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Abstract
Since the Alaskan airshed north of the Alaska Range receives a substantial portion
of its anthropogenic aerosol and gaseous pollutants through long-range transport, Alaskan
air quality is influenced to an unusually high degree by the political and economic events
of other countries. An understanding of the political and economic forces at work in the
various circumpolar nations is key to an understanding of the observed decline in Arctic
haze, the present state of Arctic air pollution, and likely future developments.
It is shown in this thesis that Arctic haze has declined in Interior Alaska over the
last decade and a half. This decline appears to be driven by the widespread emission
reductions which have occurred in North America, Europe, and the former Soviet Union
(FSU) between 1988 and 1998. If true, this linkage indicates that the story of Arctic haze
is not yet a post-mortem. EMEP projections for 2005 foresee a continuing decline in
emissions across Europe and a leveling off in North America, but emissions in the
European FSU are expected to double by 2005. Events in the FSU, and perhaps Asia as
well, threaten to abrogate any further progress made by Europe and North America and
could perhaps revive the phenomenon.
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Introduction
Earth’s atmosphere holds a surprisingly large number and variety of particles.
Their numbers range up to several million per cubic centimeter, and practically every
element in the periodic table is represented. These suspended particles, hereafter referred
to as aerosols8’1, also have a surprising amount of influence on humans and the
environment. They can reduce visibility and damage human health. They control the
formation and behavior of clouds. Because of their influence on clouds and their light
scattering and absorbing properties, aerosols exert a powerful influence on Earth’s
climate.
Atmospheric transport of aerosols can move material over vast distances over
short time scales. For example, coal burned in England can acidify lakes in northern
Sweden [AMAP, 1998], the Amazon rainforest depends on phosphates blown over the
Atlantic from the Sahara desert [China connection, 1999], and volcanic ash circles the
globe in a matter of days [Wayne, 2000].
Alaska is situated in a prime location for observing long range transport. There
are few local sources of pollution to drown out the signal; Anchorage, Alaska, with a
population of 250,000, is the largest city for over 2,000 kilometers in any direction! Two
major long-range phenomena affect the state: Arctic haze and Asian dust [Cahill and
Blakesley, 1999]. The former transports pollution to Alaska over the pole during the
winter and early spring from Europe and Russia, the latter carries desert dust over 6,000
kilometers across the Pacific during late spring.
Arctic haze grabbed the attention of the atmospheric community in the 1970s,
providing powerful evidence of intercontinental aerosol transport at a time when
skepticism surrounded the existence of significant long-range transport. A flurry of
research into the phenomenon ensued after its discovery in 1971 and continued through
the 1980s. Scientific knowledge of Arctic haze was first codified by Drs. Rhan and Shaw
in 1979 [Rhan and Shaw, 1979]. Other excellent summations were later made by Dr.

' Words found in the glossary are labeled with a superscript ‘E’.
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Barrie in 1986 [Barrie, 1986] and by Drs. Shaw and Khalil in 1989 [Shaw and Khalil,
1989].
Arctic haze research has been scarce, however, in the 1990s. Ironically, during a
decade that saw widespread public concern over global environmental problems such as
global climate change and ozone depletion, Arctic haze was largely ignored. As interest
in long-range transport into Alaska waned, so too, evidently, did Arctic haze. Anecdotal
evidence as well as nepthelometer measurements at Barrow, Alaska suggested that the
intensity of transport began to decline in the 1980s [Bodhaine and Dutton, 1993].
A decade and a half after Dr. Barrie’s paper, several pressing questions still
needed to be answered. Was Arctic haze declining, and if so, why? What was its future?
Could it be mitigated somehow? What other phenomena affect the Alaskan airshed?
How had massive changes in global industry affected air in Alaska and the Arctic?
One of the most intriguing questions was raised by Dr. Shaw [Shaw, 1982] ,when
he suggested that Norilsk, a metallurgical center in far north Siberia, might be responsible
for generating a substantial portion of Arctic haze. If that were true it would make Arctic
haze a relatively simple environmental problem to alleviate, requiring simply that
adequate emissions control technology be installed at the Norilsk smelting complex.
Of vital use to this further investigation into the state of the Alaskan airshed is the
availability of a chemical data set gathered at Denali National Park and Preserve since
1988. This site is maintained as part of the Interagency Monitoring of Protected Visual
Environments (IMPROVE) network, and is the only monitoring site of this national
network located within Alaska [Malm

et

al.,1994], Its position i

it to be fairly reflective of the entire State of Alaska. Polissar [1998] found that
observations of Arctic haze in Denali National Park and Preserve were broadly similar to
those of other monitoring sites further north. While the Alaska Range is far enough north
to observe Arctic haze phenomena, it is far enough south to regularly observe the
transport of sea-salt and Asian dust.
This work attempts to identify the chemical patterns in Alaska’s atmosphere and
their influence on visibility in the nation’s clearest park [Malm

1994]. Several
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analytical approaches are applied to the IMPROVE data gathered over the last

12

years.

Models are generated for the analytes and several derived variables. Derived time series
for sulfates, organic carbon, elemental carbon, nitrates and salts are used to create a mass
budget for Denali National Park and Preserve using the techniques presented by Malm et
al. [1994]. The four main factors that appear to influence Alaskan air (forest fires, sea
salt, dust and Arctic haze) are examined, using both traditional and multivariate
techniques in order to document their concentrations, seasonal variability, and long-term
trends.
This data set is used to help bring our understanding of the current state of
aerosols in Alaska’s airshed up to date. An examination of the effects of European
environmental policies and economic cycles in the former USSR on Alaskan aerosol
concentrations develops a more complete picture of the past and present aerosol behavior,
and allows for predictions about the future.
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1.0 Literature Review
The Alaskan airshed contains a complex array of aerosols that vary seasonally and
geographically. Forest fires are the largest source of aerosols in central (“Interior”)
Alaska [Cahill, 2000], followed by “Arctic haze” aerosols that reach Alaska in the winter
and early spring". Asian deserts are another occasional source of aerosols, although the
presence of much locally generated dust in Alaska makes it more difficult to judge the
exact impact of remote-source dust. Oceans are another, generally less significant,
source of aerosol.

1.1 Arctic haze
1.1.1 History
During the winter the Arctic atmosphere becomes contaminated with
anthropogenic pollution transported primarily from sources in Europe and Russia [Rahn
and Shaw, 1982]. This unusual form of regional air pollution is commonly referred to as
“Arctic haze”. Barrie et al. [1989] described it as “mid-latitudinal air pollution in the
form of visibility reducing particles as well as gaseous products of industrial activity and
fossil fuel combustion.” Sulfur oxides and soot are its main ingredients, although many
metal and organic compounds can be found [AMAP, 1998], It is absent during the
summer, but begins to appear in the early winter. Photochemical oxidation of sulfur
dioxide into sulfate aerosols after polar sunrise and seasonal meteorological conditions
cause Arctic haze to reach its peak intensity in March, after which levels sharply decline.
The first recorded evidence of pollution in the Arctic comes from tum-of-thecentury Norwegian explorer Fridtjof Nansen, who was puzzled by dark stains on the ice

" Based on a data set from the IMPROVE station in Denali National Park and Preserve, which is discussed
in detail in Chapter 3 (see Graph 3.6). Arctic haze is probably the largest source for the areas north o f the
Brooks Range since Arctic haze aerosol concentrations are approximately an order o f magnitude higher
there than in central Alaska and there are no trees to support forest fires. Arctic haze does not appear to be a
major source o f aerosols south o f the Alaska Range.
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as he crossed the Arctic ice cap [Soroos, 1992]. The first scientific observations of Arctic
haze were made by Mitchell [1956]. Based on the observations of weather officers
aboard reconnaissance flights in the western Arctic, Mitchell described the routine
occurrence of dark, layered bands of haze of unknown origin. He cataloged several
distinctive characteristics of the haze:
1)

it was composed of particles no larger than

2)

it occurred in patches roughly 800-1300 km across and 1-3 km thick,

3)

it had been observed at all altitudes below ~9 km, and

4)

it was seldom found over Greenland.

2

pm that were not ice crystals,

The explanation for these traits is now known. The haze was composed of
particles no larger than

2

pm because aerosols between

0 .1

pm and

1

pm are capable of

remaining suspended in the atmosphere for weeks and therefore able to travel into the
Arctic, which has few locally generated aerosols [Seinfeld and Pandis, 1998]. The size of
Arctic haze aerosols is roughly the same as the wavelength of visible light (0.39-0.76
pm), allowing the aerosol to scatter light and therefore diminish visibility very
effectively.
The layered form of Arctic haze is a consequence of the small thermal lapse rate8
of the Arctic atmosphere in the winter. The shallow lapse rate dampens vertical mixing
and therefore allows pollution to spread horizontally much faster than vertically [Wallace
and Hobbs, 1977]. Arctic haze occurs throughout the height of the Arctic troposphere8 as
a result of the tendency of air parcels to move along surfaces of constant potential
temperature8 causing pollution from lower latitudes to enter the Arctic at higher altitudes
[Tarrason and Iversen, 1992]. Lastly, the absence of the haze over Greenland is due to
the fact that throughout most of the winter and spring Greenland is engulfed in a separate
airstream region (atmospheric circulation system) than the rest of the Arctic [Wendland
and Bryson, 1981].
Mitchell’s observations went largely unnoticed for about 20 years, until Dr. Glenn
Shaw rediscovered the phenomenon in 1971 while taking atmospheric turbidity
measurements in northeastern Alaska [Shaw and Wendler, 1972]. This discovery ignited
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the curiosity of the scientific community. It was a phenomenon of vast geographical
scope, and was a dramatic rebuttal to the prevailing wisdom that air pollution was
essentially a local problem.
Mitchell’s observations indicate that Arctic haze was noticeable at least as early
as the 1950s, but its existence probably dates back centuries to the advent of widespread
coal use in Europe. The severity probably increased as industrial activity grew and
moved northward. This is merely speculation, but the increasing severity of Arctic haze
between 1950 and 1980 is not. Three ice core studies from Greenland and the Agassiz
glacier on Ellesmere Island show that sulfate ion concentrations in the Arctic doubled in
the period between 1950 and 1980 [Joranger and Semb, 1989]"1.

1.1.2 Com position
Mitchell’s early observations of pollution in the Arctic air mass were strictly
visual; he saw large brown layers of haze. The name “Arctic haze” seemed an obvious
and appropriate title, and has since come to be the standard title for the abnormally
intense pollution found in the Arctic during winter and spring. Its definition as a visual
phenomenon was cemented by the fact that the re-discovery and research into it during
the 1970s were carried out with sun photometers [Shaw and Wendler, 1972; Shaw, 1975;
Holmgrenet

al.,1974]. However, it must be recognized that the pollution transported

into the Arctic is comprised of both gaseous and aerosol components, and that by
defining Arctic haze as a visual phenomenon it only covers the aerosol component of that
pollution. The distinction is often difficult to make. For example, Khalil and Rasmussen
[1983; 1984] discuss the pollutant gases as “gaseous tracers of Arctic haze” or “trace
gases in Arctic haze.”
Episodes of high concentrations of aerosol pollution are not synonymous with
high concentrations of gaseous pollution. In fact, the two have a slightly offset
seasonality, with the gases tending to reach their highest concentrations in January111 Joranger and Semb did not do this work themselves, but rather cite three studies: Neftel et al., 1985
Mayewski et al., 1986 and Komer and Fisher, 1982.

18
February due to decreased photochemistry and mixing, while aerosol pollution reaches its
maximum in March-April due to increased airflow from central Eurasia and increased
gas-to-particle conversion.

1.1.2.1 Gaseous pollution
The primary gaseous pollutant is sulfur dioxide, which reaches levels on the order
of 1000 ng/m 3 in the winter months. Sulfur dioxide accounts for two thirds of all sulfur
entering the Arctic [Barrie et

1al.,989]. Other gases include nitrogen oxides a

hydrocarbons. Springtime concentrations of non-methane hydrocarbons have been
measured at -30 ppb (40 ng/m3) at Ny Alesund, Svalbard and at Barrow, an order of
magnitude higher than their summertime levels [Hove et al., 1989].
Methane concentrations show a modest but regular seasonal peak (-0.6%) at
Barrow in winter-spring [Dlugokencky et al., 1995], The slight variation is a
consequence of the long residence time8 of atmospheric methane and the abundance of
natural sources [Schlesinger, 1997]. Fossil fuels are believed to account for only 15% of
methane production as opposed to 75% from bacterial sources (the rest comes from
biomass burning) [Quay, 1999].
While a winter-spring peak in the Arctic is natural for methane (due to low
sunlight and therefore reduced concentrations of OH radicals as well as reduced mixing),
Harris [2000] took the fact that methane concentrations were positively correlated to the
concentrations of CO and CO2 and negatively correlated to O3 at Barrow and provided
good reason to suspect that the relationships were pollutant-driven. His reasoning was
that the negative correlation of O3 with these gases is the result of O3 destruction by NOx
from industrial plumes. Air parcels transported to Barrow from Siberia were found have
the highest mixing ratios8 of these gases.
It should be mentioned that long-range transport is not the only mechanism by
which gaseous pollutants are introduced to Alaska’s North Slope. Jaffe [1995] suggested
that airflow to Barrow from the relatively proximate Prudhoe Bay oilfields 150 miles to
the east may cause a slight elevation of CH4, CO 2 , and NOx mixing ratios.
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1.1.2.2 Aerosol pollution
Arctic haze, or the particulate component of winter-spring Arctic air pollution, is
mostly comprised of acidic sulfate aerosols, which make up -90% of the haze’s mass
[AMAP, 1998], and soot [Rosen et al., 1981], There are also many other elemental
constituents, such as lead, arsenic and other metals, nitrate, sodium, magnesium and
chloride [Barrie, 1986]. Coal burning and metal smelting seem to be the primary
contributors to Arctic haze, based on both its composition and the source regions.
The sulfur and nitrogen oxides in the Arctic air mass commonly form sulfuric and
nitric acids. Hoff et al. [1983] showed that Arctic haze aerosols exist as a spectrum with
acidic sulfate aerosols comprising virtually

100%

salts (MgCh and NaCl) comprising virtually

of the aerosol mass below

100%

1

pm, sea

of the aerosol mass above 3 pm, and

an acidified sea salt mixture existing between 1-3 pm. Sheridan [1989], using analytical
electron microscopy, found that haze aerosols in the upper troposphere were mostly
droplets of sulfuric acid. Only a small fraction of sulfur aerosols (0-30%) were found to
contain detectable levels of nitrogen, which would be present in aerosols that had been
partially neutralized by ammonia. Nitrogen could also come from nitric acid, so this only
represents a maximum level of neutralization. As the availability of ammonia ions in an
air mass declines, an increasing fraction of sulfate ions will be in the form of relatively
acidic compounds (ammonium bisulfate or sulfuric acid.) Cantrell et al. [1997] verified
the highly acid nature of the haze was not confined to the upper troposphere; groundlevel measurements of the sulfate aerosol at Poker Flat in early March were found to be
only 25% neutralized.

1.1.3 Sources
It is generally assumed in the literature that Arctic haze is mainly anthropogenic.
There are many arguments for this, but two of the best use meteorology and isotope
ratios. A convincing graph in support of this proposition was prepared by Iversen [1989],
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and is reprinted as Graph 1.1. It shows how a high 'meridinal index’ (defined as a period
of significant northward flow) over the North Atlantic coincides with low concentrations
of sulfate aerosol at Bjornoya and Ny Alesund, while a high value over Europe or Asia
coincides with higher sulfate levels.
al. [1991], who measured 534S1Vin

The isotopic argument comes from Nriagu

Arctic sulfate aerosol. According to Nriagu et al., Sj4S for anthropogenic sulfate in eastcentral North America ranges from
the Soviet Union,

+ 5 .9 ° /o o ,

0

to

+ 5 ° / 00;

the average 5j4S for sulfate in rainfall in

was taken as an approximate average value for Europe. Sea

salt sulfate contains a much higher 5j 4S,

~ + 2 0 ° /o o .

Dimethyl sulfide (DMS), which

accounts for the vast bulk of biogenic sulfur [Seinfeld and Pandis,

1 9 9 8 ],

is thought to

have a 534S < 1 0 7 o o , lighter than sea-salt sulfur. The 8 j4S observed at Alert oscillates
seasonally from a value of

~ + 9 ° /o o

in the summer to

~ + 6 ° /o o

in the spring. Ny Alesund

and Mould Bay have similar values, although far less detailed time series. The 5j4S
ratios gathered by Nriagu et al. suggest that the sulfur collected in March is almost
entirely anthropogenic, while the sulfur collected during the summer is substantially
influenced by natural and biogenic sources.
Meteorological studies suggest that the pollution comprising Arctic haze comes
mainly from Europe and Russia. Barrie et al. [1989] used a chemical-transport model to
determine the flux of anthropogenic sulfur across the Arctic Circle (66.33°N) between 0
and 3.5 km altitude from July 1979 to June 1980. By calculating large numbers of back
trajectories and matching them with precipitation data, they found that, of the 3.5
Mtonnes (1 Mtonne = 109 kg = 1 Tg) of anthropogenic sulfur that entered the Arctic, 52%
came from Europe, 42% came from the Soviet Union, and 6% came from North America.
Most Russian pollution enters the Arctic between 20°E and 90°E [Barrie et al.,
1989] (see Graph 1.2), indicating that it is transported into the Arctic by the blockingg set
up by a strong Siberian High, which typically only occurs in the spring [Iversen, 1989].
Most of Europe’s pollution, by contrast, enters the Arctic between 20°W and 40°E
,v The ratio o f 32S to 34S in the total in the total inventory o f the Earth is 22.22. This sulfur isotope ratio is
accepted as an international standard and assigned a value o f 0.00. Deviations from this ratio are expressed
as 5'4S. with units o f parts per thousand (0/oo).
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L O N G IT U D E

L O N G IT U D E

Graph 1.1 Four simultaneous diagrams for March 1983 showing the linkage between
sulfate aerosol concentrations in the Norwegian Arctic and the transport of air into the
Arctic from Eurasia. Originally presented by Iversen [1989] as Figure

8

on page 2456.

Figures A and B show concentrations of sulfate in units of micrograms of sulfur at
Bjomoya and Ny Alusund, respectively, two stations in the Norwegian Arctic. Figure C
shows blocking events with a resolution of 10 degrees longitude. Strong blocking events
are shown by a solid rectange, weak events with an open rectangle. Figure D shows
events with a high meridonal index (degree of south-north air exchange). Events at 70° N
are maked with the dark grey rectangle, those at 65° N are marked with light grey, and
those at 60° N are white. The x-axis in A and B is the concentration of sulfur; the
abscissa for C and D are the longitudes 180°W-180°E. The positions of the oceans and
continents at 50° N are shown underneath by PO (=Pacific Ocean), NA (=North
America), AO (=Atlantic Ocean), EU (=Europe) and AS (=Asia).
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Annual sulphur flu* by longitude
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Graph 1.2 The total longitudinal distribution of the flux of sulfur into the Arctic from 0
km to 3.5 km between July 1979 and June 1980 as a function of source region.
Originally presented by Barrie et al. [1989] as Figure

6

on page 2510.
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[Barrie et

al.,1989], indicating that its pollutants are primarily transported into the Arctic

by North Atlantic dipole blockings.
Shaw and Khalil [1989] explain the relative absence of pollution from North
America and the Orient as a consequence of their positions relative to the oceans.
Pollution from China and Japan follows a northeastern track towards the Arctic and
encounters the Aleutian Low, which scavenges pollutants from the air. Similarly,
pollution from eastern North America encounters the Icelandic Low in the North
Atlantic, which scavenges pollution. Pollution from Europe and Russia can move over
land, avoiding an encounter with a strong scavenging system. Furthermore, the major
industrial centers of Europe lie -10° north of those in the US and the Orient; Russian
industry lies yet farther north.
Tarrason and Iversen [1992] suggest that the contribution of each source region to
Arctic haze is altitude dependent. In Tarrason and Iversen’s model, Europe contributed
slightly more total sulfate than the Soviet Union, but contributed less to ground-level
sulfate pollution. A given air parcel will move on a surface of constant potential
temperature. Since the surfaces slant upwards as one moves north, polluted air parcels
originating in the south will ascend to higher altitudes by the time they reach the Arctic
than will parcels that originate further to the north. Iversen [1993] interprets this to mean
that during the winter months there are three circumglobal bands that can serve as source
regions for Arctic pollution:
1) the region located poleward of the Arctic front, which can effectively contribute
to ground-level pollution in the Arctic;
2) the region south of the Arctic front but northward of the polar front, which may
contribute to higher-altitude pollution, but with a larger percentage of watersoluble pollutants washed away en route',
3)

the region southward of the polar front, which may contribute to pollution high up
in the troposphere, but there will be few water-soluble species contained in this
pollution, and turbulent diffusion across the polar frontal zone will have caused
considerable dilution.
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Tarrason and Iversen [1992] accredit “Asia” (by which they mean the Soviet
Union) with 53% of ground-level sulfur pollution for March 1983. European sulfur does
not become dominant until 2 kilometers up, but at an altitude of 4 kilometers it makes up
almost 70% of total anthropogenic sulfur. North American sulfur is almost non-existent
below 1 km, but makes up some 20% of the total at 5 km. By July 1983, things were
much different. During the summer, Europe was predicted to contribute a far greater
percentage of anthropogenic sulfur in the Arctic.
Barrie et al. [1989] paint a contrasting picture. They show that in July 1979, the
Soviet Union contributed 80% or more of the sulfur entering the Arctic below 3.5 km,
which they accredit to the northerly position of some Russian industrial sources. Of
course, these results are from different years, so they may both be correct. On the other
hand, both of the results were produced by models, and the differing assumptions made
by the authors are more likely to be the root cause of the difference.
The emission latitude has an enormous impact on the amount of the pollution that
enters the Arctic air mass. Iversen [1993] found that for sulfur oxides emissions in
Europe every 15° north increased the mixing ratio of sulfur in the high Arctic (80°N) by a
factor of ten. This multiplicative factor is highly variable, changing to about 3 for
alkanes,

5

for alkenes and 30 for nitrogen oxides, but it provides the necessary illustration

as to the importance of latitude.
The contribution of Russia to the Arctic pollution may also be underestimated by
only looking at the apportionment of sulfur oxides. Sturges and Barrie [1989] found that
the mean

206Pb/207Pb

ratio of 1.160 ± 0.010 at Alert and 1.161 ± 0.006 at Mould Bay were

very similar to the 1.158 ± 0.014 ratio for non-ferrous metal deposits in the Soviet Union,
indicating that a large portion of Arctic metal pollution originated in Russia.
The former Soviet Uniong (chiefly Russia and the Ukraine) emits a substantial
amount of lead into the atmosphere. Official statistics submitted to the Environmental
Monitoring and Evaluation Programme (EMEP) for the Ukraine reported 3,100 tons in
1998; Russia claimed to emit only 2,262 tons [Tables, 1999]. This estimate is only for
the 25% of the Russia territory west of the Ural Mountains considered by EMEP to be
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part of its grid. The Arctic Monitoring and Assessment Program (AMAP) reports that
even stationary-source lead emissions east of the Urals are larger than this, with an
estimated 2600 tons/year. Mobile sources are undoubtedly quite large, as Russia has yet
to discontinue the use of leaded gasoline.
To provide a frame of reference for these numbers, consider that Germany
emitted only 632 tons of lead in 1998. The UK, France, Sweden, Germany, Denmark,
Finland, Norway and Poland all put together emitted 3663 tons in 1998. Dr. Alexei
Ryaboshapko of EMEP’s Meteorological Synthesizing Center-East [personal
correspondence, 2000] suggested that in general European emissions were about twice
the official statistics, and that Russia’s emissions were 2-4 times higher, due to
deficiencies in the inventory process. Not only does Russia emit high quantities of lead
aerosol, but also it does so at higher latitudes than other European nations and therefore
has a greater impact per ton on the Arctic. This may explain the discrepancy with the
Ukraine.

