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ABSTRACT

A time series of concentrations of pollution aerosols collected
over a period of four years in the near-surface air at Barrow, Alaska,
was used to investigate tropospheric long-range transport of
anthropogenic pollution from mid-latitudes into the Arctic. This
transport takes place when the mid-latitudinal and arctic atmospheric
circulations remain in a quasi-persistent mode. Sudden changes in the
circulation pattern explain the episodic character of the arctic
pollution aerosol. Transport of aerosols is accomplished by quasi-
stationary anticyclones and takes place along their peripheries where
pressure gradients are relatively strong. The seasonal variation in
concentration of the arctic pollution aerosol is explained by the
seasonal variation in the occurrence and position of mid-latitude
blocking anticyclones, of the arctic anticyclone, and of the Asiatic
anticyclone. The positions of the major anticyclonic centers are
responsible for the fact that Soviet industrial sources contribute to
the arctic pollution aerosol predominantly during winter, European
sources during spring, and that North American and Far Eastern
industrial sources contribute little to the arctic pollution aerosols.

Air masses carrying pollutants can be traced by their chemical
characteristics obtained over the source regions, however, the original
meteorological characteristics are lost during the transport which lasts

for about 8-9 days.
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iv

A second data set, collected during the “Ptarmigan" weather
reconnaissance flights, was investigated for observations of Arctic Haze
over the Alaskan Arctic. A connection between Arctic Haze and the
arctic pollution aerosols is suggested, for the occurrence of Arctic
Haze undergoes a similar seasonal variation as that of the pollution
aerosols, and similar circulation modes leading to the Soviet Union and
Europe can be found during the presence of Arctic Haze. 1In addition,
the dats seem to suggest that besides a probable pollution-derived
component during winter/spring Arctic Haze might be desert dust-derived

during summer.
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1 INTRODUCTION

1.1 Introduction

The term "“Arctic Haze" was introduced by Mitchell (1956) to
describe the haze found over the Arctic during the "Ptarmigan" weather
reconnaissance flights. In subsequent years the phenomenon of Arctic
Haze was forgotten, because ground observers in the Arctic can rarely
detect the haze.

In 1972, it was observed that measurements of atmospheric turbidity
were higher during the spring than during the summer (Shaw and Wendler,
1972) 1leading to the rediscovery of Arctic Haze. Flights ia the
vicinity of Barrow during March 1974 led to the detection of haze bands
showing colors similar to polluted air over industrial areas (Holmgren
et al., 1974). These observations caused interest in determining the
chemical composition of the haze. Research flights were made again
during April and May of 1976 and particles collected on filters were
analyzed. It was found that haze bands consisted of crustal particles
indicating a desert dust origin (Rahn et al., 1977; Rahn et al.,
1981). Thus, it was initially assumed that Arctic Haze was a natural
phenomenon.

Surface air aerosols have been collected at Barrow since September
1976. The aerosol has both coarse-particle (r > lum) and fine-particle

(r < 1im) components (Rahn, 1980; Bigg, 1980; Shaw, 1982a). The coarse
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particles consist mainly of natural materials such as sea salt and soil
dust, which tend to be locally derived, and are of little interest to
this study. The fine particles, on the other hand, have a much more
complex chemistry in their composition, and show evidence of a distant
origin. 1In addition, they account for 75-80% of the mass of the near-
surface arctic aerosol, and produce more than 90% of the optical effects
(Rahn, 1980). The absolute concentration of the submicron arctic
aerosol is about 4ug o3 for the dry fraction, and probably another 25~
50% of associated water (Rahn, 1980). The major constituents of the dry
aerosol are sulfate (~2ug m_3) (Rahn and McCaffrey, 1980), organic
matter (~lug m_3) (Daisey et al., 1981; Weschler, 1981), black carbon
(~0.3-0.5ug m—3) (Rosen et al., 1981) and probably nitrate. In
addition, there 1is a great variety of minor constituents, including
compounds containing the elements V, Mn, Pb, Cd, Fe, As, Sb, Se, and
others.

The submicron aerosol is to a large extent secondary, that is, a
large fraction of its material has been added to it from the gas phase
during transport. In other words, the aerosol has spent several days in
the atmosphere and, therefore, is highly aged (Rahn and McCaffrey, 1980;
Shaw, 1982). The chemical composition of the aerosol shows evidence
that this aerosol is largely pollution-derived as indicated by high
aerosol-crust enrichment factors for pollution elements such as V, Mn
etc.. Also, concentrations of sulfate are too high to have come from
natural scurces (Rahn, 1978), and silicones are present (Weschler,

1981). Sources of the pollution aerosols are suspected to be mid-
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latitude industrial areas (Rahn and McCaffrey, 1980).

It has been observed that during times of high pollution
concentrations at the ground, haze bands aloft were also present (Shaw,
1982b). TFor this reason episodes of high pollution concentrations were
also referred to as Arctic Haze episodes. Rahn et al. (1981) define
Arctic Haze as an anomalously abundant tropospheric aerosol found north
of 70°N during many otherwise clear periods of the year. It should be
noted, however, that since May 1976 no measurements of chemical
composition have been made to confirm that the haze bands aloft also
carry pollution aerosols. To avoid confusion we will use the term
"Arctic Haze" only when referring to the "Ptarmigan" data or to observed
haze bands, and we will use the term "pollution aerosol” when referring
to the submicron pollution-derived aerosol sampled at the surface.

It is a characteristic feature of the pollution aerosol that it
undergoes a pronounced seasonal variation: from a minimum in summer
concentrations it rises gradually during fall and winter before reaching
a maximum in spring. After March there is usually a dramatic drop in
concentrations (Rahn and McCaffrey, 1980). Similar results have been
reported from other arctic sites (Barrie et al., 1981; Larssen and
Hanssen, 1979; Heidam, 1981; Heintzenberg, 1980; 1981). Thus, it
appears that the arctic reglon as a whole contains significant amounts
of pollution aerosols, at least during the winter and spring. A similar
phenomenon has not yet been reported from Antarctica.

In the Arctic, energy transformations are very susceptible to

changes of the radiation budget and Shaw and Stamnes (1978) estimated
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that the pollution aerosol may cause a heating of the earth-atmosphere
system. In the Arctic this heating is comparable to the heating caused
by all atmospheric trace gases combined (Eiden, 1979). Rey et al.
(1983) cautioned that the sensitive arctic ecosystems can easily be
damaged by further industrial development of the North.

It is therefore of importance to identify the source regions of
Arctic Haze and the pollution aerosol, to find the transport mechanisms
which allow long-range transport and to explain the seasonal variation

of Arctic Haze and the pollution aerosols.

1.2 Objective of Dissertation

Substantial amounts of information on the chemical, physical and
optical properties of the arctic pollution aerosol have been
collected. It has been recognized that the meteorological aspects are
of extreme importance, and attempts have been made to explain the
seasonal variation of the pollution aerosols and the formation of
possible transport pathways created by the synoptic conditions in the
Arctic (e.g. Rahn, 198la; Reiter, 1981; Carlsom, 1981; Shaw, 1981).
However, these attempts have been of a sporadic nature, including
scattered case studies or climatological arguments. It is the objective
of this dissertation to investigate the meteorological conditions in a
more systematic manner. In particular, we will determine the

meteorological characteristics of polluted air masses at Barrow; we will
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attempt to identify transport pathways from possible source areas to
Barrow and describe the meteorological conditions along such a path; and
we will investigate if the seasonal variations of the concentration of
the pollution aerosol are caused by seasonal variations of the
atmospheric circulations in mid-latitudes and the Arctic which create

the transport pathways.

1.3 Relevance of Dissertation

We are describing tropospheric long-range transport of aerosols on
a scale up to 10,000 km and associated travel times of possibly 4-20
days, neither of which has been adequately documented in the past. The
largest known transport distances, on the order of hemispheric scales,
have been found in the stratosphere with residence times of one year and
more (e.g. Reiter, 1971). Long-range transport of desert soils has been
reported for several desert areas of the world (e.g. Schuetz, 1980).
For example, Carlson and Prospero (1972) documented Saharan dust
reaching Barbados over a distance of 6,000 km and after a travel time of
5-6 days. Rahn et al. (1981) showed that aerosols from Asian deserts
travelled a distance of 12,000-15,000 km to Barrow, Alaska, within 4-8
days. Transport of anthropogenic pollution by cyclones is well known in
that it produces acid rain (Likens et al., 1979; Pearce, 1982; Wolff,
1980). Due to the precipitation within the cyclonic system, transport

distances of pollutants are of the order of 500-1,000 km before they are
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rained out. Transport of anthropogenic pollutants, especially ozone, by
anticyclones has been documented as well (Hall et al., 1973; Samson and
Ragland, 1977; Lyons et al., 1978; Wolff et al., 1981; Guicherit and van
Dop, 1977). 1Interestingly, all these cases of transport by anticyclones
have been documented for the summer and Rahn (1981b) questioned whether
a haze blob, defined as an area of decreased visibility due to the
presence of elevated sulfate and ozone levels (Lyons and Husar, 1976),
can be used as a tracer. The summer atmospheric circulation in general
is weak, especially during stagnant anticyclonic influence, and it is
possible that the haze blob has renewed itself during transport by
picking up more pollutants.

