Atmospheric Environment 35 (2001) 1053}1068

Climatological features of regional surface air quality from
the Atmospheric Integrated Research Monitoring Network
(AIRMoN) in the USA
B.B. Hicks *, T.P. Meyers, R.P. Hosker Jr., R.S. Artz
Air Resources Laboratory, NOAA, 1315 East West Highway, Silver Spring, MD 20910, USA
Atmospheric Turbulence and Diwusion Division, NOAA/ARL, 456 South Illinois Avenue, Oak Ridge, TN 37830, USA
Received 17 February 2000; received in revised form 25 May 2000; accepted 8 June 2000

Abstract
The Atmospheric Integrated Research and Monitoring Network (AIRMoN) of NOAA is a research program aimed at
developing and implementing improved dry and wet deposition monitoring methodologies. For dry deposition, the array
is built on the basis of air-surface exchange research stations, originally set up as the `CORE/Satellite Dry Deposition
Inferential Methoda array under the National Acid Precipitation Assessment Program (NAPAP). For wet deposition,
the program is founded on the Multistate Atmospheric Power Production Pollution Study (MAP3S), previously
operated by the Department of Energy but now continuing under NOAA sponsorship. AIRMoN-wet is a research
subnetwork of the National Atmospheric Deposition Program. In general, AIRMoN sites are located (a) in locations
where changes should be most easily detected, (b) at sites where experienced and interested operators are already on
hand, and (c) so that research opportunities (such as may result from collocation with other activities) can be maximized.
The present analysis concerns the air chemistry data collected as part of the AIRMoN-dry activity. Sulfur data indicate
a slow downward trend in air concentrations, at the rate of 3}4% yr\ over the last 15 yr, doubtlessly partially
attributable to the emissions reductions mandated by the Clean Air Act Amendments of 1990. For the same period, nitric
acid vapor concentrations in air indicate a slight increase rather than the decrease seen for sulfur. Published by Elsevier
Science Ltd.
Keywords: Air quality; Trends; AIRMoN; Dry deposition

1. Introduction
The Atmospheric Integrated Research Monitoring
Network of NOAA (AIRMoN } see http://www.arl.
noaa.gov/research) is designed to explore methods for
improving monitoring methods for both wet and dry
deposition, with the provision of total deposition values
as a "nal product. AIRMoN consolidates two previously
existing deposition research networks (the MAP3S precipitation chemistry network and the CORE/satellite dry
deposition inferential network } see Hales et al., 1987;
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Hicks et al., 1990; Meyers et al., 1991) in a new monitoring activity to which online modeling and analysis are
now appended. AIRMoN is designed to focus on wet
deposition, dry deposition (and, of necessity, associated
precipitation and air chemistry), and real-time analysis.
AIRMoN presently has about 20 sites, mainly in the
eastern USA (see Fig. 1). Inspection of the diagram reveals immediately that maintenance of historic stations
is not necessarily a dominant theme of AIRMoN. However, the few original stations from which the current
con"guration grew remain operational and will continue
to be the focus of trend studies such as the study presented here.
It should be noted that AIRMoN is closely coupled
with the two other major deposition monitoring
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Fig. 1. The geographic distribution of AIRMoN sites, showing the periods of operation at each. Sites currently no longer in operation
are clearly marked.

activities of the continental USA } the National Atmospheric Deposition Program (NADP, see Lynch et al.,
1995) and the EPA Clean Air Status and Trends Network (CASTNet, Holland et al., 1999). NADP is a collaborative program of e!ects carried out by researchers
and atmospheric scientists who operate stations (more
than 200) measuring wet deposition of major atmospheric pollutants with weekly resolution. In contrast,
AIRMoN-wet operates a much smaller array of sites
(presently nine) with daily resolution, as required by the
meteorological models with which data are interpreted.
AIRMoN-wet operates as a research sub-network of
NADP. Somewhat similarly, AIRMoN-dry augments
CASTNet. In brief, CASTNet is mainly designed to assess changes in regional dry deposition that might a!ect
ecosystems. CASTNet operates about 50 stations where
dry deposition rates are inferred from weekly air concentration measurements coupled with detailed data on atmospheric and surface variables a!ecting the appropriate
deposition velocity. The CASTNet array is designed on
a statistical basis, to provide spatial representativity and
landscape coverage. In contrast, AIRMoN-dry operates
stations (presently 13) at sites where there is special
interest in determining the response of the atmosphere to
emissions changes, with a few sites where much "ner air
quality (and hence dry deposition) time resolution is
provided.