AMAP [1998] approximates the Norilsk smelter, at 70°N emits approximately

800 tons/year of lead, over 200 tons more than the entire nation of Germany!
Furthermore, Germany is located 20° south of Norilsk, making it perhaps an order of
magnitude less significant as a source.
The Kola Peninsula8 area is also a major source of pollutants into the Arctic.
Three major smelters, all located north of the Arctic Circle, inject a combined 500,000
tons of sulfur gases, 64,000 tons of dust, 2,460 tons of nickel, 1,600 tons of copper and
100 tons of cobalt into the Arctic atmosphere [Moiseenko and Kashulin, 1996].
1.1.4 Im pacts

1.1.4.1 Visibility impairment
In the absence of Arctic haze, visibility in the Arctic is quite high. The greatest
possible sea level visual range on Earth is 296 km, and Barrow averages 271 km in June.
The average value for March is reduced to 143 km, and episodes of Arctic haze drive the
range much lower [Aerosol, 1998]. Arctic haze often reduces visibility to approximately
30 km in the high Arctic [Barrie, 1986]. The dramatic seasonal variation in visibility can
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be seen in Map 1.1, based on data from Barrie [1986]. Barrie also notes that suspended
ice crystals frequently accompanied the haze, which further reduces visibility to about

10

km. These ice crystals are probably formed by the nucleation of ice onto acidic aerosols
at temperatures below -25° C.
Denali National Park and Preserve in Interior Alaska is a Federal Class I Area,
meaning that the visibility within the Park is monitored and protected by the federal
government. Denali National Park and Preserve is in the sub-Arctic and not as severely
impacted as the Arctic; sulfate aerosol mixing ratios in at Denali are 30-50% of those in
the Arctic. Nevertheless, Arctic haze appears to have a substantial impact on visibility in
the Park. For seven months out of the year (November-May), sulfates are the dominant
aerosol species in Denali NPP (see Graph 3.11), of which Arctic haze aerosol appears to
make up a sizeable portion. Using the formula of Barrie and Hoff [1985], it can be
shown that the most severe Arctic haze episodes in Denali National Park and Preserve
limit visibility to 120 km at low humidities. This underestimates the impact of the haze
though, because Denali National Park and Preserve’s humidity in the early spring is quite
high, averaging between 70 and 80%v. Considering that the light-scattering efficiency of
sulfate aerosols increases by 2-3 times when one introduces them into an environment
with -80% humidity [Seinfeld and Pandis, 1998], a more realistic estimate accounting for
humidity of Denali National Park and Preserve’s visibility is around 40-60 km.

v Historical climate data for Denali National Park and Preserve, including humidity, was made available by
the National Parks Service Air Resources Division [Access, 2001],
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Map 1 . 1 Visibility observations for relative humidities less than 80%, 1951 to 1993
[Arctic, 1999].
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1.1.4.2 Acidification
Galloway et al. [1982] found the mean pH of precipitation in central Alaska to be
slightly less than 5.0; rain must have a pH of less than 5.0 to be considered acid rain
[Seinfeld and Pandis, 1998]. Dayan et al. [1985] found that two-thirds of the acidity in
Interior Alaska’s precipitation is due to sulfuric acid rather than the carbonic acid that is
typically the dominant acid in unpolluted rain water, suggesting that the precipitation has
become substantially more acidic than it naturally would be.
Areas of the Arctic (such as parts of Scandinavia and Russia) which experience
acid rain have found it to be especially harmful for many reasons. Due to its poor soils
and extreme conditions the Arctic ecosystem is fragile and ill-equipped to bear additional
stresses such as acidification. Secondly, the Arctic vegetation derives much of its water
supply from snowmelt; Liston [1986] found it accounted for over half the annual water
budget for Alaska’s North Slope. Selective leaching of acids from the snowpack by the
first melt water can produce an “acid shock”, concentrating the acids by a factor of three
to five [Johannessen and Henricksen, 1978; Jeffries et al., 1979]. Moreover, large swaths
of the Arctic have poorly buffered soils [AMAP, 1998], making the acid precipitation
more effective at acidifying rivers and lakes.
AMAP models of soils and water responses to different sulfur emission levels
suggested that, in the long run, the rivers and lakes of northern Scandinavia are
vulnerable even at fairly low rates of sulfur deposition8. Furthermore, once the buffering
capacity of Arctic lakes is exhausted they acidify very rapidly [AMAP, 1998].

1.1.4.3 Deposition o f lead and other trace metals
Sulfate aerosol makes up an estimated 90% of Arctic haze’s mass [AMAP, 1998],
In addition to sulfate, Arctic haze aerosols contain a variety of metals, e.g. nickel,
copper, cadmium, vanadium, manganese and lead. Although Arctic haze may elevate the
concentrations of these elements, only the deposition of lead has been shown to exceed
natural sources for the majority of the Arctic [Rahn, 1981],
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While severe effects of metal deposition have not yet been observed in the Arctic
as a whole, the consequences have been severe in specific areas, particularly the Kola
Peninsula and the Taymyr Peninsula, both located in the Russian Arctic. These areas
have witnessed the partial or total destruction of vegetation and aquatic life; much of
what survives is mutated or damaged [Moiseenko and Kashulin, 1996; Kiseleva, 1996;
Latyshev, 2001]. Damage to lichens seems to be particularly severe [Tommervik

a l,

1994], which is disturbing given that lichens comprise the base of the food chain in much
of the Arctic. On the Taymyr Peninsula in north-central Russia, approximately 600 km 2
of forests and

2 0 0 ,0 0 0

km 2 of pastureland have been destroyed by airborne pollution and

lichens have absorbed so many metals (strontium-90, cesium-137, nickel and copper to
name a few) that they have become toxic [Latyshev, 2001].

1.1.4.4 Climatic impacts
Arctic haze may exert an influence on the Arctic climate, but the sign and
magnitude of this effect are unclear. First there was a concern that Arctic haze would
warm the Arctic [Shaw and Stamnes, 1980; Porch and MacCracken, 1982; Cess, 1983],
but the magnitude of the warming effect was later called into question [Blanchet and List,
1987] and now there is concern that the haze may in fact be cooling the high Arctic
[Girard and Blanchet, 1995].
Arctic haze not only scatters light, but also absorbs it, due to the light absorbing
carbon aerosols (soot) it contains. Arctic haze’s soot contributes to warming by both a
primary and secondary effect: when suspended in the air and once settled onto the snow.
Both mechanisms cause the Earth to reflect less sunlight back into space by darkening the
Arctic, which is naturally highly reflective in the winter due to its extensive snow cover.
A rough idea exists about the magnitude of both effects; Valero et al. [1984]
observed a 36% increase in the amount of absorbed solar radiation due to a haze event at
Barrow in March of 1983 and Clarke and Noone [1985] found a 3%-10% decrease in the
albedo of old snow. The absorbance of sunlight by deposited soot outlasts the direct
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absorbance of Arctic haze, persisting until May or June. In fact, the effects increase in
the spring, as the snow melts and leaves the soot behind as a dark covering.
Porch and MacCracken [1982] estimated the additional springtime warming rate
of the Arctic due to radiative absorption by Arctic haze in spring was -0.06 K per day
under clear sky conditions. By comparison, if the atmospheric concentration of CO2
were to double, it would enhance the springtime warming rate in the Arctic by 0.04 K per
day under clear sky conditions [Ramanathan et

1979]. Blanchet [1989] indicates that

the increase in warming would not exceed 2 °C.
Girard and Blanchet [1995] suggest that the sulfuric acid aerosols associated
Arctic haze cool the Artie by desiccating the Arctic air. Since water vapor is the primary
greenhouse gasg in the atmosphere, reducing its concentration has a potent impact on the
rate at which heat is lost to space. Since there is no solar heating of the Arctic during the
winter, any perturbation of the greenhouse effect has an especially large effect on
temperature.
The warming and cooling aspects of Arctic haze are not mutually exclusive. The
desiccation will have its greatest effect in midwinter, the warming will have its greatest
effect in March, and the deposition of soot onto the snowpack will have its greatest effect
in May. This could be causing the Arctic to grow colder on average concurrent with
increased melting in the spring.
Data supports the picture of an overall cooling, but a springtime warming. After
analyzing 27,000 Arctic temperature profiles Kahl et al. [1993] found that between 1950
and 1990 the high Arctic underwent a cooling, rather than the expected warming
predicted on the basis of rising global greenhouse gas concentrations. Between 1950 and
1990 the surface temperature inversion strengthened by 7.8°C in the winter, but there was
a slight warming in the spring. Fall temperatures declined somewhat, and the summer
remained unchanged.
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1.1.5 Possible decline of Arctic haze
Measurements of the optical scattering coefficient (asp) taken at Barrow, Alaska
[Bodhaine and Dutton, 1993] indicated a decrease in Arctic haze between 1982 and 1992.
NOAA’s Climate Monitoring & Diagnostics Laboratory (CMDL) has since reported that
while Arctic haze levels continue to be lower than the values observed in the early
1980's, the reported trend has not persisted during the past five years. Graph 1.3 was
used by CMDL to illustrate their assertion [Aerosol, 1998].
Downloading the data from NOAA’s ftp server and analyzing it myself, however,
I drew different conclusions. The analyst had defined the value of “Arctic haze” for the
year to be the mean scattering measurement for the month of March. Had the analyst
looked at the average yearly values, or at values for February, April, or May they would
have seen a more regular decrease since 1982. In fact, aside from a dip from 1978-1981,
the haze has decreased in a linear fashion at the rate of 2.5* 1O’7 m' 1 per year (or ~3% per
year) with an R 2 of 0.83. The average annual a sp in 1998 was just slightly over half of the
average annual osp in 1977, as shown in Graph 1.4.
Results from Ny Alesund, Norway, also suggest a decline. AMAP [1999] reported
that wintertime sulfate concentrations at Ny Alesund (situated on the Arctic archipelago
of Svalbard) had declined roughly 70% between 1980 and 1994. However AMAP also
stated that Alert, Canada, experienced only a slight decline over the same time period,
raising the possibility that the decline might be uneven.
This decline in the severity of Arctic haze has been concurrent with major
reductions in pollutant emissions of both sulfate and sulfur dioxide in the source regions,
Europe and Russia. The Co-operative Program for Monitoring and Evaluation of the
Long-Range Transmission of Air pollutants in Europe (EMEP) reports that Russian
emissions of sulfur dioxide west of the Urals have fallen by 61% between 1988 and 1998,
while the European Community has seen a concurrent decline of 48% [EMEP, 1999].
The decline in Arctic pollution over the last 15-20 years has coincided with large
reductions in the emission of sulfur dioxide and other air pollutants in North Americavl,
" “North America” refers only to Alaska, Canada and the contiguous United States.
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Graph 1.3 Mean March optical scattering coefficient at 450 nm at Barrow, Alaska,
1977-97. Presented as an unlabeled graph on the CMDL website [Aerosol, 1998]. By
using only the March measurements the graph gives the false impression that there is no
decline in scattering measurements.

Graph 1.4 Mean annual scattering coeficient at 450 nm at Barrow Alaska, 1977-98. Units are in
inverse megameters (lMm=10 6 m). Constructed from data obtained at NOAA's anonomous ftp site
(ftp://ftp.cmdl.noaa. go v/ aerosol/brw/archive/).
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Europe, and the former Soviet Union (FSU) as shown in Graphs 4.1 and 4.2. Graph 4.1
shows the trends in total SO2 emissions in North America, Europe, and the FSU, while
Graph 4.2 shows the amount of SO2 entering the Arctic from each region.

1.2 Asian dust
Generally, long-range transport must occur at high altitudes (above 5 km) over an ocean
in order to avoid scavenging [Shaw and Khalil, 1989]. Therefore, while the Pacific
Ocean usually serves as a barrier to pollution transport, pollution can undergo long-range
transport over it if lofted high enough. The transport of desert dust from the Orient is a
well-documented phenomenon [Husar et al., 1999], and so, increasingly, is the transport
of pollution.
One of the first attempts to characterize the origin of Arctic haze, found that a
large haze incident in early May 1976 was caused by desert dust [Rahn et al., 1977].
This conclusion was based on the morphology of the aerosols and their chemical
composition, along with consideration of the meteorological situation preceding the
appearance of the haze. The dust was almost certainly transported from the Gobi and
Taklimakan deserts in Mongolia and northern China. Nearly every spring, high winds
loft so much dust that it falls on Japan and Korea like yellow snow. The Japanese refer to
the massive dust fall as the “kosa”, the Koreans call it the “whangsa”. Spring is not only
the most active period for dust storms in the Gobi and Taklimakan, but also the period of
most active atmospheric transport between the Orient and the Arctic [Husar et al., 1999].
Rahn et al. [1977] estimated that such a plume could carry an enormous amount
of soil into the Arctic; a plume of the intensity observed in 1976 would deliver
approximately a half-million tons of soil into the Arctic during a 5-day episode, assuming
a traveling speed of 80 km/hr. Given that a large plume recently tracked across the
Pacific moved at an average velocity of 43 km/hr [Husar et

2000], Rhan et al. ’s

estimate may be about double what one would expect.
Since Rhan et al. [1977], the transport of Asian desert dust into the North Pacific
atmosphere has been the subject of extensive study [Shaw, 1980; Duce et al., 1980;
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Parrington

et

al.,1983; Uematsu et al., 1983; Merrill et al., 1989; Bodhaine, 1995; Husar

et al., 1997; Perry et al., 1999]. These investigations have established that Asian dust
events occur in the springtime, usually April, and may reach as far south as Mexico, or as
far north as the Arctic. Even Alert, at 82°N latitude, sees a sharp seasonal elevation of
soil dust in April/May [Barrie and Barrie, 1990].
Cahill [2000] found that elemental ratios in dust were similar in Denali National
Park and Preserve and Crater Lake National Park, Oregon, during the spring, when both
experience peaks in soil aerosol concentrations, indicating that the dust had a common
origin. Large segments of dust clouds moving east over the Pacific from Asia are peeled
off and transported northward into the Arctic [Hussar et al., 2001]. Model simulations
also predict this phenomenon [Westphal, 2000; Nickovic et al., 2001].
Geological evidence suggests that global scale transport of Asian dust has been a
long-running natural phenomenon [Shaw, 1979]. Chemical analysis of Greenlandic ice
cores [Biscaye et al., 1997] and Hawaiian soil studies [Rex et al., 1969; Dymond et al.,
1974; Kennedy et al., 1998; Chadwick et al., 1999] have shown that the chemical and
radiological fingerprints of deposited dust were consistent with the composition of the
Asian dust sources.
Rhan et al. [1977] detected little pollution in the 1976 dust plume, but Chinese
sulfur dioxide emissions have since tripled. Unsurprisingly, more recent studies have
shown an increase in anthropogenic pollution concurrent with the transport of Asian air
during the spring over the Pacific Ocean [Prospero and Savoie, 1989; Jaffe et al., 1997;
Talbot et al., 1997] and North America [Jaffe et al., 1999]. The concentration of sulfate,
nitrate, soot, and heavy metal aerosols accompanying these dust plumes will almost
certainly increase as China’s coal-fired economy rapidly expands over the coming
decades (China’s sulfur emissions may easily triple by 2020; see chapter 4).

1.2.1 Desertification
Aside from the probable increase in obviously anthropogenic pollution, the
amount of dust may also be increasing. The dust itself has been implicitly assumed to be
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an entirely natural phenomenon, but this assumption needs to be examined. The dust
storms should be considered at least partially anthropogenic, because human activities are
contributing to an expansion of the Gobi desert, which has in turn produced more dust
storms [Blackman, 2000],
China and Korea are far more sensitive to changes in the occurrence of dust
storms, since they are much closer to their source. A recent editorial in the Korea Times
voiced the frustration of Koreans, who have become upset by the increase in the severity
and frequency of the events. The dust storms have many negative health impacts on
Koreans, but the most interesting effect cited by the article was that viruses might be
transported over long distances by clinging to surfaces of dust particles. Recently it was
shown that the virus that causes hoof-and-mouth disease in livestock was transported to
Korea in this manner [Yellow, 2000],
Beijing lies directly in the path of these storms, and therefore the Chinese have
anxiously noted the accelerating occurrence of dust storms. Chinese records describe
fierce dust storms occurring in Beijing once every seven or eight years in the 1950s. By
the 1970s the occurred every two or three years, and by the early 1990s they had become
an annual problem. By 2000, the problem had become acute; the worst storm in memory
continued for many days, blotting out the sun, halting air travel and filling emergency
rooms [Blackman, 2000],
This is a consequence of the Gobi desert’s swift growth. Overcultivation,
overgrazing, and firewood cutting have caused, or at least contributed to, the rapid
desertification of China’s north. Official statistics indicate that every year the desert
9
9
expands by 2,500 km', up from 1560 km /yr in the 1970s. Dunes forming only 70 km
north of Beijing have spurred the government to officially “declare war” on
desertification. Japan and Korea have agreed to help finance massive tree-planting
campaigns in order to halt the desert’s spread, but the >30 billion trees planted by China
since 1980 have done little good (in part because the government has never planted
grasses to stabilize the ground first) [Blackman, 2000].
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The IMPROVE monitoring site in Denali National Park and Preserve actually saw
a slight decrease in the severity of dust events reaching Alaska between 1988 and 2000.
Perhaps this could be due to changes in transport patterns, but barring a fundamental shift
in the seasonal teleconnectiong between the Gobi and Alaska, the Gobi desert’s
accelerating expansion ought to eventually cause an increase in the amount of dust
entering the Arctic.

1.3 Forest fire smoke
Smoke is composed of small gas-borne aerosols made up of graphitic carbon and
organics2 that result from incomplete combustion. Potassium also accompanies smoke,
and is noteworthy for its use as an indicator of wood combustion [Currie

al., 1994].

An active, flaming fire will produce impure graphitic particles (soot) that are
composed mainly of carbon atoms, but contain a significant fraction of hydrogen atoms.
The composition of soot from the hottest part of a flame is typically CsH; soot formed
elsewhere in the flame will usually have more hydrogen [Palmer and Cullis, 1965; Flagen
and Seinfeld, 1988], As the smoke column cools organics volatilized during combustion
will condense [Schlesinger, 1998], The organic vapors are frequently absorbed by the
soot particles, forming chemically complex smoke aerosols [Seinfeld and Pandis, 1998].
Elementary smoke particles are typically small, regular spheres of 20-30 nm in diameter,
which over time will tend to cluster with one another to form larger agglomerates that can
be seen by the naked eye [Seinfeld and Pandis, 1998],
Organic carbon2 tends to dominate elemental carbon2 in wood smoke. Watson
and Chow [1994] estimate that organics account for 70% of the mass of wood smoke as
opposed to 15% for graphitic carbon. Potassium makes up another 5-6% [Turn et al.,
1997]. Seinfeld and Pandis [1998] report that in a fireplace softwoods will produce 2.8
grams of organic carbon and 1.3 grams of elemental carbon per kilogram of fuel burnt.
For hardwoods the ratio is even more lopsided in favor of organic carbon (4.7 vs. 0.4
grams), but softwood is more germane to a discussion of forest fires in Alaska’s softwood
forests.
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Cahill [2000] describes the results of the 1999 Frostfire experiment, which
produced the most detailed size- and time-resolved aerosol measurements taken of subArctic wildfire smoke. The experiment was carried out by burning 800 acres (325 ha) of
forest in central Alaska, 50 miles north of Fairbanks and 125 miles north of Denali
National Park and Preserve. Some of the key findings of the bum are listed below:
•

The smoke from the fire was highly monodisperse; the 0.56 to 1.15 pm
diameter size fraction contained over

2 0 ,0 0 0

times more organic carbon

than any other size fraction.
•

Potassium aerosols, by contrast, primarily occurred in the smallest size
fraction, between 0.069 and 0.56 pm.

•

Most of the organic carbon was released during the smoldering phase of
the fire, rather than the active (flaming) phase.

•

Very little graphitic carbon was observed.

•

Potassium aerosols were greatly elevated during the active phase of the
fire, but not during the smoldering phase. This behavior led Cahill to
suggest that flames may be required to release potassium from the plant
matrix.

The amount of smoke directly produced by human activity is minor in Alaska
compared with the natural sources, but even these natural sources are substantially
influenced by human activity. Climactic changes have caused an upward trend in the
total area of North America burned each summer [Kasischke and Stocks, 1999], but
firefighting efforts have caused the levels of smoke aerosols to fall in temperate zones
over the last century [Clark and Royall, 1994].

1.4 Sea salt
Sea salt is seldom a significant factor in aerosol mass outside of marine and
coastal environments [Malm et al., 1994], Chlorine, sodium and magnesium are the most
distinctive elements in sea salt. Chlorine and sodium account for over 90% of sea salt
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mass and magnesium, while placing a distant third at 4%, has few other sources
1969]. Most of the remaining 6 % of sea salt is composed of sulfate, calcium and
potassium, but sea salt is a secondary source for these chemicals.
Sea salt aerosol does not usually penetrate very far inland. The relatively large
size of sea salt aerosolsvn and their high solubility contribute to their rapid rate of
removal. Shaw [1991] found that mountain ranges are very effective barriers to salt
transport. Air transported into Interior Alaska 900 km across low-lying country had 10%
of the fine sodium aerosol mass it would have had at the ocean, whereas air moving only
400 km over the Alaska Range had only 2%.
The chloride to sodium ratio, equal to 1.82 in seawater, is lowered by the presence
of acidic pollution. Shaw [1991] theorized that acids, particularly sulfuric acid, were
mixed into sea salt aerosols through coagulation and reacted with the sodium chloride to
form volatile hydrochloric acid and a sodium salt such as sodium sulfate. Sodium, by
contrast, is very unreactive and is the preferred tracer for sea salt.

1.5 Sulfur chemistry
Sulfur is a vitally important element in atmospheric chemistry. Sulfate aerosols
account for a large fraction of total fine aerosol mass, scavenge water efficiently and are
responsible for the majority of visibility degradation in the eastern U.S. [Malm et al.,
1994], Sulfur tends to form acidic compounds, and incompletely neutralized sulfate is
the primary culprit in acid rain [Schlesinger, 1997]. Sulfates are also very significant to
the Alaskan airshed: sulfates make up most of the mass of Arctic haze [AMAP, 1999],
sulfate is the dominant ion in precipitation [Dayan et al., 1985], sulfate deposits on the
Alaskan snowpack [Jaffe and Zukowski, 1993], and both sulfate and sulfur dioxide are
rapidly declining (see section 3.3.1.2). Because of its general and specific significance, it
seems appropriate to briefly discuss some of the basics of atmospheric sulfur chemistry.

v" Wall et al. [1988] found the vast majority o f the mass o f sodium and chlorine aerosols was contained in
the size fraction between 1 and 20 (im. This is in sharp contrast to the observed mass distribution o f
ammonia and sulfate, for which most o f the mass was between 0.1 and 1.0 pm.
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Sulfur enters the atmosphere from a variety of sources in a variety of forms. The
main sources are anthropogenic pollution, volcanic gases, sea salt and decaying biomass
[Wayne, 2000]. The main chemical forms of sulfur that enter the atmosphere are
hydrogen sulfide (H2 S), carbon disulfide (CS 2), dimethylsulfide [(CH3)2 S, abbreviated
“DMS”], sulfur dioxide (SO2) and sulfate (SO 42") [Seinfeld and Pandis, 1998]. All of
these chemicals are gases except for sulfate.
Anthropogenic sources are thought to inject between 50 and 100 Mtonnes of
sulfur into the atmosphere every year; most of it as sulfur dioxide (SO 2), but a substantial
fraction as sulfate [Schlesinger, 1997]. Natural sources are of the same magnitude as
anthropogenic sources. The largest natural source of atmospheric sulfur is probably the
ocean, which annually generates approximately 40-150 Mtonnes of sea salt sulfate
aerosol through wave action. However, most of this quickly returns to the ocean
[Schlesinger, 1997; Wayne, 2000], The other significant inorganic source is volcanic
sulfur, which accounts for about 7 Mtonnes per year, mostly in the form of sulfur dioxide
[Wayne, 2000],
Biogenic sources produce 20-90 Mtonnes of sulfur per year, mostly from
decaying organic matter [Schlesinger, 1997; Wayne, 2000]. Schlesinger estimates that
marine sources are responsible for about three-quarters of biogenic emissions; Wayne
estimates that marine and terrestrial sources are approximately equal. Terrestrial sources
(such as wetlands and anoxic soils) emit sulfur primarily as hydrogen sulfide (H2 S), while
marine sources will primarily generate DMS.
Sulfur compounds are short-lived; most of them are removed from the atmosphere
within days. The exception is carbonyl sulfide (COS), an alternative product of the
oxidation of carbon disulfide, which has an atmospheric residence time of about 7 years
[Seinfeld and Pandis, 1998], Although an estimated 300 Mtonnes of sulfur cycles
through the atmosphere every year, only about 2.8 Mtonnes of sulfur will actually exist in
the atmosphere at given moment [Schlesinger, 1997], implying that sulfur has a mean
residence time of ~3.7 days in the atmosphere.
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As long as they remain in the atmosphere sulfur gases will oxidize relatively
quickly. Carbon disulfide, hydrogen sulfide and DMS are oxidized to sulfur dioxide;
sulfur dioxide will oxidize to form sulfur trioxide, which in turn will form sulfate.
Because the end result of sulfur oxidation is usually sulfate, sulfurous chemicals are
viewed as aerosol precursors [Wayne, 2000], Depending on the amount of ammonia
available sulfate ions will appear as sulfuric acid (H2SO4) or a partially or fully
neutralized saltv"‘, ammonium bisulfate [(NH4 )HS04] or ammonium sulfate [(NH4)2 S 0 4],
respectively.
It is the oxidation of sulfur dioxide to sulfate aerosol that is primarily relevant to
this work. Simplified outlines of the two chemical pathways for the formation of
ammonium sulfate aerosol from sulfur dioxide are show belowlx. The residence time of
sulfur dioxide based on the first pathway is about one week, whereas the residence time
based on the second pathway is about three days [Seinfeld and Pandis, 1998].