In contrast, Selezneva (1979) represents the traditional opinion
that a transport of pollutants beyond 400 km is unlikely. Transport
over a larger scale would be possible only if the transport were to
proceed without dispersion of the aerosol, directly via a "corridor" or

as we will

in other words via a laterally bounded t port p;

propose. Selezneva (1979) pointed out that trajectories of particles
are extremely complex and, especially in the presence of a turbulent
atmosphere and intense diffusion, they will spread out over a large
area. Clouds and precipitation will inevitably occur along such a long
path and particles will be removed. Our work suggests that the arctic
atmosphere during winter/spring is indeed capable of previding such

unlikely conditions, necessary for low-level tropospheric transport.
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1.4 Limitations

We are attacking a problem which is rather difficult since numerous
meteorological factors are involved characterizing the conditions at the
source, along the path, and at the receptor site. The problem becomes
even more difficult due to the sparcity of meteorological data,
especially in the Arctic where there are only a few stations. Our
chemical data set 1is taken at Barrow only, and we do not have
"checkpoints” along the path to trace the pollution aerosol. Also, we
do not have any chemical data on the characteristics of the pollution
aerosols in their source area.

Thus, with these limitations imposed, this dissertation can only
attempt to give a qualitative aund coherent description on how long-range
transport 1is possible and why there is a seasonal variation of the

concentration of the arctic pollution aerosol.

1.5 Outline and Summary of Major Results

We have two independent basic data sets: 1) chemical data from
Barrow, Alaska and 2) flight records from the “Ptarmigan" weather
reconnaissance flights. The first data set will be investigated in
Chapters II-IV, the second in Chapter V. In addition, Northern
Hemispheric weather maps and surface and upper air data will be used in

order to describe the meteorological/synoptic couditions.
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In Chapter II we will describe data on the chemical composition of
the surface aerosol collected at Barrow (Section 2.1) and the way it was
collected and analyzed (Section 2.2). It is important to determine the
excess component of vanadium and manganese (abreviated as XV and XMn,
respectively) in order to describe the pollution-derived aerosol
(Section 2.3). 1In addition, the possibility exists of using the XMn/XV
ratio as a tracer for polluted air masses from different emission
sources (Section 2.4). It is shown that XV and XMn undergo a pronounced
and repeatable seasonal variation in concentration and that smaller
fluctuations are superimposed on it (Section 2.5). The XMn/XV ratio
seems to undergo a seasonal variation as well, implying that the
pollution-derived aerosols come from different source regions during
different times of the winter season (Section 2.6).

In Chapter III we will describe the meteorological/synoptic
conditions which prevail at Barrow during times when high pollution
concentrations are measured. We present climatological data on winter
circulation patterns (Section 3.1.2) and on the seasonal variation of
monthly mean meteorological elements (Section 3.1.3). Highest
concentrations of XV and XMn occur during the months when it is dark,
cold, dry, clear and stable. But highest concentrations of XV and XMn
are not mnecessarily correlated with the extreme values of the
meteorological elements. 1In Section 3.2 we identify polluted air masses
and describe their meteorological characteristics. Polluted air masses
always come from the north under anticyclonic conditions as an arctic

air mass (Section 3.2.1) and therefore bear the characteristics of

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



arctic air masses (Section 3.2.2). Interestingly, higher than normal
wind speads are always associated with the arrival of polluted air
masses. Spectral analysis (Section 3.2.3) seems to indicate
characteristics of the pollution aerosol not reflected in the
meteorological data.

In Chapter IV we will identify and describe possible transport
pathway types to Barrow from mid-latitudinal industrial sources which
will be considered as point sources (Section 4.1). The method employed
to subjectively identify individual transport pathways and associated
“pollution episodes” is similar to an iteration process, with the intent
of gaining a coherent (admittedly not complete) picture of long-range
transport through the Arctic. This approach describes the "signal" part
of the arctic pollution aerosol, whereas diffusion models, for example,
which average over space and time, describe the "noise" or background
aerosol. Different types of transport pathways from possible North
American (Section 4.3.2), European (Section 4.3.3) and Soviet source
regions (4.3.4) will be presented. It appears that North American
sources contribute little to the arctic pollution aerosol. It is
pointed out that these transport pathways represent stable modes of the
arctic and mid-latitude atmospheric circulation due to quasi-stationary
anticyclonic pressure systems (Section 4.3.5). Synoptic conditions over
the source area seem to be characterized by stagnation followed by a
surge of pollutants northward (Section 4.4.1). Along the path synoptic
conditions remain anticyclonic, but transport seems to take place along

the peripheries of anticyclones associated with high wind speeds.
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Travel times are on the order of 10 days and travel times for pollutants
from European source regions are about 1 day shorter than from Soviet
source regions (Section 4.4.2). Once the polluted air mass reaches
Barrow its original meteorological characteristics seem to have been
lost (Section 4.4.3). It will be shown that the seasonal variation of
the transport pathway types can be explained by the seasonal variation
of occurrence and position of the major anticyclonic systems, especially
the Asiatic anticyclone (Section 4.4.4), and that the seasonal variation
of the pressure systems can explain the seasonal variation of the
XMn/XV ratio as well,

In Chapter V we will present the "Ptarmigan” weather reconnaissance
data set which will yield information on the seasonal, spatial and
vertical occurrence of Arctic Haze (Section 5.3) and information on the
synoptic conditions during the observations of Arctic Haze (Section
5.4). In Section 5.5 we will speculate on the origin of Arctic Haze
based on possible transport pathways. The data seem to suggest that
Arctic Haze is probably pollution-derived during winter/early spring and

may have a desert dust-derived component during late spring/summer.
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II ~ SOME CHARACTERISTICS OF THE POLLUTION AEROSOL AT BARROW, ALASKA

2.1 The Chemical Data Bank

Since September 1976, aerosols have been collected continuously at
Barrow, Alaska, except for summer 1977 and a few other days. For this
dissertation four years of data were available, but the analysis was
restricted to the winter data (October-April) only, because there is
little pollution aerosol present during the summer (Rahn and McCaffrey,
1980). During the four winter seasons only 46 days of data are
missing. Thus, the data set represents a unique time series of chemical
data describing the seasonal variation of the arctic aerosols.

At the beginning of 1976, sampling times were relatively long, but
during the years when the episodic nature of the pollution aerosols
became better recognized, sampling times were shortemed. During winter
1979/80 almost only daily samples were collected. The periods of long
sampling times are very difficult to analyze from a meteorological point
of view because meteorological conditions usually were not persistent
enough (Section 3.2).

Table 1 represents the total number of samples available for this
dissertation. With the decreasing sampling time the number of total
samples during a season increased. Table 1 also represents a frequency
distribution of the sampling times. Except for the daily samples taken

during 1979/80, samples of four days duration are the most numerous.

11
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2.2 SAMPLING METHOD AND ANALYSIS

At the GMCC (Geophysical Monitoring for Climatic Change) site in
Barrow, operated by the U.S. Department of Commerce, a ground-based high

volume (100 w3 nhrl

) sampler collects aerosols on a Whatman No. 41
(size: 20x25 cm) cellulose filter. The filter Is housed in a wooden
shelter designed for use in the Arctic which accepts aerosols up to a
radius of 10 um but excludes snow crystals. To minimize the effects of
those few crystals that do reach the filter, ome or two 250-watt
infrared heat lamps shine on the filter at all times. The Rotron pump
is nearly contamination-free, but to avoid any chance of contamination,
it 1is separated vertically from the filter shelter (Rahn, personal
communication). The advantages of using Whatman filters in Neutron
Activation Analysis were discussed by Dams et al. (1972).

