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ABSTRACT

The spatial and temporal variability of atmospheric aerosols is not well understood, as most studies have been constrained
to data sets that include few stations and are of short duration. Furthermore, all methods for quantifying atmospheric
turbidity suffer from a major constraint in that they require cloudless sky conditions. This restriction produces gaps in
the turbidity record and sampling bias, which has led to questionable inferences about the variability of aerosols.

In this research, we address these concerns via analyses at scales broader than all previous studies. We analyzed the
spectral aerosol optical depth at 500 nm (z,s) and Angstrom’s wavelength exponent (), which represents the relative
size distribution of aerosols. A total of 27 sites, with a mean period of record of 7.3 years, are included. Beyond seasonal
and spatial summaries of aerosol variability, we have divided observations by synoptic condition, utilizing the Spatial
Synoptic Classification (SSC).

Our results show that atmospheric turbidity across North America is greatest over the east. Seasonality of both
parameters was shown, most notably a greater 7,5 during summertime. Utilizing the SSC, we have uncovered significant
differences across weather types. Moist weather types, especially moist tropical, display considerably higher turbidity,
while the colder, drier dry polar weather type is associated with low aerosol optical depth. Certain weather types show
considerable seasonal variability; the dry tropical weather type is associated with relatively low values in winter, but high
values in summer, when convection is significant. Cluster analyses of stations yielded three general regions, each with
similar synoptic variability: a western cluster with low aerosol optical depth and minimal synoptic variability, an eastern
cluster with higher turbidity and variability, and a cluster located on the periphery of the eastern cluster, associated with
moderate levels of turbidity but very high variability, suggesting a varied influence of nearby industrial areas. Copyright
© 2006 Royal Meteorological Society.
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1. INTRODUCTION

Aerosols play an important role in the energy balance of the Earth—atmosphere system. Despite their
importance, the interaction between aerosols and climate is still a source of great uncertainty in understanding
climate and climate change (Lohmann ef al., 2000; Ghan et al., 2001; IPCC, 2001; Anderson et al., 2003a).
Part of the uncertainty is because aerosols typically demonstrate large spatial and temporal variability,
variability that has not been well documented. Perhaps equally important, the mechanisms that determine
this variability are not fully understood (Penner et al., 2001; Anderson et al., 2003b).

A reciprocal relationship exists between aerosols and climate: while aerosols affect radiative exchanges,
climate and meteorology have a profound influence on temporal and spatial patterns in atmospheric turbidity
(defined as the total amount of aerosol integrated through the vertical atmospheric column). At the microscale,
for example, higher humidity can enhance hygroscopic aerosol growth (Pilinis et al., 1995; Kotchenruther
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et al., 1999; Kay and Box, 2000; Smirnov et al., 2000; Holben et al., 2001; Ramaswamy et al., 2001), while
higher insolation may also enhance photochemical conversion of gases to aerosols (Peterson and Flowers,
1977; Holben et al., 2001). At the mesoscale, the stability of the atmosphere and convective processes can
influence the amount of aerosol in the atmosphere (e.g. Al-Jamal et al., 1987; Kambezidis et al., 1998;
Augustine et al., 2003). On an even larger scale, turbidity is influenced by the origin, trajectory, and travel
time of the synoptic air mass (Peterson et al., 1981; Smirnov et al., 1994, 1995, 1996, 2000; Jacovides et al.,
1996; Pinker et al., 1997, Kambezidis et al., 1998).

A number of studies have evaluated the role of climate and meteorology in aerosol variability over North
America. Previous studies include Flowers et al. (1969), Peterson et al. (1981), Halthore et al. (1992), Smirnov
et al. (1994, 1996, 2000), Wenny et al. (1998), Yu et al., (2000, 2001), Holben et al. (2001), Im et al. (2001a,
2001b), Ingold et al. (2001), and Augustine et al. (2003). Collectively, these authors evaluated aerosol data
together with surface weather maps, upper-level charts, meteorological observations, back trajectory analyses,
and rawinsonde data. They attributed spatial and temporal trends in turbidity to spatial and temporal differences
in insolation, humidity, temperature, wind speed, precipitation events, rates of convection, and the source
regions and types of air masses. These physical parameters influence the production, type, growth, size,
residence time, and transport of aerosols.

These studies were limited in their geographic extent, the extent of their meteorological or climatological
analyses, and/or the duration and quality of aerosol data evaluated. Flowers et al. (1969), for example,
evaluated turbidity data from multiple sites across the United States, but these data are now more than
30 years old and were derived from less reliable handheld single-wavelength sunphotometers. Wenny et al.
(1998), Yu et al. (2000, 2001), and Im et al. (2001a, 2001b) evaluated aerosol data and air mass origin in
North Carolina, but their data included only two sites with durations of only 3 and 7 months respectively.
Smirnov et al. (2000) used aerosol data from six stations in the United States; however, the time series
were only for 1 month and they were restricted to coastal and island locations in New Jersey, Maryland,
and Virginia. Of the remaining studies, the maximum number of sites evaluated in North America was five
(Holben et al., 2001).

In addition to these limitations, all aerosol studies suffer from a temporal constraint in that existing methods
for quantifying atmospheric turbidity require cloudless sky conditions. This clear-sky restriction produces
gaps in the turbidity record. Since clear-sky conditions are associated with certain synoptic conditions,
such undersampling means that aerosol climatologies may contain a bias and, therefore, may not be truly
representative.