2. Network design
The AIRMoN network (Fig. 1) has evolved in response
to several competing forces: "rst, the need for site-speci"c
atmospheric deposition data to address issues of sensitive
ecosystems; second, the presence of existing expertise to
guarantee high-quality measurements; third, the need to
minimize cost; and fourth the desire to collocate with
other activities, to maximize research opportunities.
Note that other networks tend to avoid sampling in areas
close to major human activity. In direct contrast, some of
the AIRMoN sites are purposefully located in urban
areas; the intention is to learn how to make representative measurements in all areas, not only those outside the
region of direct human in#uence. A common comment
concerning monitoring in urban areas is that many sites
are necessary to produce a `representativea value. This is
acknowledged, however, it is not the primary goal of the
AIRMoN program to assess regional or metropolitan air
quality, nor to quantify areal deposition by direct
measurement of some kind. Rather, it is the main goal to
develop better methods for measuring deposition for all
locations, both on a site-speci"c basis and as an indicator
of regions, and to relate trends in deposition to changes
in emissions from speci"c sources.
AIRMoN sites are generally located to avoid dominance by emissions from local sources (i.e. sources
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su$ciently close that pollution roses can clearly identify
them). Detailed site selection criteria are outlined in AIRMoN programmatic documentation (available from the
Atmospheric Turbulence and Di!usion Division of the
NOAA Air Resources Laboratory, Oak Ridge, TN
37830). In brief, for AIRMoN-wet sites, the collection
area should be away from the in#uence of nearby trees or
adjacent tall buildings, and outside the region of in#uence of windblown dust and particles from local tra$c.
For AIRMoN-dry sites, the collection area should be as
horizontally homogeneous as possible, for at least 500 m
in most directions from the sampling site. All possible
e!orts are made to select sites where there are already
monitoring activities under way } as multidisciplinary as
possible. The precise locations of the AIRMoN-dry sites
are given later (as part of Table 2).

3. Monitoring in AIRMoN-dry
Dry deposition is controlled by local factors, primarily
the concentration in air near the ground of the particular
chemical species, atmospheric turbulence, and the
characteristics of the landscape. The methodology
on which estimates of dry deposition are based requires
measurement of air concentrations of the atmospheric
trace quantities of major interest } sulfur dioxide,
sulfate particles, and nitric acid vapor. It is not the
present intention to address the dry deposition results
derived from AIRMoN-dry, but instead to look carefully
at the air quality measurements on which the program
relies. The dry deposition results will be discussed elsewhere.
The standard sampling protocol of AIRMoN-dry is
designed to permit changes to be made as required by
scienti"c advances. The initial intent was to parallel the
standard sampling protocol of NADP, with weekly
sampling starting and ending at 0900 (local time) on
Tuesdays. This has remained the standard of AIRMoNdry. However, it was appreciated at the outset that the
product of a weekly averaged deposition velocity and
weekly averaged concentration might not be an accurate
determination of the average weekly deposition rate. For
this reason, a subset of AIRMoN-dry sites deployed
routine, real-time pollution monitors, the results from
which formed a basis for evaluation of the "lterpack
measurements of AIRMoN-dry itself. This uncertainty
for SO was addressed by Meyers and Yuen (1987) and

Matt and Meyers (1993).
The chemical sampling system used in AIRMoN-dry
has been thoroughly described elsewhere (Hicks et al.,
1991). The system is essentially a "lterpack, with a leading Te#on "lter to collect particles, followed by a nylon
"lter to collect nitric acid vapor, and with a subsequent
cellulose "lter treated with potassium carbonate to collect SO . Before arriving at the "rst "lter, air passes
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through a 20 cm horizontal Te#on tube, designed to
impose a particle size cut-o! of about 5 lm. The tube is
heated slightly, to protect against the collection of liquid
water on the leading "lter and the subsequent collection
of sulfur dioxide on the "lter that is meant to be reporting
sulfate particles. The &23C elevation of temperature of
the sampled air stream certainly would cause some ammonium nitrate particles, if present, to dissociate and to
add to the apparent concentration of nitric acid vapor.
However, the 23C temperature elevation intentionally
imposed on the air stream is small in comparison to the
normal temperature cycle encountered over the course of
any day. It is clear, therefore, that measurement of particulate nitrate, especially when ammonium nitrate is present, remains a demanding task. Particulate nitrate and
ammonium values will not be reported here. The
measurements of HNO are possibly a!ected by dis
sociation of particulate nitrate, but the magnitude of this
is likely to be small in comparison to other sources of
error associated with HNO measurement. The largest of

these errors is that due to collection of nitric acid vapor
by the surface of the inlet tubing, for whose e!ect a correction of #25% has been applied to all nitric acid
vapor measurements reported here (see Hicks et al., 1991;
also below). There is no evidence that this correction is
time dependent, although clearly the amount of HNO