During most of the time aerosol samples were "sector controlled”,
which means the pump was only operated when the wind was blowing out of
the "clean" sector (5-125 degrees) as defined by Bodhaine et al. (1981)
who presented a compass rose with possible local pollution sources
relative to the ecampling site. Even 1if the filter picked up local
contamination this does not effect our analysis significantly because
the tracers of pollution aerosol we are using in this study are not of
local origin (Section 2.3).

The chemical analysis of the composition of the aerosols was done
by Neutron Activation Analysis (NAA) at the 2-megawatt nuclear reactor

of the Rhode Island Nuclear Science Center by Kenneth Rahn. The NAA
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technique is described by Ragaini (1978), for example.

The filter with the collected aerosols is exposed to a high neutron
flux. Radioactive species produced by neutron-induced reactions emit Y-
rays which are detected or "counted”. 1In the nondestructive procedure
separation of the various elements is effected by taking advantage of
the differences in Yy-ray energy and half-lives, and using high-
resolution Ge(Li) energy spectrometers to resolve the Y-ray
photopeaks. The radioisotopes are identified by their half-lives and
the energies of the Y-rays. The disintegration rate is then computed
from the area of the Y-ray peaks, and the elemental concentration is
calculated by comparing the activity of the sample to the activities of
known elemental standards.

In NAA studies two different irradiations are routinely used: a) a
short irradiation (seconds to minutes) is used to produce radionuclides
with half-lives between 2 minutes and several hours, and b) a long
irradiation (several hours) to produce radionuclides of long half-
lives. For the present study only the data from the short irradiation
were available which included the following elements: Al, Mg, Ti, V, Cn,
cl, Na, Mn, Br, I, Ba, Tn. Reliable (10-15%) analytical results,
however, were only available for Al, Na, V and Mn (Rahn, personal
communication). Therefore, it was decided to use Al as the crustal
reference element and V and Mn as indicator for a pollution aerosol
(Section 2.3). Neutron activation analysis has the capability of
detecting a large number of the inorganic constituents of the

aerosols. However, NAA does not have the ability to distinguish the
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molecular composition.

2.3 Definition of Excess Vanadium and Excess Manganese

Solid and liquid particulate matter suspended in the air are
collectively referred to as atmospheric aerosol. The particles can
range in size from Aitken nuclei (10'3um diameter) to the “giant”
aerosol (lozum diameter). Particles larger or smaller than this range
have extremely short residence times in the free atmosphere. Pollution—
derived and natural aerosol particles are found throughout the
troposphere all over the world. Antarctica is the cleanest region on
the planet with the lowest natural aerosol background (Shaw, 1979).
Aerosols originate (as primary or secondary aerosols) from a wide
variety of sources and source types, are continually modified (i.e.
coagulation, coalescence, selective removal etc.) while in the
atmosphere, and are eventually removed (dry deposition, rain out,
washout, etc.) onto the land and the sea (e.g. Bach, 1976).

The atmospheric aerosol is composed of three major components: a
carbonaceous fraction (sooty carbon plus organics), a water soluble
ionic fraction (sulfate, nitrate, ammonium ions), and a mostly insoluble
inorganic fraction (elements, oxides, etc.). In addition, water is a
small but highly variable component (Rahn, 1976). For this study
information is available only on the inorganic fraction (elements)

because, as mentioned above, only this part of the aerosol can be
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analyzed by NAA.

Elements detected in the aerosol can come from a variety of
sources. Soils contribute primarily O, Si, Al, Fe to the atmospheric
aerosol. But O and Si cannot be detected by NAA, and Fe has, in
contrast to Al, a significant pollution source. Therefore, Al is almost
universally used as a good indicator for crustal sources (Rahn, 1976).
We refer to Al as a crustal reference element.

Atmospheric vanadium (V) has two major sources: a crustal and a
pollution source (Zoller et al., 1973; Duce and Hoffman, 1976).
Vanadium is found in mineral ores, coal and oil. The pollution
component of vanadium is primarily due to the combustion of oil, whereas
much of the vanadium from coal combustion is contained in large silicate
particles that never leave the stack. Iron-ore processing and steel
making are not important contributors to the world-wide atmospheric
vanadium concentrations (Athanassiadis, 1969). The pollution component
of V can be used as a good indicator for mid-latitude aerosol at Barrow,
because it originates mainly from the combustion of heavy residual oil
(Zoller et al., 1973) whereas the lighter fuels used at high latitudes
contain insignificant amounts of vanadium (Hofstader et al., 1976).

Manganese (Mn) also has a crustal and a pollution source (Sullivan,
1969). Concentrations of Mn in soil are several times higher than V,
and Mn is not quite as good a pollution indicator as V, because Mn is
emitted from more and different sources. A principal source of man-made
Mn pollution to the atmosphere has been the ferromanganese blast

furnace. Other sources include the use of organic manganese fuel
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additives, welding rods, and incineration of manganese-containing
products.

It is desirable to separate the pollution and crustal components of
V and Mn, respectively. We will explain the separation procedure for V;
a corresponding procedure is used for Mn.

The total measured V (TV) can be represented as the sum of the

crustal V (CV) and the excess or pollution V (XV):

TV = CV + XV.

The contribution of CV is estimated by using the Alae concentration

r
measured in the same aerosol, as the crustal reference element. With

the Al measured and a ratio of (V/AL) for the average bulk crustal

crust

rock one is abléo estimate how much of the vanadium is expected to be

derived from the crustal material of the aerosol:
OV = Al x (V/AL)

crust*®

The excess (=noncrustal) or pollution vanadium is derived as a residue
from the measured total concentration and the estimated crustal
concentration,

XV =TV - CV.

A detailed description of the procedure and its limitations is given by
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Rahn (1976).

The (V/Al) ratio is based on Mason's (1966) average crustal

crust
rock. Several objections can be made against the use of such a ratio:
a) soil is a better reference material for the aerosol than rock, b) if
rock is used as a reference then ome should use local rock instead of
“average” rock, c) there is strong physical fractionation during the
production of crustal aerosol, with the aerosol appearing in a size
range where only negligible soil mass exists. It thus follows that to
the extent that soils have a size-dependent composition, their bulk
composition may not truly reflect the 1-10im precursor of soil-derived
aerosol.

At the present time, the composition of average rock is better
known than that of average soil, especially for the rarer trace
elements, favoring the use of average rock as a reference material.
Average rather than local rock was chosen because most aerosol analyses
are not accompanied by corresponding analyses of local rock (soil) and
the use of a constant reference material makes analyses at different
sites comparable. Schuetz and Rahn (1982) found that elemental
compositions of desert soils are nearly constant over the aerosol size
range and that soils from different deserts are similar in composition,
thus, the use of an average crustal reference material is reasonable.
The only exception has been reported by Borys and Rahn (1981), when the
ratio had to be based on local rock.

Another concept quite frequently used in air chemistry is the

enrichment factor (Rahn, 1976). The enrichment factor for vanadium is

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



defined as

(/AL aerosol

(V/AL) e

i.e., the ratio of (V/Al) measured in the aerosol to (V/Al) present in
average rock. Elements with enrichment factors significantly greater
than unity are called “"enriched" and probably have another major source
other than the crust.

Fig. la presents the monthly mean total concentrations and the
corresponding estimated crustal component of vanadium at Barrow for the
period October 1976 through June 1978. No samples were taken during
June/July 1977. During January-March the crustal component represents
less than 10% of the total vanadium, that is, the vanadium measured is
dominated by its pollution component. During the summer the situation
is reversed, the crustal component now represents up to 71% of the total
vanadium. Conditions for manganese are different (Fig. 1b).
Contributions of the crustal component range from a minimum of 17% to
110% in June of 1977. 1In this case our estimate of crustal Mn predicts
more than is actually present. Thus, we note that during the winter
season, and especially during spring, the crustal contribution is
usually at its minimum. The aerosol collected during this period is
dominated by the pollution components.

At this point we would like to summarize some pieces of evidence
that XMn and XV, in particular, are truly derived from mid-latitudinal

pollution sources and not local sources.
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1. No vanadium 1is emitted by the village of Barrow (Rahn,
unpublished). As mentioned above, vanadium originates from heavy
oils. At Barrow, the fuels used are primarily natural gas (which is
free of trace elements like V and Mn) and highly refined jet fuels,
which are also extremely low in impurities.

2. The samples were sector-controlled, that 1is, air was sampled
only from directions other than Barrow (Section 2.2).

3. As a test some samples were taken deliberately out-of-sector,
i.e. from the direction of Barrow. No significant differences with the
in-sector samples were seen (Rahn, unpublished).