In this research, we have performed a thorough analysis of the variability in aerosols across North America
by evaluating coincident aerosol and meteorological data from 27 monitoring stations in the United States
and Canada, all of which include at least 3 years of data. Meteorological data are incorporated into this work
via a weather-type classification system, which also helps identify the synoptic conditions most oversampled
and undersampled within existing aerosol climatologies.

2. BACKGROUND

Two optical properties of aerosols are evaluated in this research: the spectral (wavelength-specific) aerosol
optical depth 7,, which provides a dimensionless measure of the total column amount of aerosol, and
Angstrom’s wavelength exponent (o), which describes the wavelength dependence of 7, and is a dimensionless
measure of the aerosol size distribution. Theoretically, the value of o can range from 4, for a high ratio of
small to large particles, to less than O for a low ratio of small to large particles, although typical values are
usually between 0.5 and 2.5. Angstrom’s wavelength exponent gives an indication of the origin or type of
aerosol. Aerosols of maritime, desert, crustal, or volcanic origin, for example, are relatively large and are
associated with smaller values of « (von Hoyningen-Huene et al., 1999; Chiapello et al., 2000; Maring et al.,
2000; Smirnov et al., 2000; Holben et al., 2001). Aerosols from biomass burning or anthropogenic sources
(e.g. industrial or vehicular emissions), in contrast, are typically relatively small and are thus represented by
higher values of « (e.g. Deuzé et al., 2001; Eck et al., 2001; Formenti et al., 2001; Holben et al., 2001).

Copyright © 2006 Royal Meteorological Society Int. J. Climatol. 26: 723-741 (2006)
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The spectral aerosol optical depth is the vertical integral of the ambient aerosol extinction coefficient. To
determine t,, the total optical depth is calculated from the spectral extinction of direct beam radiation on the
basis of the Beer—Bouguer Law. Attenuation due to Rayleigh scatter and absorption by ozone and gaseous
pollutants are estimated and removed to isolate the aerosol optical depth. Angstrém’s wavelength exponent
is calculated from Angstrom’s equation (Angstrom, 1929, 1930):

T = BATY 6]

where 1,; is the aerosol optical depth at wavelength A and S is the aerosol optical depth at a wavelength of
1.0 um. The value of « is computed as the slope of the linear regression of In t,; versus InA.

More recently, satellite observations have been used to quantify aerosol optical properties (e.g. Deuzé et al.,
2001; Zhang et al., 2001; Knapp et al., 2002). Although satellite estimates of turbidity can provide greater
spatial coverage than surface-based (point) measurements, comparisons of collocated satellite and surface
measurements have shown biases in the satellite estimates especially over terrestrial regions (e.g. Higurashi
et al., 2000; Deuzé et al., 2001; Haywood et al., 2001; Zhang et al., 2001). This is, in part, because satellite
estimates are subject to subpixel inhomogeneity of aerosol properties as well as cloud contamination (Hsu
et al., 1999). Thus, reliable measurements of aerosol optical properties rely on surface-based observations.

Historically, surface-based aerosol monitoring has been sporadic, short-term, and limited in scope geograph-
ically (Holben et al., 2001). However, during the last decade, systematic surface-based aerosol-monitoring
programs have emerged. For example, in 1993, the National Aeronautics and Space Administration (NASA)
initiated a comprehensive surface-based aerosol-monitoring program known as the Aerosol Robotic Network
(AERONET). This program is supported by international, national and local agencies, individuals, universi-
ties, and private foundations worldwide (Holben et al., 1998, 2001). Close to 200 identical automatic Cimel
spectral radiometers are currently deployed throughout the world, including North America. This network
provides the most accurate and comprehensive long-term measurement of aerosol optical properties available
(Holben et al., 1998, 2001; Dubovik et al., 2000; Smirnov et al., 2002).

Substantially smaller networks in the United States have employed a different instrument that monitors
aerosols known as the Multifilter Rotating Shadowband Radiometer (MFRSR; Harrison et al., 1994). These
smaller networks are operated by state and federal agencies and universities. In our analyses, we used data
from both the AERONET and MFRSR networks.

3. DATA AND METHODS

3.1. Aerosol data

The AERONET collaboration provides globally distributed observations of aerosol optical properties
in geographically diverse aerosol regimes. The data are transmitted from the sites via the GOES and
METEOSAT satellite platforms to ground-receiving stations in the United States, Germany, and Japan. Data
from AERONET are available online in near real time via a data-processing, display, and analysis system.
This system includes an automatic cloud-screening algorithm (Holben et al., 1998, 2001).

The Cimel instruments provide t, at eight spectral bands between 340 and 1020 nm. We used t, derived
at 500 nm and « calculated at wavelengths between 440 and 870 nm since these represent the most optically
stable wavelengths, particularly at low optical depths (Smirnov et al., 1996; Holben et al., 2001). The
AERONET 7, and « data were available as instantaneous observations or as daily averages. We used daily
averaged data since our goal was to produce aerosol climatologies. Daily averages were also compatible with
the meteorological data used in subsequent analyses.

A total of 20 stations across North America having at least 3 years of reliable AERONET data records
were used in this research (Figure 1, Table I). The earliest records commenced in 1993. Across all stations,
the periods of record ranged between 3 and 10 years, with an average duration of 6.1 years. These 20
sites represent a diverse array of environments including rural, urban, suburban, and forested locations within
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Figure 1. Locations of aerosol-monitoring sites (circles) and SSC stations (triangles) used in this study. Site numbers correspond to
Table I

desert, marine west coast, Mediterranean, humid continental, humid subtropical, steppe, and subarctic climatic
environments.