Pathway 1: Dry SO2 conversion

Step 1 . 1 )

S 0 2 ( g ) + 0 2 (g)

► S 0 3 (g)

Step 1.2)

S 0 3 (g) + H20 (g)

► H2 S 0 4 (1)

Step 1.3)

H 2S 0 4 (1) + 2 NH 3 (g)

► (N H ^ S O ^ s)

Pathway 2: Wet S 0 2 conversion

Step 2.1)

S 0 2 (g) + H20 (1)

► H2 S 0 3 (aq)

Ammonium sulfate is referred to as “fully neutralized” because it is the most nearly neutral compound
that the sulfate ion will form, not because it is truly neutral. Ammonium sulfate is still acidic; a 0.1 molar
aqueous solution will have a pH o f 5.5.
,x Following standard notation for chem ical reactions, (g) denotes a gas, (1) denotes a liquid, (s) denotes a
solid, and (aq) denotes a chemical in aqueous phase (e.g. dissolved in water).
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Step 2 .2 )x H2 S 0 3 (aq) + H2 0 2 (aq) -----► H2 S 0 4 (aq) + H20 (1)

Step 2.3) SO42' (aq) +

2

NH4+ (aq) -----► (NH4)2 S 0 4 (s)

These pathways will typically oxidize sulfur dioxide on day to week time scales,
however, they can be slowed or disrupted under certain conditions. The combination of
sulfur dioxide with oxygen to form sulfur trioxide (SO3) in step 1.1 will proceed at a
negligible rate in the absence of the catalytic hydroxyl radical (OH*) [Seinfeld and
Pandis, 1998], which is only present during daylight conditions. The rate of step 1.2 is
dependent on the amount of water vapor present in the air, and will therefore slow under
arid conditions. The presence of ammonia is also a prerequisite for the neutralization in
step 1.3 to occur. Pathway 2 requires the presence of liquid water (e.g. cloud droplets) so
that sulfur dioxide can dissolve into it in step 2.1. Step 2.3, like step 1.3, will also form
sulfuric acid as its end product in the absence of ammonia. The oxidation of sulfur
dioxide to sulfate will therefore occur fastest under sunny, humid conditions with plenty
of suspended liquid water and proceed slowly under sunless, arid conditions such as those
found in the Arctic in midwinter.
On average, one third of atmospheric sulfur dioxide will be removed by oxidation
into sulfate, while the rest will be removed by a combination of wet and dry deposition®.
Estimated residence times for sulfur dioxide and sulfate are shown in Table 1.1. As
shown in Table 1.1, both sulfur oxides have longer residence times under arid conditions
such as those of the Arctic winter. Sulfur dioxide may also have a longer residence time
in the Arctic than indicated in Table 1.1 because its rate of dry deposition is dependent on

* Reaction with hydrogen peroxide (H20 2) is a major mechanism for oxidizing aqueous phase sulfur
trioxide ( S 0 3), but there are also other routes, such as reaction with organic peroxides, ozone ( 0 3), or
dissolved 0 2 with a metal ion acting as a catalyst. The relative significance o f these various pathways is
still unclear [Seinfeld and Pandis, 1998],
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Table 1.1 Residence times for sulfur dioxide, sulfate and sulfur in the atmosphere by
mechanism [Rodhe,1978; Seinfeld and Pandis, 1998], Overall residence times assume
that 50% of all sulfur is in the form of sulfur dioxide, a condition assumed by Seinfeld
and Pandis in order to calculate mean residence times. Overall residence times have been
calculated for arid conditions to approximate Arctic conditions winter/spring.

Sulfur dioxide

Total sulfur

(hours)

Sulfate (hours)

(hours)

By dry deposition

60

>400

120

By wet deposition

100

80

90

By chemical conversion

80

-

-

-170

-

-

Total (typical conditions)

25

80

50

Total (arid conditions)
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>400

120

By chemical conversion
without liquid water
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the rate at which turbulence brings it into contact with the ground. Because vertical
mixing is heavily damped in the Arctic atmosphere in mid-winter, the residence time of
sulfur dioxide may be much longer. In a theoretical Arctic with no light, no moisture and
no vertical mixing the residence time of sulfate would be several weeks, and sulfur
dioxide would exist until polar sunrise.
The Arctic apparently lacks enough ammonia to fully neutralize Arctic haze (see
Graphs 3.6 and 3.7). Seinfeld and Pandis [1998] estimate that approximately 45 Mtonnes
of ammonia enter the atmosphere annually (Wayne [2000] estimates 5.5 Mtonnes). 30.4
Mtonnes are the result of human activities, of which agriculture accounts for over 90%.
Biogenic sources produce about 14.6 Mtonnes, half from marine sources and half from
terrestrial sources, primarily plants. Since the Arctic has a very small fraction of the
world’s agriculture and has fewer biological sources of ammonia than lusher biomes
(especially in the winter when the land and sea are frozen solid), one might expect the
Arctic to produce relatively little ammonia.
Ammonia is readily absorbed by surfaces such as water and soil, consequently it
is predicted to have a short atmospheric residence time of about 10-20 days [Seinfeld and
Pandis, 1998; Wayne, 2000]. This causes great variability in the atmospheric
concentration of ammonia, depending on proximity to a source-rich region. Typical
global concentrations range from 0.1-10 pg/m 3 [Seinfeld and Pandis, 1998], whereas in
central (sub-Arctic) Alaska measured concentrations*1 range from 0.02-0.2 pg/m3. This
indicates that the Arctic atmosphere is relatively depleted in ammonia, which will lead to
the formation of more highly acidic aerosols.

This data taken from ammonia measurements in Denali National Park and Preserve by the Alaska Air
Chemical Network 1997-99.
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2.0 Relevant maps
Because of the enormous scales involved, maps are essential tools for understanding
long-range atmospheric transport. For the study of Arctic haze, two of the most useful
maps would be one showing the distribution of sulfur dioxide emissions in the
circumpolar region (since sulfur dioxide accounted for 67% of all sulfur entering the
Arctic in 1980 [Barrie et al., 1989]), and one showing the size, shape, and seasonal
variation of the Arctic air mass. Two such maps exist, and have been widely
disseminated in Arctic haze literature, especially the one of the Arctic air mass. Section
2 .1

presents a map of sulfur dioxide emissions in the circumpolar region based on more

recent data, and section 2.2 presents a more accurate map of the Arctic air mass.
Section 2.3 presents information from two monitoring networks in cartographic form in
order to provide a better sense of the steep chemical gradients which exist within the state
of Alaska.

2.1

Thecircumpolar distribution o f sulfur dioxide emissions
Barrie [1986] introduced a map estimating the sulfur emissions above ~40°N.

While the map contained excellent emissions data for Canada and Europe, other parts of
the globe were less precise. Barrie was also forced, due to scarcity of data, to make
educated guesses about the distribution of emissions within the USSR. Information about
the distribution of the Soviet Union’s sulfur emissions is crucial, since it covers more
Arctic territory than all other countries combined. The map also lacked estimates for
Asian nations (Japan, Mongolia, northern China and the Koreas) and the data for the
United States was incomplete. And even if the estimates had been accurate at the time of
publication, the figures are now outdated. They represent the distribution of the early
1980s, and the last two decades have seen substantial and uneven changes in global sulfur
emissions.
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Table 2.1 provides an example of just how radically the magnitude and
distribution of sulfur dioxide emissions have changed. Please note that the figures for
Russia are only for “European” Russia (beginning slightly west of the Urals.)
Barrie’s map shows that Northern Canada produced 0.003 Mtonnes of sulfur
dioxide per year, while the north-central USSR produced -3.0 Mtonnes. Such accuracy
in Canada seems misplaced when many parts of the map have uncertainties in the
hundreds of kilotonnes. On Map 2.1, figures are given in whole units of 100 ktonnes per
year ( 1 0 8 kg per year).
The data for Map 2.1 was taken from many different, and occasionally conflicting
sources, and represents different years. They are too numerous to mention here, but a
detailed list can be found in Table 2.2. The data have been sorted according to four main
regions: Europe, the Former Soviet Union (FSU), North America”" and Asia. The
general characteristics of each region are outlined in the sections below.
2.1.1 Europe
Europe was the easiest region for which to obtain data. The Environmental
Monitoring and Evaluation Programme (EMEP) reports national emissions of sulfur
dioxide for every country in Europe plus the US and Canada for every year from 1980
until 1998 [Tables, 2000]. Map 2.1 makes use of the most current data, from 1998. In
contrast to the US, Canada and Russia, European nations are grouped together, rather
than divided. They have been arranged into ten regions of comparable size: the Baltics,
Ukraine, Eastern Europe, Scandinavia, the Balkans, Central Europe, Italy, France,
Britain, and Iberia. The composition of the different regions is described in Table 2.3.
A complexity arises from the fact that the six nations which make up the Baltics
and Ukraine groupings exist in an area where Europe and the FSU overlap. Prior to the
breakup of the Soviet Union in 1990 they were not typically included in “Europe” (whose
eastern border has always been somewhat indistinct), but have usually been included
since 1990. For the purposes of this work they will be classified as European nations.

x" “North America” refers only to Alaska, Canada and the contiguous United States.
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Table 2.1 National emissions of sulfur dioxide in 1984 vs. 1998 for selected countries
[Tables, 1999].

Germany
Finland
Ukraine
Russia
Poland
UK
Canada
US

1984
(Mtonnes)
7.6
0.37
3.8
6.5
4.4
3.8
4.0
22

1998
(Mtonnes)
1.2
0.09
1.2
2.2
1.8
1.6
2.8
17

Decrease
84%
76%
68%
66%
59%
58%
30%
23%
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Map 2.1 Sulfur emissions above 40°N latitude in units of 100 ktonnes per year. A
kilotonne = 1000 metric tons = 108 kg yr'1. The star marks the loaction of Norilsk, which
produces ~ 2 Mtonnes of sulfur dioxide per year (20* 1 0 8 kg yr'1). See Table 2.2 for data
and references and Table 2.3 for the political units which make up the map’s regions.
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Table 2.2 Sulfur dioxide emissions estimates for the geographic regions in Map 2.1.
Emissions are given in kilotonnes per year of SO2 ( 1 0 6 kg yr' 1 SO2 ).

Area

Europe

China

Region

Year

1,791
1,685
3,156
841
1,832
26
169
3,453
1,048
1,164
19,989
14,214
21,908
23,700
1,753
2,491
2,078

1998
1998
1998
1998
1998
1998
1998
1998
1998
1998
1998
1988
1990
1990
1995
1987
1990
1995

Manchuria

2,695

1995

N China
N China

1,074
1,273

1987
1995

NE China
NE China

4,409
5,228

1987
1995

185
219

1987
1995

1,143
1,579
835
115
101
78
333
256
343
1,294
577
1,640

1988
1990
1990
1990
1988
1990
1988
1990
1990
1988
1990
1990

Baltics & Belarus
British Isles
C Europe
E Europe
France
Iberia
Iceland
Scandinavia
SE Europe
Switzerland & Italy
Ukraine
China
China
China
China
Manchuria
Manchuria
Manchuria

NW China
NW China

Other
Asia

Emissions

Japan
Japan
Japan
Mongolia
Mongolia
Mongolia
North Korea
North Korea
North Korea
South Korea
South Korea
South Korea
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Source
Tables, 1999
1999
1999
1999
1999
1999
1999
1999
Tables, 1999
Tables, 1999
Tables, 1999
Roserand Gilmour, 1995
Lefohn ef
al.,1999
Streets et al., 1995
Lei, 1999
Roser and Gilmour, 1995
Streets et al., 1995
Projection using Roser and
Gilmour, 1995 & Lei, 1999
Projected from Hordjik et al., 1995
& Lei, 1999
Roser and Gilmour, 1995
Projection using Roser and
Gilmour, 1995 & Lei, 1999
Roser and Gilmour, 1995
Projection using Roserand
Gilmour, 1995 & Lei, 1999
Roser and Gilmour, 1995
Projected from Roserand Gilmour,
1995 & Lei, 1999
Roser and Gilmour, 1995
Lefohn ef
al.,1999
Streets et al., 1995
Lefohn
et al.,1999
Roser and Gilmour, 1995
Streets etal., 1995
Roserand Gilmour, 1995
Lefohn et al., 1999
Streets et al., 1995
Roserand Gilmour, 1995
Lefohn et al., 1999
Streets et al., 1995
Tables,
Tables,
Tables,
Tables,
Tables,
Tables,
Tables,
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Table 2.2, continued

Region

Area

USSR
USSR
Russia
Euro Russia
Euro Russia
Euro USSR &
Urals
Euro Russia &
Urals
North Russia

Former
Soviet
Union

S02
Reference
year
Source
emissions
16,723
1989 Roserand Gilmour, 1995
1990 Lefohn
10,910
8,462
1993 Kiseleva, 1996
1993 Tables, 1999
3,456
2,208
1998
Tables,1999
10,678
1989 Roser and Gilmour, 1995
5,175
918

Central Russia

537

South Russia

755

Urals
Urals

1,719
1,354

West Siberia
West Siberia
West Siberia

672
533
1,045

East Siberia

1,101

East Siberia
East Siberia
Russian Far East
Russian Far East
Russian Far East

2,478
2,763
369
276
295

Kazakhstan
Kazakhstan
Norilsk
Norilsk
Norilsk
Norilsk
Kola
Kola
Kola
Vorkuta

1,594
987
1,100
1,866
1,946
2,100
217
500
650
281

etal., 1999

1993 Kiseleva, 1996
1998 Estimate from Tables, 1999 &
Ecological, 2000
1998 Estimate from Tables, 1999 &
Ecological, 2000
1998 Estimate from Tables, 1999 &
Ecological, 2000
1993 Kiseleva, 1996 minus Tables, 1999
1998 Estimate from Tables, 1999 &
Ecological, 2000
1989 Roserand Gilmour, 1995
1993 Kiseleva, 1996
1998 Estimate from Tables, 1999 &
Ecological, 2000
1998 Estimate from Tables, 1999 &
Ecological, 2000
1993 Kiseleva, 1996
1989 Roser and Gilmour, 1995
1989 Roser and Gilmour, 1995
1993 Kiseleva, 1996
1998 Estimate from Tables, 1999 &
Ecological, 2000
1989 Roserand Gilmour, 1995
1997 Esekin etal., 2000
1992
1993
1994
1997
1992
1992
late 80s
1994

Arctic, 1999
Kiseleva, 1996
Ekologia, 1994
Garrett, 1997
Arctic, 1999
Moiseenko & Kashulin, 1996
Lausala, 1999
Ekologia, 1994
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Table 2.2, continued

so2
Area

Canada

United
States

Region
Canada
Canada
Canada
Canada
Alberta
British Columbia
Manitoba
Maritime
New Brunswick
Newfoundland
Nova Scotia
Ontario
Prince Edward Is.
Quebec
Saskatchewan
Yukon & NWT
INCO Sudbury
(Ontario)
Thompson
(Manitoba)
Flin-flon (Manitoba)
United States
United States
United States
United States
United States
Alaska
Alaska
Alaska

emissions
3,704
1,366
3,305
2,802
554
110
451
368
153
60
150
747
5
459
95
18
236
195

Reference
year
1985
1990
1990
2000
2000
2000
2000
2000
2000
2000
2000
2000
2000
2000
2000
2000
1999

Source
Roserand Gilmour, 1995
et
Lefohn
1999 annual, 1999
1999 annual, 1999
1999 annual, 1999
1999 annual, 1999
a
9
1nnual, 1999
1999 annual, 1999
1999 annual, 1999
1999 annual, 1999
1999 annual, 1999
annual, 1999
9
1
1999 annual, 1999
1999 annual, 1999
1999 annual, 1999
1999 annual, 1999
MacKinnon, 1999

al.,1999

1995 Gibson etal., 1997

162
20,700
12,516
18,979
17,141
17,622
3
9
5

1995
1989
1990
1996
1996
1998
1996
1996
1990s

Central
Central
Central

1,411
1,473
1,553

1996
1996
1990s

East
East
East

3,069
3,682
3,110

1996
1996
1990s

Midwest
Midwest
Midwest

4,419
4,869
4,988

1996
1996
1990s

South

3,903

1996

Gibson et al., 1997
Roser and Gilmour, 1995
Lefohn etal., 1999
Emissions, 2001
Tables, 1999
Tables, 1999
NET, 2001
NET, 2001 adjusted by State, 2000
NET, 2001 adjusted by Emissions,
2001
NET, 2001
NET, 2001 adjusted by State, 2000
NET, 2001 adjusted by Emissions,
2001
N
,2001
T
E
NET, 2001 adjusted by State, 2000
NET, 2001 adjusted by Emissions,
2001
NET, 2001
NET, 2001 adjusted by State, 2000
NET, 2001 adjusted by Emissions,
2001
NET, 2001
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Table 2.2, continued

Area

Region
South
South

S02
Reference
emissions
year
Source
4,370
1996
NET,2001 adjusted by State, 2000
4,304
1990s NET, 2001 adjusted by Emissions,

2001

United
States,
cont.

Southcentral
Southcentral
Southcentral
West
West
West

1,503
1,797
1,562
466
944
545

1996
1996
1990s
1996
1996
1990s

NET,
NET,
NET,
NET,
NET,
NET,

2001

2001
2001
2001
2001
2001
2001

adjusted by census data
adjusted by State, 2000
adjusted by State, 2000
adjusted by Emissions,
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Table 2.3 Composition of the geographic regions in Map 2.1. Self-descriptive regions
such as Alaska, France or Kazakhstan do not have their constituent areas listed.

Region

United
States

Canada

Section
Atlantic
Midwest
Central
West
South
Southcentral
Alaska
North
Central
East
Maritime
Br. Columbia
Shield
Central

South

Russian
Federation

North

Urals
Western
Siberia
Eastern Siberia
Far East

Constituent areas
CT, DC, DE, MA, MD, ME, NH, NJ, NY, PA, Rl, VA, VT, WV
IL, IN, Ml, MN, OH, Wl
CO, MT,ND, SD, WY
AZ, CA, NV, ID, OR, UT, WA
AL, FL, GA, KY, MS, NC, SC, TN
AR, LA, NM, OK, TX
-

Yukon, NW Territories, Nunivut
Alberta, Saskatchewan, Manitoba
Ontario, southern Quebec
Newfoundland, New Brunswick, Nova Scotia, Prince Edward
Is.
-

Northern Quebec
Bryansk, Vladimir, Ivanovo, Kaluga, Kostroma, Moscow (city),
Moscow, Oryol, Ryazan, Smolensk, Tver, Tula, Yaroslavl,
Kirov, Nizhniy Novgorod, Mari El Republic, Mordovia,
Chuvashia Republic
Belgorod, Voronezh, Kursk, Lipetsk, Tambov, Astrakhan,
Volgograd, Penza, Samara, Saratov, Ulyanovsk, Rostov,
Kalmykia, Tatarstan, Dagestan, Kabardino-Balkarskaya,
North Osetiya-Alaniya, Krasnodar, Stavropol
Kareliya Republic, Komi Republic, St.-Petersburg (city),
Leningrad, Novgorod, Pskov, Arkhangelsk, Vologda,
Murmansk
Bashkortostan, Ydmurtia, Kurgan, Orenburg, Perm,
Sverdlovsk, Chelyabinsk
Altay Krai, Altai Republic, Kemerovo, Novosibirsk, Omsk,
Tomsk, Tyumen
Buryatiya Republic, Tyva Republic , Khakassia Republic,
Krasnoyarsk, Irkutsk, Chita
Yakutia, Primorye, Khabarovsk , A m u r, Kamchatka,
Magadan, Sakhalin
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Table 2.3, continued

Region

Section
The Baltics
Eastern
Southeastern

Europe

China

Other

Ukraine
Central
Iberia
Italy
Britain
Scandinavia
France
Manchuria
Northeastern
Northern
Northwestern
Iceland
Greenland
Kazakhstan
Mongolia

Constituent areas
Belarus, Lithuania, Latvia, Estonia, Kaliningrad (Russia)
Austria, Czech Republic, Hunqary, Poland, Slovakia
Albania, Bosnia, Bulgaria, Croatia, Greece, Macedonia,
Romania Slovenia, Yugoslavia
Ukraine, Moldova
Germany, the Netherlands, Belgium, Denmark
Portugal, Spain
Switzerland, Italy
United Kingdom, Ireland
Finland, Sweden, Norway
Liaoning, Jilin, Heilongjiang
Shanxi, Shangdong, Beijing
Neimenggu, Gansu, Ningxia
Xinjiang
-

-
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European emissions are strikingly lower than in Barrie’s map. Even at the time
that the map was first published its figures were too high since European emissions had
fallen considerably even by the time the article was published in 1987. For example, its
emissions estimate for France was 2.7 times too high on the date of publication, and by
1999 the estimate was 4.3 times too large [Tables, 1999].

2.1.2 The form er Soviet Union
In order to preserve a relatively consistent map section size it was useful to divide
the enormous area covered by the former Soviet Union (FSU) into ten sections, of which
the Russian Federation accounts for seven. The sections which make up the FSU are
described in detail in Table 2.3. EMEP provided data for Ukraine and the Baltics, which
are now considered part of Europe, and for the “European” part of the Russian
Federation. This data is from 1998, like the other EMEP data. Figures for “Asian”
Russia and the Central Asian Republics were unavailable from EMEP, as was the
distribution of emissions within European Russia. Roser and Gilmour [1995] and
Kiseleva [1996] provided data for Asian Russia and Esekin et al. [2000] was an excellent
source of data for Kazakhstan. However, the emissions from the Ural mountains proved
elusive, neither being considered “Asian” by Roser and Gilmour [1995] and Kiseleva
[1996] nor “European” by EMEP. For political reasons EMEP’s boundary was drawn so
that major Soviet sources in the Urals lay just past the edge of the EMEP grid.
Magnitigorsk and Orsk, which emitted 645 ktons of air pollution between them in 1994
[Ekologia, 1994], lie less than 50 miles east of the boundary. Slightly farther east are
three other major air polluters, Nizhniy Tagil, Asbest and Chelyabinsk.
The Urals' emissions were estimated by two methods. The first and simplest was
to subtract EMEP’s 1993 emissions figures for Russia from Kiseleva’s 1993 figures for
European Russia, since the only difference in the coverage area was the Ural Mountains.
The second method was to take the total amount of air pollution produced by the Urals
and multiply it by the average mass fraction of sulfur dioxide in Russian pollution.
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The Russian Global Resource Information Database (GRID), which is a
governmental agency established by the UN Environmental Program (UNEP) and the
State Committee for Environmental Protection (SCEP) of the Russian Federation,
provides information on the regional breakdown of atmospheric emissions by tonnage
[. Ecological, 2000], The GRID center does not, unfortunately, list individual pollutants,
but by assuming that the distribution of sulfur emissions is proportional to the distribution
of total atmospheric pollution in Russia this can be used to make an educated guess about
the distribution of sulfur emissions within Russia. For 1996 EMEP reported 2.2 Mtonnes
of sulfur dioxide emissions for European Russia; for 1996 the GRID center reported 7.4
Mtonnes of air pollutants from the regions that make up European Russia. Sulfur dioxide
is therefore assumed to make up 28% of total atmospheric pollution throughout Russia.
The two methods produce similar numbers: 1,354 ktonnes in 1998 vs. 1,719
ktonnes in 1993, respectively. The agreement seems reasonably good, especially
considering that emissions tonnage probably declined between 1993 and 1996 as it did
elsewhere in Russia.
The GRID data was also used to distribute emissions within European Russia.
The 2,200 ktonnes were apportioned between Northern, Central and Southern Russia.
Considering that the Kola Peninsula and Vorkuta emit -800 ktonnes between them, 900
ktonnes may be an underestimate for Northern Russia, which contains them both.
Hopefully this method has provided an accurate distribution within European
Russia. It seems to have worked well for the Urals, but it would not have worked well in
Siberia. Whereas the simple interpolation of the GRID data would predict practically
identical emissions from Eastern and Western Siberia (1.1 vs.