removed during passage of air through the sampling tube
must be expected to depend on many external variables.
The correction factor of 25% is acknowledged to be
little more than an average value based upon available
data.
The results of an extensive test of the AIRMoN "lterpack system are summarized in Table 1. As mentioned
above, this sampler has two distinguishing features, each
intended to bypass problems thought to be limiting the
deployment of standard open-face "lterpack systems.
First, the system was designed with a simple method to
eliminate very large particles from the sampling system
} a settling tube designed so that particles larger than
about 5 lm diameter would fall from the air stream
during its passage. The elimination of large particles was
thought necessary because these deposit under the in#uence of gravity, a process not well addressed by the dry
deposition methodologies adopted in this network.
Moreover, such larger particles are dominated by material from local sources, often resuspension, and are therefore not a component of the transport and deposition
phenomenon that the network was intended to address.
The settling tube, or `elutriatora, also served as a basis
for imposing a small amount of heat onto the sampled
air, this being the pragmatic response to the second
perceived problem } that the "lterpack elements would
saturate and perhaps liquify in conditions of high humidity. In this regard, operation in the moist environments of
the southeastern USA was recognized to be a demanding
challenge, and consequently options to minimize the
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Table 1
Results of "eld tests of the AIRMoN-dry chemical sampler,
a multi-stage "lterpack operated over one-week periods. Tests of
the e!ect of the elutriator and the heating system were performed. Values quoted are the averages and standard errors of
the ratios of concentration reported using di!erent systems,
identical but for the characteristics noted. Studies were carried
out at Oak Ridge, Tennessee. Particulate species are indicated
by (p). The results emphasized (bold) are those with greatest
statistical signi"cance

SO

HNO

SO\(p)

NO\(p)

NH>(p)


Elutriator

Heater

Both

No elutriator

No heater

Neither

1.01$0.02
0.92ⴞ0.04
1.14$0.13
1.11$0.24
1.13$0.09

0.92ⴞ0.03
0.81ⴞ0.05
0.97$0.02
0.54ⴞ0.08
1.01$0.02

0.96$0.03
0.81ⴞ0.16
1.07$0.09
0.75ⴞ0.19
1.08$0.06

Where does the heat-dissociated particulate nitrate go?
Clearly not to the nylon "lter (since the values do not support an
elevation of apparent HNO for the heated system). The data

show a marked increase in NO\ on the downstream doped

cellulose "lter; however, heated/unheated"2.06ⴞ0.60.

errors resulting from "lter liquefaction were sought. Raising the temperature of the air stream was seen as an
optimal solution, especially considering the fact (mentioned above) that the normal diurnal temperature cycle
is large in comparison to the arti"cial heating imposed.
In simple concept, however, temperature changes of any
kind must hinder the accurate collection of ammonium
nitrate particles.
Table 1 reveals that the loss of nitrate caused by the
heating of the sample does not cause an error in the
HNO observations. In fact, the HNO data show an


80% recovery when the sampler is operated in "eld
con"guration, precisely the same as the result of the
HNO intercomparison study conducted in 1987 in

California and reported by Hering et al. (1987). In
Table 1, it appears that the missing NO\ reappears as

an elevation of nitrate on the downstream "lter intended
to collect gaseous SO } a doped cellulose "lter.

The table also shows that the loss of NO\ from the

front particulate "lter is accompanied by a statistically
signi"cant (but numerically small) loss of SO . This

con"rms the expectation that the process involved is one
of displacement of NO\ from the particulate NH NO ,



generating the appearance of a larger particulate ammonium sulfate level than was actually present. In summary, the present SO data should be biased low by

a small amount, and the particulate sulfate should be
biased high correspondingly. Corrections for these e!ects
have not been applied, since the numerical values are
small.

4. Air concentration changes at AIRMoN trends sites
Data recovery in AIRMoN-dry is imperfect, with
some unavoidable interruptions due to instrumentation
malfunction, power disruption, etc. Moreover, weekto-week results tend to be highly scattered, largely due
to changes in the prevailing meteorological conditions.
The present goal is not to investigate the individual
weekly values, but to use these to extract information
related to time trends. Consequently, the raw data
have been smoothed with a "ve-week running mean.
When data are missing for either one or two weeks, the
missing data have been interpolated linearly. The basic
data are available at ftp://www.arl.noaa.gov/pub/AIRMoN/dry.
Figs. 2}5 show examples of the results of this process,
for the period from 1985 to 1998, for SO , particulate