4. During spring 1979 simultaneous daily aerosol samples were
taken at Barrow and Narwhal Island, 30 km north of Prudhoe Bay, under
clean-air conditions (N/NE winds) at both sides. The result showed
conclusively that Barrow air from the clean sector truly represents the
Alaskan Arctic as a whole. Concentrations of the pollutants V and so,‘
were nearly the same at Barrow and Narwhal, also excluding Prudhoe Bay
as a possible source (Conway and Rahn, unpublished).

5. The aerosol collected is well aged as inferred from sulfate/V
ratios (Rahn and McCaffrey, 1980), 219b concentrations (Rahn and
McCaffrey, 1980), carbon data (Rahn et al., 1980), size distributions
(Shaw, 1982a) and from optical properties (DeLuisi, 1981).

6. The seasonal variations of XV and XMn (Section 2.5) are similar
at several arctic sites (e.g. Barrie et al., 198l; Larssen and Hanssen,
1979).

Volcanic particles in the upper trop here/lower stra here and
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stratospheric particles present another possible source of the aerosol
collected at Barrow. On March 5 and 6, 1980 Noelle Lewis (unpublished)
was able to detect the signatures of volcanic particles at Barrow
following the eruption of Klyuchevskaya on Kamchatka (56.06°N,
160.64°E). No other evidence of volcanic particles has been detected
(Rahn, unpublished). Stratospheric/tropospheric exchange takes place
near the core of jet streams which are located below breaks or gaps in
the tropopause. Stratospheric air enters the convergent left-rear
quadrant of the jet maximum, subsides and slips underneath the jet axis
and leaves the jet maximum on the equator side under anticyclonic flow
(Reiter, 1963). The stratospheric air is now contained within a stable
layer in the anticyclone, and this layer bears all the characteristics
of a subsidence inversion. As soon as this inversion is tapped by
convective motions caused by diurnal heating of the ground, its
stratospheric aerosol will be transported to the ground by dry mixing,
washout or both. The process by which stratospheric air intrudes
through the jet-stream into the troposphere is also known as tropopause
folding. The polar-front jet has been investigated extensively, but is
of little interest to us because its position during winter/spring is
too far to the south to create a source of aerosols within the arctic
air mass. A stratospheric-tropospheric exchange is also expected to
occur along the arctic front, but no investigations have been made.

We are not aware of any seasonal variation of the occurrence of
tropopause folding. However, the occurrence of the spring maximum of

stratospheric ozone and other radioactive fallout at the surface in mid-
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latitudes can be explained by seasonal changes in the large-scale
stratospheric circulation patterns which lead to a maximum of ozone
during middle and late winter in the stratosphere. The breakdown of the
stratospheric vortex and the occurrence of “sudden warming” cause
meridional transport of aerosols into the polar stratosphere. These
large-scale turbulent exchange processes increase the radioactivity
burden and the ozone content of the lower stratosphere by spring. These
layers, however, are continuously “tapped” by cyclogenetic processes
associated with jet streams, causing a transfer of low-stratospheric air
into the troposphere as described above. The maximum of surface
stratospheric-derived ozone lags about two months behind the maximum of
the stratospheric ozone and reaches its maximum in May, two months after
the maximum of the arctic pollution aerosol. According to Reiter (1971)
one can assume residence times of 1-2 years in the stratosphere. This
would produce a homogeneous aerosol and different XMn/XV ratios would
not be detected (Section 2.6).

Feely (1979) determined 7Be concentrations from high volume filter
samples of the four GMCC sites (Barrow, Mauna Loa, Samoa, and South Pole
station). Samples from the arctic sites show a summer minimum and a
winter maximum in 755 concentration. 7Be is produced predominantly in
the upper troposphere and lower stratosphere, and reaches the surface
layer preferentially at mid-latitudes. He concludes that evidently 7Be
is transported at low tropospheric levels into the Arctic from mid-
latitudes at the same time of formation of the Arctic Haze layer. If

Feely's (1979) conclusion 1is correct, stratospheric-derived air will
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have to be transported along the same low-level transport pathways as

the pollution-derived aerosol from mid-latitudes to Barrow.

2.4 The XMn/XV Ratio as a Tracer

Rahn (198lc) suggested the use of the XMn/XV ratio as a tracer of
air masses from different mid-latitudinal source regions. He showed
that neither the enrichment factor of V nor the enrichment factor of Mn
can be used separately to distinguish WNorth American from Eurasian
aerosol. Although the enrichment factors are initially different,
during aging and selective removal of the larger particles the
enrichment factor will change and completely obscure any distinction
between North American and Eurasian air masses.

Aerosols are best traced by using elements with the same mass-size
function, so that their ratio will remain nearly the same during
transport. A possible, but not the best, choice for us is the XMn/XV
ratio because no other elements were available. Tabulating available
data Rahn (1981c) found that the XMn/XV ratio is greater than unity in
Eurasia and less than unity in the northeast USA. Mean ratios for the
two areas are 2.0 + 0.8 and 0.41 + 0.09 respectively, a factor of 5 % 1
difference. The XMn/XV ratio would thus seem to be a clear
discriminator between these aerosols. The reasons for this difference
are not quite understood, but probably have to do with the fact that oil

is used more commonly as fuel in the USA than in Eurasia.
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During transport and aging, the XMn/XV ratio will decrease, for the
same reasons that the enrichment factors change, but the decrease will
be much smaller than for the enrichment factors, because Mn and V have
nearly the same particle size. Data show that the XMn/XV ratio of
Eurasian air seems to decrease by factors of 3-4 during winter transport
to the Norwegian Arctic (Rahn et al., 1980) and by factors of 2-4 during

summer transport to Iceland (Borys and Rahn, 1981).

2.5 Seasonal and Episodic Variations of XV and XMn

As soon as the first year of chemical data became available it was

recognized that the concentration of the pollution aerosol at Barrow

d

s a tr d 1 variation (Rahn and McCaffrey, 1980).
Fig. 2 presents mean monthly concentrations of XV and XMn for the period
September 1976 - September 1980. From a minimum during summer,
concentrations rise gradually during fall, reach a plateau during
January/February, and rise to a pronounced maximum in March.
Concentrations rapidly decrease towards the summer. The similarity of
the two curves is supported by a correlation coefficient between XMn and
XV (monthly data) of r = 0.88. We notice that concentrations of XMn are
higher than the ones of XV during fall and early winter. During
February - April concentrations of XV are similar to those of XMn or
even higher in March. This observation will be discussed further.

During the course of the year, concentrations of XMn and XV vary by
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factors of 33 and 82, respectively. In contrast, the seasonal variation
of mid-latitudinal pollution aerosols 1is an order of magnitude
smaller. Typical winter—-summer ratios of XV range between 3-5 (Rahn and
McCaffrey, 1980). The seasonality of vanadium and manganese at Barrow,
therefore, cannot be explained by the seasonality at the source region.

Although an interannual variability of the seasonal variation is
expected, it is remarkable how well the general features of the seasonal
variation are preserved from year to year. Fig. 3a presents the monthly
concentrations of XV for the four winter seasons. The seasonal
variation of 1977/78 and 1978/79 are very similar and reflect the mean
conditions described in Fig. 2. During the winters of 1976/77 and
1979/80 it appears that a secondary maximum is present during
December. The monthly concentrations of XMn for the winter seasons are
presented in Fig. 3b. The overall seasonal variation looks different
than in the case of XV. The maximum in March is still preserved, but it
appears that a secondary maximum in December is a permanent feature of
the seasonal variation. During 1978/79 this maximum is shifted towards
January. This fact is reflected in Fig. 2 by the higher concentration
of XMn during fall and early winter.

Besides the dominant seasonal variation, the pollution aerosol
posesses another important characteristic: it is episodic, which means
that short periods of high concentrations are followed by short periods
of low concentrations. This can be seen in Fig. 4 and 5, especially in
the plots of 1978/79 and 1979/80 when the sampling times were short.

The numbers in Fig. 4 and 5 indicate the sample numbers associated with
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a pollution episode to be defined in Section 4.2. We note that some
spikes in concentration of XMn are rnot present in the corresponding XV
plot, for example, B6, B49, B60, Bll6, Bl127. Nevertheless, the
correlation between the daily concentration of XMn and XV during

December 1979 - April 1980 is still r = 0.59.