Optical data were also available from nine MFRSR stations where the period of record was at least 3 years
(Figure 1, Table I). The records ranged between 5 and 12 years, the average duration was 7.3 years, and the
earliest observations commenced in 1992. However, unlike AERONET the MFRSR, data for these stations
were in the form of total optical depth (r), rather than aerosol optical depth (t,). Total optical depth is
the sum of the optical depths of molecules (Rayleigh scattering), gases, and aerosols, i.e. T represents the
total attenuation of the atmosphere. The MFRSR instruments measure irradiance at six nominal wavelengths,
including 500 nm. At five of these wavelengths, the influence of water vapor and oxygen absorption is
negligible. Thus, we calculated 7, at each of these wavelengths by subtracting from 7 the optical depths due
to Rayleigh scattering (z,) and ozone absorption (7,). The Rayleigh optical depth was calculated according to
Hansen and Travis (1974) as a function of wavelength and daily averaged surface pressure. The ozone optical
depth was determined from daily averaged total column ozone (u,) and the ozone absorption coefficients (A,)
tabulated in Shettle and Anderson (1995). Daily average u, for each site was determined from the algorithm
of Van Heuklon (1979). Having calculated t,, we determined o from Angstrbm’s classic equation (Angstrém,
1929, 1930).

We were therefore able to acquire or calculate time series of daily averaged t, and « for 29 stations across
North America. At three locations, MFRSRs and AERONET Cimels were operated in close proximity. At
Howland, Maine, and Bondyville, Illinois, the MFRSR and AERONET records did not overlap; we merged
the two data sets to form one record for each station. At the Cloud and Radiation Testbed (CART) site in
Oklahoma, the two periods of record overlapped with good agreement between the data sets; these two sites
were retained as two separate records. Thus, we effectively had data for 27 stations (Figure 1). From these
data, we constructed preliminary aerosol climatologies for each station by calculating monthly and annual
summary statistics of both t, (at 500 nm, hereafter referred to as t,5) and «. We also classified each site as
being urban or nonurban.
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Table I. Information on the 27 monitoring sites used in this study. For ‘Network’, A = AERONET, M = MFRSR, and
AM refers to a merger of records from both networks. ‘Distance’ is between the SSC and aerosol-monitoring stations
(km), and elevation pertains to the aerosol-monitoring site (m ASL). Site number corresponds to Figure 1

Number Monitoring site  Nearest locality =~ Network SSC station Distance Elevation Period of record
Start End
1 Albany Albany, NY M Albany, NY 8 85 1992 2002
2 Bluefield Bluefield, WV M Beckley, WV 60 823 1992 2001
3 Bondville Bondville, IL AM Springfield, IL 114 212 1992 2002
4 Bratts Lake Wilcox, SK A Williston, ND 244 586 1999 2002
5 CART Lamont, OK A Oklahoma City, 176 315 1996 2002
(Aeronet) OK
6 CART (MFR) Lamont, OK M Oklahoma City, 176 315 1992 2003
OK
7 CARTEL Sherbrooke, PQ A Montreal, PQ 155 300 1995 2003
8 Chequamegon Park Falls, WI A Duluth, MN 179 515 1999 2001
9 COVE Hampton, VA A Norfolk, VA 44 37 1999 2003
10 Egbert Egbert, ON A Toronto, ON 62 264 1999 2003
11 GSFC Greenbelt, MD A Baltimore, MD 25 50 1995 2002
12 HJ Andrews Blue River, OR A Eugene, OR 80 830 1995 2003
13 Howland Orono, ME AM Brunswick, ME 166 100 1992 2003
14 Ithaca Ithaca, NY M Binghamton, 57 503 1992 1995
NY
15 Maricopa Maricopa, AZ A Phoenix, AZ 41 360 2000 2003
16 MD Science Baltimore, MD A Baltimore, MD 8 15 1999 2003
Center
17 Oak Ridge Oak Ridge, TN M Knoxville, TN 28 380 1992 1997
18 Oxford Oxford, OH M Dayton, OH 61 285 1992 1995
19 Rimrock Genesse, ID A Spokane, WA 134 824 2000 2003
20 Rogers Dry Edwards, CA A Daggett, CA 85 680 2000 2003
Lake
21 San Nicholas San Nicholas A Los Angeles, 131 133 1998 2003
Is.,, CA CA
22 Saturna Island Saturna Island, A Whidby Is., 58 200 1999 2002
BC WA
23 SERC Edgewater, MD A Baltimore, MD 70 10 1994 2002
24 Sevilleta Sevilleta, NM A Albuquerque, 80 1477 1994 2003
NM
25 Stennis Stennis, MS A New Orleans, 70 20 2000 2002
LA
26 Tucson Tucson, AZ A Tucson, AZ 9 779 1993 2001
27 University Park  University M Williamsport, 103 375 1992 2001
Park, PA PA

3.2. Meteorological data

All previously published studies that have evaluated the influence of meteorological conditions upon aerosol
variability have either utilized individual weather parameters or incorporated synoptic classification schemes
that relied upon a subjective, manual interpretation of individual weather maps. Here, we used a new weather-
type classification scheme that is automated and spatially cohesive. This system, known as the Spatial Synoptic
Classification (SSC; Sheridan, 2002), is a hybrid classification scheme (Frakes and Yarnal, 1997) that includes
an initial, manual identification of weather types, followed by an automated classification based upon these
identifications.

