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ABSTRACT: In our previous research (Power et al., 2006), we analysed the variability in spectral aerosol optical depth
(τa ), as well as Ångström’s wavelength exponent (α), which represents the relative size distribution of aerosols, at 27
sites across North America. The variability was assessed by incorporating the Spatial Synoptic Classification (SSC) surface
weather type across each of these sites. In this research, we further our analysis by examining the effect of different 850-hPa
flow patterns within the lower troposphere on variability in τa and α. To accomplish this, an 850-hPa flow classification
was first developed from principal components analysis (PCA) and cluster analysis on National Centers for Environmental
Prediction (NCEP)/The National Center for Atmospheric Research (NCAR) reanalysis geopotential-height data, normalized
by month of year. Nine flow types were identified.
Cluster analyses yielded five clusters for both τa and α. For τa , spatially cohesive regions were identified, with a western
cluster with low aerosol optical depth and minimal synoptic variability, and eastern clusters that showed higher turbidity as
well as synoptic variability. In these clusters, higher turbidity was associated with southerly advection. For α, results were
less cohesive, with clusters largely representing the different seasonal patterns of the variable, with synoptic variability
difficult to interpret.
Jackknifing was also utilized to evaluate whether τa and α could be predicted based on SSC weather type and
850-hPa flow type. Results varied at the three stations evaluated, with the method yielding potentially useful results
for τa across the two eastern sites, where synoptic variability at the surface and 850-hPa is greater. At the western site, τa
could not be successfully predicted. Synoptic variability is too weak for α to be predicted effectively at any of the sites
examined. Copyright  2007 Royal Meteorological Society
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1.

Introduction and background

Aerosols affect radiative exchanges in the atmosphere by
absorbing and scattering solar radiation and by modifying cloud properties. Despite their importance in the
climate system, these processes are currently not well
understood and aerosols are one of the largest sources
of uncertainty in understanding the anthropogenic contribution to climate (Ghan et al., 2001; Intergovernmental
Panel on Climate Change, 2007; Anderson et al., 2003).
While aerosols affect the climate, ambient meteorological conditions also influence the spatial and temporal
distribution of aerosols. Humidity, insolation, stability,
and convection, for instance, can influence the amount
of aerosol in the atmosphere (e.g. Smirnov et al., 2000;
Holben et al., 2001; Augustine et al., 2003; Power et al.,
2006). Similarly, the origin, trajectory, and travel time
* Correspondence to: Scott C. Sheridan, Department of Geography,
Kent State University, Kent, OH 44242 USA.
E-mail: ssherid1@kent.edu
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of the synoptic air mass have been shown to influence
aerosol optical properties (Smirnov et al., 1994, 1995,
1996; Jacovides et al., 1996; Pinker et al., 1997; Kambezidis et al., 1998; Smirnov et al., 2000).
In a recent contribution, we employed a weather-type
classification scheme (the SSC) to examine the influence
of different weather types on the amount and size
distribution of aerosols at 27 monitoring stations in the
United States and Canada (Power et al., 2006). The SSC
(Sheridan, 2002) is based on the classification of a given
day’s weather at a particular location into one of several
different weather types, or air masses, based solely on
in situ surface weather conditions at that location. We
determined that cold and dry weather types (e.g., Dry
Polar, (DP)) displayed relatively low aerosol optical
depth values, while warm humid weather types, most
notably Moist Tropical (MT), were typically associated
with much higher turbidity values. Some weather types
displayed seasonal variability in aerosol properties. The
Dry Tropical (DT) weather type, for instance, was
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associated with relatively low aerosol optical depth in
winter, but high values in summer. This illustrated the
importance of convection – and associated entrainment
of particles from the surface – in elevating turbidity.
Although in situ surface conditions are important,
previous research has shown that the origin of the
air above a particular location is also influential in
determining aerosol properties (e.g. Halthore et al., 1992;
Formenti et al., 2001, 2002; Lupu and Maenhaut, 2002;
Lammel et al., 2003). Thus, to assess large-scale aerosol
transport further, here we proceed from our previous
research to analyse the effect of low-level atmospheric
flow upon aerosol amount and size distribution across
North America. In this research, we first develop a
low-level ‘flow type’ of the atmosphere using 850-hPa
geopotential heights, to examine advection effects on
aerosol variability across North America. Since aerosol
monitoring is constrained by cloudy conditions, we
further evaluate the utility of estimating aerosol properties
based on ambient synoptic conditions, by combining the
SSC weather type and the 850-hPa flow type.