2.6 Seasonal Variation of the XMn/XV Ratio

Fig. 6a presents a frequency distribution of the XMn/XV ratio for
the period September 1976 — November 1979. The most frequent ratios lie
in the 0.8-1.2 interval, followed by ratios in the 1.2-1.6 interval.
There are also occasionally large ratios present (from 2.4 to 3.2) which
are collected in the column to the right in Fig. 6. Following the
discussion of Section 2.4 we surmise that Barrow is mainly influenced by
air masses originating in Eurasia. Rahn (198le) presented similar data
for Barrow and compared the XMn/XV ratios at Barrow with the XMn/XV
ratios characteristic of Bear Island. Bear Island, closer to European
sources has a mean ratio of 0.6 whereas Barrow has a mean ratio of
1.3. It is hypothesized that one can differentiate between Eurasian
sources: West European sources should have similar low XMn/XV ratios as
North American sources due to a comparable use of oil, on the other
hand, Rahn (198lc) concluded that the high ratios at Barrow are
consistent with an unrecognized precursor with a very high XMn/XV ratio,

probably from pollution sources within East Europe and the Soviet Union.
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The winter season has been divided into two parts, and two
frequency distributions for the months October—January and February-
April, respectively, were obtained (Fig. 6b, ¢). Interestingly, it
appears that during October-January large ratios are more frequent than
during February-April. A similar result is found in Fig. 7 based on the
daily data during December 1979-April 1980. During December-February,
ratios are usually larger than unity; during March/April ratios are
smaller than unity. We recall that in Fig. 2 concentrations of XMn are
higher than those of XV during fall and early winter and less or equal
later on during spring. This fact is reflected in the seasonal
variation of the XMn/XV ratio.

Rosen et al., (198l) presented data on the chemical composition of
the arctic aerosol at Barrow during winter 1979/80. They showed that
different elements undergo different seasonal variations. Total carbon
(graphite) concentrations have their maximum in December and sulfur
concentrations have their maximum in March at the same time when XMn and
XV have their maximum. Thus, other ratios like V/C, 50,/C (Rahn et al.,
1980b) show a seasonal change in the chemical composition of the arctic
aerosol as well. We conclude that the pollution aerosol at Barrow
originates from a source during early winter which is different from the
source during spring. This also implies that there should be a seasonal
change in the atmospheric circulation which provides the transport

mechanism.
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For this work, it is assumed that very low XMn/XV ratios at Barrow
are indicative of North American sources, ratios <l for European sources
and ratios >1 of Soviet sources. This assumption will be tested in this

dissertation.
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IITI METEOROLOGICAL CHARACTERISTICS OF POLLUTED AIR MASSES AT

BARROW, ALASKA

3.1 The Climate of Barrow

3.1.1 Introduction

Point Barrow (71.17°N, 156.47°%W) 1is located at the Beaufort Sea
coast of Alaska. Due to its latitude the sun sets on November 19 and
remains beneath the horizon until January 23.

From Barrow it is about 150 km south to the nearest elevation in
excess of 60 m and 300 m to the foothills of the Brooks Range (at around
68°N). Thus, the climate of Barrow is influenced very little by local
topographic features. 1In contrast, winds at Barter Island turn about
140° with height due to the mountain barrier effects caused by the
Brooks Range. During the same synoptic conditions, surface winds at
Barter Island and Barrow, which is not affected by the Range, can differ
by 140° (Rozo, 1980). The Brooks Range separates the arctic climate of
the North Slope, including Barrow, from the continental climate in the
interior of Alaska. Either land or sea-breezes are possible during the
summer (Moritz, 1977). During the winter, however, the low-lying
surfaces surrounding Barrow in all directions are snow covered and sea

ice and tundra take on the same appearance beneath the snow.
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The climate at Barrow is determined by the presence of the Arctic
Ocean, which 1s covered year-round by sea ice. During favorable years
summer melting and off-shore winds can create an open water-way along
the Beaufort Sea coast for up to two months. The average “"breakup” date

is July 15 (Barry, 1977).

3.1.2 Winter Circulation Patterns

Using an objective method, Moritz (1979) identified 21 circulation
patterns over Alaska and the Beaufort Sea. The circulation regime seems
to be remarkably simple in the first approximation, with northern high
pressure features (Beaufort Sea anticyclome or Arctic anticyclone) and
lows (Aleutian cyclone) to the south in winter, and a seasonal reversal
with a ridge to the southeast and lows to the west, southwest, north and
northeast during summer. According to Moritz the circulation patterns
(CP's) can be grouped into circulation seasons: winter (September-May),
spring (May-July), summer (July-August), and autumn (August-September).
The transitional seasons do not have characteristic CP's of their own.
Rather they represent a decrease of winter CP's and an increase of
summer CP's and vice versa.

The winter patterns (CPl, 3, 4), presented in Fig. 8, are caused by
arrival and stagnation of cyclonic storms in the Bering Sea-Gulf of
Alaska region and high anticyclone frequency areas from the Yukon across

the Beaufort Sea towards Siberia (Reed, 1959; Keegan, 1958). Fig. 8
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shows the pressure pattern of the three main winter circulation
patterns. FEig. 9 presents the seasonal variation of the frequency of
occurrence of these winter CP's.

CPl is the most frequent circulation pattern over Alaska. It is
characterized by low pressures in the south, higher pressures in the
north, and cyclonic curvature over Alaska south of the Brooks Range.
The strongest pressure gradient 1is found over NW Alaska where the
isobars are nearly zonal in orientation. Thus, typically Barrow is
characterized by easterly geostrophic flow (Section 3.1.3). The isobars
over the southeastern part of Alaska turn almost due south. The weather
conditions at Barrow associated with CPl are: ENE winds with speeds of
5.6 m sec_l, small temperature departures from the winter mean
temperature, 5.2 tenths of cloud cover and little precipitation. The
maximum of occurrence of CPl is in May. Overall, CPl represents the
average climatic winter conditions at Barrow.

CP3 has the lowest pressure and the most intemnse pressure gradient
in the northern part of Alaska. A strong Gulf of Alaska low is located
east of the Alaska Peninsula. Highest pressures take the form of a
relatively weak ridge along the Beaufort Sea coast from the west,
although this feature is invariably much weaker than the low. This
ridge often represents an eastward extension of the anticyclome over
east Siberia which is, in turn, an extensiocn of the Asiatic anticyclone
(Sections 4.3.5 and 4.4.4). The weather conditions at Barrow associated
with CP3 are: variable wind directions with light speeds below the

winter average, large temperature departure of -3.6°C from the winter
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mean temperature, 5.2 tenths of cloud cover and little precipitation.
CP3 is the coldest of all major winter patterns. Evidently the Beaufort
Sea coast is completely cut off from the surface circulation of the
Pacific region. The maximum of occurrence of CP3 is in December.

CP4 is characterized by a high pressure center over the southern
Yukon which weakens as it extends northward into the Arctic Ocean. A
relatively strong northeast-southwest pressure fall occupies the SW
corner of Alaska. The weather conditions at Barrow associated with CP4
are: ESE winds with normal speeds, daily temperature departures range
from -16°C to +20°C because of the variable extent of the Pacific low
pressure systems, and 5.9 tenths of cloud cover. CP4 has its maximum of
occurrence in January.

Moritz (1979) also found that CPl has a median persistence of 3.1

days, CP3 of 1.8 and CP4 of 1.7 days.

3.1.3 Seasonal Variation of Monthly Mean Meteorological Elements

On the average, July is the warmest month, and the coldest month is
February. The annual curve of mean monthly temperature is relatively
"flat” in mid-winter (December-March) and in summer (June-September).
By contrast, the temperature rise in spring and the autumn cooling are
quite rapid. Wendler and Eaton (198l) found that clear days in April,
May and the first part of June were still colder than cloudy ones,

despite the increased direct solar radiation. The variability in daily
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temperature departures from normal is greatest in mid-winter, declines
to minima in spring and again in fall, and takes on intermediate, rather
low values in the summer. The physical explanations must be related to
the great interdiurnal variability of surface air temperature during
formation and breakdown of the inversion in winter (e.g. Wilsonm,
1969). During the transitional seasons, the temperature variation is
damped by effects of snow and ice phase changes acting as heat sinks
(sources) in the spring (fall).

During the period 1976-1980 (Fig. 10) the coldest months were March
1977, February 1978, February 1979 and January 1980. It seems that the
coldest temperature is not correlated with the maximum of pollution
aerosol concentration, which always occurred in March. During 1979/80,
however, when a broad maximum of pollution concentrations during
February/March was present, the temperatures of February and March were
similar. We note, that January is warmer than December and February in
1977, 1978, and 1979.