SO\, total sulfur, and HNO , respectively. Here, con

centrations are in micrograms per cubic meter, for each
chemical species. There are strong annual cycles evident
in all of the records. The visual appearance of the records
is governed by the amplitude of the peaks; inspection
reveals that the minima do not show as much year-toyear variability as the maxima (although this is not
the case when plotted logarithmically). For many of the
stations, especially in the east, the early part of the
records indicates a slow but consistent increase in SO

level throughout the 1980s, followed by a period of variable concentrations through the early 1990s. The record
for 1995 generally shows concentrations much less than
for 1994, a factor that has been attributed elsewhere to an
indication of success of the emissions reductions mandated by the Clean Air Act Amendments of 1990. However, further analysis of the information now available
indicates that there is need to take random variability
and the seasonal variation of power demand into account. Analysis presented later will explore these points
further.
Fig. 6 shows average annual cycles rather than the
entire time records for each. The major features of the
records displayed for each of the long-term sites are
discussed below.
4.1. Argonne, Illinois (ANL)
Argonne is about 30 km southwest of Chicago, in an
area that is gradually changing from rural to urban.
The AIRMoN data show that a steady decline in SO

has been followed by a subsequent increase starting in
about 1996. This increase has caused some consternation. It appears to be real, since any sampling problem
would cause similar behavior in other measurements,
which is not apparent. Sulfate data, for example, do
not appear to deviate in the way evident for SO .

One interpretation is that the cause of the SO rise

in recent years is local to the Argonne site, which is
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Fig. 2. Long-term changes in SO concentration (in micrograms of SO per cubic meter of air) at the 10 sites of AIRMoN with the


longest records. ANL } Argonne, IL; BND } Bondville, IL; PSU } State College, PA; WPT } West Point, NY; HUN } Huntington
Forest, NY; WFM } Whiteface Mountain, NY; HOW } How land, ME; OKR } Oak Ridge, TN; PAN } Panola State Park, GA; SEQ
} Sequoia, CA. Data are presented as "ve-week running means.
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Fig. 3. As for Fig. 2, but showing particulate sulfate ((5 lm diameter).

surrounded by encroaching urbanization. Sulfate concentrations, being a more regional phenomenon, would
not be expected to show evidence of changes in local

emissions of SO . The total sulfur data, dominated by

SO , show a steady decrease until about 1995, when the

trend reversed.
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Fig. 4. As for Fig. 2, but showing total sulfur (gaseous plus particulate).
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Fig. 5. As for Fig. 2, but showing HNO .
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Fig. 6. Average annual cycles for sulfur as SO (squares), as SO\ (diamonds), and for total sulfur (triangles), and HNO (circles), for the



sites identi"ed in Fig. 2. Cycles are shown for each of the sites illustrated in the earlier "gures, plus for LDM } Lost Dutchman, AZ; PAW
} Pawnee Grasslands, CO; BUR } Burlington, VT; WYE } Wye, MD.

Nitric acid vapor data show no signi"cant time trend,
and a seasonality that appears poorly de"ned. The low
values of 1989/1990 seem suspicious, perhaps due to an
otherwise undetected sampling problem.
The average annual cycles display clear SO maxima

in the winter, and sulfate maxima in the summer. The
HNO data also show a clear annual cycle, with a peak


in March. Table 2 lists the approximate amplitude/average ratios for the annual cycles of all of these quantities,
for each station in the network.
4.2. Bondville, Illinois (BND)
Bondville, near Champaign-Urbana in east-central
Illinois, appears to have experienced very high SO levels
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Table 2
Average characteristics of observed annual cycles for SO , SO\, and HNO , from AIRMoN data collected at various sites, as



identi"ed in the text. The values listed are of the average concentration and coe$cient of variation (in parentheses) on the upper lines of
each entry, and the average peak monthly concentration and the month on which it occurs (in parentheses) on the lower line
} 1"January, 2"February, etc
Site

Latitude

Longitude

ANL

41.70

87.98

BND

40.05

88.37

PSU

40.79

77.95

WPT

41.35

74.05

HUN

44.98

74.25

WFM

44.39

73.86

HOW

45.17

68.77

OKR

35.96

84.29

PAN

33.63

84.18

SEQ

36.58

118.75

LDM

33.47

111.47

PAW

40.82

104.77

BUR

44.51

72.85

WYE

38.75

76.00

in the winter of 1991/1992. Very low levels were experienced in the early summer of 1993. Prior to 1993, there
seems to have been little change in the overall average
SO concentrations, maintaining a level of about

8 lg m\. The drop in the early 1990s seems to have been
followed by a gradual return to the historic level. The
SO\ data reveal little consistent trend with time.