2.

Data

The aerosol data used in the present analysis are described
in detail in Power et al. (2006); a summary is provided
here. We examined daily averaged aerosol optical depth
at 500 nm (τa ), which is a dimensionless measure of the
total column amount of aerosol, and Angstrom’s wavelength exponent (α) calculated at wavelengths between
440 and 870 nm, which is a dimensionless measure of
the size distribution of aerosols (Holben et al., 2001).
Some indication of the origin or type of aerosol can be

gleaned from α since larger aerosols (smaller α) are typically of volcanic, desert, crustal or maritime origin, while
smaller aerosols (larger α) are usually from biomass
burning, vehicles, or industrial emissions (Power, 2003).
Data were drawn from the National Aeronautics and
Space Administration (NASA) Aerosol Robotic Network
(AERONET) and from multifilter rotating shadowband
radiometers (MFRSR) operated by state and federal agencies and universities. Data from a total of 27 stations
across the United States and Canada were examined
(Figure 1 and Table I). Periods of record ranged between
3 and 12 years, with a mean of 7.3 years. In July 2006,
NASA released Version 2 aerosol products. These products have improved quality over Version 1 since they
are based on updated algorithms for Rayleigh scattering
and ozone and nitrogen dioxide absorption. However, as
the influence of these processes on total attenuation is
relatively minor, and in the interests of continuity and
consistency with our earlier analyses (Power et al., 2006),
we used Version 1 aerosol data in our current work.
For our meteorological analyses, we used 850-hPa
geopotential heights to approximate lower tropospheric
flow. Several previous air pollution studies have analyzed
this level (e.g., Comrie, 1996; Ellis et al., 2000). As it
lies within the planetary boundary layer of many higher
elevation sites, the classification was performed only on
the eastern and central parts of North America. From the
NCEP/NCAR reanalysis data set (Kalnay et al., 1996) of
reconstructed gridded historical atmospheric data, 1200
UTC observations of 850-hPa geopotential heights for the
1992–2003 period were retrieved for the area between
70 ° W and 105 ° W longitude, and 25° N to 50° N latitude.
Gridded data are available at a resolution of 2.5° latitude
by 2.5° longitude, resulting in a total of 165 data points
within the region of interest.

Figure 1. Locations of aerosol monitoring sites used in this study. Site numbers correspond to Table I. This figure is available in colour online
at www.interscience.wiley.com/ijoc
Copyright  2007 Royal Meteorological Society
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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. Elevation (m ASL), mean annual values of τa and α, and site characteristics,
pertain to the aerosol monitoring location. Site number corresponds to Figure 1.
No.

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27

Monitoring
site

Albany
Bluefield
Bondville
Bratts Lake
CART (Aeronet)
CART (MFR)
CARTEL
Chequamegon
COVE
Egbert
GSFC
HJ Andrews
Howland
Ithaca
Maricopa
MD Science Center
Oak Ridge
Oxford
Rimrock
Rogers Dry Lake
San Nicholas
Saturna Island
SERC
Sevilleta
Stennis
Tucson
University Park

Nearest
locality

Albany, NY
Bluefield, WV
Bondville, IL
Wilcox, SK
Lamont, OK
Lamont, OK
Sherbrooke, PQ
Park Falls, WI
Hampton, VA
Egbert, ON
Greenbelt, MD
Blue River, OR
Orono, ME
Ithaca, NY
Maricopa, AZ
Baltimore, MD
Oak Ridge, TN
Oxford, OH
Genesse, ID
Edwards, CA
San Nicholas I., CA
Saturna Island, BC
Edgewater, MD
Sevilleta, NM
Stennis, MS
Tucson, AZ
University Park, PA

Network

M
M
AM
A
A
M
A
A
A
A
A
A
AM
M
A
A
M
M
A
A
A
A
A
A
A
A
M

The SSC weather-type classification utilized in the supplemental research was obtained from the SSC website
(http://sheridan.geog.kent.edu/ssc.html). As the SSC is
only available for first-order weather stations, the nearest such station for each aerosol site was obtained. More
information on the SSC can be found in Power et al.
(2006) and Sheridan (2002).
3.