1 .0

Mtonnes) in 1998,

Eastern Siberia emits much more sulfur dioxide than Western Siberia. In 1989 Eastern
Siberia produced 2,763 ktonnes of sulfur dioxide to Western Siberia’s 672 ktonnes
[Roser and Gillmore, 1995]; Kiseleva [1996] estimates 2,478 ktonnes vs. 533 ktons for
1993. This discrepancy is caused by the very specialized industrial sectors of the two
regions. Western Siberia is home to the majority of Russia’s vast natural gas reserves,
which suggests that much of the pollution is NOx and hydrocarbons, rather than sulfur
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dioxide. On the other hand, Eastern Siberia is home to Russia’s largest air polluter,
Norilsk, a metallurgical center that refines nickel-copper sulfide ore and bums enormous
amounts of high-sulfur coal [Ekologia, 1994; Garrett, 1997; Bond, 1984],
The city of Norilsk is labeled by a star on Map 2.1 because it plays such a large
role in the pollution of the Arctic. It is the largest point source of sulfur dioxide in the
world [Peterson, 1993], and is much farther north than other industrial centers. Several
sources supplied data for Norilsk [Garrett, 1997; Kiseleva, 1996; Ekologia, 1994;
National, 1999; AMAP, 1998]. Kiseleva’s report is an especially extensive and
praiseworthy work recommended to anyone interested in the environmental situation in
post-Soviet Siberia.
Not all of the sources are in agreement with one another. Garrett cites a report by
the Russian government that found Norilsk to produce 2,100 ktonnes of sulfur dioxide
per year. Kiseleva states that Krasnoyarsk (the vast administrative region that contains
Norilsk) emits 2,111 ktonnes of sulfur dioxide per year, and of this Norilsk accounts for
1,866 ktonnes per year. Russia’s 1999-2001 National Environmental Action Plan
supports Kiseleva, listing Norilsk’s total atmospheric emissions as 2,115.3 ktonnes, of
which sulfur dioxide must have been some smaller fraction [National, 1999].
Garrett’s news article was probably not as well researched as Kiseleva’s report,
which is a working paper for reputable international research center (the International
Institute for Applied Systems Analysis). The similarity of Garrett’s number to the sulfur
dioxide emissions from Krasnoyarsk and the total atmospheric emissions from Norilsk
suggest how her error may have been made. Kiseleva estimates that in addition to its
sulfur dioxide emissions, Norilsk discharged 800-900 ktonnes of particulate sulfate.
Norilsk easily ranks as the top generator of air pollution in Russia with 1946
ktonnes, ten times as much pollution as Magnitogorsk, the second runner up [Ekologia,
1994; Latyshev, 2001]. Sulfur dioxide comprises 98% of air pollutant mass at the
Norilsk smelters [Latyshev, 2001], so the 1946 ktonnes of total air pollution lends
support to Kiseleva’s estimation of annual sulfur dioxide emissions. AMAP’s estimate is
the outlier, giving an estimate of 1100 ktonnes in 1992. Perhaps the AMAP graphic was
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mislabeled and actually showed the mass of sulfur emitted, since that would be exactly
half of the mass of the sulfur dioxide emissions.
Since these numbers are from the early 1990s they are probably an underestimate.
The Norilsk economy contracted in the early 1990s like most Russian industrial centers,
but unlike them it rebounded vigorously. Between 1994 and 1999, Norilsk’s nickel and
copper production climbed 35% and 31% respectively [Karush, 2000],
With the exception of Norilsk, the smelters of the Kola Peninsula and the city of
Vorkuta are the largest sources of sulfur dioxide above the Arctic Circle. These sources
are listed in Table 2.2, although not shown on Map 2.1. They annually generate
approximately 500 ktonnes [Moiseenko and Kashulin, 1996] and 280 [Ekologia, 1994]
ktonnes of sulfur dioxide respectively. Data for the Kola Peninsula were obtained from
AMAP [AMAP, 1998], the Barents Euro-Arctic Council [Lausala, 1999] and Moiseenko
and Kashulin [1996], who cited the Ecology and Natural Resources Committee of the
Murmansk Region. AMAP’s estimate for the Kola Peninsula was about half of that cited
by Lausala and Moiseenko and Kashulin, just as AMAP’s figures were about half of the
other literature values for Norilsk. Ekologia [1994] gave 281 ktonnes for Vorkuta’s total
atmospheric emissions, and given that Vorkuta is a coal-mining city with a large coalfired power plant [AMAP, 1998], it is likely that sulfur dioxide will compose nearly all of
the pollutant mass.
The distribution of air pollution sources within Russia causes the nation to have a
very large influence on the Arctic airshed. The regions with direct influence on the
Arctic airmass (Northern European Russia, Western and Eastern Siberia and the Urals)
account for 72% of Russian pollutant emissions [Ecological, 2000], although they have
only a small percentage of the total population.

2.1.3 North America
Map 2.1 divides the US into seven regions: East, South, Midwest, Central,
Southcentral, West, and Alaska. Canada is parceled out into six sections: North, Central,
East, Maritime, British Columbia, and the Shield. These regions are defined in Table 2.3.
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Regional data for the US was acquired by combining the 1996 emissions of all
major stationary sources of sulfur dioxide in any given region. These figures were
acquired from the EPA’s AIRS database {Emissions, 2001]. The total point-source sulfur
dioxide production for the US in 1996 totals 16.3 million short tons (Mtons), or 14.8
million metric tonnes, (Mtonnes). Total emissions in 1996 were 17 Mtonnes according to
EMEP [Tables, 1999], leaving 2.2 Mtonnes unaccounted for. The remaining emissions
are probably due to mobile sources and fuel oil used for heating homes. Since both of
these sources would be roughly proportionate to population, I apportioned the remaining
emissions between the regions proportionate to their share of the US population.
This data set was balanced with another set of values downloaded from the EPA
AIRS Graphics website, which gave total emissions for most US counties. This data set
would have been ideal, save that some counties did not report their emissions and the data
was compiled from several different years. The EPA could only provide data from the
most recent report it had received from the counties, and different counties submitted
their numbers at different times. Almost all of the data was from sometime in the 1990s.
The counties that did not report were easy to identify; not a single county in Utah
reported its emissions, and counties in Arizona, New Jersey and Virginia abstained as
well. For these four states, the stationary source totals were used in lieu of the county
totals in order to provide more complete regional totals.
Canadian emissions data for 1998 was obtained from the 1999 annual progress
report on the Canada-wide acid rain strategy for post-2000 [1999 annual, 1999]. These
numbers included mobile and small source emissions, so there was no modification as in
the case of the US emissions.
No numbers were available for northern Quebec or Greenland, presumably
because sulfur dioxide emissions are trivial. Barrie’s original map lists zero emissions
for northern Quebec. Considering Greenland’s industrial development, it is doubtful that
it could possibly produce anywhere close to
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ktonnes of sulfur dioxide per year, the

lowest non-zero amount shown by Map 2.1. After all, that is more sulfur dioxide than
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Alaska would produce in 30 years, and Alaska is industrialized and populous compared
to Greenland.
Canada is similar to Russia in that a few large smelters account for an unusually
high percentage of the nation's sulfur dioxide production, and while the smelters are not
shown on Map 2.1, they are listed in Table 2.2. These are interesting for two reasons: the
Flin-Flon and Thompson smelters in northern Manitoba are far closer to the Arctic than
other major sources of sulfur dioxide in the Western Hemisphere, and the Canadian
smelters make a striking contrast with the Russian smelters at Norilsk and the Kola
Peninsula. In the 1970s the Inco nickel smelter at Sudbury, Ontario was the largest point
source of sulfur dioxide in the world [Peterson, 1993], producing 2 million metric tons
annually, the same amount as the nickel smelters at Norilsk currently generate
[MacKinnon, 1999]. Over the last few decades, though, they have cut emissions by
almost 90% by implementing better emissions control technology [MacKinnon, 1999].

2.1.4 Asia
Past Arctic haze research focused on the role of Europe, the FSU and, to a lesser
extent, North America; Asian sources south of Siberia were ignored. The stormy North
Pacific has served as a barrier to pollution from the Orient, so the term ‘Asia’ has came to
denote Soviet sources off of the EMEP grid in the Arctic haze literature. However,
sources in the Orient may become more of a factor in the future, if they continue to
increase their emissions while emissions decrease elsewhere.
Unfortunately, most of the Asian data is relatively dated [Roser and Gilmour,
1995; Lefon, etal., 1999; Streets et al., 1995]. Roser and Gilmour’s figures are from
1987-89. Lefon et al. have slightly more current numbers, from 1990, but they
calculated them from production, sulfur content and emissions-control technology, rather
than actual emissions inventories. Streets et

is the most reliable and current source;

their data is from 1990 and comes from RAINS-Asia the World Bank’s assessment
model for acid deposition in Asia. When available Map 2.1 uses the RAINS-Asia data.
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While it was probably the least accurate, the data from [Lefon, et

1999] was

nonetheless very interesting. The data set contains information on every country in the
world and for every year from 1970 and 1990. Assuming that the error to this approach
is constant, that is to say that it will consistently over or underestimate a country’s
emissions by a similar percentage year after year, the time series provide an excellent
estimate of the rate of emissions growth/decline in individual countries. It also may be a
mistake to overestimate the accuracy of the emissions inventories, as there can be
oversights and/or errors in emissions accounting procedures. For the sake of comparison,
the estimated emissions for the US and Canada are also shown in Table 2.2.
Roser and Gilmour [1995] provided information for individual provinces in
China. These numbers, from 1987, are slightly more dated than others reported by the
authors. China’s emissions have increased substantially since 1987, and an effort was
made to account for this. Lei [1999] gave a national emissions estimate for 1995 that was
19% higher than the one for 1988. Map 2.1 assumes that all provinces except those in
Manchuria increased their emissions 19% between 1987 and 1995.
RAINS-Asia figures for the Manchurian provinces (Liaoning, Jilin and
Heilongjiang) for 1990 showed that the Manchurian provinces had increased their
emissions between 1987 and 1990 much more rapidly than an evenly distributed increase
would have anticipated. Alternative projections were therefore generated for Manchuria.
Between 1990 and 1995 Chinese emissions increased 8 % [Streets et al., 1995; Lei, 1999],
so the 1990 data for Manchuria was inflated by 8 % (as opposed to inflating the 1987 data
by 19%).
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2.2 The Arctic air sir earn region
The Arctic air mass is a semi-permanent circulation system that plays an integral
role in Arctic haze; its cold, dry air retards the removal of pollutants, and its circulation
distributes pollutants throughout the Arctic. In the literature, the Arctic air mass is often
explained by referencing a map showing its boundaries, which was first presented by
Barrie and Hoff [1984].
While the idea of air masses is a commonly accepted one, dating back to the work
of Dr. Tor Bergeron in the early 20th century [Wendland and Bryson, 1981], their exact
borders have been contentious. Their boundaries are difficult to determine because
frontal systems, which are commonly used to define their edges, are neither stationary
nor contiguous.
Barrie and Hoff [1984] created their map by fusing information from two
distinctly different sources. Their western hemisphere boundary was the March position
of the Arctic front found in a well-researched paper by Bryson [1966] that determined the
mean position of the Arctic front from historical streamlines2. For the eastern
hemisphere, however, the boundary was position of the -5°C surface-level isotherm from
Prick [1959] and Gorse et al. [1957]. This was an inappropriate combination, as the
position of the Arctic front is entirely different from the position of the -5°C surface-level
isotherm, and the area contained by the isotherm reaches its maximum extent in January,
while the area within the Arctic front peaks in March. The map’s claim that it represents
“the mean position of the Arctic front in January” is mistaken; the Eastern Hemisphere
does not depict the Arctic front, and the western hemisphere depicts its position in March.
Isotherms are important to consider because they give a rough idea about the
potential temperature of air parcels and consequently the approximate altitude they will
reach in the Arctic. The fronts are also important to consider, because they serve as a
partial barrier to polluted air parcels, diluting them by turbulence and scavenging their
pollutants by precipitation. That said, neither of these should be the defined boundary for
the Arctic airmass. An isotherm boundary would be entirely arbitrary and a boundary
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comprised of fronts would not be continuous. If we wish to define the Arctic airmass as a
semi-isolated atmospheric system, where the climate varies gradually within it but varies
rapidly across its borders, then it is best defined as an airstream region.
Airstream regions are given an excellent treatment by Wendland and Bryson
[1981]. Airstream regions have a divergence at their center and convergent fronts
parallel streamlines at their borders. The airstream region is the segment of the
atmosphere downwind of the divergence; the climate will change slowly within this area
but quickly at its boundaries.
For example, air traveling outward from the North Atlantic anticyclone8 will
spread over the ocean, heading in various directions. The air will be quite homogeneous
at its source, and slowly become modified as it flows outward. While the air that moves
down over the Gulf Stream to Florida will be warmer than the air arriving at North
Africa, there is no clear boundary between the two climates; the change takes place
gradually over the span of thousands of miles. By contrast, the change between the cool,
moist Atlantic air of the Moroccan coast and the hot, dry air originating in the Sahara is
abrupt.
Airstream regions carry a signature set of characteristics outward from the central
divergence, not just temperature and moisture, but also turbidity and chemical
composition. This then is the proper definition to consider when discussing Arctic haze,
for the airstream region will be the area within which the chemical composition will vary
slowly when compared to the variation across its boundaries.
The Arctic airstream region is just one of 19 identified by Wendland and Bryson
in the northern hemisphere. It exists at least 11 month of the year, perhaps disappearing
in December. It grows explosively between January and March, expanding south across
Eurasia and North America as the Ohio Valley airstream region dissolves and as the
Central Asian and North Atlantic airstream regions contract. At its March peak, it
extends as far south as the Himalayas. It begins to contract in April as the oceanic air
masses in the North Pacific and Atlantic expand, and continues to shrink until December,
when it virtually disappears.
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Map 2.2 is a modified version of Wendland and Bryson’s, which originally
displayed several other airstream regions and encompasses the entire Northern
Hemisphere. This gives a much clearer picture than the map currently in use, by
displaying seasonality and shape more accurately. Most importantly, Map 2.2 shows that
the Arctic air mass becomes largest in March, not January, and that neither eastern
Europe nor western Russia are within the mean contour of the airmass during any month
of the year.

2.3 Chemical gradients in Alaska
Arctic haze and Asian dust enter Alaska from opposite directions, as evidenced by
the chemical gradients across the state. Sisler and Cahill [1993] reported the results of an
aerosol monitoring campaign conducted by the National Park Service in conjunction with
the Interagency Monitoring of Protected Visual Environments (IMPROVE) program.
Stacked filter units (SFUs) collected fine aerosols (<2.5 pm diameter) in six Alaskan
parks using Teflon™ filters. These samples were analyzed at the University of California
Davis using the same methods as the long running IMPROVE sampling unit at Denali
National Park and Preserve, which is described in detail in Chapter 3. Sisler and Cahill
opined that the Denali National Park and Preserve samples were similar enough to those
taken by the SFUs to allow for meaningful comparison between the results. The seven
sampling sites are labeled in Map 2.3.
Map 2.4 shows the average springtime sulfate concentrations in various Alaskan
National Parks in pg/nf. All sites except for Katmai display a springtime maximum in
sulfate concentrations, and the north-to-south gradient is evident. Contrast this with the
south-to-north gradient apparent in Map 2.5, which plots the average springtime
concentration of soil aerosol. The high concentration at Bering Land Bridge National
Preserve is due to local sources on the Seward Peninsula. Bering Land Bridge is by far
the dustiest of the sampling locations, with the highest measured concentration in every
season except the spring, when Wrangell-St-Elias rises to meet it.
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Map 2.2 Seasonal mean area occupied by the Arctic airstream region. Length of
residence time given in months per year. Modified from Wendland and Bryson [1981],

66
Park service sampling
locations:
1) Northwest Alaska Areas
2) Gates of the Arctic
3) Bering Land Bridge
4) Yukon-Charlie
5) Denali
6 ) Wrangell-St. Elias
7) Katami
Sites in the Alaska Air
Chemical Network:
A) Barrow
B) Poker Flats
C) Eagle
D) Homer

Map 2.3 Position of National Park Service and Alaska Air Chemical Network sampling
sites [Sisler & Cahill, 1993; Shaw et al., 1999],
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Map 2.4 Average springtime sulfate concentrations in various Alaskan National Park
1988-92 [Sisler & Cahill, 1993], Units are in pg/m3.
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Map 2.5 Elevation of average springtime soil concentrations above wintertime soil
concentrations at Alaskan National Parks 1988-92 [Sisler & Cahill, 1993], Units are
pg/m3.
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The four sites of the Alaska Air Chemical Network (AACN) also show these
gradients [Shaw et al., 1999]. In 1995 and 1996 the network only analyzed samples by
neutron activation analysis (NAA), which did not measure sulfur. Instead Map 2.6 shows
the north-to-south gradient for bromine, which, although partially biogenic, has been
noted to co-occur with Arctic haze in the past [Shaw, 1991], The almost identical values
in the interior of the state are particularly striking. The seasonal variation of the bromine
concentration also increases dramatically as one heads northward. To illustrate this, the
differences between the average winter and spring concentrations are shown in
parentheses.
The atmospheric aluminum concentration is used as a proxy for soil
concentrations in Map 2.7. Aluminum is highly correlated to soil. In Denali National
Park and Preserve the IMPROVE data suggests an R2 of -0.88. As with bromine, the
gradient between the northern and southern extremes is approximately an order of
magnitude, and the concentrations at the two interior sites are very similar.

70

Map 2.6 Average springtime concentrations of bromine at AACN sites 1995-96 [Shaw et
al., 1999], Units are ng/mJ. Elevation above wintertime concentrations shown in
parentheses.
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Map 2.7 Average springtime concentrations of aluminum at AACN sites 1995-96 [Shaw
et al., 1999]. Units are pg/m3. Elevation above wintertime concentrations shown in
parentheses.
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3.0 Aerosol composition and behavior at Denali National
Park and Preserve

3.1 Introduction
The IMPROVE network was initiated in 1988 as a joint effort between the
National Park Service, the Fish and Wildlife Service, the Bureau of Land Management,
the Forest Service, and the Environmental Protection Agency. Its mandate stems from
the Clean Air Act of 1977, section 169A, which declares that visibility, is an “important
quality-related variable in a number of federally managed lands.” IMPROVE’s three
stated objectives are to (1) establish background visibility levels in Class I areas, (2) to
identify chemical species and emission sources responsible for visibility impairment, and
(3) to document long-term trends [Sisler, 1996], This chapter attempts to contribute to all
three objectives.
The site at Denali National Park and Preserve (NPP) has been maintained as part
of IMPROVE since the program’s initiation in March of 1988. By September of 1999
the site had accumulated an impressive data set, with 1166 individual measurements on
record. Not only is the data set long, it is broad as well, covering 47 different analytes.
Ozone is included in this chapter even though it is not monitored by IMPROVE.
The ozone time series, along with temperature and wind data was obtained from the
National Park Service Air Resources Division, which maintains a separate sampling
station in Denali NPP near the IMPROVE sampler.
Interior Alaska’s airshed is usually very clean; as of 1995 Denali NPP had the
lowest average concentrations of fine aerosol at any IMPROVE monitoring station in the
United States [Sisler, 1996]. Due to this low background concentration, remote sources
can have large effects on the aerosol's chemical makeup. The best known and
documented of these remote effects is the Arctic haze phenomenon [Chapter 1], Interior
Alaska is located at the border the Arctic and the North Pacific airstream regions, which
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alternate over the Interior. Air from the North Pacific is relatively warm and clean,
whereas air from the Arctic is cold and contaminated with pollution from Eurasia.
Another remote influence may arise from the long-range transport of Asian dust
through the upper atmosphere. Plumes of Gobi desert dust have been routinely observed
in Hawaii [Perry et

al.,1999], in the Canadian Arctic [Barrie and Barrie, 1990], on

West Coast [Husar et al., 2000], and have been known to reach Alaska’s Arctic coast as
well [Rahn et al., 1977], This is a more difficult influence to isolate than Arctic
since while the Arctic haze pollution signature stands out in striking relief to Alaska’s
natural air chemistry, Alaska has an abundance of locally generated dust.

3.2 The data
While fairly comprehensive, some analytes are not measured for the entire run of
data and some samples had to be omitted from the data sets due to errors in sampling or
analysis, background interference or the discontinuation of certain measurements. Table
3.1 lists part of this large suite of analytes and supplies information about the quality of
the individual series. Of the 47 analytes, only the 34 mentioned in this paper are
included. In addition to these primary analytes, there are several derived variables
included in this chapter. These variables, as well as the formulas for deriving them are
shown in Table 3.2.
The sampling system is made up of four separate sampling modules, referred to as
channels A through D. A, B, and C are fine particle samplers (PM2 .5Xiii), while channel D
is a coarse particle sampler (PMio). Aerosol mass is determined gravimetrically, fine
mass from channel A and fine mass plus coarse mass from channel D. The laser
integrating plate method is used to determine the coefficient of optical absorption, babsXiv,
from channel A. The aerosol elemental composition is determined using a combination
xm PM 2 5 denotes the concentration o f aerosols with an effective aerodynamic diameter smaller than 2.5 nm.
Similarly, PM io denotes the concentration o f aerosols with an aerodynamic diameter smaller than 10 nm.
' ' babs is a measure o f the extinction o f light due to absorption by particles. It has units o f inverse length
(e.g. m 1). It is combined with the extinction o f light due to scattering to give total light extinction
coefficient (bext = ba(,s + bscat). babS only measures particle absorption, and does not include absorption by
gases or scattering.
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Table 3.1 List of analytes and data-quality information. “Count” is the number of
individual data points in the time series. “% < MDL” shows the fraction of the data
points that were lower than the minimum detection limit for that analyte. “Missing”
shows the series that lost data due to changes described in “Notes”. Time series that had
the summer of 1990 replaced with modeled values are marked with an asterisk.

Analyte
Al*
As
b abs

Br
Ca*
Cl
ClCr
Cu
EC1
EC2
EC3
Fe*
FM
H
K*
Mg
Mn
Mo
Na
Ni
no3
o3
OC1
OC2
OC3
OC4
OP
Pb
Rb
S

Count
1126
736
466
1166
1139
1166
1061
736
736
1127
1127
417
1127
1065
1159
1166
1166
736
734
1166
736
1162
1035
1127
1127
1127
1127
1127
736
736
1166

% < MDL
41%
74%
0%
12 %
3%
74%
61%
72%
32%
21 %
39%
73%
0%
0%
2%
3%
77%
60%
89%
37%
81%
36%
0%
80%
63%
62%
45%
41%
25%
59%
0%

Missing

Notes

<May 92
>Nov 92

PIXE to XRF
Series ends
PIXE to XRF

>April 95
<May 92

Poorer analysis
PIXE to XRF

< May 95

Baseline shift
PIXE to XRF

>May 92
>April 95
>April 95

Poorer analysis
Data missing

<May 92

PIXE to XRF

<May 92
<May 92

PIXE to XRF
PIXE to XRF

Table 3.1, continued

Analyte
Se
Si*
S02

S O /Sr
Ti*
TM*
V
Zn
Zr

Count
736
1125
1092
1147
736
694
1080
736
1166
736

% < MDL
70%
1%
35%
53%
21 %
69%
5%
85%
5%
85%

Missing
<May 92

Notes
PIXE to XRF

<Aug 88
<May 92
>April 95

PIXE to XRF
Poorer analysis

>April 95

Poorer analysis
PIXE to XRF
PIXE to XRF

<May 92
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Table 3.2 Secondary analytes and formulas used in their derivation. “[X]” refers to the
concentration of analyte “X” on a given date. For example, the estimated concentration
of soil aerosol on a given date is found by multiplying the measured concentrations for
that day of aluminum, silicon, calcium, iron and titanium by certain multipliers and
dividing by 0 .8 6 .
The equations assume that sulfate and nitrate aerosols exist only in their
completely neutralized forms, ammonium sulfate and ammonium nitrate. Note that
reconstructed fine mass does not include nitrate. Nitrates are lost due to volatilization
during collection in module A and are therefore not detected in the fine mass
measurement. See Equation 3.4 in the text for a more information about the calculation
ofOMH.