The most recent values are about the same as those
a decade ago. The total sulfur concentrations are more
revealing, generally supporting the conclusions based on
the SO values. The upward trend since 1993 is quite

convincing.
The HNO values recorded for Bondville are the lar
gest seen by the AIRMoN network, perhaps because of
the intense agriculture of the region. With the exception
of a brief interruption in the early 1990s, HNO trends

have been consistently upwards. A hint of a recent turnaround needs more data to support it.
The average annual cycles for both ANL and BND are
of considerable interest for their similarity and their lack

SO

14.4
16.7
8.8
12.4
14.1
27.1
11.6
18.6
3.0
5.7
3.8
8.0
2.6
5.1
8.7
10.9
6.1
8.8
0.4
0.9
1.3
1.8
1.0
1.5
3.5
5.8
12.0
20.9

(14%)
(1)
(21%)
(12)
(41%)
(1)
(33%)
(1)
(51%)
(1)
(56%)
(1)
(50%)
(1)
(20%)
(3)
(27%)
(2)
(68%)
(7)
(22%)
(11)
(29%)
(12)
(46%)
(2)
(35%)
(1)

SO\


HNO


4.4
7.3
5.3
9.2
6.0
10.7
4.6
7.3
2.7
4.3
3.1
5.2
1.9
3.1
6.1
11.1
5.6
9.2
0.8
1.5
1.3
2.0
0.9
1.2
2.8
5.1
5.3
10.0

3.5
4.4
4.2
6.0
3.5
4.5
2.6
3.0
1.7
2.4
1.6
2.2
1.0
1.4
1.9
2.4
1.9
2.1
1.1
1.7
1.9
2.1
1.7
2.7
2.0
2.6
4.3
5.6

(48%)
(8)
(38%)
(7)
(43%)
(7)
(35%)
(8)
(33%)
(8)
(36%)
(7)
(41%)
(8)
(46%)
(8)
(41%)
(8)
(62%)
(7)
(31%)
(8)
(18%)
(2)
(38%)
(7)
(41%)
(7)

(23%)
(3)
(24%)
(2)
(16%)
(2)
(11%)
(4)
(20%)
(2)
(18%)
(2)
(19%)
(2)
(13%)
(3)
(9%)
(7)
(45%)
(7)
(8%)
(7)
(23%)
(2)
(16%)
(2)
(19%)
(4)

of a strong variation in total sulfur (the triangles in
Fig. 6). The HNO cycles are similar, but appear to peak

at di!erent times } as tabulated in Table 2.
4.3. State College, Pennsylvania (PSU)
The "eld site is at Rock Springs, about 10 km from
State College, on an experimental farm operated by the
Pennsylvania State University. Winter SO levels in
creased steadily through the late 1980s, reaching a peak
level in 1989/1990. Subsequent peaks were very early
in 1993, 1994, and 1997. The strong decrease in concentrations evident for 1995 and 1996 is possibly due to
emissions cutbacks associated with the Clean Air
Amendments of 1990. The SO\ data indicate that 1997

was a year of low sulfate levels due to a greatly reduced
summer peak. In general, the SO\ data display a sea
sonality greatly di!erent from that of SO . The total

sulfur data suggest some return to pre-1995 values after
a brief and relatively small decrease in 1995. More data
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are needed to tell whether the subsequent apparent trend
upwards is real.
HNO data indicate a consistent rise until about 1994,

followed by a slow decrease. It is possible that these data
are in#uenced by local farming practices; they might not
be regionally representative. Note the extremely large
seasonal variation in 1993, for reasons that have yet to be
uncovered.
The annual cycles displayed for PSU (Fig. 6) are
among the strongest and most consistent of the AIRMoN data. A double peak is found for total sulfur, as
expected on "rst principles: the demand for power is
greatest in the coldest and the hottest months. The sulfate
cycles demonstrate the strong seasonality imposed by air
chemistry; the conversion of SO to SO\ is most e$

cient in the hotter months.
4.4. West Point, New York (WPT)
Along with State College, West Point, on the Hudson
River in southern New York, would be expected to be
a strong bene"ciary of the emissions reductions mandated by the Clean Air Act Amendments of 1990. The
SO data show the same peak in the late 1980s and early

1990s as for other sites in the eastern USA, but with
a continuing gradual decline in concentrations since
then. Average concentrations are currently about half the
values of a decade ago. The average annual cycle shows
the characteristic secondary peak in summer, presumably
associated with demand for power for air conditioning.
This secondary peak is also evident in the total sulfur
cycle. The sulfate data are more scattered, but also display a downward trend over the last decade. As expected,
the phase of the seasonal cycle for sulfate di!ers substantially from that of SO . The total sulfur data reveal the