Surface inversions are characteristic of Barrow's climate aund are
well reflected in the monthly data. They are present almost all year
long, but weak and sometimes missing during summer and fall. For our
analysis, temperature data were available at 50 mb intervals, and we
have also classified those cases as surface inversion when the inversion
started at the 1000 mb level instead at the surface. This situation is
possible when strong surface winds mix the lowest layer of the
atmosphere (Wilson, 1969). During the period 1976-1980 (Fig. 11),

surface inversions had their largest vertical extent in February 1977,

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



‘uoissiwlad Jnoyym pajiqiyoid uononpoidal Jayung “Jaumo JYBiiAdos ey Jo uoissiwiad Yim peonpoidey

6.0

-18.8

-20.8

-30.8

-40.9

TEMPERATLRE (°C)

P S T S T T S T S S S T T T O S S S S S0 S S S S S S S ST S T T BT

OCT DEC FEB APR JUN AUG OCT DEC FEB APR JUN AUG OCT DEC FEB APR JUN AUG OCT DEC FEB APR
1976 - 1988

Fig. 10: Seasonal variation of monthly mean surface air
temperature.

£



‘uoissiwlad Jnoysm pajiqiyold uononpoidal Jayuny Jaumo JyblAdoo sy jo uoissiwiad Yim paonpoidey

1808
1708
1608
1509
1408
1388
1208
1108
1008
908

688

768

600

568

400

308

2

169

[

HEIGHT OF SURFACE. INVERS1ON
(gpw)

by A

I S B S T S Y SO S S WO S S T S S SO0 S T T S S S0 S T T S A0 S SO0 S B W

OCT DEC FEB APR JUN AUG OCT DEC FEB APR JUN AUG OCT DEC FEB APR JUN AUG OCT DEC FEB APR
1976 - 1988

Fig. 11: Seasonal variation of monthly mean height of surface
temperature inversion.



January/March 1978, February 1979 and January 1980. The intensity of
the surface inversions, expressed as the temperature difference at the
top and the surface, during the period 1976-1980 (Fig. 12) was largest
(between 10-14 o¢) ia February 1977, January 1978, February 1979 and
March 1980.

During the period 1976-1980, the highest mean surface pressures
were present during December 1977, March 1978, February 1979 and January
1980 (Fig. 13). Except for 1978/79, highest pressure did not occur
during the coldest months.

On the average, the prevailing wind directions are mainly easterly
which is in general agreement with the frequent pressure patterns as
discussed in Section 3.1.2. Mean wind speeds are moderately high (~5 m
sec_l), with the strongest mean winds occurring from August to
November. Fig. 14 presents wind roses for the winter seasons 1976/77,
1977/78, and 1978/79 compiled by Harris et al. (1980). There are
differences among the years for the months October—-December and April.
January-March, on the other hand, seem to show a persistent
characteristic.

On the average, a pronounced increase in mean monthly sky cover
takes place between April and May and lasts until October. Clouds are
primarily low level fog/stratus types, particularly during the summer.
The minimum in sky cover is 4.8 tenths in March, the maximum is 9.2
tenths in September. During the period 1976-1980 (Fig. 15), minima of
cloud cover occurred in March 1977, March/April 1978, March 1979 and

March 1980. Thus, the minimum of cloudiness is a very persistent
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feature and correlates well with the wmaximum of pollution
concentration. Such a correlation has been suggested by Shaw (1981).

The mean annual precipitation total is 124 mm, of which about 40%
falls as summer rain. During winter, precipitation is difficult to
measure, and it is estimated that actual falls are about 3 times the
amount recorded (Benson, 1982). The summer precipitation maximum
coincides with the seasonal increase of coastal cyclone frequency and
with the greater availability of local moisture after the tundra thaws
and the Arctic Ocean begins to break up (Moritz, 1979). Fig. 16 shows
that during the period 1976-1980 precipitation was generally lower
during the winter months.

Wendler (1978) investigated the occurrence of blowing snow at
Barrow. Blowing snow usually occurs when the ground is snow covered and
winds exceed 7 m sec_l- The monthly frequency distribution of winds
larger than 7 m sec™! during 1965-1974 shows a maximum in November and a
secondary maximum in January.

We have summarized the occurrence of the extreme values of the
concentration of pollution aerosol and those of some meteorological
elements (Table 2). The first month listed in each column indicated the
main maximum (minimum), the second one indicates the secondary maximum
(minimum) . During 1976/77, it appears that the wmaximum of the
concentration of the pollution aerosol occurred at the same time as the
minima of temperature and cloudiness. During 1977/78, there seems to be
a weak correlation only between the pollution concentration and the

temperature. During 1978/79, a strong correlation between the pollution
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Table 2: Occurrence of extreme values of concentration
of pollution aerosol and other meteorological
parameters

1976/77  1977/78  1978/79 1979/80

maximum
concentration
of XV

Mar/Dec  Mar/Feb Mar/Feb tar/Feb

naximum
concentration
of XMn

Mar/Dec  Mar/Feb Mar/Jan  Feb/Mar

minimum
M N 1
temperature Mar/Dec  Feb/Mar Feb/Mar an/Dec
maximum height
of surface
inversion

Feb/Jan  Jan/Mar Feb/Mar Jan/Dec

maximum
intensity of
surface
inversion

Feb/Mar  Jan/Feb Feb/Mar Mar/Feb

2:::'::‘:5 Dec/Jan  Mar/May Feb/Mar  Jan/Feb
:iz\tﬂd.‘z:ess Mar/Dec  Mar/Apr Mar/Feb  Mar/Apr
minimum

M
precipitation Dec/Apr  Mar/May Feb/Jan  Mar/Apr
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concentration and several meteorological elements is suggested. During
1979/80, only the intensity of the surface inversion seems to be
correlated with the concentration maximum.

Overall, the occurrence of the maximum of pollution concentration
falls into a period when temperatures are low, surface inversions are a
permanent feature, pressures are anticycloanic, winds come from the east,
and cloudiness and precipitation are low. A correlation is sometimes
suggested but the seasonal and interannual variations cannot explain
satisfactorily the seasonal and interannual variation of the

concentrations of the pollution aerosol.

3.2 Meteorological Characteristics of Polluted Air Masses

3.2.1 On the Origin of the Polluted Air Mass

In meteorological usage, an alr mass is assumed to represent a vast
body of air whose physical properties possess horizontal uniformity,
while distinct changes are found along its boundaries, usually indicated
on weather maps as frontal zomes. Air masses form in semi-permanent
circulation systems which have a tendency to be situated either over
land (e.g., the polar continental highs) or over oceans (e.g., the
subtropical anticyclones). The air that takes part in the circulation
around any such system will become subject to the prolonged influences

of the underlying surface, with the result that there will be a tendency
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for distinct properties to be acquired, for example, continental cold
and dry or marine warm and moist (Petterssen, 1956). As the air mass
travels it may be modified continuously by differential advection,
vertical stretching and shrinking, and by interactions between the
atmosphere and the earth's surface; the last of which turns out to be
the most important mechanism.

The simplest approach to distinguishing air masses at Barrow is to
investigate the daily meteorological surface data (Table 3).
Temperature and dew point temperature seem to be suitable for
differentiating between air masses. A change of air masses occurred
between the 4th and 5th of January. Surface pressure is less suitable
and wind direction, wind speed, and cloud cover completely fail to
indicate the arrival of a different air mass. Table 3 presents the data
for one sampling period (B18) and it becomes evident that the sampling
time was too long, because the question arises: which one of the two air
masses carried the pollutants?