Copyright © 2006 Royal Meteorological Society
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Using surface weather data only (namely, air temperature, dew point temperature, sea-level pressure, wind
speed and direction, and cloud cover), the scheme classifies each day at a location into one of six weather
types (described below). While most weather types inherently suggest a source region, they are limited to
surface conditions at a location and thus capture a true measure of ambient meteorological conditions at a
particular site. Thus, these are more aptly labeled ‘weather types’ rather than ‘air masses’. The appeal of this
classification scheme, besides its automation, is the enhanced spatial cohesiveness among weather stations
compared to previous classification schemes (Sheridan, 2002). The SSC has been used in other environmental
analyses that assessed the effects of weather type on snow cover anomalies (Leathers et al., 2002), snow-water
equivalent anomalies (Grundstein, 2003), variability in human mortality (Sheridan and Dolney, 2003), and
the magnitude of the urban heat island (Sheridan et al., 2000). A similar but earlier classification scheme, the
temporal synoptic index (TSI), was used to assess pollutant levels in Philadelphia (Kalkstein and Corrigan,
1986) as well as pollutant transport from the Navajo Generating Station in Arizona (Kalkstein and Webber,
1991). The six weather types are as follows.

e Dry Polar (DP) air is largely synonymous with the traditional continental polar (cP) air mass classification.
It is characterized by cool or cold dry air and, for much of the continent, northerly winds. Skies typically
feature little or no cloud cover. This weather type has its source in northern Canada and Alaska, and it is
advected into the rest of North America by a cold-core anticyclone that emerges from the source region.

e Dry Moderate (DM) air is mild and dry. This weather type has no traditional source region. In the eastern
and central portions of North America, DM usually appears with zonal flow aloft, which permits air to
traverse the Rocky Mountains and dry and warm adiabatically. It is analogous to the Pacific air mass
identified by Schwartz (1991) and others. In other cases, however, it may reflect a significantly modified
DP weather type or the influence of more than one weather type.

e Dry Tropical (DT) air is associated with the hottest and driest conditions, and clear skies. It is analogous
to the traditional continental tropical (cT) designation. Most commonly, it is present at, or advected from,
its source region, which includes the deserts of the southwestern United States and northwestern Mexico.
It can also be produced by strong downsloping winds, where rapid compressional heating can produce
desert-like conditions.

e Moist Polar (MP) air is a large subset of the traditional maritime polar (mP) air mass. Weather conditions
are cool, cloudy, and humid, often with light precipitation. This can appear via inland advection of air from
the North Pacific or North Atlantic. It can also arise where there is frontal overrunning well to the south,
or when a cP air mass acquires moisture while traversing a cool water body.

e Moist Moderate (MM) air is warmer and more humid than MP air, though also cloudy. This can form
either as a modified mP air mass or as independently south of MP air nearer a warm front. During summer,
it can also occur under the influence of maritime tropical air masses on days with high cloud cover.

e Moist Tropical (MT) air is analogous to the traditional maritime tropical (mT) air mass. It arrives in North
America via the Gulf of Mexico or the tropical Pacific or Atlantic Oceans. This weather type is warm and
very humid, cloudy in winter, and partly cloudy in summer. Convective precipitation is quite common,
especially in summer.

These six weather types comprise the SSC catalog, along with a transitional (TR) situation, which represents
a day in which one weather type yields to another, based on large diurnal changes in dew point temperature,
pressure, and wind. Mean conditions associated with each of these SSC weather types, as well as other
information, can be found on the SSC homepage (http://sheridan.geog.kent.edu/ssc.html).

Daily SSC calendars have been developed for over 300 stations across North America, for periods ranging
up to 60 years, and are updated continuously. In this analysis, each AERONET and MFRSR site is evaluated
with weather types from the nearest SSC station whose period of record includes that of the aerosol-monitoring
site. The mean distance between each aerosol and SSC station pair is 90 km, with a maximum distance of
244 km (Table I).
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3.3. Methods of analysis

Once the SSC and aerosol data sets were merged, analysis began with a calculation of mean values of
both 7,5 and «. For each of the two variables, statistics were calculated for the year as a whole at each site.
The data sets were then subdivided and analyzed on a monthly level, as well as on a seasonal level, defined
meteorologically, e.g. winter as December, January, and February.

Mean values of 7,5 and « were also calculated for each of the SSC weather types at the annual and
seasonal levels. To assess the appropriateness of stratifying days via the SSC, we utilized the nonparametric
Kruskal-Wallis H test to compare the similarity of the distributions of both 7,5 and « across the seven weather
types. Owing to the large variability in distribution across weather types, a parametric test such as Analysis of
Variance (ANOVA) was not appropriate (Rogerson, 2001). Each of the four seasons was evaluated separately;
monthly evaluations were not performed because of sample-size considerations, particularly during the winter
months.

Our initial work yielded 27 different aerosol climatologies, i.e. one at each site. To evaluate the spatial
cohesiveness of these results, we performed several cluster analyses. Cluster analysis has been used with
aerosol data to group days with similar observations at one site (Treffeisen et al., 2004). In this research,
however, we utilize cluster analysis to group stations with like climatologies into regions. To our knowledge,
this methodology has not previously been applied to aerosol data. However, cluster analysis applied at the
station level has been utilized in myriad other climatological applications, including defining agricultural
regions (e.g. Holden and Brereton, 2004) or mesoscale climate regions (e.g. De Gaetano, 1996).