steady downward trend more clearly.
Nitric acid vapor data show no sign of a consistent
downward trend. If anything, the trend is slightly upwards. The nitric acid annual cycle is comparatively
small in amplitude.
4.5. Huntington Forest, New York (HTN)
The site is associated with a research activity of the
State University of New York, School of Environmental
Science and Forestry, near Newcomb, in the Adirondack
Forest Preserve of northern New York. The data record
does not commence until 1990. The sulfur data indicate
a slow decrease through the period of data; the nitrogen
data do not show an obvious decrease. The average
annual cycles display a very strong seasonality for sulfur
dioxide and sulfate, with the maxima in January and
August, respectively. The HNO annual cycle is reveal
ing, in that a secondary peak is evident, in November.
This is also the case for Whiteface Mountain (see below),
and there are hints of parallel behavior elsewhere.
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4.6. Whiteface Mountain, New York (WTF)
The site is on the lower slopes of Whiteface Mountain,
in the northern Adirondack Mountains of New York, not
at the summit. Data show the classical seasonal variation, with di!erent phases for the gaseous and particulate sulfur compounds. As a result, the seasonality of
total sulfur is damped, relative to that of either of its
constituent compounds.
Trends can be seen in all of the sulfur records. From
the perspective of the Clean Air Act Amendments emissions reductions that started slightly before 1995, the
Whiteface data show an immediate improvement in air
quality from the unusual peak of 1994. The reason for the
1994 anomaly remains uncertain, but could be associated
with unusual weather during that year. Note that the
HNO data also reveal an unusual 1994 pattern. Since

all the measured properties contain this feature, the possibility of equipment problems cannot be dismissed. The
total sulfur data show an uncharacteristic uniformity
after 1995.
The nitric acid data show a gradual decrease from
peak values attained in the early 1990s, except for the
1994 data (once again unusual).
The average annual cycles are consistent with those
elsewhere, with a strong summer peak in particulate
sulfur and a strong winter peak in SO .

4.7. Howland, Maine (HOW)
The site is some 50 km north of Orono, in a forested
region that is the focus of considerable research on airsurface interaction and forest ecology. The SO data

show a steady downward trend over the whole record,
with most of the change being in the magnitude of the
winter maxima. The SO\ data behave less convincingly.

The total sulfur record shows a consistent downward
trend.
Howland displays one of the lowest average HNO

levels (see averages given in Table 2). The average annual
cycles have the same broad characteristics of other sites
in the northeast, with winter peaks in SO , summer

peaks in SO\, and a more complicated behavior for

total sulfur and for HNO . In this case, the similarity

between the annual cycles of total sulfur and HNO is

quite striking. Inspection of the other data sets of Fig. 6
reveals that such similarity is not uncommon, but that it
might be obscured by the choices made in the ordinates.
4.8. Oak Ridge, Tennessee (OKR)
There are two sites operated at Oak Ridge, Tennessee,
one in a forest clearing and the other employing a tower
that protrudes through the forest. The present data are
from the clearing. The early data obtained at Oak Ridge
show signs of equipment problems as quality control
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programs were evolving and as protocols were being
re"ned. Since the early days of the program, however,
there are no clearly discernible trends in either SO or

SO\. The usual phase di!erence in the seasonalities of

SO and SO\ is clearly evident. It is intriguing that the


years of highest SO levels and SO\ do not correlate,


perhaps because years with cold winters are not the same
as those with hot summers. The total sulfur data clarify
the overall picture, with high concentrations in the late
1980s and the mid-1990s. The Oak Ridge SO\ data are

remarkable for the amplitude of the annual cycle (see
Fig. 6) and for the lack of seasonality for total sulfur.
Other than for some exceedingly high values during
the winters of 1989/1990 and 1990/1991, the HNO data

are unremarkable. The most striking feature of the plot is
probably the overall constancy of the HNO levels from

year to year. The low values of 1986 appear anomalous
and remain to be explained.
4.9. Panola, Georgia (PAN)
Panola is some 30 km SSE of Atlanta, where the USGS
maintains a calibrated watershed research station. In
general, SO concentrations show a continuing decline

over the entire period of the available record, but with
a more striking decrease since about 1990. The high
concentrations of SO observed in the winter of

1993/1994 appear to have been unusual (although a similar behavior was seen at Whiteface Mountain and at
State College). SO concentrations peak in midwinter;

SO\ concentrations are greatest in the summer. As in

the case of SO , the SO\ data show a gradual decline


through the entire record, perhaps with some recent
increase. The total sulfur data indicate a brief decline in
concentrations starting in 1995, from which there now
appears to have been recovery to levels more in line with
the long-term trend.
The HNO data display peaks in the late 1980s and

early 1990s, and again in 1994, for reasons that are
unclear. Recent trends seem to be convincingly upwards.
In Fig. 6, the similarity with the sister site at Oak
Ridge, Tennessee, is clearly evident. For both sites, there
are exceedingly large cycles for SO\, in the absence of

strong seasonality in total sulfur.
4.10. Sequoia, California (SEQ)
The site is located in a clearing high in the Sequoia
National Park, downwind of the California central valley. The SO data show the most striking seasonal cycle

that has been detected, presumably a direct consequence
of a large demand for electric power in the hotter summer
months but with small demand in the winter. Note that
the sulfate cycles are in phase with the SO cycles, unlike

the situation in the east. This results in an exaggerated
seasonality for total sulfur, relative to areas more distant

from emission sources. The years 1995 and 1996 were
clearly unusual, perhaps due to mild summers and hence
a greatly diminished demand for power. The HNO data

appear inconclusive. Mid-year peaks characterize the
annual cycle, with values nearly zero during the winter.
Again, 1994 and 1995 appear to have been unusual years.
Fig. 6 shows the overall similarity of all annual cycles.
HNO follows the behavior seen for the sulfur com
pounds.