Species
Sulfate aerosol
Nitrate aerosol

Formula
4.125*[S]
1.29*[N03']

Organic mass from carbon (OMC)

1.4*([OC1]+ [OC2]+ [OC3]+ [OC4]+
[OP])
[EC1 ]+[EC2]+[EC3]
(2.20*[AI] + 2.49*[Si] + 1.63*[Ca] +
2.42*[Fe] + 1.94*mi)/0.86
4.125*[S]
2.5*[Na]
4.125*[S] + [EC] + [OMC] + [Salt] +
[Soil]
(FM-RCFM)/FM
PM10-PM2 5
[Cr]-[CI]

Elemental carbon (EC)
Soil
Sulfate aerosol
Salt
Reconstructed fine mass (RCFM)
% Unexplained fine mass (%UFM)
Coarse mass (CM)
Excess chloride (XCf)
% S as S 042'
Organic mass from hydrogen (OMH)
% Neutralization of S042'

[S0 4"]/([S 0 4'-+S02])
0.11*([H]-0.25*[S])
(([H]-[OMC]*fOH)/[S])*5.333 - 0.333
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of X-ray fluorescence (XRF), proton elastic scattering analysis (PESA), proton-induced
X-ray emission (PIXE), ion chromatography, and thermal optical reflectance (Malm et
al., 1994).
PIXE is used for the detection of the lighter elements (sodium to manganese),
while XRF is better suited to those elements heavier than manganese. Ion
chromatography is used for a relatively short list of analytes: sulfate, nitrate, nitrite and
chloride ions. Thermal optical reflectance is used to detect various classes of organic and
elemental carbon aerosol. Organic aerosols can also be detected by PESA, which
measures hydrogen. Note that this is not the hydrogen ion, but hydrogen bound into
molecules such as ammonium sulfate or organics. PIXE and PESA are performed
simultaneously under a vacuum, which eliminates volatiles such as water, ammonia and
hydrochloric acid. All of these techniques except for thermal optical reflectance are
thoroughly described in Cahill et al. [1986], Chow et al. [1993] is an excellent
description of the thermal optical reflectance method used. Table 3.3 summarizes the
differences between the analyses of the four filters collected by the various channels.
The interpretation of some of the channel A data was hampered by two shifts in
analytical quality. The first shift occurred in May of 1992, when molybdenum-anode
XRF analysis replaced PIXE analysis for elements heavier than manganese [R. Eldred,
personal correspondence, 2000], This was largely beneficial, since it led to more
accurate readings. The drawback is that the reduced noise gives the impression of a
decline if the data is looked at as a continuous set. The second and more serious
disruption occurred in May of 1995, for undetermined reasons. For many trace elements
the noise increased substantially; for those elements close to their detection limits their
signal was lost entirely. This effect was more pronounced at Denali National Park and
Preserve than at other IMPROVE sites since its values were often the lowest in the
network.
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Table 3.3 Overview of analyses.

Module
Substrate
A
25-mm stretched
(PM2.5) Teflon™

Measured
Variables
Fine mass, babs,
PIXE, XRF,
PESA

B

n o 3‘. n o 2-,

(PM2.5),
C

(PM2.5),
D/S

(PM10),

Nitric acid
denuder plus 25mm Nylasorb
filter
Pre-fired quartz
substrates

25-mm stretched
Teflon™ filter

cr,

S 042'

Organic and
elemental carbon

Total mass

Analytical
Lab
Notes
Crocker
XRF added
Nuclear Lab
1992
(University of
California,
Davis)
Research
Triangle
Park Labs,
Inc.
Desert
Switch from
Research
OC/EC +
Institute
LT/HT to OC13, OP, EC1-3
University of
California,
Davis
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The classification of organic and elemental carbon has also changed since the
inception of the IMPROVE network. The technique used (thermal optical reflectance)
has not changed, but the classification scheme has. Thermal optical reflectance analysis
involves heating the filter through a series of temperature increases and measuring the
carbon evolved at each step. Originally only four peaks in the carbon evolution were
defined [Malm

etal., 1994], but this has since changed to the more finely graduated

classification scheme described in Chow et al. [1993], This new scheme, which is the
one used in this paper, has seven categories, five for organic carbon aerosols (OC1-OC4
plus OP for pyrolysed organics) and three for elemental (graphitic) carbon aerosols (EC 1 EC3). The higher numbers correspond to less volatile compounds. Although the more
finely graduated measurements were introduced in 1994, they have been reconstructed
from historical data for earlier dates and are therefore available as a continuous time
series since 1988. A summary of the classification method is described in Table 3.4.
Since thermal optical reflectance measures only carbon, it is necessary to assume
the fraction of aerosol mass accounted for by carbon (foe) in order to derive the total
mass of organic aerosol. Malm et al. [1994] assumed a constant foe value of 0.71, based
on the work of Watson et al. [1988], This allows one to construct the total organic mass
measurement from carbon (OMC) by summing the values of OC1-OP and dividing by
0.71.

3.3 Results and discussion
3.3.1 The time series
The data for the time series is broken down into two tables, Table 3.5 and Table
3.6. Table 3.5 contains information about the magnitude and trend of the time series that
contained the largest and/or most significant trends. Table 3.6 provides information on
the seasonality of the analytes that display the largest and/or most regular seasonal
variation. The mean monthly value for any analyte can be found by multiplying the
analyte’s mean value by its index value for the month in question.
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Table 3.4 Description of thermal optical reflectance analysis.

Upper

Category
Type

Organic carbon

Temperature

OC1

120°C

OC2

250°C

OC3

450°C

Atmosphere

100% He

OC4
OP (pyrolysed)

550°C

EC1
Elemental
carbon

EC2

700°C

EC3

800°C

2% 0 2/98% He
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Table 3.5 Time series information. Trend data are not shown for series with
interannual trends of less than ±0.5%. Confidence interval about the mean is calculated
at the 95% confidence level. Data are in units of ng/mJ, except for percentages (%) and
babs (10' 8 m '1). Derived time series appear last; table is continued on following page.

+
Analyte Mean
Al
13.43
0.92
As
0.075
0.012
278
19
babs
Br
0.701
0.045
Ca
11.32
0.44
Cl
19.9
4.4
Cl
37.8
6.3
Cr
0.247
0.030
Cu
0.214
0.023
EC1
110
10
EC2
51.7
1.9
EC3
12.2
1.2
Fe
12.80
0.69
FM
2055
113
H
91.6
6.0
K
12.92
0.72
Mg
5.04
0.87
Mn
0.420
0.044
Mo
0.245
0.047
Na
40.2
3.6
Ni
0.0260 0.0043
N03
45.4
2.8
03
31.08
0.53
0C1
50.7
5.4
0C2
99.0
7.9
OC3
137
16
OC4
72.8
6.6
OP
84.0
8.0
Pb
0.479
0.038
Rb
0.0729 0.0066

Yearly
trend

SD
trend

-13.62

0.53

-0.064

0.030

-0.0084
-0.02

0.0019
0.54

-2.48
-0.320

0.61
0.047

0.045
0.0102
-0.0574

0.061
0.0021
0.0019

0.003
-0.84
0.310

0.37
0.20
0.030

-4.80

0.53

-2.68
0.02
0.01

0.53
0.27
0.24

Trend/
1988
Model Trend
mean intercepl
R2
R2
0.6E
0 .2 EI
-4.9%
311
0.46i
0.17
0.44
-0 .6 %
11.70i
0.45
0.23
0.29i
0.28
-3.4%
0.277
0.10
0.46
-7.9%
0.347
0.15
0.54
0.41
0.29
-20.3%
34.6
0.35
0.29
-2.5%
14.67
0.58
0.76
0.34
0.39
0.38
0.9%
5.86
0.15
0.23
2.4%
0.383
0.26
0.36
-23.4%
0.455
0.29
0.82
0.32
-12.9%
0.0523
0.21
0.37
- 1 .8 %
50.2
0.51
0.39
1 .0 %
29.13
0.87
0.23
0.21
-4.8%
125.6
0.46
0.28
0.53
0.47
-3.2%
97.9
0.52
0.18
4.6%
0.306
0.35
0.27
10.3% 0.0140
0.13
0.24
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Table 3.5, continued

Analyte
S
Se
Si
S02
S04
Sr
Ti
TM
V
Zn
Zr
XCICM
EC
Nitrates
OMC
OMH
RCFM
Soil
Sulfates
% S as
S 04

Mean
128.6
0.040
40.7
180
368
0.110
1.57
4680
0.326
1.53
0.053
16
2893
163
59
443
784
1377
218
530
0.47

Yearly
SD
Trend/
1988
Model
trend
trend
mean intercept
R2
5.5
-4.43
0.38 -3.4%
154.0
0.45
0.0056 0.00065 0.00036
1 .6 %
0.035
0.15
1.7
0.61
17
-9.5
1.2
-5.3%
238
0.52
17
-18.9
1.2
-5.1%
478
0.54
0.0083
0.01
0.45
6 .1%
0.0577
0.23
0.091 -0.0618 0.0038 -3.9%
1.515
0.06
187
0.32
0.035 0.0623 0.0024 19.1%
0.099
0.22
0.11
0.22
0.019
0.17
2
- 1.1
0.1
-6.7%
22
0.26
196
0.11
13
0.45
4.3
-1.08
0.25 -1.80%
64.8
0.5
48
0.51
74
0.43
77
-35
4.5
-2.50%
1578
0.4
11
-1.62
0.64 -0.70%
224
0.63
26
-18.3
1.6
-3.40%
635
0.44
0.05
0.0249 0.0029 5.30%
0.32
0.18
+

Trend
R2
0.35
0.18
0.31
0.63
0.45
0.63
0.22

0.56

0.37

0.20
0.26
0.35
0.25

Table 3.6 Seasonal indices for all time series.

Analyte
Al
As
babs
Br
Ca
Cl
cr
Cr
Cu
EC1
EC2
EC3
Fe
FM
H
K
Mg
Mn
Mo
Na
Ni
N03
o3
OC1
OC2
OC3

SV
2.17
2.32
1.17
1.86
0.90
2.72
2.56
1.21
1.03
2.38
0.61
2.51
1.42
1.31
1.69
1.24
2.27
1.18
1.89
1.35
1.54
1.27
0.69
2.05
2.13
3.83

SI R2
0.64
0.28
0.44
0.44
0.45
0.29
0.28
0.09
0.09
0.40
0.29
0.34
0.55
0.33
0.39
0.40
0.14
0.22
0.13
0.31
0.15
0.49
0.84
0.22
0.43
0.53

Jan
0.36
1.25
0.98
0.81
0.86
1.76
1.62
0.71
1.19
0.73
0.81
0.57
0.51
0.74
0.73
0.64
1.77
0.64
0.51
1.35
1.56
1.38
1.05
0.62
0.56
0.45

Feb
0.49
1.30
1.20
1.38
1.14
2.83
2.77
0.79
1.31
0.82
0.73
0.51
0.70
0.97
0.85
0.82
2.73
0.72
0.44
1.84
1.02
1.65
1.12
0.41
0.66
0.52

Mar
1.44
2.54
1.00
2.20
1.55
1.06
1.24
0.91
1.35
0.82
0.88
0.88
1.39
1.00
0.92
1.08
1.71
1.11
0.65
1.68
1.84
1.68
1.25
0.79
0.56
0.44

April
2.17
0.77
1.12
1.61
1.47
0.31
0.47
0.63
0.94
0.71
0.75
1.18
1.82
1.08
1.00
1.17
0.63
0.94
0.94
0.81
0.69
1.06
1.34
0.84
0.80
0.40

May
2.53
1.36
0.91
1.19
1.40
0.10
0.31
0.76
0.70
0.73
1.21
1.61
1.95
1.02
0.92
1.22
0.41
1.22
0.99
0.50
0.31
0.75
1.23
1.09
1.03
0.72

June
1.38
0.79
1.16
0.94
1.04
0.03
0.23
1.84
0.61
1.36
1.07
0.72
1.29
1.32
1.33
1.14
0.43
1.31
2.35
0.54
0.71
0.68
0.91
1.35
1.57
1.98

July
0.82
0.71
1.75
0.90
0.76
0.01
0.20
1.32
1.36
2.92
1.33
1.48
0.93
1.93
2.27
1.64
0.57
0.84
1.78
0.61
0.27
0.75
0.72
2.46
2.64
3.94

Aug
0.96
0.52
1.07
0.67
0.72
0.04
0.11
1.36
0.85
1.02
1.31
1.05
0.94
0.99
1.10
0.81
0.55
0.89
1.32
0.48
0.80
0.41
0.65
0.86
1.20
1.19

Sept
0.60
0.24
0.59
0.36
0.64
0.60
1.43
1.21
0.89
0.61
1.11
1.44
0.74
0.68
0.66
0.60
0.88
0.43
0.47
0.54
1.49
0.54
0.79
0.61
0.80
0.73

Oct
0.43
0.61
0.66
0.44
0.77
0.67
0.65
0.81
1.76
0.71
1.08
0.95
0.64
0.66
0.65
0.51
0.64
0.37
0.90
0.65
1.90
0.54
0.87
0.88
0.73
0.46

Nov
Dec
0.53 0.27
0.93 ! 0.84
0.76 0.75
0.70 0.66
0.93 0.78
1.82 3.21
1.56
1.89
0.86 0.80
1.26
1.09
0.69 0.53
0.87 0.81
0.63 0.59
0.73 0.52
0.64 0.77
0.62 0.68
0.66 0.66
0.92 0.99
0.45 0.69
1.53 0.19
1.34
1.77
0.93
1.16
1.05
1.54
1.00
1.07
0.93
1.13
0.65 0.53
0.30 0.31

Table 3.6, continued

Analyte
OC4
OP
Pb
Rb
S
Se
Si
S 02
S 04
Sr
Ti
TM
V
Zn
Zr
XCICM
EC
Nitrates
OMC
OMH
RCFM
Soil
Sulfates
% S as S04

SV
2.69
2.88
1.21
1.91
1.07
1.28
1.45
2.10
1.22
0.81
0.96
0.66
0.85
1.03
2.84
1.93
0.40
1.77
1.27
2.79
2.58
1.22
1.44
1.07
1.04

SI R2 Jan
0.48 0.62
0.51
0.43
0.34
1.27
0.06 0.79
0.39 0.99
0.15 0.83
0.61
0.52
0.49 2.01
0.47
1.03
0.17 0.82
0.19 0.76
0.30 0.82
0.07
1.06
0.22
1.42
0.11
0.58
0.18
1.53
0.10 0.79
0.45 0.76
0.48
1.38
0.51
0.52
0.43 0.60
0.39 0.72
0.66 0.52
0.39 0.99
0.09 0.74

Feb
0.67
0.52
1.09
0.64
1.20
1.01
0.69
2.41
1.39
1.18
0.80
1.14
1.04
1.58
0.45
2.16
1.19
0.79
1.65
0.56
0.66
0.84
0.69
1.20
0.50

Mar
0.74
0.66
1.86
1.09
1.59
1.21
1.23
1.48
1.67
1.47
1.16
1.01
1.24
1.20
0.87
1.43
0.94
0.85
1.68
0.60
0.56
1.11
1.29
1.59
0.84

April
0.60
0.67
1.33
1.63
1.49
1.81
1.73
0.72
1.53
1.27
1.50
1.09
0.87
0.91
2.32
0.74
1.12
0.74
1.05
0.62
0.73
1.17
1.70
1.48
1.05

May
0.85
1.00
0.97
1.67
1.19
1.31
1.99
0.68
1.14
1.25
1.87
1.07
1.25
0.55
3.03
0.54
1.11
0.87
0.75
0.91
0.78
1.25
1.93
1.19
0.98

June
1.74
1.65
0.67
0.90
0.94
0.87
1.36
0.52
0.74
1.11
1.36
1.22
1.32
0.57
0.20
0.59
1.18
1.21
0.68
1.71
1.54
1.32
1.27
0.94
1.08

July
3.06
3.21
1.08
2.77
0.86
0.99
0.99
0.38
0.77
0.88
1.11
1.41
1.34
0.92
0.84
0.46
1.05
2.45
0.75
3.20
3.03
1.81
0.90
0.86
1.15

Aug
1.09
1.27
0.88
1.11
0.76
0.73
0.97
0.30
0.70
0.96
1.42
1.06
0.96
0.57
0.82
0.31
1.10
1.09
0.41
1.13
1.28
0.92
0.94
0.76
1.54

Sept
0.68
0.68
0.57
0.80
0.53
0.86
0.78
0.35
0.48
0.79
1.04
0.77
0.98
0.60
0.49
0.70
0.84
0.82
0.54
0.71
0.73
0.64
0.72
0.53
1.08

Oct
0.56
0.64
0.99
0.61
0.64
0.56
0.69
0.50
0.62
0.64
1.04
0.89
0.50
1.38
0.43
0.87
0.92
0.74
0.55
0.59
0.65
0.62
0.64
0.64
1.24

Nov
0.48
0.45
1.08
0.90
0.79
0.73
0.74
1.38
0.78
1.03
0.98
0.75
0.79
1.33
1.07
1.22
0.83
0.73
1.05
0.51
0.53
0.66
0.71
0.79
0.92

Dec
0.47
0.41
1.03
0.71
0.89
0.71
0.49
1.33
0.91
0.82
0.83
0.74
0.48
1.01
0.85
0.99
0.81
0.59
1.54
0.50
0.57
0.67
0.47
0.89
0.75
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Some of the analytes, particularly those associated with Arctic haze, display both
a trend and a seasonal cycle. For these, the multiplicative seasonal indices listed in Table
j .6 can be combined with the information given in Table 3.5 to create a time series model
using the equation:

Eqn 3.1)

C = S I * ( T * Y + b)

Where C is the predicted concentration, SI is the seasonal index value for the given
month, T is the linear trend, Y is the year and b is the y-intercept.
Another value listed in Table 3.6 is the seasonal variation of the analyte. Seasonal
variation (SV) is defined as:

Eqn 3.2)

SV =
C

where CPM is the average concentration in the peak month, CrM is the average
concentration in the trough month, and C is the average concentration.
All but a handful of analytes obeyed a seasonal pattern of some type, though the
peak and trough months varied considerably between them. The following approximate
classification may be applied: analytes with SV > 0.5 are seasonal, those with SV > 1.0
are highly seasonal and those with SV > 1.5 are extremely seasonal. Graphs 3.1, 3.2 and
j .j

provide examples. The analytes time series do not necessarily become more

predictable as SV increases; the R 2 values for the seasonal indices better reflect the
smoothness of the series, while SV reflects only the magnitude of mean annual variation.
As discussed at the beginning of section 3.2, the time series of many trace
elements were disrupted in either May of 1992 or May of 1995. In order to obtain the
highest quality data, I was forced to truncate these time series. For the time series that
experienced a significant shift in their mean value in 1992 due to the switch from PIXE to
XRF analysis, the mean concentration and linear trend have been derived solely from
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Graph 3 .1 Ozone, an example of a
seasonal analyte. Seasonal variation of
0.7

Graph 3.2 Sulfate ion, an example of a
highly seasonal analyte. Seasonal
variation of 1.2

Graph 3.3 Bromine, an example of
an extremely seasonal analyte.
Seasonal variation of 1.9
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the post-1992 XRF data. The entire data set has been used to construct the seasonal
indices, however, as the PIXE data was not much more noisy than the XRF data, and
possessed significantly good resolution to provide information on the seasonal behavior
of the time series. Elements that experienced a small to moderate increase in noise in
1995 were treated similarly; the entire data set was used to construct seasonal indices,
while the linear trend and mean concentration were derived only from the pre-1995 data.
For those elements that underwent large increases in noise, all data collected after
1995 was ignored. High temperature elemental carbon, EC3 , also falls into this categoiy
of disrupted time series. For unknown reasons, its baseline lies below zero until May
1995, after which it jumps up to more realistic values.
For some time series it was also necessary to remove part of the 1990 data. The
summer months of 1990 saw extensive road construction near the sampling site and
several time series, principally those of the soil-derived elements, reached abnormally
high values. The inclusion of this data would have lead to a large degree of bias in the
results, therefore these months (April-August of 1990) were replaced by modeled
valuesxv. The series treated in this manner are marked with an asterisk
Several other time series are of suspect quality. The reported values for sulfur
dioxide and Cl are probably too low. The inlet tube of the sampler captures
approximately 40% of the sulfur dioxide before it reaches the filter [R. Eldred, personal
correspondence, 2000], and chlorine can be volatized from the Teflon™ filter during
sample collection [Malm,

et

1al.,994], Mg may also be biased, as its analytica

can be influenced by the amount of sodium on the filter. Two variables, NO 2 and P, are
left out entirely due to extremely poor quality of their time series. It should also be noted
that any species with over half of the reported values below the minimum detection limit
(MDL) should be viewed cautiously. The percentage of measurements below MDL is
one of the quality statistics listed in Table 3 . 1 .

e data points from these months could not have been merely removed, since that would have biased
the mean value. The modeled values were only considered in calculating the mean, not the seasonal indices
Their inclusion does bias the R- o f the model upwards slightly, but this effect was not found to be very
large.
J
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Finemass

3.3.1.1

Although nitrate aerosols volatilize during collection in channel A, the sum of the
other mass budget components should account for most of the observed fine mass.
Reconstructed fine mass (RCFM, see Table 3.2 for definition) accounts for 82% of the
observed mass over the time period. The percentage of fine mass unaccounted for by
RCFM (%UFM, also defined in Table 3.2) is seasonal, on average reaching 34% in
February and 10% in May.
Reconstructed fine mass proved to be better correlated to absorption than the
gravimetric measurement of mass, with an R2 of 0.78 as opposed to 0.71. Malm et al.
[1994] notes that aerosol extinction due to particles generally has a linear relationship to
particle mass. The extinction due to light absorption by particles at Denali National Park
and Preserve was found to obey this relationship; when babSis in units of 10' 8 m ' 1 and
RCFM is in ng m '1, babs behaves as the linear function:

Eqn 3.3)

babs= 0.129 [RCFM] + 32

3.3.1.2 Sulfates and sulfur dioxide
As noted in the introduction, Alaska encounters its dirtiest air during the late
winter and early spring. SOx is the primary component of this pollution by mass; this is
understandable given that Russian and European sources within and adjacent to the
Arctic airmass give off millions of tons of sulfur dioxide and sulfates annually [Tables,
1999; AMAP, 1998].
From November until February, the long polar night causes photochemical
oxidation of sulfur dioxide into sulfate to cease, and sulfur dioxide is the dominant sulfur
species (by molar mass) in Alaskan air. However, as the northern hemisphere begins to
lean towards the sun, light returns at an ever-accelerating pace and begins to oxidize
sulfur dioxide into sulfate, resulting in the production of ammonium sulfate, ammonium
bisulfate and sulfuric acid ((NH4 )2 S0 4, NH 4H S 0 4 and H2 S 0 4 respectively.)
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Sulfate ion and sulfur dioxide concentrations therefore display an offset
seasonality, evidenced in Graphs 3.4 and 3.5. Graph 3.4 summarizes the general
behavior of SOx. After a relatively gradual build-up period during the long polar night,
mean mixing ratios of sulfur dioxide drop off rapidly after polar sunrise, while sulfate
mixing ratios increase quickly. Sulfate levels also rise during the polar night, though not
to the same degree as those of sulfur dioxide. This behavior is understandable, since
most industrial emissions contain both sulfur dioxide and sulfate and since some fraction
of the pollution is probably oxidized before entering the high Arctic. As a result, the
percentage of sulfur accounted for by sulfate is highly seasonal, ranging from an average
of 87% in October to only 65% in February. While mean monthly concentrations show a
smooth distribution, individual monthly measurements vary considerably, which is
expected, given that meteorological factors randomize the rate at which pollution is
introduced into the Arctic and the pattern in which it is distributed.
Graph 3.5 depicts the monthly averages of the two time series on a common scale.
The difference between the two peaks suggests that there is approximately a 1-month lag
between the peak sulfur dioxide mixing ratios and the peak sulfate mixing ratios. Indeed,
mean monthly sulfate mixing ratios correlate much better with sulfur dioxide mixing
ratios in the preceding month than in the same month (R2 = 0.83 and 0.31, respectively.)
Graph 3.5 also suggests that while sulfur dioxide mixing ratios have a background value
of essentially zero, sulfate mixing ratios have a background level near 175 ng/m3. This
background is assumed to derive from dust, local sulfate emissions and marine sulfate.
The striking feature of these time series, apart from their seasonality, is their
apparent decline. Both sulfate aerosol concentrations and sulfur dioxide mixing ratios
have declined rapidly over the examined time period. Fine mode sulfate concentrations
exhibited a deseasonalized decline of 40% between March of 1988 and August of 1999;
sulfur dioxide mixing ratios fell by 53% between August of 1988 and August of 1999XV1.
The deseasonalized time series were generated by dividing the mean monthly values by the appropriate
seasonal index value. This generates a time series in which all months have the same average
concentration, eliminating any seasonal bias. A linear regression o f the deseasonalized time series was then
used to measure the decline. Sulfur dioxide values were not reported at the Denali NPP IMPROVE station
until August o f 1988.
XV1

S 02 mixing ratio or S 04 concentration (ng/m3)
Graph 3.4 Mean monthly mixing ratios of sulfur oxides at Denali NPP between March 1988 and August
1999. Error bars indicate 25th and 75th percentile.
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This seems likely to be due to decreased inputs of the chemicals into the Arctic.
A decline in Arctic haze has been observed across the Arctic, and its source regions
(Europe and Russia) have seen major reductions in emissions of both sulfate and sulfur
dioxide. The Co-operative Program for Monitoring and Evaluation of the Long-Range
Transmission of Air pollutants in Europe (EMEP) reports that Russian emissions of
sulfur dioxide west of the Urals have fallen by 61% between 1988 and 1998, while the
European Community has seen a concurrent decline of 48% [Tables, 1999].
The amount of sulfate aerosol derived from sea salt can be calculated by using
Holland’s [1978] ratios for sulfate to sodium in sea salt. The average amount of sulfate at
Denali National Park and Preserve accounted for by sea salt is only 3.2% and never more
than 11.1% for any month on record. This compares closely with Barrie and Barrie
[1990], which found the mass fraction of sulfate explained by sea salt at Alert, Canada to
be 3.3%. Soil sulfate is not thought to contribute much to the total mass of sulfate
aerosols at Denali National Park and Preserve. Although desert soils can be a major
source of sulfate aerosol [Reheis and Kihl, 1995], Alaska is distant from any large
deserts. At Alert Barrie and Barrie [1990] found the amount of sulfate aerosol due to
soils was even less than that due to sea salt, accounting for about 2.5% of total sulfate
mass.