For the cluster analyses we analyzed t,5 and « separately. For clusters based on SSC frequencies, at each
site we gathered 28 variables (seven weather types for each of four seasons) that represent the mean values
of 7,5 (or ) for the particular season-weather type (e.g. winter DM mean 7,5, winter DP mean 7,5 etc.). To
mitigate multicollinearity among these variables, the 28 were reduced utilizing unrotated principal components
analysis. Unrotated components are appropriate when the goal is to cluster the resultant components rather
than interpret them (Yarnal, 1993). All components with eigenvalues over 1 were retained, resulting in seven
transformed variables retained for both 7,5 and «. We experimented with several different means of clustering,
all of which yielded similar results. The results of k-means cluster analysis (Yarnal, 1993), a nonhierarchical,
iterative procedure, are presented here. In k-means analysis, all stations are originally assigned to one of k
categories, and a centroid is then calculated for each category. The process then iterates, and any single station
can migrate to a different category should it be closer to another category’s centroid. Using one-way ANOVA
on the monthly means across all clusters, we confirmed that in all cases there were statistically significant
differences among at least one of the clusters. Subsequent z-tests compared all identified clusters of n > 2
and confirmed that there were statistically significant differences among all groups in all of the transformed
variables (p < 0.01). Five clusters were retained for both 7,5 and «; for 7,5 there are three clusters of size
n > 2, for o there are two.

Similarly, we produced cluster maps on the basis of seasonal means of 7,5 and « irrespective of the 7,5
SSC class. For both of these cases, the four variables (one for each season) were reduced to two via principal
components analysis before being clustered.

4. RESULTS AND DISCUSSION

4.1. Spatial and seasonal variability in o and t,s5

Although we were able to evaluate aerosol data from 27 stations, Figure 1 illustrates the nonuniform
distribution of stations across the North American continent. For instance, there are no aerosol-monitoring
stations (where the period of record exceeded 3 years) in the High Plains states and many of the Midwestern
states, while there is clearly a cluster of stations in the eastern part of the continent. This spatial constraint
notwithstanding, in general, turbidity is lowest in the west and southwest and highest in the east, especially
over the mid-Atlantic states (Figure 2). Annually averaged t,s ranges from 0.08, observed at HJ Andrews
(Site 12 on Figure 1), San Nicholas Island (Site 21), Saturna Island (Site 22), Sevilleta (Site 24), and Tucson
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(Site 26) to 0.32 at the Maryland Science Center (Site 16; Table II). This spatial distribution of aerosols likely
reflects the influence of higher emissions of anthropogenic aerosols in the eastern region of the United States
(United States Environmental Protection Agency (US EPA), 2004) although the frequency of weather types
may also influence this spatial pattern (discussed in Section 4.2).

Annually averaged « ranges from 0.69 at Ithaca (Site 14) to 1.82 at Egbert (Site 10; Table II). The smallest
aerosols (largest o) were observed in urban mid-Atlantic and northeast areas (Figure 3). This is likely due to
the higher rate of emission of anthropogenic aerosols in those regions (US EPA, 2004), which are relatively
small in size. In general, the largest aerosols (smallest o) appear in two regions: the industrial Midwest and
the west/southwest. In the former region, these aerosols may be of agricultural origin, for example, aerosols
generated from windblown soils in the upper Midwest transported downwind. Across the southwest, large
aerosols are likely of desert origin. The small aerosols observed at the Egbert site, which is classified as
nonurban, may be due to its proximity to Toronto (62 km).

Interestingly, the two sites in California (Rogers Dry Lake and San Nicholas Island, Sites 20 and 21) do not
appear to be strongly influenced by anthropogenic emissions (pollution) from the Los Angeles basin — despite
its proximity — since the aerosol size is relatively large and 7,5 is relatively small. Instead, the aerosol
environment at San Nicholas Island, located 145 km southwest of Los Angeles, is likely heavily influenced
by marine aerosols generated by the prevailing westerlies. Rogers Dry Lake is located 160 km northeast of
Los Angeles in the Mojave Desert. It is most likely capturing relatively large desert or rural aerosols from
the San Joaquin Valley. This monitoring site is also located to the north of the San Gabriel mountains, which
provide a natural barrier to airflow from the Los Angeles basin. The patterns at San Nicholas Island and
Rogers Dry Lake are consistent with reports of local versus regional contributions to mass concentrations of
aerosols. The US EPA (2004) reports that the majority of inhalable aerosol mass in the western United States
is of local origin.

In contrast, the COVE (CERES Ocean Validation Experiment) site in Virginia (Site 9), located on an ocean
platform 25 km offshore, does appear to be influenced by the metropolitan areas along the mid-Atlantic
seaboard. Its relatively high long-term t,s (0.22) and « (1.62) suggest it is influenced more by aerosols of
anthropogenic origin than marine origin despite its maritime location. These optical values are similar to those
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Figure 2. Mean annual values of 7,5
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Table II. Mean annual values of 7, and «, and site characteristics, for the 27 sites
evaluated. Site number corresponds to Figure 1

