summer. Moreover, the coun-
terclockwise circulation around the in-
tense coastal storms of winter carries
aerosol from the coastal Northeast in-
land to Underhill in winter much more
than in summer, when the storms are
smaller, weaker, and less frequent.

6) Our apportionments for sulfate are
consistent with results from independent
studies. (i) Husain et al. have reported
that 62 percent of the aerosol sulfate at
Whiteface Mountain, New York (less
than 100 km west of Underhill), was
found by sector analysis to have come
from the direction of the Midwest during
an 18-month period (/6). Our annual
apportionment of 45 percent of Under-
hill’s sulfate to the Midwest is in reason-
able agreement with this figure, if we

consider that the years and durations of
the two studies differed and that results
from sector analysis, because they in-
clude local effects, will always overesti-
mate distant contributions. (ii) The Unit-
ed States—Canada Memorandum of In-
tent (MOI) Report (3) evaluated eight
long-range transport models for the sul-
fur system. Data from seven of the eight
models were reasonably consistent with
one another (/7) and can be used to
predict that 56 = 9 percent of the annual
particulate sulfate in the Vermont—-New
Hampshire area during 1978 originated in
the American Midwest, whereas 42 = 10
percent came from the East Coast and
eastern Canada. In view of the fact that
these models are quite simplified, the
similarity to our figures for 1982-1983 at
Underhill, Vermont (45 percent of the
annual aerosol sulfate from the Midwest
and 49 percent from the East Coast plus
eastern Canada), is encouraging.

Sources of Sulfate During Episodes

Sulfate episodes show many of the
aspects of sources found from longer
term apportionments. For example, con-
sider an episode at both Narragansett
and Underhill during the third week of
July 1982. Figure 3 shows the course of
elemental concentrations and X/Se ratios
through this episode at the two locations,
together with the northeastern and mid-
western regional coefficients and the sul-
fate apportioned to each region. Figure 4
gives simplified surface meteorological
maps for 12 to 20 July, which can be
compared with the chemical record in
Fig. 3.

During 12 to 14 July 1982, a mid-
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latitude high-pressure area moved east-
ward into the Ohio—Pennsylvania-New
York area behind a storm system. Simul-
taneously, a Canadian high moved east-
ward into Ontario and Quebec. To the
southeast lay a warm and humid Bermu-
da high. Beginning on 14 July, these
three highs fused. First, the Canadian
and American highs merged and allowed
air of mixed origin to enter New England
from the northwest. Then, the Bermuda
high pushed north and merged with a
southerly lobe of this fused high. By 15
July, a stagnated high-pressure area cov-
ered all of eastern North America.

The air over the eastern seaboard stag-
nated from 14 to 16 July 1982. During

that time, the aerosol at Narragansett
showed rapidly increasing concentra-
tions of certain northeastern elements,
such as zinc, antimony, and noncrustal
vanadium but lesser increases in seleni-
um, arsenic, and noncrustal manganese,
the first two of which come largely from
inland sources. Consequently, the north-
eastern regional coefficients Cygng and
Ccec also rose rapidly, while the mid-
western coefficients Cpyw and Cymw,
which began with moderate residual val-
ues, decreased rapidly and disappeared
on 16 July. This stagnation produced
very high concentrations of sulfate aero-
sol (16 wg m™3) almost immediately, as
high as were seen at Narragansett until

L Narragansett, R.I.

I
»

Underhill, Vermont

.\_K)i";e

Noncr. V/Se

Cnenat Ceec

A T (N VSN NN NN [ I VU S R N B | I S Y RN (NN [ (N NS N S |
14 16 18 20 14 16 18 20 14 16 18 20 14 16 8 20
July 1982 July 1982

Fig. 3. Concentrations and ratios of trace elements, regional coefficients, and regional
contributions to sulfate during the July 1982 sulfate episode at two sites in New England; MW,

Midwest; NE, Northeast.
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the following September. On 15 and 16
July, the sulfate at Narragansett was at
least 90 percent northeastern.

By contrast, this early period at Un-
derhill was marked by steadily increas-
ing concentrations of all elements and
declining ratios to selenium. According-
ly, the midwestern regional coefficients
rose steadily, whereas the northeastern
regional coefficients rose on 15 July but
decreased thereafter. Thus, the early
part of the episode at Underhill was
of mixed northeastern-midwestern char-
acter; only 20 to 40 percent of its sulfate
was apportioned to northeastern sources.
The lack of a strong northeastern phase
at Underhill is understandable because
there are relatively few local sources
nearby whose aerosol could accumulate
during stagnation.