Unfortunately, most sampling times were fairly long with varying
meteorological conditions present during the sampling (Section 2.1).
These long sampling times are a serious problem in our attempt to
describe the meteorological conditions. First, we selected only those
samples during which the atmospheric conditions remained homogeneous,
i.e. temperatures did not deviate more than about 3°C and the wind
direction remained within the same quarter. Only 16 samples out of 114
satisfied these conditions. The mean values of several meteorological

elements for the homogeneous samples are presented in Table 4. The
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Table 3: Daily meteorological surface data at Barrow,
December 28, 1976 - January 6, 1977
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Table 4: Characteristics of samples with homogencous meteorological
conditions
Sumple Saupliog """::’;;;3;‘“" Tewpgrature  Preusure di“’:‘n“"in" Sty
veriod xv Xa ey (ub) (degreas) (tentha)

3 oct 27, '76 0.023  0.050 4.2 1016 67 1.2 10
2 Nov 30-bec 2 0.475  0.764 -22.5 1020 103 9.0 2
813 bec 35 0.498 0.737 -29.3 1060 86 7.9 3
B1G bee 17-20 0.470  0.839 -30.1 1025 65 4.2 2.3
w42 oce 7-11, '77 - oam -9 1011 104 19.4 10
m oce 17-21 - o2 1.9 1010 56 21.5 10
870 Har 10-13,'78 1318 1.047 -19.3 1016 ” 5.5 7.3
vavl | apr 1-3 1422 1310 .9 1028 ” 1.6 f
vavz | Apr 4-6 0.941  0.931 1020 6 13,2 2
B75 Apr 22-25 0.253 0.352 1021 80 19.8 3.5
sits | oct 5-8, '78 - 0.0 8.1 1020 65 9.5
m20 | oce 26-29 0.055  0.175 -20.5 1015 93 6.3
8138 [ Jaw 18, 79 0132 1.630 -15.7 1025 ” 13
0150 | Mar 6-8 0.875  1.134 E) - I 2
wisz | mar 15-18 0921 1.44l .8 1019 323 . 3.8
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correlation between XV and the temperature (r = -0.735) revealed that
the highest concentrations of XV are associated with the coldest
temperatures. Correlations between XV (or XMn) and the wind direction
failed, because almost all samples are associated with easterly winds.

Next we investigated the daily samples taken in 1979/80 which
represent another data set allowing for a direct correlation between the
chemical and meteorological data. The correlation between XV and the
temperature turned out to be very poor (r = -0.1). Fig. 17 presents the
frequency distribution of wind directions for different XV and XMn
concentrations. As expected east winds are the most common ones (see
Section 3.1.3), but it appears that winds from the north are associated
with higher concentrations. Table 5 presents the frequency distribution
of wind directions for the ten highest and the ten smallest XV and XMn
concentrations, respectively. Again, easterly winds are most frequent,
but north winds are frequent with high concentrations and not present
with low concentrations.

Peterson et al. (1980) investigated the dependence of Cl)2
concentrations, aerosol (measured by condensation nuclei concentration
and by integrated light scattering at four wavelenths), and ozone
concentrations on air mass origin at Barrow during January-March periods
of 1977 and 1978. The air mass origin was determined by calculating
back-trajectories. It was found that ozone concentrations had no
dependence on wind direction, whereas C02 and aerosol values did show
directional dependence; higher values occurred more often with

trajectories leading into the Arctic Basin than with trajectories
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Fig. 17: Frequency distribution of wind directions for different
XV and XMn concentrations.
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Maximum Minimum
concentrations concentrations
R 7 0
E 9 9
S 0 4
W 4 7
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leading to the south. The aerosol analysis supports our results that
high pollution concentrations are associated with polar air from the
north. The CO2 results are less convincing because Co2 is released from
anthropogenic sources as well as from the ocean through the sea ice as
suggested by Gosink and Kelley (personal communication).

From the above analysis we conclude that pollutants reaching Barrow
are associated with air masses coming out of the central arctic Basin as

indicated by temperature and wind direction.

3.2.2 Meteorological Characteristics of the Polluted Air Masses

Another approach to identifying air masses is to use radiosonde
data and to construct a height/time cross-section of potential
temperature and mixing ratio. This approach is more elaborate because
these quantities have to be calculated and plotted. For our analysis
the height/time cross sections proved to be most useful in identifying
different air masses. We have tried to use the heights of the 1000,
850, 700 and 500 mb levels or the relative topographies of 1000/850 mb
and 850/700 mb surfaces, but they have not been useful. Wind directions
at different pressure levels also failed to indicate changes of air
masses.

The potential temperature at a point is uniquely determined by
values of pressure and temperature at that point and represents the

temperature a parcel of nonsaturated air would have if it were brought
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adiabatically (i.e., without gaining or losing heat) to a standard
pressure of 1000 mb. During adiabatic processes, an air parcel can be
identified by its potential temperature since this parameter does not
change during such a process. In the cross-section (Fig. 18), lines of
constant potential temperature sloping upward with increasing time
indicate the appearance of colder air at that layer, while lines sloping
downward represent the arrival of warmer air. Temperature inversions or
isothermal layers are represented by hatched columns. In Fig. 18, which
represents the same time interval as Table 3, we find at near-surface
levels the arrival of three air masses. There is a change from a cold
to a warmer air mass between the 28th and 29th and another change to an
even warmer one between the 4th and 5th. The first change is not
present at higher levels, suggesting the arrival of a new air mass at

low levels only. The secound change, on the other hand, takes place at

all levels tr h the troposph +« We note, that there are other
temperature changes at upper levels not accompanied by changes in the
surface layer, which will be discussed later.

The moisture content of an air mass is normally expressed by the
relative humidity, however, in the Arctic this quantity is not very
useful because although the Arctic is dry in absolute amounts of
moisture, it is not so in terms of relative humidity. Relative humidity
in the Arctic is normally about 10% higher than in middle latitudes, and
only about 5% lower than in the equatorial belt (Petterssen et al.,
1956). Therefore relative humidity is of little help in distinguishing

between an arctic and a Pacific air mass, for example. A semi-
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Fig. 18: Height/time cross section of potential temperature.
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conservative quantity used to describe an air mass system is the mixing
ratio, which describes the moisture content of an air mass, and is
defined as the mass of water vapor per unit mass of dry air. The mixing

ratio is conservative with respect to adiabatic as well as nonadiabatic

t ure 5 but vative with respect to evaporation and
condensation. A height/time cross-section of mixing ratio is
constructed in a similar way as the one for potential temperature (Fig.
19). It is evident that the mixing ratio provides a way to distinguish
air mass systems relatively unambiguously. Regions of high mixing
ratios were located at about the 800 mb level on December 18, 30, 31,
indicating marine air aloft. There was a region of very dry air at
about 775 wb on January 3 and 4. On January 5, a very moist air mass
arrived, initially at higher levels, but then also at surface levels on
January 6.

The combination of height/time cross~sections of potential
temperatures and mixing ratios is very powerful in identifying air
masses like cold and dry (continental) or warm and moist (marine). Air
mass changes due to subsidence in anticyclones can also be recognized by
the appearance of a warm and dry air mass characteristic and by
inversions. It 1s also possible to determine if air mass changes took

place only at low or upper levels or thr the tr here. One is

also able to see when a warm air mass glides on top of a colder air mass
and gradually modifies the underlying surface air.
With the help of weather maps, the air masses in Fig. 18, 19 were

labelled according to likely origin. During December 29-30, continental
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Canadian air was present at low levels; at higher levels Pacific air was
present, which was replaced by dry Arctic air on December 29. During
December 31-January 2, Arctic air was evident in the surface layer,
which is assumed to carry the pollution aerosol. These dates are in
agreement with a pollution episode to be discussed (Section 4.2).
Pacific air was still present aloft. On January 3 and 4, one can
identify "clean" arctic air, characterized by slightly colder and less
moist surface air and very dry and cold air aloft. This air mass is
termed "clean” arctic air because it represents background arctic air
which cannot be associated with a pollution episode (see Section 4.2).
On January 5 and 6, Pacific air intruded at all 1levels of the
troposphere accompanied by a dramatic change in meteorological
conditions. This air mass was the only one detectable in the daily
meteorological surface data (Table 3).

Fig. 20 shows the wind direction and wind speed (in 5 m sec'1
intervals) at different pressure levels during the period of our
example. Wind directions at 1000 mb and at 850 mb are from the east
throughout the whole period. Thus, no air mass changes are indicated.
At 700 mb and 500 mb changes in wind directions are seen, but not always
in accordance with the general flow as derived from weather maps. The
reason wind directions seem to fail in detecting changes in air masses
is Barrow's location with respect to the major synoptic systems. As
indicated in Section 3.1.2, CPl is the most frequent circulation pattern
influencing Barrow. Barrow lies within a confluence zone in this

configuration, with winds always blowing from the east. If the Aleutian
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cyclone intensifies slightly, Pacific air will reach Barrow; if the
arctic anticyclone intensifies slightly, arctic air will reach Barrow.
However, neither the basic pattern nor the wind direction will change.
Trajectories calculated for Barrow (e.g., ARL-NOAA trajectories) often
fail to reveal the true origin of the polluted air masses for this
reason (see also Table 10, Section 4.3.5).