Monitoring site Tas o Site characteristic
1 Albany 0.16 1.41 Urban
2 Bluefield 0.17 1.10 Urban
3 Bondville 0.20 0.96 Nonurban
4 Bratts Lake 0.09 1.37 Nonurban
5 CART 0.12 1.11 Nonurban
6 CART 0.17 1.38 Nonurban
7 CARTEL 0.15 1.50 Urban
8 Chequamegon 0.13 1.22 Nonurban
9 COVE 0.22 1.62 Nonurban
10 Egbert 0.15 1.82 Nonurban
11 GSFC 0.24 1.70 Urban
12 HJ Andrews 0.08 1.58 Nonurban
13 Howland 0.13 1.68 Nonurban
14 Ithaca 0.18 0.69 Nonurban
15 Maricopa 0.10 1.16 Nonurban
16 MD Science Center 0.24 1.79 Urban
17 Oak Ridge 0.19 1.04 Urban
18 Oxford 0.21 1.01 Nonurban
19 Rimrock 0.11 1.33 Nonurban
20 Rogers Dry Lake 0.09 1.13 Nonurban
21 San Nicholas 0.08 1.21 Nonurban
22 Saturna Island 0.08 1.48 Nonurban
23 SERC 0.32 1.72 Nonurban
24 Sevilleta 0.08 1.37 Nonurban
25 Stennis 0.22 1.54 Nonurban
26 Tucson 0.08 1.04 Urban
27 University Park 0.19 1.11 Nonurban

observed at other stations in nearby Maryland including GSFC (Goddard Space Flight Center), in Greenbelt,
Site 11), Maryland Science Center (Baltimore, Site 16), and SERC (Smithsonian Environmental Research
Center, in Edgewater, Site 23). Unlike western locations, in the east, regional pollution contributes more than
half of the mass of inhalable aerosols (US EPA, 2004).

Both aerosol parameters display seasonal patterns as well. Of the two, t,5 is associated with a much more
distinct seasonal variability (Figure 4, p < 0.001). On comparing the monthly mean values of 7,5 across all
27 stations, a relatively linear increase from a median of 0.08 in December and January to a median of
0.21 in June is observed. Summer values remain high before a step downward in September. This seasonal
cycle of a summer maximum and a winter minimum has been well documented in previous research (e.g.
Power and Willmott, 2001; Power, 2003; Power and Goyal, 2003) and likely reflects greater specific humidity
and atmospheric convection during the warmer time of year, increasing turbidity as a result (discussed in
Section 4.2). Along with this overall increase is a large increase in station-to-station variability during the
warm season as well. Interestingly, this increase appears less linear, featuring the largest range of station
means during June, July, and August; moderately large variability in May and September; and relatively
similar levels of variability across all other months. The very high station averages during the three summer
months are observed at the three Maryland sites discussed above (Sites 11, 16, and 23).

In contrast, the seasonal pattern and variability in « are much less distinct (Figure 5), although there is still
a statistically significant difference across months (p = 0.001). On a monthly level, there are lower values
of o during the first half of the year, with significantly lower values during the months of April and May,
suggesting a general increase in larger-sized aerosols during this period. Variability from station-to-station
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Figure 4. Boxplot depicting median and variability of the mean monthly values of 7,5 across all stations

does not follow the seasonal pattern as it does with t,s; rather, generally higher variability is observed during
the cold half of the year.

4.2. Synoptic variability

To further elucidate the spatial and temporal patterns discussed above, we evaluated the differences in 7,5

and o across SSC categories for each station on an annually averaged basis, as well as stratified by season.
The distributions of both 7,5 and « were compared across all weather types.
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4.2.1. t,5. Averaged annually and across all stations, 7,5 generally increases with the temperature and
humidity of the weather type. For instance, the aerosol optical depth is lowest during DP weather types
(mean t,5, 0.10) and highest during MT weather types (mean t,s, 0.26). The higher humidity associated with
MT conditions enhances hygroscopic growth of aerosols (Pilinis et al., 1995; Kotchenruther et al., 1999; Kay
and Box, 2000; Smirnov et al., 2000; Malm and Day, 2001), while strong surface heating associated with
MT weather types initiates convection. This, in turn, serves to increase the particle flux from the ground via
entrainment (Al-Jamal et al., 1987; Pedrds et al., 1999). Higher insolation may also enhance photochemical
conversion of gases to aerosols (Peterson and Flowers, 1977; Holben et al., 2001). All three of these processes
will be maximized under MT weather types and will thus enhance 7,5. With the DP weather type, in contrast,
these processes are absent or weak, with much lower specific humidity and much greater atmospheric stability.
Further, DP weather types originate from northern Canada and Alaska where the anthropogenic aerosol load
is likely to be quite low.

When stratified by season, 7,5 shows significant differences across SSC types (Table III). This synoptic
variability is most readily observed during the summer and autumn months when more than three-fourths
of all sites show statistically significant differences in distributions across the SSC types. During winter and
spring, these percentages are somewhat lower. Sites not associated with statistically significant differences in
general have either a very low 7,5 sample size for a particular season (a significant problem across much of
the north, especially northwest, during winter) or a predominance of one weather type (e.g. MT across the
Gulf Coast during the summer), which limits the sample size of other weather types.