Methods

3.1. 850-hPa atmospheric flow classification
We used PCA and a clustering algorithm to classify the
low-level flow of the atmosphere into discrete categories,
which were then used to explain aerosol variability.
The 850-hPa data described above were first normalized,
utilizing mean monthly values over the period of analysis,
in order to ensure a variety of flow types throughout
the year. Because geopotential-height data are highly
collinear, we then performed an S-mode unrotated PCA
on these normalized 850-hPa geopotential heights. All
components with eigenvalues over 1 were retained. This
procedure was employed to reduce the data to fewer,
transformed variables that capture the most significant
component of variability in the observations.
Copyright  2007 Royal Meteorological Society

Elevation

85
823
212
586
315
315
300
515
37
264
50
830
100
503
360
15
380
285
824
680
133
200
10
1477
20
779
375

Period of
record
Start

End

1992
1992
1992
1999
1996
1992
1995
1999
1999
1999
1995
1995
1992
1992
2000
1999
1992
1992
2000
2000
1998
1999
1994
1994
2000
1993
1992

2002
2001
2002
2002
2002
2003
2003
2001
2003
2003
2002
2003
2003
1995
2003
2003
1997
1995
2003
2003
2003
2002
2002
2003
2002
2001
2001

τa

α

0.16
0.17
0.2
0.09
0.12
0.17
0.15
0.13
0.22
0.15
0.24
0.08
0.13
0.18
0.1
0.24
0.19
0.21
0.11
0.09
0.08
0.08
0.32
0.08
0.22
0.08
0.19

1.41
1.1
0.96
1.37
1.11
1.38
1.5
1.22
1.62
1.82
1.7
1.58
1.68
0.69
1.16
1.79
1.04
1.01
1.33
1.13
1.21
1.48
1.72
1.37
1.54
1.04
1.11

Site characteristic

Urban
Urban
Non-urban
Non-urban
Non-urban
Non-urban
Urban
Non-urban
Non-urban
Non-urban
Urban
Non-urban
Non-urban
Non-urban
Non-urban
Urban
Urban
Non-urban
Non-urban
Nonurban
Non-urban
Non-urban
Non-urban
Non-urban
Non-urban
Urban
Non-urban

Following this reduction into principal components,
we used Ward’s clustering algorithm (Ward, 1963) to
aggregate individual days into groups and sub-groups
with similar patterns. These groups represent different
modes of atmospheric circulation across central and
eastern North America that we subsequently used in our
analysis. Similar methods have been used successfully
in analyses of air pollution transport across diverse
climates including the southwestern United States (Davis
and Gay, 1993; Comrie, 1996), Birmingham, England
(McGregor and Bamzelis, 1995), and Moscow, Russia
(Shahgedanova et al., 1998).
In contrast with our previous work, which focused on
SSC weather-type classifications that may be different at
each station on a particular day, we note that this 850hPa flow type classification is for the entire study region;
thus, there is only one flow type on a particular day for
the entire region of analysis.
3.2. Mean response and cluster analysis of τa and α
As with our previous research, analysis began with the
calculation of mean values of τa5 and α. For each
site, statistics was calculated for each of the 850-hPa
Int. J. Climatol. (2007)
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flow types, for the year as a whole, as well as seasonally (defined meteorologically, e.g. winter as December,
January, and February). To assess the appropriateness
of stratifying days via flow type, we utilized the nonparametric Kruskal-Wallis H test to compare the similarity of the distributions of both τa5 and α across all types.
Each of the four seasons was evaluated separately.
To evaluate the spatial cohesiveness of the individual
site analyses, we performed two cluster analyses similar
to those performed in our previous work, one each for
τa and α. For each site, the mean response of τa and α
was obtained for each flow type for each season, creating a total of 36 values. To mitigate multi-collinearity
among these variables, the 36 were reduced utilizing
unrotated PCA. Again, all components with eigenvalues
over 1 were retained. To maintain consistency with our
previous work, we then clustered the stations utilizing kmeans cluster analysis (Yarnal, 1993), a non-hierarchical,
iterative procedure.
3.3.