3.3.1.3 Organics
As previously mentioned organic aerosols are measured by two ways: thermal
optical reflectance, which measures the carbon in the aerosols, and PESA, which
measures the hydrogen. The measurement derived from thermal optical reflectance
(OMC) correlates fairly well with the one derived from PESA (OMH), with an R 2 of
0.82. OMH is derived from the formula:
i )
Eqn 3.4)

=

f OH

([//] - MCF x [5])
J

where foH is the average hydrogen mass fraction of the organic molecules in a sample and
MCF is a multiplicative molar correction factor.
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foH was operationally determined by Malm et al. [1994] to be approximately 0.09
by forcing OMC to equal OMH on average. Aerosols at Denali National Park and
Preserve appear to be more hydrogen-rich than this; the operational foH for this data set
was found to be

0 .1 1

using this method.

Sulfur is considered in the equation in order to account for the hydrogen present
in sulfate aerosols, which are the only hydrogenated species besides organics that do not
volatilize during PESA, which is carried out under a tight vacuum. In Malm et al. [1994]
all sulfate is assumed to be in the form of ammonium sulfate. MCF is the mass ratio of
hydrogen to sulfur in the aerosol, so this assumption produces an MCF value of 0.25.
This assumption is often untrue, however. When an air mass has a low ratio of
ammonia to sulfate aerosol, much of the sulfate will be incompletely neutralized,
appearing instead as ammonium bisulfate or sulfuric acid. This effect lowers the value of
MCF in the equation above; if the aerosols are composed purely of sulfuric acid rather
than ammonium sulfate the MCF drops from 0.25 to a value of 0.06. A 50%
neutralization, equivalent to pure ammonium bisulfate, would produce an MCF of 0.16.
The Denali National Park and Preserve aerosol appears to be incompletely
neutralized on average. Maximum correlation between OMC and OMH occurs when
MCF set to 0.182, corresponding to a 63% neutralization. But MCF is unlikely to
maintain an average value of 0.182 during all seasons. The high sulfate levels in the
Arctic during the springtime probably deplete the available atmospheric ammonia
reservoir and consequently produce acidified sulfate aerosols.
It is impossible to generate a time series for the degree of neutralization from the
IMPROVE data, because MCF and foH both appear to undergo seasonal cycles.
However, weekly ammonia and sulfate data from the Alaska Air Chemical Network
(AACN) are available from September 1997 to September 1999 [Shaw et al., 1999], and
this can be used to determine the degree of neutralization. Graph 3.6 plots the ammonia
vs. sulfate, and the two analytes clearly display a maximum ratio of 0 .3 7 5 g NH4 per
gram of sulfate, corresponding to the ratio found in fully neutralized ammonium sulfate.
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MCF and the percent neutralization (%N) can be derived from the NH 4/SO 4 ratio
(p) by the formulae:
Eqn 3.5)

=
%N =

Eqn 3.6)

p + 0.125
2

P
0.375

Graph 3.7 shows that the NH 4/SO 4 ratio (and, therefore, neutralization) follows a
seasonal cycle. The aerosol is fully neutralized in the summer, but becomes acidified
during the winter and spring. The minimum value of ~25% neutralization agrees with
et

the measurements of Cantrell

al.[1997], who found that the sulfate a

Flat in early March were only ~25% neutralized.
By using the AACN data to approximate the seasonal variation in MCF, by
rearranging Equation 3.4, and by using the fact that OMC should be equal to OMC in
practice, foH was solved for by the equation:

Eqn 3.7)

f
0H

jH \-U C F * V f)
[OMC]

The seasonal variation in foH, shown in Graph 3.8, is pronounced. The smallest
foH, in June, was found to be 0.09, which is the average value for all IMPROVE sites
[Malm et

1al.,994], foH steadily increases over the eight months until February, when it

reaches its seasonal maximum of 0.18. Table 3.7 provides a frame of reference by
listing the foH values for some chemicals commonly found in organic aerosols. The high
wintertime foH values in Denali National Park and Preserve are indicative of a dominance
by hydrocarbons; few other common aerosol components have so high a
hydrogen/carbon ratio. This abundance of reduced organic aerosols is likely to be a
consequence of the subdued photochemistry caused by the dry, dark winter conditions at
Denali National Park and Preserve.

Table 3.7 foH values of some chemicals commonly found in organic aerosols

Formula

foH

Pentacosane

C25H52

0.148

Hentriacosane

C31H64

0.147

Hexadecanoic (palmitic) acid

C 15H31COOH

0.127

Octadecanoic (steric) acid

C 17H31COOH

0.125

Naphthalene

C-ioHs

0.063

Anthracene

C14H10

0.056

Propanedioic (malonic) acid

CH2(COOH)2

0.039
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Thermal optical reflectance measurements of organic mass also indicate that there
is seasonal variability in the composition of the organic aerosol at Denali National Park
and Preserve. The thermal optical reflectance categories, being determined by
volatilization temperature, are by definition a measure of the volatility of the organic
aerosol. While the percentage of organic mass accounted for by OC2, OC4 and OP
remained relatively invariant from month to month, OC1 and OC3 show a marked
inverse seasonality. On average, OC1 accounts for only 9% of total organic mass in July,
but for 26% in December. OC3, on the other hand, accounted for 38% of organic mass in
July, dropping 19% in December.
3.3.2 The mass budgets
etal. [1991] describes the standard method for constructing mass budgets

Malm

from IMPROVE data. The paper identifies six types of fine aerosol, defined in Table 3.2,
that are significant in terms of mass and therefore visibility: sulfates, nitrates, salt, soil,
organic carbon and elemental carbon. Chow et al. [1993] points out the dangers of using
the terms “elemental carbon” and “light-absorbing carbon” interchangeably. Many
organic aerosols are dark, tarry particles that absorb light just as readily as their graphitic
counterparts. Salt is not usually included in the mass budgets at continental sites, but
Denali National Park and Preserve has such pure air that sea salt still makes up a
significant fraction of aerosol mass, especially during the winter.
The mass budget is presented in Graphs 3.9, 3.10 and 3.11. Graph 3.9 depicts the
breakdown of the mass budget by general type. The observation of Malm et al. [1991]
that organic and sulfate aerosols make up the bulk of aerosol mass in the United States
holds true for Denali National Park and Preserve, with the two types accounting for 67%
of all fine aerosol mass.
Graph 3.10 relates the yearly trends for these six types of aerosol. As discussed in
section 3.3.1.2, sulfate levels declined substantially over the observed time period.
Although sulfate’s decline is by far the steepest, every category of mass has also declined
over the observed time period, as detailed in Table 3.8. Organics seem to have the most
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Graph 3.9 Fine mass (PM 2.5) balance at Denali NPP between March 1988 and August 1999.
o
o
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Graph 3.10 Annual fine mass (PM 2.5) for important aerosol components at Denali NPP.

Concentration (ng/m3)
Graph 3.11 Mean monthly aerosol mixing ratio at Denali NPP by type.
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Table 3.8 Declines in the six categories of aerosols that significantly contribute to total
aerosol mass and in total reconstructed fine mass. Relative annual change taken from the
slope of the linear regression of mean annual concentration between 1988 and 1999.
Total relative change is determined from the difference in the value of the regression line
between 1988 and 1998.

Mean annual

Relative annual

Total relative

Species

change (ng/m3yr)

change

change 1988-98

Sulfate

-22.9

-4.3%

-38.0%

Organic matter

-9.76

-2 .2 %

-15.4%

Elemental carbon

-0.63

-0.4%

-3.6%

Soil

-3.23

-1.5%

-14.3%

Salt

-1.42

-2.4%

-2 1 .2 %

Nitrate

-2.12

-2 .1 %

-16.9%

Reconstructed fine

-38.7

-2 .8 %

-21.3%

mass
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variability in yearly concentrations, which should be expected since forest fires are the
primary source of carbonaceous aerosols [Cahill, 2000],
Graph 3.11 shows the mean monthly aerosol concentration for the main types of
aerosols. Each of the species displays seasonal structure: salt and nitrate aerosols peak in
midwinter, sulfate peaks in late winter, soil peaks in the spring and OMC and EC peak
sharply in July. The different seasonal cycles reflect the different sources of the various
aerosols. Organic and elemental carbon peak are primarily produced by wildfire smoke
and therefore peak in July, elevated sulfate concentrations in Alaska during late
winter/early spring are well documented to be the product of long-range transport of
anthropogenic pollutants through the Arctic [Barrie, 1986, Rahn

al., 1977, Shaw et

1989], the late springtime elevation of soil aerosol is influenced by dust storms in Asia
[Cahill, 2000], and the mid-winter peak in salt aerosols coincides with the peak period of
aerosol generation in the North Pacific [Erickson et al., 1986],
This sort of graph is useful when one is looking at six types of aerosol, but
looking at the entire list of variables in this fashion would be unwieldy. Principal
component analysisg (PCA) is used to simplify the system. By using PCA the same list
of factors emerges; the system is broken up into four major components: smoke, Arctic
haze, dust and salt.

3.3.2.1 Smoke
Forest fires appear to be the single greatest factor contributing to fine aerosol
mass in Denali National Park and Preserve. Together, organic carbon and elemental
carbon comprise half of the total fine mass budget. The bulk of organic aerosols of all
types come from smoke, and this is expressed in the high mutual correlations of the
organic carbon time series, which typically had R 2 values near 0.8. The combined
organic carbon time series correlates well with the time series for EC1 (R 2 = 0.85). This
implies either an experimental artifact, where charred organics are biasing the elemental
carbon measurement, or that EC1 has a common origin with the organics. EC2 and EC3,
however, are principally derived from different sources, as shown by the correlations in
Graph 3.12. It is certainly possible that EC 1 shares a common origin with organics, as

Correlation (R2)

Analyte
Graph 3.12 Correlation of carbonaceous analytes to two measures of total organic mass. OMC is the
total organic mass as determined by thermal optical reflectance; OMH is the total organic mass as
determined by PESA.
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most of the organics seem derived from forest fire smoke, which also contains soot.
Higher temperature graphitic carbon must be produced at higher temperatures, indicating
anthropogenic sources.
Organic aerosols exhibit a well-defined summertime peak; mean July mixing
ratios of organic aerosols are six times higher than mean mixing ratios between October
and March. The elevated abundance of organic aerosol is coincident with peak forest fire
season in Alaska and with an elevation in airborne potassium, another indicator of forest
fire smoke. There is no obvious alternative explanation for the source of these organics,
so the assumption that they stem almost solely from forest fire smoke seems to be solid.
If these organics are almost exclusively the result of forest fire smoke, then a mass
apportionment of carbon aerosols for the summer months ought to be representative of
the average chemical composition of boreal forest fire smoke. This apportionment is
shown in Graph 3.13. Organic carbon makes up 82% of the mass, while elemental
carbon accounts for 17%. Potassium aerosol accounts for only 1% of total smoke mass.
This apportionment agrees with CahilTs observation [2000] that there is relatively little
elemental carbon aerosol produced by Alaskan forest fires.
A multivariate regression model of smoke behavior was constructed by partial
least squares regression8 (PLS) using time of year and conditions (scalar wind speed,
solar input, temperature, deviation from seasonal temperature) to predict babS, potassium
and organic and elemental carbon. Time of year is highly covariant; as Alaska forest
fires primarily occur in a narrow time period between early June and mid-July. Several
variables correlate with the smoke component: all organic carbon variables, all elemental
carbon variables, potassium and the absorption coefficient b absSome of these variables are more characteristic of smoke than others. In order of
decreasing loadings8 they are: pyrolysed organics, OC2, OC3, OC4, EC1, OC1, K, EC3,
EC2 and babS- This should not be taken to mean that babSis unrelated to forest fire smoke;
many other things can influence it. babSis highly correlated to forest fire smoke in the
summer; a PLS model using only EC 1 to predict babSprovided an exceptionally good fit
for the months of May through August, explaining 79% of the variance in babS. OP, OC3

EC3

K

Graph 3.13 Summer mass apportionment of forest fire components. Description of the
components is found in section 3.2
O
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and OC4 could also be used to explain more than 70% of the variance in babS. OC2 and
OC1 were somewhat worse, explaining 61% and 41% of variance, respectively, while
EC2 and EC3 could only account for 9% and 8 %.
3 J .2 .2 S o il
A PLS model similar to the one described above to predict smoke was used for
the soil elements, fine mass and ozone. Two major principal components emerged. The
two components seem to reflect two different kinds of soil aerosol. The first kind of dust
seems to be domestically generated. It usually occurs in the summer and sometimes late
spring, but rarely during the winter, hardly surprising given that the ground is blanketed
with snow for eight months. This kind of soil aerosol correlates with an increase in the
total fine mass.
The second kind of dust occurs in the late spring, but almost never during the
summer. This second kind seems consistent with dust transported from Asia. It
coincides with the Asian pollution observed by Jaffe

al. [1999] to co-occur with the

dust. The seasonal occurrence of the second kind of dust in April and May is consistent
with observations of Asian dust at many other stations throughout the Pacific and Arctic
[Cahill, 2000]. It also coincides with timing the large Gobi desert dust plume that hit
Barrow, Alaska, in late April of 1976 and was traced to its origin by Rahn et al. [1977],
3.3.2.3 A rctic haze
As one might expect, Arctic haze is the most chemically complex factor,
influencing the mixing ratios of 28 analytes. Despite its complexity, it displays the most
regular behavior of the factors. A PCA of the 22 analytes most associated with the Haze
in the November-March period of 1992-1995 produced a single PC describing 46% of the
variance. .Eliminating the sea-salt elements except for nitrate, this improved to 50%.
PCAs for individual years explained much more of the variance, usually around 75%.
A PLS model of the haze based only on deviation from standard temperature
contained one PC and accounted for 29% of total variance. The model concurs with the
observation of Shaw [ 1991 ] that the Haze occurs during cold snaps, which are indicative
of an intrusion of Arctic air into the Interior. The relationship to temperature deviation
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provides a useful way to recognize those aerosols associated with the Haze. It should be
mentioned that some constituents of Arctic haze are not entirely anthropogenic, notably
bromine. A substantial fraction of it is likely to be present as bromoform produced by
brown algae blooms in the Arctic Ocean [Shaw, 1991 (2)] and from photochemistry in
the Arctic atmosphere following polar sunrise [Polissar et al., 1998].
The linkage of many of these variables to Arctic cold fronts can be expressed by
the ratio of the mean concentration for temperatures below average to the mean value for
above average temperatures and the percentage of elevated values occurring in periods of
relatively depressed temperature. These two measures are shown in Table 3.9 for
selected analytes.
The constituents of Arctic haze display an inverse relationship with temperature
deviation, particularly with

b abs-

Its relationship to temperature deviations shown in

Graph 3.14 for November-March. For all cold-influenced variables variance increased
rapidly as temperature decreased.
Table 3.10 shows the mean and median mass balance for the most severe episodes
of Arctic haze, generated by using data from the 23 dates which scored the highest on
PCI of the aforementioned PCA of the Arctic haze elements. The median measurements
are displayed in Graph 3.15.

3.3.2.4 Sea salt
Na, Cl, CF, Mg and NO 3’ form a distinct group of marine elements, which display
similar, highly seasonal behavior. All are elevated from November to March. This is
shorter than seen in the Canadian High Arctic, where the period of elevated marine
elements stretches from early October to April [Barrie and Barrie, 1990].
Graph 3.16 shows the seasonal behavior of the marine analytes. They tend to
spike twice in the winter: the first spike peaks in December, and the second peaks in
February. While Na and Cl have approximately the same average concentrations in
December and February, Mg, Cl' and NO 3' have a notably larger February peak. The
peak centered on December corresponds to the maximum generation of sea spray in the
North Pacific and Atlantic [Erickson et

al.,1986]. The February pea
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Table 3.9 Linkage of analytes to colder-than-average temperatures. The ratio of means is
defined as the mean value for all colder than average periods divided by the mean value
of all warmer than average periods.
The “% of elevated” measurement describes the % of all elevated measurements
which occurred during colder than average periods. A value is considered elevated if it is
greater than or equal to the second highest measurement reported during warmer than
average temperatures. Mn is an exception, using the third highest measurement as a
cutoff. For XC1-, all values below zero were discarded. Only measurements taken in
February and March were considered.
Using these diagnostic methods, and given the unusual comprehensiveness of the
IMPROVE data set, it is possible to give perhaps the most complete chemical profile of
to date of the polluted air carried into central Alaska by the Arctic front.

Ratio of means
xcr
Mg
cr
Cl
Br
S02
NCV
S 0 42'
Na
S
babs
As
EC1
Pb
Zn
RCFM
Cu
EC
FM
K
OC4
%UFM
OP

8 .1
6 .1

5.8
4.6
4.4
4.3
4.0
3.4
3.4
3.3
3.2
3.0
3.0
2 .8
2 .6

2.4
2.4
2.3
2 .2
2 .1
2 .1
2 .1
2 .0

% of elevated
96%
92%
89%
85%
95%
95%
94%
93%
89%
95%
90%
83%
86%
88%
60%
92%
67%
87%
93%
87%
80%
80%
88%

Table 3.9, continued

Ratio of means
1.9
Se
1.9
Ni
1.8
Sr
1.8
Ca
1.7
H
1.7
Fe
1.6
TM
1.5
EC3
1.5
EC2
1.4
OC3
1.4
Mn
1.4
Soil
1.6
TM
1.3
CM
1.3
Al
1.2
OC2
1.2
Si
1.1
V
1.0
OC1
1.0
Ti
0.9
Zr
0.9
Mo
0.9
%S as S 04
0.9
Cr
0.9
OMH
0.8
O3
0.7
Rb

% of elevated
78%
75%
78%
75%
87%
60%
85%
71%
67%
86%
81%
50%
85%
67%
50%
67%
33%
50%
0%
50%
33%
0%
71%
33%
0%
0%
0%
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Graph 3.14 The coefficient of light absorption by particles (babs) as a function of temperature
deviation, November-March.
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Table 3.10 Median mass of Arctic haze components in the 35 most severe outbreaks. All
units are in ng/m3.

TM
FM
RCFM
Sulfates
OMC
EC
Soil
Salt
Nitrates
UFM
S02
XCI-

Mean
7631
4452
3468
1626
507
249
432
366
187
1352
755
79

Median
6774
4358
3373
1531
475
240
317
286
149
1207
490
44

SD
2829
1177
785
317
235
88
380
325
109
894
803
105

RSD
37%
26%
23%
20 %
46%
35%
88 %
89%
58%
66 %
106%
132%

Soil
9%
Graph 3.15 Median mass budget of Arctic haze aerosol for the 35 most severe dates. Sulfate and
nitrate are assumed to be 50% neutralized. Unexplained fine mass (UFM) is the sum of the
measured elements, except for ammonium nitrate, subtracted from the fine mass measurement.

Seasonal index value
Graph 3.16 Mean monthly variation of the marine elements.
U\
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seems to derive from some other source. It seems plausible that these “marine” elements
are also constituents of Arctic haze, as mentioned in the previous section.
Table 3.11 compares the ratio of the major constituents of sea salt to sodium in
seawater with the mean ratio in February aerosols. February was chosen as the reference
month because it is the month in which the sea-salt component is most prominent.
Typically chlorine is chosen as the reference species for sea salt components, but sodium
is used here because it survives aerosol transport better than chlorine. The Cl‘/Na+ ratio
observed in sea salt aerosol is almost always depressed, a result of chlorine volatilization
caused by reaction with strong acids to form HC1 [Shaw, 1991],
Table 3.11 shows that the CF/Na+ ratio is slightly depressed, probably due to acid
volatilization of chlorine. The Mg2+/Na+ ratio is slightly elevated, probably due to
additional Mg from dust or pollution. Sea-salt influences calcium and potassium, but at
most appears to account for one-quarter to one-third of calcium and potassium
concentrations. Smoke (for potassium) and soil (for both) are the main sources for those
elements.
Nitrate (NO3') has a remarkably elevated concentration compared to the
abundance of nitrate in seawater. Nitrate is also very rare in soils [Schlesinger, 1997]; it
must be either biogenic or anthropogenic. The February concentration of nitrate probably
includes an anthropogenic effect, but the correlation of nitrate with marine elements by
PCA indicates that at least a substantial portion of it comes in from the ocean. That
makes a biogenic source in the North Pacific likely, although pollution transported from
Asia cannot be ruled out.
The presence of a biogenic source is also suggested by measurements taken by
Prospero and Savoie [1996] on American Samoa between 1983 and 1996. Located in the
middle of the South Pacific and far away from any significant anthropogenic or
continental influences, American Samoa is bathed in some of the world’s purest marine
air. Mean nitrate concentrations there were 116.3 ng/rrf, compared to 45.5 ng/m 3 at the
Denali NPP IMPROVE station. The two numbers should not be directly compared,
because the IMPROVE site measures PM 2.5 and the Samoan experiment measured total
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Table 3.11 Mean concentrations of ions in seawater, the Earth’s crust and February aerosol
at Denali NPP relative to sodium. Seawater data except nitrate from Holland [1987], sea
surface value of nitrate from Martin et al. [1989]; both obtained from Schlesinger [1997],
Ratio to Na+ in the Earth’s crust was determined from data in CRC [1969], Mean ratio to Na*
in February aerosol determined by mean February concentration of analyte divided by mean
February concentration of Na+.