For the samples labelled in Fig. 5 we constructed height/time
cross-sections of potential temperature and mixing ratio. We then
determined the time interval during which polluted arctic air was
present. 1In most cases this was relatively simple when there was only a
choice between Pacific (clean) and arctic air. In the more complicated
cases, like Fig. 18 and 19, an approach like the one discussed was
used. Timing and direction of the transport pathway of the polluted air
were applied as criteria to identify the polluted air mass (Section
4.2). It should be noted that in each case there was an arctic air mass
present. We never encountered a case of high concentrations of XV and
XMn without the presence of an arctic air mass. This supports the
hypothesis that the pollution aerosols originated with air masses out of
the Polar Basin.

First results of properties of polluted air masses are given in
Table Al (Appendix). TFor each sample it was determined how many air
masses arrived at Barrow during the period of sampling (column 3). We
also specified the period during which the air mass which most likely
carried the pollutants was present (column 4). It should be pointed

out, that if a polluted air mass was present for three days it does not
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necessarily imply that‘pollutants were also present for three days.
Pollutants might be contired to patches which are carried along by the
air mass. This possibility will be discussed later (Chapter VI).

Column 6 broadly classifies the types of the polluted air mass in
terms of P=Pacific air, A=arctic air, Ap=arct1c air modified by Pacific
air, C=continental American air. The following combination APP means
arctic air modified by Pacific air near the surface with Pacific air
aloft. In column 8 we specify the range of wind direction counted
clockwise at 1000 mb and 700 mb obtained from the radiosonde data.
Excluding the daily samples E, it was found that 36% of all samples had
only one air mass, 25% of all samples had two and three air masses,
respectively, 10% of all samples had 3, 4% of all samples had 6 air
masses. From column 4 one estimates that the mean duration of the
presence of polluted air is about 3 days. A relationship does not seem
to exist between the polluted air mass type and the transport pathways
taken. It is evident, however, that the combination AP or AP occurs
quite often, thus, we do not neccessarily encounter an arctic ailr mass
by itself. On the other hand, the combination AP suggests that
pollutants were contained in the low level layer indicating that in the
vicinity of Barrow transport of pollutants takes place at low levels.
It should be noted that sample E9 seems associated with moist and warm
air coming from the NW Pacific, but an air mass change took place with
arctic air modifying the Pacific air.

For the polluted air masses identified and listed in Table Al

(Appendix), column 4 the meteorological characteristics were determined
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based on the average daily surface data. The data are displayed in
Table A2 (Appendix) and reveal that a wide range of conditions is
possible during the times polluted air masses arrive at Barrow. The
meteorological characteristics are determined by the season of the year,
the origin of the air mass, the transport path and associated travel
time and modifications experienced along the path as well as at the
receptor site when mixing of two air masses takes place. We have
eliminated the annual march by subtracting the monthly mean value. The
deviation from the mean (columns 5, 6, 8, 11, 13) are calculated as the
deviation from the monthly mean of that particular month and year.

The results indicate that 75% of all polluted air masses have
colder temperatures than the monthly wean (Fig. 2la), 56%Z of all
polluted air masses are characterized by higher surface pressure than
the monthly mean (Fig. 21b). Remarkably 90%Z of all polluted air masses
arrive with wind speeds higher than the monthly mean (Fig. 22a2), and 69%
of all polluted air masses are characterized by less sky cover than the
monthly mean (Fig. 22b).

Polluted air masses thus carry the characteristics of an arctic
anticyclonic air mass. The high frequency of above normal wind speeds
and the about normal pressure indicate that polluted air masses arrive
along the southern periphery of the arctic anticyclone within a zone of
pressure gradients and, therefore, of rapid transport. Polluted air
masses do not arrive when the center of the anticyclone is close to or
over Barrow.

Next, investigations were carried out to determine if the results
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would depend on the month during which the polluted air masses arrive.
Therefore, the frequency of occurrence of positive and negative
departures from the monthly mean for temperature, pressure and sky cover
(Fig. 23) was counted. Wovember, March and April appear to be the
months during which the polluted air masses deviate the most from the
monthly mean. It is conceivable that the meteorological characteristics
of the polluted air mass depend on the transport pathway type taken as
defined in Section 4.3. The analysis will be presented in Section
4.4.3.

A similar analysis to that presented above was performed for the
850 mb level (Table A3, Appendix), because it 1s assumed that this level
represents the conditions of the lower free atmosphere without the local
surface influences which affect the surface data. For this analysis the
upper air soundings at 00:00 GMT were usually used. Similar results are
found: 68% of all polluted alr masses are colder than the monthly
average (Fig. 24a), and even 80% of all polluted air masses are
assoclated with wind speeds higher than the monthly mean (Fig. 24b).
Temperature inversions were analyzed by calculating the temperature
difference between the surface and the 850 mb level. It was found that
inversions with temperature differences between -6 and -9°C occur
frequently (Fig. 25); 88% of all polluted air masses were characterized
by surface inversions reaching up to 850 mb.

In summary, air masses, carrying pollutants to Barrow had travelled
within the Polar Basin. Due to Barrow's position between the influence

of the arctic anticyclone and the Aleutian cyclone the classification of
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air masses was best accomplished by using a combination of height/time
cross sections of potential temperature and mixing ratio. High levels
of pollutants are always associated with the presence of an arctic air
mass. The occurrence of the combination of two air masses present at
the same time (AP), arctic air at low levels and Pacific air aloft,
supports the hypothesis that the transport of pollutants should take
place in the lower troposphere, at least in the vicinity of Barrow. The
polluted air mass carried characteristics of anticyclonic arctic air,
being colder and less cloudy than the monthly mean conditions and
containing surface inversions. Interestingly, polluted air masses are

characterized by above-normal wind speeds.

3.2.3 Spectrum and Cross Spectrum Analysis

Time series of data can be analyzed by spectrum analysis in order
to estimate which oscillations of a specific frequency (periods)
contribute significant portions to the total variance of the time
series. In this way, a spectrum of a time series is analogous to an
optical spectrum, indicating the contribution of different wave lengths
or frequencies to the total energy of radiation.

An estimate of the power spectrum is computed by applying harmonic
analysis to the autocorrelation coefficients of the series. The
resulting coefficients are smoothed by a weighted moving average to

produce a stable spectrum (Panofsky and Brier, 1968).
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When two time series appear to be correlated the question may be
asked whether this correlation is due to a correlation between high
frequency components (small periods) or low frequency components (large
periods) of the data. Or, two time series may appear to be
uncorrelated, because the 1low frequency components actually are
negatively correlated, and the high frequency components are positively
correlated. This question can be answered by performing a cross
spectrum analysis (Panofsky and Brier, 1968) which includes the
determination of the coherence.

The coherence varies from O to 1 and is analogous to the square of
a correlation coefficient, except that the coherence is a function of
frequency. The coherence represents a frequency dependent correlation
coefficient.

We subjected the daily data of XV, XMn, surface temperature and
pressure during December 5-April 30, 1979/80 to a spectrum and cross
spectrum analysis program (SAS 79 by SAS Institute, Cary, N.C.)
available on the IBM computer of the University of Rhode Island.

Gaps in the chemical data series were closed by filling in the data
of the previous day. Sometimes samples were collected over two days
instead of over one. However, two day samples did not coincide with
weekends, for example, thus producing an artificial period in the
spectrum. We removed the seasonal trend by calculating mean values for
each element and each month and subtracting them from the actual data.
Thus, our data set of temperature, pressure, XMn and XV concentrations

represents daily deviations from the monthly mean. Insprection of the
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time series of the deviations showed that removing the monthly trend did
not cause a distortion of the original time series. 1In Fig. 26 the
power spectra for XV and XMn are presented. In each case we have
indicated the 80%-confidence limit, so that the true value lies within
this range. Both spectra reveal a similar appearance with plenty of
detail. XV reveals significant periods at 24.6-18.5 days, 7.7-7.0 days
and 4.1-3.8 days. XMn reveals significant periods at 8.7-7.7 days,
49.3-29.6 days, 4.7-4.4 days and 2.5 days. It appears that the periods
of XMn compared to those of XV are slightly shifted towards larger
periods. It was noted in Section 2.5 that XV and XMn show a similar
trend and a good monthly correlation. 1In Table 6 the daily data are
correlated showing a correlation between XV and XMn of r = 0.56. The
cross spectrum analysis revealed that high coherency of 0.93 and 0.78
was present in the periods of 7.0-6.4 days and 21.1-16.4 days,
respectively. It should be noted that highest coherency was found at
the shoulders of the peaks in the spectra and not at the peak itself.
This high coherency, however, seems to support the overall high
correlation coe<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>