The synoptic variability in aerosol properties is superimposed on the seasonal pattern described above
(Figure 6). Thus, 7,5 in winter during DP weather types are low (mean t,5 is 0.08; Figure 7) compared
to 7,5 in summer during DP (0.14). This is likely because the thermal and moisture conditions of DP are
exaggerated in winter compared to summer, i.e. the DP atmosphere in winter is even drier and colder than it
is in summer, and it is usually associated with a strong inversion. Thus, the likelihood of hygroscopic growth
of aerosols, convection, and entrainment of aerosols and photochemical growth of aerosols is minimal. At the
other extreme, 7,5 during MT in summer is relatively high (Figure 8); the mean summer 7,5 is 0.30 averaged
across all stations, with a maximum of 0.60 at Maryland Science Center (Site 16) and SERC (Site 23). The
warmer and more humid conditions of an MT in summer are highly conducive to the growth, entrainment,
and formation of aerosols. The next highest seasonally averaged t,s occurs with the DT weather type in
summer (mean t,s is 0.25; Figure 6). While the role of hygroscopic growth of aerosols in a summer DT is
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Table III. The percentage of stations that

show statistically significantly different

distributions across SSC categories, strat-
ified by season

Season Tas (%) o (%)
Winter 67 37
Spring 56 30
Summer 78 78
Autumn 78 70

likely to be relatively low, the hot, dry conditions and clear skies associated with this weather type suggest
that entrainment by convection likely plays a key role in the higher turbidity.

When analyzing the output of our cluster analyses, regional and synoptic variability in 7,5 emerged. Five
clusters are identified (Figure 9). Clusters 1 through 3 include 25 of the 27 sites; mean profiles are depicted
in Figure 10. Cluster 1 includes 12 stations, including all stations west of the High Plains. This “Western’
cluster is associated with relatively low values year-round, as discussed above, and, in general, lesser variability
across weather types. With one exception (Tucson, Site 26), all of the stations in Cluster 1 are nonurban. As
articulated earlier, the majority of inhalable aerosol mass in the western United States is of local rather than
regional origin. Furthermore, aerosol emission sources are more concentrated in the east than in the west (US
EPA, 2004). The relatively low turbidity associated with this western cluster likely reflects the remoteness of
these stations to significant aerosol sources and the fact that the aerosols are not transported as far as those
in the east, regardless of weather type.

Collectively, Clusters 2 and 3 include most of the eastern stations. The ‘Industrial’ Cluster 2 encompasses
most sites within the Midwestern and Mid-Atlantic regions, where there is a higher density of aerosol emission
sources. Within this cluster, substantially higher t,s values are observed across all weather types compared
to the western cluster. The distinction among the weather types is also greater, with noticeably higher values
across those types associated with significant convection (MM, MT, and DT). On comparing Clusters 1 and
2, there is a stronger synoptic influence on 7,5 when t,s is relatively high. Excluding island stations (San
Nicholas and Saturna Islands), the mean elevation of Cluster 1 stations is 647 m, while the mean elevation of
Cluster 2 stations is 335 m. A regression analysis (inclusive of all stations analyzed) between t,5 and elevation
shows a statistically significant relationship (p = 0.001) between these two variables, suggesting that station
elevation may play a role in turbidity. These patterns are consistent with relationships described by Ingold

0.40

035{mbP oDM mDT EMP MM mMT B TR
0.30
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§ 0.20

0.15
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Figure 6. Seasonal variability in mean 7,5 by SSC
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Figure 8. Mean t,5, summer, moist tropical (MT) weather type

et al. (2001). These investigators reported weaker links between 7,5 and synoptic airflows in Switzerland
when 1,5 was low than when t,5 was high. They also reported a lower t,5 at higher elevations, which they
attributed to the fact that the origin of the aerosols is the planetary boundary layer.
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Figure 9. Clusters of sites with similar SSC- and season-stratified 7,5 means

CLUSTER 1 CLUSTER 2 CLUSTER 3

0.40

0.35
mDP ODM mDT

0.30
EMP BEMM mMT

0.25

BETR

Tas

Winter Spring Summer Autumn Winter  Spring Summer Autumn Winter Spring Summer Autumn

Figure 10. Mean seasonally and synoptically stratified 7,5 values for Clusters 1, 2, and 3 from Figure 9

The ‘Eastern Peripheral’ Cluster 3 includes five stations that surround the Industrial cluster. These five
stations are associated with lower t,s values than the Industrial cluster but with the largest synoptic variability
of any cluster. The polar weather types DP and MP have significantly lower t,5 values that are closer in
magnitude to those in the Western cluster. This may reflect the relatively clean pathways followed by the air
masses associated with DP and MP weather conditions, i.e. from the continental north or the North Atlantic.
With other weather types, most notably MM and MT, but also DT and DM during the warmer times of year,
mean T,5 values approach those of the Industrial cluster. Both the Industrial and Eastern Peripheral clusters
consist of a mixture of urban and nonurban stations, indicating the regional nature of turbidity in the eastern
part of the continent. In the case of Site 6 (CART), which is nearly collocated with the Cluster 1 Site 5, the
different period of record (Table I) may explain the appearance of Site 6 in this cluster.
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Figure 11. Clusters of sites with similar SSC- and season-stratified o« means

Clusters 4 and 5 each contain one site: SERC (Site 23) and Egbert (Site 10) respectively. Both these sites
are associated with a synoptic pattern similar to Cluster 2, although one or more weather types contain a
highly anomalous 7,5 value that forces it into another cluster. As these patterns do not occur at more than
one station, and within-station synoptic variability is inconsistent, we believe them to be individual outliers
and are uncertain as to the cause of the discrepancy.