At Narragansett, the second, or mid-
western, phase of the episode took place
on 17 to 19 July, as the large Bermuda
high retreated southeastward, a low in-
tensified and passed to the northwest,
and a transport zone oriented southwest-
northeast developed between the two.
As this transport zone worked its way
eastward, Narragansett came increasing-
ly under its influence. Selenium, arsenic,
and antimony reached their highest con-
centrations, whereas the other (north-
eastern) elements remained steady or
decreased. Consequently, ratios to sele-
nium took on their lowest values and the
midwestern coefficients rose rapidly.
Northeastern regional coefficients re-
mained high during this period, however,
because Narragansett, which is embed-
ded in the Northeast, never really es-
capes local aerosol even when air flows
in strongly from the outside. Sulfate con-
centrations were no higher during this
second phase than during the first, or
northeastern, phase. Although the sul-
fate was apportioned predominantly to
midwestern sources during this second
period, northeastern sulfate still ac-
counted for 20 to 60 percent of the total
for the episode. This figure compares
well with the results of an earlier study in
which it was found that the New York
metropolitan area contributes roughly
one-quarter of its own sulfate during
summer at times when the air comes
from the west-northwest (18).

Without regional tracers, this episode
at Narragansett might well have been
interpreted in terms of a single 5-day
period. With the tracers, it is seen to
have really been two episodes of differ-
ent regional origins, which fortuitously
produced equal sulfate. This episode is a
microcosm of our longer-term finding
that the weaker but closer northeastern
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SO, sources create as much sulfate for
the Northeast as the stronger but more-
distant midwestern sources.

At Underhill, the greatest midwestern
character was also found on 17 to 19
July. Sulfate, selenium, and arsenic were
almost perfectly in phase with one anoth-
er and peaked in concentration on 17
July. Although the highest sulfate con-
centration at Underhill, 35 wg m™3, was
double the high at Narragansett, average
concentrations over the episode were
very similar. During this second phase at
Underhill, more than 90 percent of the
sulfate was attributed to the Midwest. In
view of the fact that the trajectories
came from the west to southwest, this
attribution is very reasonable. In con-
trast to midwestern sulfate, which varied
from 0.5 to 33 pg m™> during the epi-
sode, northeastern sulfate formed a more
nearly constant ‘‘foreground’ of 0.5 to
2.5 ugm™3,

By 20 July, a cold front had passed
through the Northeast, sulfate concen-

trations had dropped to 1 to 2 pg m™3,

midwestern coefficients had fallen to
very low values, northeastern coeffi-
cients had begun to rise, and the episode
was over.

The results for this episode agree with
the results of numerous other studies,
which have shown that air masses bring-
ing sulfate episodes to the Northeast
during summer have passed over or stag-
nated over the Midwest (/9). But our
results extend this finding by showing
that the Northeast can also be a strong
source of episodic sulfate.

Summary

The regional elemental tracer system
has shown that pollution aerosol in the
Northeast is composed of a northeastern
“foreground’’ plus superimposed pulses
from the Midwest. When these pulses
are strong enough, they form the classi-
cal episodes of midwestern aerosol. Dur-
ing periods of stagnation in the North-
east, however, aerosol produced locally

can reach concentrations that rival or
exceed those coming from the Midwest,
even for sulfate. These two types of
episodes can be distinguished clearly
with elemental tracers.

Over the long term, the Northeast is
its most important source for elements
that are distributed broadly over eastern
North America or enriched in northeast-
ern emissions (vanadium, antimony,
zinc, manganese, and probably many
other elements not part of our tracer
system). For elements enriched in dis-
tant sources, such as arsenic and indium
from the Canadian nonferrous smelters
and selenium and sulfur from the Mid-
west, the contributions of these distant
sources may equal or exceed those from
the Northeast. For sulfate, which is per-
haps the most environmentally signifi-
cant of these elements, transport models
and other measurement programs con-
firm our basic conclusion that the North-
east and the Midwest contribute compa-
rably to ambient levels in the Northeast.
This amounts to a tenfold discrimination

!
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Fig. 4. Surface meteorological maps for 12 to 20 July 1982. Pressure is given in millibars.
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against midwestern sources, which emit
approximately 20 million tons of SO,
annually versus 2 million tons for north-
eastern sources. A similar degree of dis-
crimination with distance has been built
into the MOI transport models (20).

More data are needed to refine our
understanding of sources and transport
of pollution aerosol in eastern North
America. The elemental tracer system
can and should be extended to other
elements, to source regions farther from
the Northeast, to additional seasons and
years, and to precipitation. But the basic
picture seems clear: even though strong
pulses of transported aerosol reach the
Northeast regularly from the Midwest,
over the long term the Northeast is a
major or dominant source of its pollution
aerosol.
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