5. Other AIRMoN-dry sites
Fig. 1 refers to several sites no longer in operation, and
others recently set up. Also shown in Fig. 6 are average
annual cycles derived from data collected at these sites.
None of them has a record long enough to investigate
from the perspective of trends with time. Their data are
summarized here solely for reasons of completeness. The
Shenandoah (Virginia) site is not represented, because of
its very short period of operation.
Lost Dutchman, Arizona (LDM). The site at Lost Dutchman State Park is about 40 km east of Phoenix, AZ.
Operations started in 1991 and are continuing. The annual SO concentrations display an almost sinusoidal

variability; SO\ data are far more peaked. HNO


shows very little seasonality.
Pawnee National Grassland, Colorado (PAW). The site
is about 50 km east of Fort Collins, Colorado. The average annual cycles show great similarity, with even the
HNO data partially paralleling the sulfur species. This

site was closed in 1990, after 4 yr of operation.
Burlington, Vermont (BUR). The site is actually at
Underhill, about 25 km east of Burlington, VT. Data
collection started in 1992. The annual cycles appear to be
in line with those found for other stations in the northeast. Very recently, this site has been closed due to lack of
funding.
Wye River, Maryland (WYE). The Wye site is adjacent
to the eastern shore of the Chesapeake Bay, some 40 km
east of Annapolis, MD. This particular location was
selected to test methodologies for estimating dry deposition a!ecting coastal ecosystems. Data collection started
in 1992 and is continuing. The annual cycles are clear and
strong, with larger amplitude for HNO than for any

other location in the east.

6. Discussion and conclusions
Table 2 quanti"es a number of characteristics of the
annual cycles found for the AIRMoN array. Overall
average values are shown, together with the coe$cients
of variation (CoV, expressed as percent) for each annual
cycle. Values associated with the average peaks are listed,
with the month of the peak identi"ed in parentheses.
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For SO , the strongest annual cycle is for the far west

station, at Sequoia in California. All of the cycles peak in
summer, with minima near zero for the winter. This has
the outward appearance of correlating with energy demand (greatest when the demand for air conditioning is
the greatest), but this has yet to be veri"ed. The next
highest seasonality is for the stations in the farthest
northeast } Howland and Whiteface Mountain, where
the demand for power is driven by the need for heat in
winter.
The least seasonality is in the south, the midwest, and
the arid west, at all of which there are power demands
corresponding to both cold winters and hot summers.
These overall behaviors are quanti"ed by the CoVs of
Table 2.
For SO\, the greatest seasonality is clearly for the far

west, presumably because it is there that the demand for
power is at that time of the year when conversion from
SO to particulate SO\ is most rapid.


On the whole, HNO has a substantially di!erent

cyclic character, with only one station (SEQ) showing
a seasonality as strong as is normally the case for the
sulfur species. Some stations (e.g. Lost Dutchman and
Oak Ridge) have a very small annual cycle, with CoVs
less than 20%. In general, the annual cycles for HNO

are weaker than for SO or SO\.


Fig. 7 shows trend results obtained after grouping
stations according to their regions } far west, midwest,
northeast, and southeast. Also shown in the plots are
regional average temperatures, as listed by the National
Climatic Data Center in Asheville, NC. Two "gures are
shown for each region, one relating to the summer (June,
July, and August averages) and one to the winter
(December, January, and February). Results for total
sulfur and for HNO are shown, since the intent is

to quantify the trends that can be attributed to the
emissions of sulfur and nitrogen species that in#uence
atmospheric deposition. In every case, seasonal average
concentrations have been normalized using the longterm average for the same site and season, before
combining results from di!erent sampling sites into
regional representations.
The similarity between the sulfur and nitrogen results
is sometimes striking, e.g. for the winter data in the east.
The similarity extends to all regions for the summer, but
is less striking. In some cases, there is an apparent relationship with temperature, but in general this is inconclusive.
Trends with time are obvious in the diagrams of Fig. 7
for some situations, and not for others. Table 3 summarizes the results of linear regressions of the data plotted in
the "gure against time.
All regions display a decreasing trend in sulfur levels
for the summer months. The value for the far west is
surprisingly large, perhaps erroneously so because of the
reliance in this case of data from only one location (SEQ)
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which is located high in the mountains to the east of
California. The values for the rest of the country (for
sulfur in summer) are remarkably consistent } about 4%
decrease in S concentrations per year over the last
10}15 yr. For wintertime sulfur, the story is not as clear.
It is only for the west and the midwest that statistically
signi"cant results are derived.
There is no statistically signi"cant evidence of a downward trend in HNO . In fact, the only signi"cant results