Species Ratio to Na+ Ratio to Na* Mean ratio to Na*
in the crust in seawater in Feb. aerosol
1.42
0.01
1.80
cr
1.00
1.00
1.00
Na+
0.19
Mg2+
0.92
0.12
1.62
0.04
0.17
Ca2+
0.14
0.91
0.04
K+
1.01
0.00
4.0*10‘8
n o 3-
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aerosol concentration, but the result still shows that the amount of nitrate in marine air is
enormously higher than one would expect from sea salt.
The overall Cl'/Na+ ratio for the IMPROVE data was 0.94; identical to the value
found by Shaw [1991] to coincide with Chinook (relatively warm periods in midwinter)
conditions in Interior Alaska. A Chinook event is caused by air moving northward from
the Gulf of Alaska over the Alaska Range and descending into the Interior. Since Denali
NPP is located within the Alaska Range, the similarity of the two ratios is expected.
It is peculiar that the chlorine and chloride ion measurements have approximately
the same value in December, but the chloride ion is in large excess of total chlorine in
February. In fact, measurements of chloride ion concentration (determined by ion
chromatography) were often observed to be in excess of the total chlorine measurements
(determined by PIXE). This excess chloride is one of the derived time series, listed as
XCF in the tables.
Excess chloride seems to be a noteworthy constituent of Arctic haze, becoming
highly correlated with sulfate in midwinter, with a January R 2 of 0.90. This correlation
seems too good for the excess chloride to be explained by experimental error in the IC
measurement. The correlation with sulfate is seasonal, becoming negligible in the
summertime.
An apparent explanation for this discrepancy is that when samples are put under a
tight vacuum for PIXE analysis, sulfuric acid reacts with sea salt to form gaseous HC1,
thereby removing chlorine from the filter. The chemical equilibria:

H 2 S0

4

(1) + 2 NaCl (s) ^

Na 2 S 0 4 (s) + 2 HC1 (g)

and
H2 SO4 (1) + MgCl2 (s)

M gS0 4 (s) +

2

HC1 (g)

strongly favor the left-hand side of the equation at standard pressure, but the pressures
encountered in PIXE are on the order of a few microbars [T. Cahill, personal
correspondence, 2001]. This change is equivalent in thermodynamic terms to an
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expansion in volume of nearly six orders of magnitude. In accordance with LeChatlier’s
principle, this will favor the right side of the equation, and the removal of the HC1 gas so
produced will prevent any equilibrium from being reached. Consequently, these
equations would seem to suggest that two moles of chlorine would be removed for every
mole of sulfuric acid present in the samplexvu.
This is clearly not the case, however. There are typically many more moles of
sulfate than chloride, so even a small degree of acidification would remove all of the
chlorine from the sample. A substantial fraction of the chlorine remains (approximately
one third) due to the fact that the larger sea salt aerosols will not contain much sulfuric
acid (see Graph 3.17).
Excess chloride declined by a deseasonalized 71% between March 1988 and
August 1999 (~7% per year), which suggests a decline in sulfuric acid. Chemical time
series from Alert, Canada from 1981-94 (generously provided by Dr. Leonard Barrie)
give other evidence of a decline in aerosol acidity. The deseasonalized hydrogen ion
concentration ([H+]) declined at Alert by 35% over the period surveyed, at a mean rate of
2.8% per year. Mean deseasonalized ammonium ion concentration ([NH 4+])
simultaneously rose by 17%, which also is indicative of a decline in acidity since
ammonia will serve to raise the pH of the aerosol. A decline in the acidity of Arctic haze
would be a positive development for the Arctic environment (see section 1.1.4.2).

xv" Nitric acid may act in a similar manner, but can largely be ignored as a mechanism for chlorine removal
since nitrate is an order o f magnitude less abundant than sulfate in the Denali National Park and Preserve
aerosol.
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February 25-27, 19B2

D
Graph 3.17 Cation and anion molar fractions as a function of particle diameter.
Hydrogen ion is inferred from ion balance. The dotted line represents the fraction of
anion equivalents required to balance sodium and magnesium ions. Presented by Barrie
[1985] as Figure 12 on page 653.
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4.0 Economic and political trends in the circumpolar
nations
Since the Alaskan airshed north of the Alaska Range receives a substantial portion
of its anthropogenic aerosol and gaseous pollutants through long-range transport, Alaskan
air quality is influenced to an unusually high degree by the political and economic events
of other countries. An understanding of the political and economic forces at work in the
various circumpolar nations is key to an understanding of the observed decline in Arctic
haze, the present state of Arctic air pollution, and likely future developments.
The previous chapter found that Arctic haze has declined in Interior Alaska over
the last decade and a half (see Graph 3.5). This decline appears to be driven by the
widespread emission reductions which have occurred in North America, Europe, and the
former Soviet Union (FSU) between 1988 and 1998. If true, this linkage indicates that
the story of Arctic haze is not yet a post-mortem. EMEP projections for 2005 foresee a
continuing decline in emissions across Europe and a leveling off in North America, but
emissions in the European FSU are expected to double by 2005. Events in the FSU, and
perhaps Asia as well, threaten to abrogate any further progress made by Europe and
North America and could perhaps revive the phenomenon.

4.1 Shifts in pollution levels
Graph 4.1 shows the decline in sulfur dioxide emissions in Europe, North
America and the former Soviet Union. Graph 4.2 shows the amount of sulfur dioxide
entering the Arctic every year by assuming that the fraction of a region’s sulfur dioxide
emissions that enter the Arctic is the same as that observed by Barrie et al. [1989] for the
winter of 1979/80. Note that while total emissions are projected to level off between
1998 and 2005, the amount of sulfur dioxide entering the Arctic will increase due to the
shift in the location of the emissions to the FSU, which has a greater impact on the
Arctic. The graph estimates a 55% decline in the amount of sulfur dioxide entering the

Emissions of S02 (ktonnes)
Graph 4.1 Emissions of sulfur dioxide from Europe, North America and the former Soviet Union, 1980-2005 [
,
1999], Emissions from the former Soviet Union (FSU) have been increased by 51% to compensate for the exclusion of
the Asian FSU from EMEP emissions data, based on the 1993 apportionment of emissions within the parts of the FSU
considered in this study (Russia, Ukraine, Kazakhstan, Belarus and the Baltic states) [Kiseleva, 1996],
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Graph 4.2 Emissions of sulfur dioxide entering the Arctic from Europe, North America and the former Soviet Union,
1980-2005
ables[,1999], The likelihood of a given ton of pollution entering the Arctic was taken from Barrie el
T
al.[1989], Emissions from the former Soviet Union (FSU) have been increased by 51% to compensate for the
exclusion of the Asian FSU from EMEP emissions data [Kiseleva, 1996],
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Arctic between 1988 and 1998 (falling from 3.6 ktonnes to 1.6 ktonnes), similar to the
50% decline in mean sulfate aerosol concentrations observed at Denali NPP.
The relative contributions of the three regions changed significantly between 1980
and the present, and will change yet further in the near future. Graphs 4.3-4.5 show the
relative distribution of sulfur dioxide emissions in 1980, 1998 and 2005 [Tables, 1999].
Graphs 4.6-4 .8 show the relative contributions of the three regions to Arctic haze for the
same three years. If the projections are correct, sulfur pollution in the Arctic will
primarily be the result of pollution from the FSU.
Sulfur dioxide and sulfate may account for much of the mass of Arctic pollution,
but they are not the only contaminants entering the Arctic, and the emissions of many of
other pollutants have been declining for the same reasons as sulfur dioxide emissions.
Europe and the FSU have also greatly reduced emissions of a wide variety of air
pollutants, as shown in Tables 4.1 and 4.2. Table 4.1 shows the declines in conventional
pollutants and heavy metals, while Table 4.2 shows the declines in three major persistent
organic pollutants (POPs): benzo[a]pyrene, polychlorinated biphenyls (PCB), and
hexachlorocyclohexane (HCH).

4.2 The form er Soviet Union
I f we compare the planet with a communal apartment, we occupy the dirtiest
room.
—Aleksei Yablokov,
Environmental Adviser to Russian President Boris Yeltsin

Emissions of sulfur dioxide, the primary culprit in the formation of Arctic haze,
tumbled throughout the 1980s and 1990s in Europe, North America and the FSU, but the
underlying cause in the FSU differed from that in Europe and North America.
Reductions in Europe and North America have been the intentional result of political
decisions; these countries have implemented safer environmental practices and
encouraged the use of cleaner technologies. These reductions occurred despite increasing
energy demand and economic growth. In the FSU, by contrast, emissions have declined
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Table 4.1 Decline of various atmospheric emissions from Russia, West Europe, and
North America 1990-98. Non-metals data is from [EMEP, 1999]; metals data is from
[MSC-East, 2001]. The numbers for “West Europe” were taken from the four nations
which make up the vast bulk of emissions in western Europe: France, Germany, the
Netherlands, and the UK. “North America” refers to the US and Canada.
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Table 4.2 Percentage and absolute decline of POP emissions from Russia, East Europe,
and West Europe 1980-95. Data is from MSC-East [2001].
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largely as the result of the sharp economic contraction following the Soviet Union’s
dissolution [Russia: Environmental, 1999]. Russian industrial production has fallen
nearly 55% over the last decade, according to Goskomstat (the Russian State Statistics
Committee) [Russian Federation, 2000].
Gross domestic product® (GDP) and industrial output® have fallen across the FSU.
Graph 4.9 shows these two indicators for the two largest economies in the FSU, Russia
and the Ukraine. Table 4.3 compares the changes in Russia’s economy during the 1990s
with those in the US and the European Economic Community®. As industrial production
has fallen, so have sulfur dioxide emissions. Graph 4.10 shows the tight relationship
between GDP and sulfur dioxide emissions in Russia. The demonstrated correlation has
been very high, with a linear R2 value of 0.97.
The results of this decline have been striking: Magnitogorsk is no longer engulfed
in an iridescent cloud and other cities have lost their chocolate-colored skies [Bohlen,
1998]. As one might expect, the share of deaths due to respiratory illness has declined
along with air pollution; Graph 4.11 shows that when compared against the total
standardized death rate (SDR) for Russians less than 64 years old, the SDR for bronchitis,
emphysema, and asthma has declined steadily throughout the 1990s [EUPHIN-EAST,
2000]. This decline reversed a steep upward trend found throughout the 1980s and
occurred despite the fact that Russia’s per capita cigarette consumption increased 37%
between 1988 and 1999. (Mean annual fine sulfate mass at Denali NPP correlates to this
SDR ratio with an R2 slightly better than 0.70; fine sulfate mass at Denali NPP correlates
with Russian sulfur dioxide emissions at a comparatively modest R2 of 0.51! This may be
coincidental, but consider that respiratory deaths will reflect sulfate as well as sulfur
dioxide emissions, and may therefore more accurately reflect Russia’s total fine sulfate
production).
The economic nature of Russia’s emissions reduction suggests that it is more
likely a reprieve than a permanent improvement. When the Russian economy pulls itself
out of the post-Soviet doldrums, as it seems to be doing presently, emissions are almost
certain to rise. In 1998 a rebound began, buoyed by the ruble’s 1998 devaluation, which

GDP or Industrial Output (1989=100)

Graph 4.9 Economic and industrial decline in Russia and the Ukraine 1989-2000 [Statistics, 2 0 0 1 ].
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Table 4.3 Change in GDP and industrial output between 1991 and 2000 [Yardeni, 2001;
IBCE, 2001],
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Graph 4.10 Relationship of Russian sulfur dioxide emissions to GDP [Tables, 1999; Statistics, 2001],
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Graph 4.11 Selected health statistics for Russia. The rate of death rate due to bronchitis, emphysema, and asthma
relative to the total death rate increased 114% between 1980 and 1990, then fell 32% between 1990 and 1998.
Russian cigarette consumption simultaneously increased 40% between 1988 and 1999 [EUPHIN-EAST, 2 0 0 1 ],
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boosted Russian exports by making its products more competitive in the global market,
and a steep rise in energy prices, which has made two of Russia’s leading exports (oil and
natural gas) increasingly profitable [Russian Federation, 2000]. However, the rebound is
ultimately the outgrowth of a decade-long economic restructuring process that has
transformed Russia into a pseudo-capitalist economy and integrated it into global
markets. Graph 4.12 shows that Russia’s GDP growth rate has shot upwards throughout
the 1990s (albeit from large negative values), in contrast to the more stable growth of the
US and the ECE-11 [Global, 2001],
The economic recovery has begun to awaken the idle Soviet industrial complex.
In only two years industrial output has increased by 18% in Russia, and by a similar
amount in the other major countries of the FSU [Statistics, 2001;

2001]. Graph

4.13 shows relative annual industrial production in Russia and three other major
economies of the FSU : Belarus, the Ukraine, and Kazakhstan. The homogeneity of the
increase in between these states is striking, within 1% of Russia’s 18% increase. These
rapid increases have the potential to continue for some time; it is always faster to reopen
idle factories than to construct new ones.
How much pollution will rebound is something of an open question. The
European Environmental Monitoring and Evaluation Program (EMEP) expects emissions
from the European FSU to double from 3.8 Mtonnes to 7.6 Mtonnes between 1998 and
2005 [Tables, 1999]. Table 4.4 displays EMEP projections for the European former
Soviet Republics and also compares the projected increase in the FSU with the projected
decrease in North America, East Europe and West Europe. If the sulfur dioxide
emissions in Kazakhstan and Asian Russia keep pace with those in the European FSU,
then the FSU will emit 15.2 Mtonnes in 2005, as opposed to 8 .1 Mtonnes for Eastern and
Western Europe combined and 19.6 M tonnes for North America.
The aging and overbuilt industrial sector Russia inherited from the Soviet Union
is the primary source of pollutants. Smelting, refining, and chemical processing are
carried out with few environmental controls, and industry is still the primary energy
consumer in Russia. Despite the marked decrease in industrial activity and an increase in
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Graph 4.12 Rate of GDP growth in Russia, the US and the ECE-11 [Yardeni,
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Graph 4.13 Industrial output in Russia, Ukraine, Belarus and Kazakhstan relative to 1998 [ISCCIS,
2001],
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Table 4.4 Projected emissions for countries in the European FSU [EMEP, 1999].

Country or Region

Russia (west of Urals)
Ukraine
Belarus
Latvia
Lithuania
Moldova
Former Soviet Union
Western Europe
Eastern Europe
North America

S 0 2 em issions (ktonnes)
1998
2005

2,208
1,164
190
40
94
32
7,463
7,392
6,592
20,388

4,297
2,445
490
114
155
135
14,924
4,305
5,274
19,565

% increase

95%
110%
158%
185%
65%
322%
100%
-42%
-20%
-4%
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the residential use of electricity throughout the 1990s, industry was still responsible for
57% of Russia’s power consumption in 1996 [Russia, 1999].
The future of Arctic haze, and the Arctic environment in general, will be greatly
influenced by the policies Russia chooses to pursue during its future economic expansion.
Without substantial modernization, Russian industry will increase pollution concurrent
with production. If old factories reopen with scant modification, emissions may approach
their levels in the 1980s. In fact, Russian emissions may substantially surpass their levels
in the 1980s, since the already dated industrial infrastructure has continued to age, coal
may begin to play a more important role as a fuel source, and automobile ownership has
exploded.
It seems improbable that the government will become interested in enforcing its
stringent environmental laws; one of President Putin’s first actions was to dissolve the
Department of the Environment, which had already been operating without a capital
budget for years [Ekologia, 1994], However, a market economy may create an economic
incentive to build more energy-efficient infrastructure. This could address one of the
underlying causes of environmental problems in Russia; it is one of the most inefficient
users of energy in the world, consuming more energy in relation to its GDP than any
major industrialized nation except for the Ukraine. Russia consumes more power than
any country on Earth besides the United States and China, and produces less than the
Netherlands ($331 vs. $389 billion in 1999) [Economist Pocket, 2000]. Graph 4.14
shows the energy intensities of various nations in millions of joules per dollar of output
generated. If Russia’s energy intensity® lowered to that of Brazil, for instance, then even
if economic activity tripled, energy consumption would fall by 50%.
Aside from an industrial rebound, other factors could cause a rise in Russian
emissions. Ownership of automobiles has exploded since the Soviet demise, and the
country continues to use leaded gasoline [Russia: Environmental, 1999]. Another major
threat is that coal consumption, after having fallen precipitously since the 1970s, will
probably increase sharply in the coming decades.
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Given its tremendous energy inefficiency and lack of emissions-reduction
technology, Russia’s present reliance on natural gas as its primary fuel source is
fortunate. Western Siberia’s gas fields are the world’s largest, and starting in the 1970s
the USSR used this cheap fuel to replace coal, which was not only dirtier, but far more
expensive. This switch made economic sense, so the shift from coal to gas continued
after the end of central planning. As energy use fell during the 1990s, the most expensive
fuels were abandoned faster than the cheaper ones. Between 1992 and 1998, oil
consumption fell by 47% and coal consumption by 30%, but natural gas consumption by
only 12%. By 1998 natural gas made up 53% of Russia’s energy supply, as opposed to
coal’s 16%. Graph 4.15 compares this distribution with the US, China and the EU.
Russian coal consumption fell from 375 million short tons in 1992 to 263 million short
tons in 1998 as coal mines that consistently operated at a loss were closed [Russia, 2000].
Coal produces much more sulfur dioxide than natural gas per unit energy. Natural
gas and coal provide 22% and 25% of world energy supply respectively [

,

1996], but coal burning generates 74% of all sulfur dioxide emissions due to fossil-fuel
combustion as opposed to 2% for natural gas [Distribution, 1997]. From these two sets
of data one may conclude the average unit of energy generated from coal will release
approximately 35 times more sulfur dioxide than natural gas, and about 9 times more
than oil.
Current events in Russia are signaling an increase in coal use in the future.
Gazprom, the Russian natural gas monopoly, has had difficulty in collecting payment
from Russian power plants and announced in the fall of 2000 that it would immediately
cut supplies of natural gas to power producers by 30%. Because of the reduced supplies,
Unified Energy Systems of Russia (UES, the majority state-owned company that controls
Russia’s electricity sector) announced plans to spend $1.25 billion to convert all its power
stations from gas to other types of fuel, primarily coal. Compounding the problem in the
long term is that most of Russia’s producing gas reservoirs are now declining, and that 10
major nuclear power plants will have reached the end of their operating life by 2007
[Russia, 2000], Such a shift in the composition of the energy supply will significantly
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G raph 4.15 Relative contribution of various fuels to national energy supply in Russia, China, the US
and the EU [ElA, 2 0 0 0 ],
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boost emissions of sulfur oxides and soot, even in the absence of increased energy
consumption.
In part because Russia relies so much on natural gas for power generation,
emissions from metal smelting account for a large percentage of Russia’s sulfur
emissions. The metallurgical industry in the Russian Far North is a major contributor to
Arctic haze, especially surface-level and low-altitude haze. The Kola Peninsula, Vokruta
and Norilsk, all located above the Arctic Circle, emit a combined 2.8 million tons of
sulfur dioxide into the Arctic atmosphere annually [Moiseenko and Kashulin, 1996;
Ekologia, 1994].
These smelters also inject large quantities of toxic heavy metals into the Arctic
atmosphere. Norilsk generates over 800 tons of lead aerosol per year \AMAP, 1998], a
similar amount as entire nation of Germany, which emitted 856 tons of lead in 1996
[MCS-East, 2001]. Germany is located 20° south of Norilsk, making it perhaps an order
of magnitude less significant as a source. The Kola Peninsula’s three major smelters
annually inject 2,460 tons of nickel, 1,600 tons of copper and 100 tons of cobalt into the
Arctic atmosphere [Moiseenko and Kashulin, 1996]. These inventories are certainly not
comprehensive, but they serve to impart some sense of the vast quantities and complexity
of the air pollution generated.
Norilsk is the largest point source of sulfur dioxide in the world, and has not felt
the effects of the industrial slowdown elsewhere in Russia. After a brief period of
stagnation in the early 1990s, Norilsk quickly recovered. Between 1994 and 1999, nickel
production increased from 162,500 to 220,100 metric tons, and copper production from
313,800 tons to 410,500 tons [Karush, 2000].
Norilsk probably increased its emissions during the 1980s. Although there is no
available air data, the industrial activity greatly increased. In 1981 Norilsk’s o rig inal
nickel smelter was joined by a second smelter, with twice the capacity of the first. A
large heat and power plant was also added in 1980, which augmented production at the
original smelter [Bond, 1984],
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The lack of an emissions decline at Norilsk, concurrent with a 60-70% decline in
sulfur dioxide emissions throughout Europe and the FSU, may explain the modest -20%
decline in haze levels at Alert and Barrow between 1980 and 1995 despite a -70%
decline in Svalbard over the same period [AMAP, 1998]. Barrow and Alert are more
exposed to air currents from central Eurasia, which would carry pollution from Norilsk,
as opposed to Svalbard, which is more likely to receive air brought up from Europe by
the North Atlantic blocking. Due to the tendency of air parcels to follow surfaces of
constant potential temperature, it may also be significant that Barrow and Alert are
slightly colder than Norilsk, while Svalbard is ~20°C warmer in midwinter due to the
effects of the Gulf stream.
A role model for the Russian smelters should be Inco’s nickel smelter in Sudbury,
Canada, which once resembled Norilsk, but has since cut its emissions dramatically.
During the 1970s, it generated 2 million metric tons of sulfur dioxide annually, making it
the largest point source of sulfur dioxide in the world at that time. Now it produces only
236 ktonnes, a ninth of its output 25 years ago. Canada’s Acid Rain Task Force is
currently seeking another 75% emissions reduction, and even the smelter itself has
proposed another 40% cut [MacKinnon, 1999], This shows that a nickel smelter of
Norilsk’s size could potentially cut its emissions by 94-98%.
Similar improvements are promised for smelters on the Kola Peninsula.
Pechenganickel Mining and Metallurgical Company, a subsidiary of Norilsk Nickel,
owns the three big smelters on the Kola Peninsula. A proposal by the Barents EuroArctic Council to modernize the Pechenganickel smelter would have reduced annual
emissions of sulfur dioxide 95% from the present level of 250,000 tons to approximately
12,000 tons at an estimated cost of $257 million [Lausala, 1999]. However, a slightly
more modest scheme actually materialized, wherein the Norwegian government would
pay $67.8 million to finance upgrades that would reduce emissions by -90% [Call, 2001;
Norilsk, 2000],
Norway and Finland have long pressured Russia to reduce emissions from the
Pechenganickel smelters; this ongoing effort, accompanied by a willingness to pay for
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improvements, has gotten results. Interventions by foreigners to get Russia to clean itself
up are becoming routine. The Barents Euro-Arctic Council alone was sponsoring 37
major projects in northwestern Russia in 1999, modernizing smelters and pulp mills and
repairing hydroelectric dams among many other things [Lausala, 1999], Some other
examples of foreign intervention: America paid $453 million in 1998 for monitoring
equipment at nuclear-weapons sites and nuclear materials disposal, the European Union
is spending $104 million on nuclear safety, Norway is trying to salvage wrecked nuclear
submarines off the Kola peninsula and Finland is repairing a nuclear-power station near
its borders and is also paying for St Petersburg’s sewage to be better treated before it
enters the Baltic Sea

estrn,1998].
[W

Outside financing appears to be necessary in order to address any of Russia’s
environmental problems in a timely manner. The political situation in Russia is not one
from which we may expect rapid environmental progress. As previously mentioned,
President Putin dissolved the Department of the Environment. Furthermore, since
February 2001 the director of Norilsk Nickel has also been the governor of Taymyr, the
administrative region Norilsk occupies [Russia’s regional, 2001],
Reducing emissions from the Pechenganickel combine will contribute to the
abatement of Arctic haze, but this smelter is dwarfed by the Norilsk combine, which
emits an order of magnitude more sulfur dioxide, but is located far from Russia’s borders
and has therefore elicited less international concern. A reduction in Norilsk’s emissions
would be a highly effective way to combat sulfate levels in the high Arctic. Although the
question of whether the US or an international agency should actively pursue a
modernization of the facilities at Norilsk is outside the scope of this paper, it would be
useful to know how much improvement might be expected, and at what cost.
Considering that Norilsk’s emissions are eight times those at Pechenganickel, a
crude estimate of cost can be found by scaling up the cost of a given percentage reduction
at Pechenganickel eightfold. Costs calculated in this manner are straightforward, but are
probably an overestimates, because they do not take economies of scale into account. If
the original Barents Council proposal for a 95% reduction was applied to Norilsk, the
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price tag might be near $2 billion. If the plan for a 90% reduction were applied to
Norilsk the price would drop to $500 million. A 90% reduction would eliminate -1.8
million tons of sulfur dioxide emissions annually, 100% of which enters the Arctic since
Norilsk itself is within the Arctic.
Using Iversen’s [1993] estimate for the variation of the concentration/emissions
ratio with latitude in Europe as a guide, the impact on the Arctic would be equivalent to
an 18 million ton reduction at 55° latitude (Copenhagen, Edinburgh, Moscow, etc.), or a
110 million ton reduction at 40° latitude (Madrid, Baku, etc.). Since Russia contributes
over 50% of the sulfur dioxide that makes up ground-level Arctic haze, and Norilsk
makes up the majority of that, -$500 million dollars could buy a -30-40% reduction in
low-altitude Arctic haze sulfur oxides.
The requisite money would not necessarily have to come in the form of a grant;
presumably Norilsk Nickel would be a willing co-investor in its own facilities. Goddard
and McNally [2001] report that Norilsk Nickel already has plans drawn up to modernize
their main furnaces that would result in a 90% reduction in sulfur dioxide generation, but
cannot currently afford it.

"I think they would be very pleased to catch up with western standards," says
mining industry specialist Doug Upton. "After all, they live there." But before
Norilsk Nickel can invest in modernization, it must pick up the tab for 3,000
federally-owned social, cultural and municipal facilities with a combined cost of
$5 billion, reports the Interfax news agency. The company actually supports three
cities and several communities with a total population of over 300,000. For the
social services alone, Norilsk Nickel recently brokered a deal with the municipal
government to pay $150 million. [Goddard and McNally, 2001]

Improving the health of its citizenry and work force would allow Norilsk nickel to realize
substantial savings over the long term by lowering medical expenditures and pensions
costs by extending the productive life of its workers. The long-term financial benefits to
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the company may allow them to eventually recoup the costs of investment, therefore a
loan would seem an appropriate method.