4.2.2. «. In comparison with 7,5 the variability in « across weather types is smaller when averaged annually
and across all stations. Relatively larger aerosols are associated with the two polar weather types — Maritime
Polar (MP) and DP — where the mean « for both types is 1.31. The smallest aerosols are associated with
the MT weather type, with a mean « of 1.48. Since the variability in annually averaged « is small and the
mean « is calculated across many locations with different physical characteristics, it is difficult to attribute
this synoptic variability to any particular physical process. However, in analyzing the synoptic variability by
season, differences are much less significant across the different weather types; rather, the o values reflect the
overall seasonal pattern in Figure 5, with higher values in summer and autumn, and lower values especially
in spring, but also in winter. Fewer stations are associated with statistically significant changes across SSC
categories, most notably in winter and spring (Table III). Thus, it appears that these overall differences in
o merely reflect the seasonality of weather types. As DP is much more common in winter and MT is more
common in summer (Sheridan, 2002), and the mean « is larger in summer than in winter, the mean o of MT
is larger than DP.

In analyzing our cluster analyses of o values, once again the results are less clear than they are with t,s.
Five clusters are again identified (Figure 11), though only Clusters 1 and 2 contain more than two stations.
The cluster means (Figure 12) display a lack of consistency across weather type and merely identify greater
seasonal variability in Cluster 1 (sites associated with larger aerosols, and hence lower « values, in winter
and spring) and less seasonal variability in Cluster 2. Geographically, most of the Cluster 2 stations appear
to the south of Cluster 1 stations. However, we are not aware of any physical explanation as to why aerosols,
on average, are smaller at the southern (Cluster 2) stations than at Cluster 1 stations. In short, the physical
bases behind the synoptic and spatial variability in « are less evident than for 7,5.
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Figure 12. Mean seasonally and synoptically stratified o values for Clusters 1 and 2 from Figure 11

4.3. Aerosol sampling biases

Earlier, we discussed the constraints associated with aerosol-monitoring techniques that result in gaps in
the turbidity record, and we asserted that aerosol climatologies derived from clear-sky data may not be
representative. Table IV illustrates this bias for the CARTEL aerosol site (Site 7) in Sherbrooke, Quebec.
Here, we compare the SSC frequency (recorded at the Montreal SSC station) for the entire period of record
(1995-2002) with the SSC frequency on days for which aerosol measurements are available. It is quite
clear that aerosol sample days at CARTEL are not representative of the overall synoptic variability of the
location. The clearer weather types, most notably DM and DT, are overrepresented in the data set, the latter
by more than a factor of 2. Conversely, the weather types that are associated with more humid and cloudier
conditions are underrepresented in the data set. Most notable is the MP weather type, which within the aerosol
climatology only occurs one-fifth as often as it does throughout the full period of record. Interestingly, the
MT weather type is overrepresented within the aerosol data set at CARTEL, despite its high humidity. During
much of the year MT is cloudy; however, during midsummer, when the weather type is most common here,
it is highly convective, suggesting that over the course of a day (most likely during the morning hours) there
is some opportunity for an aerosol measurement to be taken, before the convective cloud cover builds.

Table IV. Comparative frequencies of SSC weather type. ‘Frequency, all days’ refers to the

frequency of SSC weather type across all days at Montreal for the 8-year period. ‘Frequency,

aerosol obs.” refers to the frequency of SSC weather type at Montreal across only those days

for which aerosol observations are available at CARTEL (Site 7, Figure 1). Ratio is the ratio
of aerosol observation days to all days

SSC weather type Frequency all days Frequency aerosol obs. Ratio
1995-2002 1995-2002
Dry Moderate 252 38.0 1.51
Dry Polar 20.9 25.0 1.19
Dry Tropical 1.9 4.7 2.44
Moist Moderate 18.8 7.4 0.39
Moist Polar 14.8 2.8 0.19
Moist Tropical 8.1 11.9 1.47
Transitional 10.3 10.3 1.00
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Similar biases exist at other stations, with more pronounced biases in locations where mean cloud cover is
greater. We argue that aerosol climatologies derived from such data are therefore unrepresentative.

5. CONCLUSIONS AND FUTURE DIRECTIONS

In this research, we have analyzed the spatial variability of two aerosol variables, the spectral aerosol optical
depth at 500 nm (t,5), and Angstrém’s wavelength exponent («) across 27 North American stations. The
number of stations, as well as the mean period of record at each station, far exceeds those analyzed in any
single previously published study. The results from our overall analyses yield conclusions similar to that
of much previous research: turbidity is much greater over the eastern portions of the continent, and lesser
out west and farther north, away from more heavily industrialized regions. Seasonality of both parameters,
especially 7,5, was shown, with a greater optical depth of aerosols during the summertime, coinciding with
higher levels of specific humidity and atmospheric turbulence.

Our research further analyzed aerosol variability according to synoptic situation. Via the SSC, we have
uncovered significant differences across these weather types, once again much more significant with t,s than
with «. The moist weather types, especially Moist Tropical, display considerably higher 7,5 values, while the
colder, drier Dry Polar weather type is associated with the lowest 7,5. Certain weather types show considerable
seasonal variability; the warm to hot Dry Tropical weather type is associated with relatively low values in
winter, but high values in summer, when convection is extreme.

In future work we will first develop stratifications according to lower-tropospheric (850 hPa) atmospheric
flow and compare them with aerosol properties, as we did with the SSC in this research. We will then
combine the synoptic climatology that is presented here with our tropospheric flow analyses and attempt to
develop a more representative aerosol climatology for each station. It is important to note in Table IV that
the cloudier synoptic situations, though underrepresented, are still represented within the data set. Thus, while
acknowledging the greater uncertainty due to smaller sample size, estimations may be made for days in the
data set for which aerosol observations are unavailable. Our goal will be to construct near-continuous time
series of t,, and perhaps «, at each station and, in turn, more reliable aerosol climatologies for North America.
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