Aerosol estimation algorithm

Although aerosol data from the AERONET and MFRSR
networks are very accurate (Harrison et al., 1994; Holben
et al., 1998; Michalsky et al., 2001), both the AERONET
and MFRSR instruments can only provide aerosol data
for clear sky periods. As a result, the aerosol records
from these networks are incomplete. At the AERONET

site at the Goddard Space Flight Center (GSFC) in
Greenbelt, Maryland, for example, cloudy conditions (or
instrument downtime) prevented sampling on 27–56%
of days annually during the period 1994–2002. This
undersampling means that aerosol climatologies derived
from the AERONET and MFRSR data may contain a
bias and therefore may not be truly representative.
We therefore utilized the climatologies that we have
developed in this research to estimate τa and α from
the SSC weather type and the 850-hPa flow type.
This algorithm could then be applied to days that are
classified into each respective type, but where aerosol
optical properties are unavailable due to cloud cover. To
assess the performance of our method, we evaluated our
estimates of τa and α for three stations, namely, Bondville
(a non-urban station in Bondville, Illinois), GSFC (an
urban station near Baltimore, Maryland), and Rogers
Dry Lake (a non-rban station in Edwards, California).
The predictions were made using a jackknife procedure
(Efron, 1987). Specifically, each year in the data set
was removed, and the mean values of τa and α were
calculated for each combination of season, SSC type, and
850-hPa flow type. This mean response was then used
to predict values on days when a similar combination
occurred in the year was removed from the data set.
To evaluate the robustness of the predictions, we
analyzed all cases, as well as cases for which a sample
size n > 9 was available. In ‘unique’ cases, that is, days

Figure 2. Mean standardized 850-hPa geopotential-height anomalies (z) associated with the 850-hPa flow types identified in this research.
Copyright  2007 Royal Meteorological Society
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that were of a combination of season/SSC type/flow type
that did not recur in any other year, τa and α could not be
predicted and therefore were excluded from all analysis.

4.

Results and discussion

4.1. 850-hPa flow type patterns
Cluster analysis on the 850-hPa height values yielded 9
flow types. The standardized height anomalies of all types
are depicted in Figure 2. The frequencies are markedly
similar across seasons due to the standardization procedures utilized (Table II). These types include:
(1) Warm Zonal Flow. This type is associated with
positive geopotential-height anomalies (suggesting
warmer than normal conditions) throughout the
region, with a maximum centered over Lake Superior. This suggests a weak latitudinal gradient and
light winds.
(2) Plains Trough. This weather type is associated with
below-normal heights, and likely a trough, in the
upper and central plains, with a ridge of abovenormal heights off of the eastern seaboard. This flow
type suggests an anomalous northerly flow and cold
air advection in the plains, southerly flow in the east,
with a likely frontal boundary across the midwestern
United States.
(3) Southern Rockies Ridge. This weather type is
associated with above-normal heights and warm
air advection in the southern Rockies, and with
below-normal heights in eastern Canada, suggesting
increased northerly flow over the northeastern stations.
(4) Eastern Trough. A deep trough centered over the
eastern Great Lakes is associated with well belownormal heights (and thus much cooler than normal
conditions) from Quebec to the Gulf Coast.
(5) Eastern Ridge. Similar to Type 2, except that the
above-normal heights over the eastern portion of the
study region are of a greater absolute magnitude than
the below-normal heights over the plains and the
eastern Rockies. This flow type would also suggest
a boundary across the plains states, though likely to
the west of its mean location in Type 2.
Table II. Mean frequency of the nine 850-hPa flow types
(1992–2003), expressed as a percentage of total days, stratified
by season.
Season

Winter
Spring
Summer
Autumn
Annual

1
2
3
4
5
(%) (%) (%) (%) (%)

6
(%)

11.7
13.0
14.1
13.3
13.0

14.7 11.0 10.3 9.9
14.3 9.5 11.1 8.9
15.0 8.5 11.8 9.2
14.6 9.3 11.9 8.4
14.7 9.6 11.3 9.1

12.5
13.8
13.9
13.2
13.4

7.1
7.9
7.2
6.9
7.3

16.7
14.2
13.0
15.2
14.8

Copyright  2007 Royal Meteorological Society

Comparisons between the 850-hPa flow type and the
SSC weather type for a particular location are of interest.
An example for GSFC near Baltimore, Maryland, is
presented in Table III. There is a clear relationship
between these two classification systems; for example,
of all flow type 7 days, with its broad eastern trough and
anomalous northerly flow, 57% of days are classified as
either DP or Moist Polar. Conversely, Type 5 (Eastern
Ridge) would be associated with a strong southerly or
southwesterly flow, and is correlated with weather types
originating out of the Gulf of Mexico (Moist Moderate
and Moist Tropical) and the central plains (Dry Moderate
and Dry Tropical). It should be noted, however, that as
the 850-hPa flow type is based on much of the North
American continent, the SSC is based on one station’s
surface weather, and thus it is rare that one surface
type correlates largely with one 850-hPa flow type. This
is particularly true with the ‘in-between’ weather type
of Dry Moderate (Sheridan, 2003), that can clearly be
associated with a number of different flow types, thus
suggesting the utility of employing both measures in
evaluating aerosol variability.