4.3 North America
Both America and Canada actively sought to reduce their emissions of
atmospheric pollutants over the last 30 years, and have met with some success. However,
emissions from Europe and the FSU have declined at about twice the rate of those from
the US and Canada, leading to a marked change in the relative distribution of emissions.
In 1980, the sulfur dioxide produced by the US and Canada was roughly equal to the
amount produced by Western Europe or by the Soviet Union, but by 1998, the US and
Canada produced 95% as much sulfur dioxide as Western Europe, Eastern Europe, and
the FSU combined.
Barring a great change in transport mechanisms, the fraction of air pollution
entering the Arctic from North America must have increased during the 1980s and 1990s,
although the absolute amount has been reduced. Barrie et al. [1989] indicates that North
America contributed - 6 % of Arctic sulfur in the winter of 1979-80. If the meteorology
of the winter of 1979/80 studied by Barrie et al. is indicative of present conditions, the
current North American contribution will be near 12%.
The shift in sulfur dioxide production has consequences for the height distribution
of Arctic haze. North American pollution typically enters the Arctic at higher altitudes
than pollution from Europe, which in turn tends to enter higher than Russian pollution
[Tarrason and Iversen, 1992]. This may have led to a less rapid decline in high-altitude
Arctic haze than in low-altitude Arctic haze.
EMEP emissions estimates for 2005 indicate that North American sulfur dioxide
emissions will remain fairly constant in the near future. If so, North America would
continue to increase in relative significance as a source of Arctic pollution compared to
Europe. Despite EMEP’s pessimism, the United States may yet further reduce its
emissions, prodded by various provisions of the Clean Air Act. The Acid Rain program
will increasingly limit emissions of SOx and NOx. The pending categorization of PM 2 5
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as a criteria pollutant under the National Ambient Air Quality Standards (NAAQS) will
require states to further reduce fine particle emissions that will almost certainly lead to
tighter sulfate and sulfur dioxide emission standards. Regulations designed to alleviate
regional haze are especially pertinent to Denali NPP, since as a Congressionally
designated Class I area, it enjoys special protection under the regulations, which could
take effect as early as 2006.
These pending regulations are the raison d ’etre for the IMPROVE network. The
1990 amendments to the Clean Air Act directed the EPA to provide for the formation of
Visibility Transport Commissions. The establishment of the Grand Canyon Visibility
Transport Commission (GCVTC) was mandated within the 1990 Clean Air Act, but the
EPA was also directed to establish other commissions at its discretion. These
Commissions are required to assess the scientific, technical, and other data available on
visibility impairment and subsequently issue a report to EPA recommending what
measures should be taken. EPA must then act on the Committee’s recommendations
within 18 months [McCarthy, et al., 1998],
With over half of the national parks system in Alaska, a body similar to the
GCVTC will probably be established in Alaska subsequent to the 2004 requirements to
develop a state strategy for dealing with regional haze. There are already four Class I
areas in Alaska, three national wilderness areas and Denali National Park and Preserve,
and the definition of a Class I area includes Alaska’s seven other national parks. Since
the GCVTC was the prototype for the other Commissions that will be formed in the
future by the EPA to address regional haze in various parts of the nation, the
recommendations issued by the GCVTC in 1996 hold clues to the future.
The GCVTC decided not to dissolve itself, establishing a permanent body called
the Western Regional Air Partnership to continue oversight of visibility issues in the
Colorado Plateau area, which could indicate that regional haze in Alaska may one day be
dealt with by a similar standing body. The GCVTC’s recommendation for a 50-70%
reduction in regional sulfur dioxide emissions by 2040 may be repeated in other areas of
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the US. If so regional haze law would have a large impact on the North American
contribution to Arctic haze [McCarthy, et al., 1998],
The Commission also recognized that Mexican pollution was a significant factor
in regional visibility degradation, and called for bilateral efforts to alleviate the problem.
The recognition of the role of long-distance transport in regional haze has important
consequences for a future “Alaska Visibility Transport Commission.” Since such a large
part of Alaska’s visibility degradation is the result of international activities, bilateral or
multilateral talks with other nations, especially Russia, could play a major role in future
efforts to regulate regional haze.

4.4 Asia
Asia, excluding the FSU, has not been considered a significant source of
anthropogenic pollutants to Alaska or the rest of the Arctic in the past. However, this
may change if emissions from Asia climb over the coming decades. China’s rapid
economic expansion has led to skyrocketing demand for power. The World Bank’s acid
deposition study, RAINS-Asia, predicts an increase from 30*1015 KJ/year in 1990 to
101*1015 KJ/year in 2020 [Hordijk etal., 1995],
The burgeoning demand for energy is satisfied mainly by coal (see Graph 4.15).
China is both the largest consumer and largest producer of coal in the world, producing
over 1.35 billion short tons in 1998, or roughly one third of the global total [Russia,
2000]. China is aggressively developing its extensive natural gas reserves in an effort to
wean itself off of coal power [Pollution, 2001]. Domestic natural gas consumption is
expected to triple by 2010, but this is starting from a very low base. In 1997 natural gas
met only 2% of China’s energy demands. Coal is still expected to be the fuel of choice
for the foreseeable future; consumption is set to double by 2020 [Russia, 2000].
As a result, Chinese emissions are shooting upwards. Chinese sulfur emissions
tripled between 1970 and 1990 [Lefohn et
Chinese emissions could triple again by 2 0 2 0 , reaching 61 Mtonnes [Hordijk et al.,

al.,1999], and RAIN
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1995], If Korean and Japanese emissions are also considered, the projected emissions
rise to 69 Mtonnes.
To its credit, China is actively trying to avoid this. Li Lei, a spokesman for
China’s State Environmental Protection Administration, states that the Chinese
government aims to reverse the environmental impacts of sulfate deposition by 2010 [Li,
1999]. According to Li, the Chinese government will tighten regulations on sulfur
dioxide emissions from smelting, power generation and heavy industry, institute
“pollution fees” and force the closure of any businesses that cannot afford to modernize.
China’s energy intensity, while still one of the world’s worst, has improved
markedly since 1980. Between 1980 and 1997, the amount of energy consumed per
dollar of GDP fell 59% from 99 MJ/S1997 to 41 MJ/S1997 [China:

,

1999]. Further increases in energy efficiency will not be able to prevent a substantial
increase in emissions, but if combined with the institution of preventative measures such
as coal washing or flue-gas desulfurization, most of the projected increase could be
prevented.
Whether or not China actually triples its sulfur output by 2020, even the increase
in emissions since 1980 has effectively put another United States on the map with respect
to sulfur emissions. A further doubling would be the equivalent of adding yet another
US. Chinese emissions were probably not significant enough in 1979 to be worth
consideration by Barrie et al.’s [1989] study into Arctic haze’s sources, but in the future
studies should recognize Asia’s potential impact on the Arctic.
As mentioned above, by 2020 China could be emitting 61 Mtonnes of sulfur
dioxide, compared to a combined total of 41 Mtonnes for North America, Europe and the
FSU in 1998. It seems reasonable to estimate that China and the United States may
contribute a similar fraction of their sulfur dioxide emissions to the Arctic. Chinese and
American emissions occur at similar latitudes, they both are directly injected into the
Arctic airstream region when it is large, and they will typically have to be transported
over oceans in order to reach the Arctic. In fact, China may contribute a larger fraction
than the US (—0 .8 %), considering that the American-birthed pollution must travel farther
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over the ocean, and through more precipitation. If China does contribute a

s im ila r

fraction of its pollution to the Arctic, it will already have surpassed North America as a
source of sulfate pollution, and may easily surpass Europe in the next 10-20 years.
Any pollution of Asian origin will probably enter the Arctic at high altitude, much
like North American pollution. Combined with stable North American emissions, the
increasing emissions from Asia make it all the more likely that high-altitude Arctic haze
will not decline as rapidly as the lower altitude haze generated by Europe and Russia.
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Conclusion
Alaska’s airshed is a complex and many-faceted system, which varies spatially
and temporally. This work has attempted to convey a sense of the spatial variation by
referencing other work (see Maps 2.3-2.7 in particular), and by describing the globalscale processes that import chemicals into Alaska’s air. The analysis of the IMPROVE
chemical time series leads to a better understanding of the temporal variation.
The temporal variation in Alaska’s aerosols is made up two components: seasonal
and long-term. Seasonal variation of chemical concentrations has been a long-accepted
fact due to the dramatic rise and fall of Arctic haze aerosols over the course of the year.
Sulfate, bromine, potassium, organic carbon, nitrate, aluminum, ozone and sodium are
but a sampling of the many chemicals whose concentrations crest and fall in an annual
cycle.
Seasonal variation can be discovered with only a single year of data, but the
discovery of long term trends requires a lengthy data set of many high-quality
measurements. The IMPROVE sampler at Denali National Park and Preserve has
provided such a set. The most exciting of these trends was a precipitous decline in sulfur
dioxide and sulfate. Both of these chemicals, generally associated with Arctic haze, saw
their mean concentrations slashed by approximately half between 1988 and 1999; mean
sulfate concentrations declined 40% and sulfur dioxide mixing ratios fell by 53%. A
possible decline in Arctic haze was first suggested by Bodhaine and Dutton [1993], based
on declining light scattering measurements taken by the Climate Monitoring and
Diagnostics Laboratory (CMDL) at Barrow, Alaska. More recent measurements by the
CMDL suggest that the decline has continued at Barrow. The acidity of springtime
aerosols has also been decreasing (see section 3.3.2.4), further suggesting a decrease in
sulfur compounds.
It would be surprising if the decline were entirely unrelated to the simultaneous
steep decline in sulfur emissions in Europe and the former Soviet Union (FSU), identified
as the main source regions for Arctic haze [Barrie et al., 1989]. Emissions fell quickly
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between 1984 and 1998, declining in every major country in Europe and the FSU by
between 50 and 85% [

T a b l e s 1, 999]. European emissions reductions are b

cleaner technologies and fuels, while FSU emissions reductions were largely a
consequence of a crashing economy. Russia’s industrial output fell by 41% between
1991 and 2000, and the economies of the other former Soviet Republics fared even more
poorly [Yardeni, 2001; Statistics, 2001], Graph C.l shows the similarity between the
decline in Russia’s gross domestic product (GDP), industrial output and sulfur dioxide
emissions and Denali National Park and Preserve’s fine sulfate concentration.
Europe appears to have a continued commitment to lower-emissions technology,
but the former Soviet Union is not likely to remain economically depressed in perpetuity.
As a result, emissions from the FSU are expected to double between 1998 and 2005
[Tables, 1999], This could reverse much of the decline in Arctic haze, although a return
to 1980s levels seems unlikely as long as Europe continues to reduce its sulfur emissions.
Map 2.1 allows for a quick visual assessment of the origin of sulfur in the Arctic.
Alaska, northern Canada, Greenland, Iceland, Norway, Sweden and Finland produce very
little sulfur dioxide. That leaves Russia as the primary source of sulfur in the Arctic.
Future attempts to clean up the Arctic environment will probably take the form of a
dialogue between the Western countries and Russia.
The combination of higher energy intensities, weaker environmental controls and
more northerly location mean that Russia has a much greater environmental impact on
the Arctic than the nations of Europe or North America per dollar of economic output.
For example, Russia uses 9 times more energy than Germany to create a dollar of
economic value, and it generates ~ 1 0 times as much sulfur dioxide per unit of energy
needed, and that sulfur dioxide is -10 times more likely to reach the Arctic. A back-ofthe-envelope calculation would indicate that a given ton of sulfur dioxide emitted in
Russia would have -90 times less economic value than one emitted in Germany, and that
a given ton of Arctic haze originating in Russia would have -900 times less value.
Therefore, in the interests of economic efficiency, Russia would be the place to start an
offensive against Arctic haze.
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Graph C .l Decline in Russia's gross domestic product (GDP), industrial output and sulfur dioxide emissions
and Denali National Park and Preserve's fine sulfate concentration relative to 1989 [Tables, 1999; Statistics,
2001].
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Asia is another potential source of pollution to the Arctic, both from its
burgeoning coal-fired industrial activity and expanding deserts. Long-range transport of
desert dust into the Arctic has been well established [e.g. Shaw, 1980], with a single
five-day event bringing perhaps a quarter million tons of dust into Alaska [Rahn

a l,

1977, Hussar et al., 2000]. The Gobi desert is currently expanding an ever increasing
rate (currently 2,500 km 2 per year) and dust storms are becoming more frequent
[Blackman, 2000], which is likely to mean more Asian dust for Alaska in the future.
By 2 0 2 0 China s sulfur emissions could reach 61 million metric tons per year,
greater than the projected emissions for the US, Europe and Russia combined [Hordijk et
al., 1995]. Pollution reaching Alaska from China is not currently recognized as a
problem; as of yet it exists only as a future problem.
Foreign dust and pollution are not the only contributors of aerosol to Alaska. The
largest source of aerosols in Denali National Park and Preserve is forest fire smoke;
elemental and organic carbon account for roughly half of the annual aerosol load.
Although Denali National Park and Preserve is inland and continental, marine aerosols
have a significant presence, and local dust aerosols also play a role in the air quality at the
Park (see Graph 3.9).
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Future Work
A hole in the basic understanding of Arctic haze is an incomplete inventory of its
organic component. A profile for some simple hydrocarbon gases in the Norwegian
Arctic has been compiled by Hove, et al. [1989], Other studies, e.g. Gregory and
Gummer [1989], have shown that semi volatile chlorinated organic chemicals originating
in the midlatitudes are being deposited in the Arctic. The role of toxic organic chemicals
such as the BETX gasesxvl" and polyaromatic hydrocarbons (PAHs) in the Arctic haze is
not yet fully understood, nor is the role of the heavier hydrocarbons.
This study has suggested that there is a seasonal cycle in the hydrogen/carbon
ratio

(/o h )

in organic aerosol at Denali National Park and Preserve. During the winter the

ratio rises to a level indicative of a predominance of alkanes. The subdued
photochemistry of the wintertime Arctic creates the potential for long-range transport of
organics that would be destroyed on fairly short time scales in the midlatitudes. Several
large oil-producing regions ring the Arctic: Prudhoe Bay, the North Sea and Western
Siberia. These regions, and automobiles in Europe, Russia and North America certainly
represent large potential sources of organics within the Arctic.
Hove, et al. [1989] found that the concentration of C2H4 + C2H6 + C2H2 + C3H 8 at
Ny Alesund was very low in the summertime, but rose an order of magnitude in the
wintertime to levels comparable to those found 60 km downwind of London. The
magnitude of seasonal variation is similar to sulfate, as is the fact that the organics
approach the levels found near urban environments.
A complete inventory of the organic chemicals present in Arctic
notwithstanding, researchers have acquired a fairly detailed knowledge about what Arctic
haze is and how it behaves. Advances in our understanding of its chemical and physical
composition will hopefully continue to develop concurrently with improvements in
instrumentation. Knowledge about the role of Arctic haze in climate change will advance
as global climate models become more sophisticated and more computing power

XVU1

The simple aromatics: benzene, ethyl benzene, toluene and xylenes.
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becomes available for the purposes of global modeling. What seems to be lacking is any
kind of applied research. An understanding of Arctic haze should be a means to an end,
not an end in and of itself. That end should be the further abatement and eventual
elimination of the haze.
The immense geographic coverage of the problem implies the potential for
widespread environmental impacts. As such, Arctic haze should be perceived as a
problem in need of a solution, rather than as an object of scientific curiosity. Vital
questions need to be answered. How effective is Arctic haze at introducing heavy metals,
acids and toxic organics into Arctic ecosystems? What effects are the compounds likely
to have? What are the potential impacts on human health? What are the major specific
sources of the pollution? What is the most cost-effective way of mitigating the problem?
Only once the source of the problem and the options for dealing with it have been clearly
identified can policymakers take meaningful steps to combat Arctic haze.
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Map A .l Map of the Arctic region. Modified from AMAP [1998] to highlight Norilsk
and the Kola Peninsula.

156

Glossary
Aerosols: solid or liquid particles suspended in the atmosphere. Emitted directly
as particles or formed in the atmosphere as a result of gas-to-particle conversion,
atmospheric aerosols range from a few nanometers to tens of micrometers in diameter.
They can arise from either natural sources such as sea-spray or windbome dust or from
anthropogenic sources such as factory smoke or automobile exhaust. Aerosols are
usually removed from the atmosphere within a few days or weeks by precipitation or by
gravitational settling.
Anticyclone: an atmospheric pressure system which rotates clockwise. In the
extratropical Northern Hemisphere an anticyclone will always be a high pressure system
or “high”, where air descending from the upper atmosphere spirals outward. Its lowpressure counterpart, the cyclone, will rotate counterclockwise with air rising into the
upper atmosphere.
Blocking: a quasi-stationary planetary wave characterized by a split in the jet
stream with one branch turning poleward and the other equatorward. By diverting more
of the typically eastward-flowing air northward, it increases flow and therefore transport
from the midlatitudes to the Arctic. Dipole blockings are the most common type, with a
cold-core cyclone at -40° N and a warm-core anticyclone at -60° N 15-20° eastward of
the jet stream divergence. Monopole blockings, dominated by either a cold cyclone or a
warm anticyclone are also common. Cold-core cyclones will not send much air into the
Arctic, but warm-core anticyclones such as those that periodically form over Siberia are
quite efficient at transporting air poleward [Iversen, 1993],
Cyclone: see anticyclone.
Deposition: the removal of species from the atmosphere by transfer to the surface
of the Earth. Wet deposition denotes removal by precipitation, dry deposition denotes
removal purely by gravitational settling.
Elemental carbon: carbon occurring in a relatively pure chemical form. This
kind of carbon is essentially impure graphite, hence “graphitic carbon” is a synonym.
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Elemental carbon aerosols are commonly referred to as soot. These aerosols typically
arise from combustion and are the main species of light-absorbing aerosol.
Energy intensity: the ratio of total national energy consumption to a measure of
the demand for services. This work refers to the energy intensity of nations; for this
purpose it is most easily calculated by dividing the national GDP by the total amount of
energy consumed by that nation.
European Economic Community: the

11

European nations that originally made

up the European Monetary Union (EMU): Austria, Belgium, France, Finland, Germany,
Ireland, Italy, Luxembourg, The Netherlands, Portugal, and Spain. Greece joined the
EMU on January 1, 2001, but is not considered in the statistics quoted in this work.
These countries have been using the euro as their official currency since 1999, and it is
therefore convenient to access statistics about the economic activities of the region as a
whole .
Former Soviet Union (FSU): a grouping of 15 countries which comprised the
Soviet Union prior to its dissolution. This region is as large as North America,
encompassing the eastern half of Europe and the northern third of Asia. It is distinct
from the Commonwealth of Independent States (CIS), a political grouping of former
Soviet states that excludes the Baltic republics and Georgia.
The FSU is comprised of the Baltic republics (Lithuania, Estonia and Latvia), the
Central Asian republics (Kazakhstan, Uzbekistan, Turkmenistan, Tajikistan and
Kyrgyzstan), the Caucasian republics (Georgia, Armenia and Azerbaijan), Belarus, the
Ukraine, and the Russian Federation. This work only considers the seven states of the
FSU that have a potential impact on the Arctic airshed: the Baltics, Belarus, the Ukraine,
the Russian Federation and Kazakhstan.
Greenhouse gas: a gas which absorbs infrared radiation. When present in the
atmosphere, such a gas will convert outgoing radiant energy into heat, thus raising the
mean temperature in the atmosphere. Water vapor is the dominant greenhouse gas in
Earth s atmosphere [Ahrens, 2000], followed by carbon dioxide and methane [Seinfeld
and Pandis, 1998].
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Gross domestic product (GDP): a commonly used measure of the size of a
national economy. GDP is defined to be the annual sum of consumer expenditures +
governmental expenditures + increase in stock market valuation + expenditures on fixed
assets + balance of trade (exports of goods and services - imports of goods and services)
[Economist Desk, 1999].
Industrial output: The Federal Reserve Board calculates this index by compiling
indices of physical output from a variety of agencies and trade groups, weighting each
index by the Census' value added, and adding it to the cost of materials. When physical
measures are not available, the Federal Reserve Board uses the number of production
workers or amount of electricity consumed as the basis for the index. To convert
industrial production into dollars, multiply the industrial production by the "real value
added" estimate used by the Federal Reserve Board [Economist

, 1999],

Kola Peninsula: a large peninsula in Northwestern Russia surrounded by the
Arctic Ocean, bordering Finland and Norway. See Map A. 1 .
Lapse rate: the rate at which the air temperature decreases with height, usually
measured in degrees Celsius per kilometer in altitude (°C/km). The lapse rate determines
how much vertical circulation will occur in the atmosphere. When the lapse rate is large,
meaning that temperature is declining quickly, there is vigorous convective motion. By
contrast, when the lapse rate is small or negative the atmosphere will be stable, with little
vertical mixing [Ahrens, 2000].
Loadings: in the context of multivariate analysis, loadings represent the
correlation of a given factor to a principal component (PC, see Principal component
analysis).
Mixing ratio: the ratio of the mass of a gas contained within a given volume of
air to the total mass of that volume of air. Used in lieu of concentration for gases because
as a mass-to-mass ratio instead of a mass-to-volume ratio it is pressure-independent.
Organic carbon: carbon occurring in molecules that also contain hydrogen and
usually other elements, particularly oxygen. Organic molecules can be generated by a
wide variety of processes, both natural and anthropogenic.
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Organics. jargon for organic chemicals’ . Organic chemicals contain carbon and
hydrogen atoms, and frequently oxygen atoms as well. They are typically the products of
biological activity. Sucrose, propane and DNA are examples of organic chemicals.
Potential temperature: a measure of the entropy of dry air in atmospheric
equations. It is defined as the temperature an air parcel would achieve if its pressure
were changed to 1000 mb while insulated from the rest of the atmosphere. Air parcels
will closely follow surfaces of constant potential temperature if they do not encounter or
produce precipitation [Wallace and Hobbs, 1977]. (Show graphic from Iversen)
Principal component analysis (PCA): a mathematical transformation that
expresses the variance in a given data set as the sum of a small number of factors, called
principal components (or PCs). These PCs then become the new axes for the simplified
system. By grouping together variables that are highly covariant, there is often a large
reduction in the number of axes required to express the system. For example, instead of
separately ranking days with high atmospheric chloride, bromide and magnesium ion
concentrations the fact that these ions tend to increase and decrease in tandem with one
another would cause a PCA algorithm to consolidate these three variables into a single
variable representing the concentration of marine aerosol, e.g. X = 0.8*[Na] =
0.15*[Mg] = 0.05*[Br] [Esbensen

alet, 1998],

Principal least squares method (PLS): a form of multivariate regression used
for relating the variations in one or several response variables (Y-variables) to the
variations of several predictors (X-variables), with explanatory or predictive purposes.
For instance, PLS could construct a model to predict the value of babs and sulfate aerosol
concentration based on the value of several predictors, such as time of year and
temperature deviation. If a sufficiently robust relationship exists, this can be quite
valuable for understanding the system and can be sometimes use to substitute expensive
or difficult measurements with more readily obtainable information [Esbensen et al.,
1998],
Residence time: the typical amount of time a chemical will spend in the reservoir,
found by dividing the total amount of a chemical species in a reservoir (e.g. the
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atmosphere) by its rate of removal. Residence time is sometimes calculated for a
particular removal mechanism, as opposed to total residence time. For instance: the
residence time of sulfur dioxide in the atmosphere with respect dry deposition is 100
hours, meaning that if there were no other removal mechanisms except for dry
deposition, a typical sulfur dioxide molecule would exist for 100 hours before being
removed from the atmosphere. Total residence time (t) can be determined from
residence times for individual mechanisms (xi + X2 + X3 + .. .+xn) by the formula:
_

.

Eqn G .l)

1 1 1 1
1
— = — 1------1---------------r r, r 2 r3
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Streamlines: arbitrarily spaced lines whose orientation is such that they are
everywhere parallel to the horizontal velocity of the wind at a given height at a particular
instant in time.
Teleconnection: a meteorological linkage between conditions in two widely
separated regions of the world.
Troposphere: the lowest layer of the Earth’s atmosphere. It contains -80% of
the atmosphere’s mass and nearly 100% of its water. Temperature declines with
increasing altitude in the troposphere, causing vertical mixing. The layer above the
troposphere, the stratosphere, is distinguished from the troposphere by an increase in
temperature with altitude, making vertical mixing almost impossible. This distinction
makes the border between the two spheres, or “tropopause”, a barrier which is very
difficult to cross. The altitude of the tropopause varies, but is typically near 9 km at the
poles and 17 km at the equator [Wallace and Hobbs, 1977].
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