Table III. Cross-correlation of the number of days categorized
in each of the nine 850-hPa flow types and the seven SSC
surface weather types, for GSFC, for spring 1992–2003.
SSC
type

850-hPa flow type

6.1
7.3
7.1
7.2
6.9

(6) Weak Trough. This is the least anomalous of the
nine types. Virtually the entire region is within 0.5
standard deviations of the mean height, suggesting
meteorological conditions are near normal. A weak
center of below-normal heights over the western
Great Lakes is observed.
(7) Positive PNA pattern. This pattern of anomalous
above-normal heights across the Rockies, along with
below-normal heights over the southeast, is typical
of the Pacific North American teleconnection pattern
(Wallace and Gutzler, 1981), with a broad western
ridge and a broad eastern trough.
(8) Warm. The entire region is underneath above-normal
heights, suggesting warmer than normal conditions
and southerly or stagnant flow.
(9) Cold Zonal. Much of the region is below-normal,
with greater anomalies farther south, once again
suggesting weaker latitudinal temperature gradient
and thus weaker flow.

7
(%)

8
9
(%) (%)

Dry moderate
Dry polar
Dry tropical
Moist moderate
Moist polar
Moist tropical
Transition

850-hPa flow type
1

2

3

4

5

6

7

8

9

30
38
4
23
26
8
13

16
8
10
13
9
20
5

37
43
8
5
14
10
32

23
16
1
11
9
8
9

29
23
23
28
8
29
15

42
21
14
13
17
29
18

20
28
1
7
29
2
13

26
32
11
13
14
14
13

28
16
1
23
15
12
2
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Figure 3. Clusters of sites with similar 850-hPa flow type and season means of τa . This figure is available in colour online at
www.interscience.wiley.com/ijoc

Figure 4. Mean values of τa by season and flow type for each of the five clusters. This figure is available in colour online at
www.interscience.wiley.com/ijoc
Copyright  2007 Royal Meteorological Society
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Table IV. Results of the jackknife procedure for each of the three stations. For each subset, r is the coefficient of correlation,
MAE is the mean absolute error of prediction, and Mean is the mean value of τa or α, respectively. ‘All’ refers to all predictions;
‘n > 9’ refers to predictions made only when the available sample size is at least 10.
τα
Annual

All

n > 10

All

n > 10

All

n > 10

α

Winter

Spring

Summer

Autumn

Annual

Winter

Spring

Summer

Autumn

r
MAE
Mean
MAE/Mean
r
MAE
Mean
MAE/Mean

Bondville, IL
0.453 −0.048
0.113
0.066
0.229
0.127
0.49
0.52
0.542 −0.091
0.102
0.058
0.223
0.124
0.46
0.47

0.304
0.099
0.222
0.45
0.184
0.077
0.196
0.39

0.301
0.157
0.323
0.49
0.309
0.167
0.355
0.47

0.385
0.113
0.200
0.57
0.411
0.086
0.169
0.51

0.158
0.405
1.262
–
0.193
1.251
0.385
–

−0.021
0.438
1.070
–
−0.082
0.420
1.055
–

−0.115
0.379
1.188
–
−0.234
0.375
1.199
–

−0.080
0.373
1.444
–
−0.092
0.336
1.448
–

0.152
0.445
1.262
–
0.138
0.428
1.216
–

r
MAE
Mean
MAE/Mean
r
MAE
Mean
MAE/Mean

Rogers dry lake, CA
0.359 −0.036
0.138
0.038
0.021
0.040
0.089
0.047
0.105
0.43
0.45
0.38
0.366 −0.077 −0.155
0.037
0.020
0.035
0.094
0.044
0.103
0.39
0.45
0.34

−0.055
0.048
0.115
0.42
−0.027
0.047
0.114
0.41

0.003
0.038
0.078
0.49
0.052
0.033
0.083
0.40

0.122
0.269
1.120
–
0.227
0.246
1.155
–

0.020
0.274
1.066
–
−0.077
0.249
1.121
–

−0.200
0.281
0.984
–
−0.213
0.217
0.974
–

−0.043
0.260
1.246
–
0.001
0.259
1.234
–

−0.117
0.264
1.170
–
0.241
0.247
1.211
–

r
MAE
Mean
MAE/Mean
r
MAE
Mean
MAE/Mean

GSFC, MD
0.635
0.281
0.117
0.043
0.245
0.095
0.48
0.45
0.696
0.129
0.107
0.035
0.244
0.086
0.44
0.41

0.382
0.208
0.436
0.48
0.348
0.211
0.467
0.45

0.493
0.095
0.175
0.54
0.585
0.075
0.155
0.48

0.172
0.265
1.707
–
0.319
0.225
1.720
–

0.025
0.290
1.771
–
0.045
0.221
1.801
–

−0.005
0.300
1.490
–
−0.005
0.271
1.530
–

0.145
0.229
1.763
–
0.177
0.208
1.766
–

0.021
0.253
1.784
–
0.055
0.207
1.784
–

0.379
0.088
0.204
0.43
0.487
0.063
0.175
0.36

4.2. Spectral aerosol optical depth (τa )
Cluster analysis of the seasonal/weather-type values of
τa yielded five clusters (Figure 3). These clusters are
generally geographically homogeneous. Cluster 1 (’Western’), contains all nine stations located west of 105 ° W
(Figure 4). This cluster is quite similar in composition
to the Cluster 1 defined in our previous research for
the SSC (Power et al., 2006), with similar characteristics – little variability is observed across flow types, with
mean values of τa higher across all types in spring and
summer than in autumn and winter. As most of these
stations are west of the primary region for which the flow
types were developed, the lack of a correlation is not surprising. However, as the patterns across the eastern and
central parts of North America are certainly correlated
with those in the west, this suggests further that the variability in weather conditions plays a relatively minor role
at most of these rural weather stations where local sources
are remote (US EPA 2004).
Cluster 2, ‘Industrial’, is similar in extent to the Cluster
2 found in our previous research utilizing the SSC. In
contrast to our previous work, there is no statistically
significant difference in τa observed across the 850hPa flow types in the winter. For the remainder of the
Copyright  2007 Royal Meteorological Society

year, statistically significant differences (p < 0.01) are
observed across the flow types, with Types 1, 2, 5, 8, and
9 generally higher than the others. Types 2 and 5 both
suggest broad southerly low-level flow across this region,
whereas Types 1, 8, and 9 suggest largely stagnant flow
and thus relatively minimal low-level transport. Types 3,
4, and 7 – generally suggestive of below-normal heights
and anomalous northerly flow – are associated with lower
values of τa . Other weather types are associated with
more ambiguous responses that vary from station to
station, and it should be noted that when stratifying by
the 850-hPa type, the absolute difference in means from
type to type is only around half of the difference in means
noted when stratifying by the SSC type.
Cluster 3, ‘Eastern Periphery’ is similar to the Cluster
3 of our previous research in that it is comprised of
stations surrounding Cluster 2, although in this case it
represents different stations, with an arc of six stations
extending from Oklahoma north to Wisconsin and then
east to Maine. The most significant commonality across
these stations is the overall weak response in values of τa
to 850-hPa flow type. During the winter, flow Type 2 is
statistically and significantly higher than all others, and
would be associated with strong southerly flow at most
stations, although somewhat similar flow types (e.g. Type
Int. J. Climatol. (2007)
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5) are not associated with elevated values of τa at any site.
During spring and autumn, Types 8 and 9, respectively,
have higher mean values of τa than all other flow types,
though once again similar patterns in these respective
seasons do not elicit the same response.
Clusters 4 and 5 contain only 3 and 2 stations, respectively. Together these clusters include the metropolitan – Washington, DC stations along with sites along
the Atlantic and Gulf coasts. Variability across flow type
is significant with both clusters, particularly in summer,
when very high mean τa values are observed with the two
Cluster 5 stations on Type 2, 5, and 8 days, all of which
are associated again with stagnant or southerly flow conditions in Metropolitan Washington, DC.
4.3. Ångström’s wavelength exponent (α)
As with our previous research, the variability in α is considerably less evident than variability in τa . Five cluster
types are identified, though only three contain more than
one station (Figure 5). Means for these three clusters
suggest that the similarities are in the seasonal patterns
of α, without regard to flow type (Figure 6). Cluster 1,
which contains more than half of all sites analyzed, has
relatively large particle sizes (and hence low α) the yearround. On the whole, statistically significant differences
are found only during summer. Though some individual
stations show statistically significant differences across
flow type during other seasons, the patterns are not consistent from station to station.
Cluster 2, which contains all stations in the metropolitan Washington DC area, as well as Stennis, Mississippi and Sherbrooke, Quebec, is associated with
relatively smaller aerosol particles, and thus larger α.

Smaller aerosols are typical of urban environments. The
fact that three of the six stations in Cluster 2 are
classified as non-urban (Table I) suggests urban aerosols
are being transported to the non-urban sites. Further,
while statistically significant differences are observed
in all seasons except summer, due to the large spatial
extent of the stations, and the inconsistency from season
to season, it is difficult to infer any practical significance.
Cluster 3, as with Cluster 2, seems to have been
largely aggregated because of its seasonal variability,
with relatively low α values in winter and spring, similar
to Cluster 1, but high α values in summer, similar to
Cluster 2, and values midway between during autumn.
There are statistically significant differences across flow
types in all seasons. However, the pattern once again does
not lend itself to meaningful conclusion. For instance,
Type 4 is associated with the lowest α values by far in
winter and spring, but the highest values in autumn.
4.4. Aerosol estimation based on SSC and 850-hPa
types
Three stations within different climate regimes were
chosen for further analysis to assess the utility of using
SSC surface weather type as well as 850-hPa flow type
in predicting aerosol properties τa and α (Table IV). For
τa , there is a statistically significant correlation (p < .01)
between predicted values and observed values at all three
sites when all days are considered, with r values ranging from 0.359 at Rogers Dry Lake to 0.636 at GSFC.
The ratio of the mean absolute error (MAE) to the mean
is similar at all sites, ranging from 0.43 to 0.49. These
annual correlations include separate predictions for each

Figure 5. Clusters of sites with similar 850-hPa flow type and season mean values of α. This figure is available in colour online at
www.interscience.wiley.com/ijoc
Copyright  2007 Royal Meteorological Society
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Figure 6. Mean values of α by season and flow type for each of the three large clusters. This figure is available in colour online at
www.interscience.wiley.com/ijoc

season; the importance of the seasonal cycle can be
seen in the higher correlation coefficient with the annual
record than with any particular season. Evaluating only
those days for which the predictive sample is at least 10,
marginally improves r and decreases MAE at all sites.
When looking at individual seasons, there is a clear
improvement of the predictions especially, in summer
as well as the transitional seasons, when compared with
winter. At GSFC and Bondville, statistically significant
correlations are present during all seasons except for
winter. At both sites, during spring the MAE/Mean ratio
is at its least. Visual analysis of scatterplots suggests
that at both of these sites, there are several significant
high-pollution days in the summertime (where τa > 1)
that skew the results to being less favorable during that
season. At Rogers Dry Lake, it is evident that seasonal
predictions are not feasible with this methodology, as
the correlation between the predicted and observed is
negative.
In comparison, with α, results show little utility in
attempting to predict values based on SSC or 850-hPa
flow type. Results are only significant when all seasons
are aggregated, suggesting that aside from the season
Copyright  2007 Royal Meteorological Society

cycle, there is no consistent relationship between α and
surface or lower-level atmospheric conditions.

5.

Conclusions

We have continued our analysis on the spatial variability
of two aerosol variables, the spectral aerosol optical depth
(τa ) and Ångström’s wavelength exponent (α), across
27 North American stations. In this research, variability
across nine lower-level flow types (defined according to
850-hPa geopotential heights, normalized by month of
year) was assessed. Once again, much more significant
results have been found with τa than with α, as well
as across eastern stations rather than western stations.
Flow types associated with positive height anomalies,
and greater southerly flow, are generally associated with
increased τa levels during warmer times of the year,
with weaker relationships during the winter. Though
these flow types were developed specifically for this
region, with worldwide coverage of NCEP reanalysis
data, the automated PCA and cluster analysis can readily
be performed for other regions.
Int. J. Climatol. (2007)
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We utilized the SSC and the 850-hPa flow types
through jackknifing to predict τa and α at three stations.
Similar to our other results, predictions were better at
the two eastern sites than the western site, and during
all seasons except winter. Estimates of τa should thus
incorporate an evaluation of lower-level atmospheric
flow, as well as in situ conditions at the surface. Further,
while there was some success in predicting τa , there was
little success in predicting α, suggesting that both large
scale lower-level circulation patterns (850-hPa flow type)
and in situ weather characteristics SSC are not useful
predictors of α.
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2003. A new method to study aerosol source contributions along
the tracks of air parcels and its application to the near-ground level
aerosol chemical composition in central Europe. Aerosol Science 34:
1–25.
Lupu A, Maenhaut W. 2002. Application and comparison of two
statistical trajectory techniques for identification of source regions
of atmospheric aerosol species. Atmospheric Environment 36:
5607–5618.
McGregor GR, Bamzelis D. 1995. Synoptic typing and its application
to the investigation of weather air-pollution relationships,
Birmingham, United Kingdom. Theoretical and Applied Climatology
51(4): 223–236.
Michalsky JJ, Schlemmer JA, Berkheiser WE, Berndt JL, Harrison LC, Laulainen NS, Larson NR, Barnard JC. 2001. Multiyear
measurements of aerosol optical depth in the atmospheric radiation
measurement and quantitative links programs. Journal of Geophysical Research 106(D11): 12099–12107.
Pinker RT, Ferrare RA, Karnieli A, Aro TO, Kaufman YJ, Zangvil A.
1997. Aerosol optical depths in a semiarid region. Journal of
Geophysical Research 102(D10): 11,123–11,137.
Power HC. 2003. The geography and climatology of aerosols. Progress
in Physical Geography 27(4): 502–547.
Power HC, Sheridan SC, Senkbeil JC. 2006. Synoptic climatological
influences on the spatial and temporal variability of aerosols over
North America. International Journal of Climatology 26: 723–741.
Shahgedanova M, Burt TP, Davies TD. 1998. Synoptic climatology of
air pollution in Moscow. Theoretical and Applied Climatology 61(1
- 2): 85–102.
Sheridan SC. 2002. The redevelopment of a weather-type classification
scheme for North America. International Journal of Climatology 22:
51–68.
Sheridan SC. 2003. North American weather-type frequencies and
teleconnections. International Journal of Climatology 23: 27–45.
Smirnov A, Royer A, O’Neill NT, Tarussov A. 1994. A study
of the link between synoptic air mass type and atmospheric
optical parameters. Journal of Geophysical Research 99(D10):
20967–20982.
Smirnov A, Villevalde Y, O’Neill NT, Royer A, Tarussov A. 1995.
Aerosol optical depth over the oceans: analysis in terms of
synoptic air mass types. Journal of Geophysical Research 100(D8):
16639–16650.
Smirnov A, O’Neill NT, Royer A, Tarussov A, McArthur B. 1996.
Aerosol optical depth over Canada and the link with synoptic
air mass types. Journal of Geophysical Research 101(D14):
19299–19318.
Smirnov A, Holben BN, Dubovik O, O’Neill NT, Remer LA, Eck TF,
Slutsker I, Savoie D. 2000. Measurement of atmospheric optical
Int. J. Climatol. (2007)
DOI: 10.1002/joc

AEROSOLS AND LOWER TROPOSPHERIC FLOW
parameters on U.S. Atlantic coast sites, ships, and Bermuda during
TARFOX. Journal of Geophysical Research 105(D8): 9887–9901.
United States Environmental Protection Agency. 2004. The Particle
Pollution Report: Current Understanding of Air Quality and
Emissions Through 2003 . U.S. EPA Office of Air Quality Planning
and Standards. EPA Publication No. 454-R-04-002.
Wallace JM, Gutzler DS. 1981. Teleconnections in the geopotential
height field during the Northern Hemisphere winter. Monthly
Weather Review 109: 784–812.

Copyright  2007 Royal Meteorological Society

Ward JJ. 1963. Hierarchical grouping to optimize an objective function.
Journal of the American Statistical Association 58: 236–244.
Yarnal B. 1993. Synoptic Climatology in Environmental Analysis.
Belhaven Press: London; 192.

Int. J. Climatol. (2007)
DOI: 10.1002/joc