point to HNO increases with time, not decreases. The

strongest increase has been in the northeast, for the
winter case.
Based on an examination of CASTNet data, Holland
et al. (1999) conclude that SO has changed by !35%

across the eastern USA, from 1989 to 1995, and sulfate by
!26% over the same period. The value comparable
with the total sulfur results presented here is about
!30% over 6 yr, &!5% yr\. This is a slightly higher
rate of decrease than the present analysis indicates, probably because of the longer time over which the present
analysis is constructed. Inspection of Fig. 4 indicates that
a slope analysis ending in 1995 would indeed have yielded an average downward trend greater than that derived here, and perhaps the present use of data from
earlier years also contributed (the present period of data
is from 1985 to 1997, 4 yr longer than that of Holland et
al., 1999).
For HNO , Holland et al. (1999) report a change of

about !8% for the eastern USA, from 1989 to 1995,
about !1.3% yr\ as an average. The present HNO

data suggest a net increase rather than a decrease in
HNO levels. Again, however, it is clear that the length of

the record has a direct in#uence on the conclusions
drawn.
The AIRMoN data set indicates high variability in the
year-to-year air concentration regime, such that precise
computation of trends with time is di$cult. Part of this
variability is doubtlessly due to changes in emissions, but
part is also likely to be associated with meteorological factors. Decoupling the two will require a data
record of considerably greater length than is presently
available.
The behavior at speci"c sites also varies considerably.
In the far west, all air concentrations measured here
(sulfur and nitrogen species) peak together in the summer
months. Further to the east, winter peaks of sulfur dioxide and nitric acid vapor start appearing. In the far east,
the annual cycles are dominated by winter peaks for SO ,

while SO\ retains its summer peak imposed by air

chemistry. In comparison, HNO shows a greatly dimin
ished seasonality.
When assembled according to geographic region, the
AIRMoN data indicate a decrease in sulfur concentrations in air for all regions, summer as well as winter.
Almost all of the decreases are statistically signi"cant (at
the 95% level). The overall rate of decrease appears to be
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Fig. 7. Time trends of total sulfur (squares) and HNO (circles) derived from data collected at sites in the far west (SEQ), the midwest

(ANL, BND), the northeast (WFM, PSU, WPT), and the southeast (PAN, OKR). Two sets of results are shown, one based on winter
observations (December, January, and February), the other on summer (June, July, and August). In all cases, concentrations are
normalized against long-term average values before being averaged to represent the regions. Also shown are regional temperatures
(stars), as listed by the National Climatic Data Center (Asheville, NC).

about 3}4% yr\. For nitric acid vapor, the situation is
less clear, with increases dominating decreases, and with
the only statistical signi"cance being associated with

increases. Most of the decreases in sulfur concentrations
appear to have been in summer. Most of the increases in
HNO concentration appear to have been in winter.
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Table 3
Trends with time (in % yr\) deduced from AIRMoN data in four regions } the far west, the midwest, the northeast, and the southeast.
Results are based on analysis of total sulfur concentrations (for [S]) and HNO concentrations (for [N]). Values of the correlation

coe$cients are shown in parentheses. Values emphasized are the most statistically signi"cant (95% con"dence or better)
Sulfur

Far west
Midwest
Northeast
Southeast

Nitrogen

Summer

Winter

Summer

Winter

ⴚ7.0ⴞ3.1
(!0.63)
ⴚ3.5ⴞ1.3
(!0.63)
ⴚ3.3ⴞ1.1
(!0.68)
ⴚ4.9ⴞ1.0
(!0.84)

ⴚ8.1ⴞ2.7
(!0.71)
ⴚ3.7ⴞ1.2
(!0.69)
!2.0$2.1
(!0.28)
!1.4$1.2
(!0.34)

!4.3$4.5
(!0.32)
!1.0$1.3
(!10.23)
3.4ⴞ1.1
(0.68)
!1.9$1.3
(!0.42)

!3.8$4.2
(!0.28)
2.8ⴞ1.1
(0.61)
5.2ⴞ1.6
(0.71)
0.9$1.3
(0.24)

The sulfur data are presented here with considerable
con"dence; the AIRMoN sampling system was designed
with sulfur species in mind. The nitric acid vapor data are
presented with reduced con"dence. Clearly, the sampling
methodology adopted by AIRMoN causes some error in
the measurement of ammonium nitrate, and this could
have some impact on the measurement of HNO . How
ever, the present data were obtained using sampling
techniques that did not change over the entire length of
the study, and hence any errors in measurement will
likely be common throughout. The sampler evaluation
data presented here con"rm that a slight heating of the
air being sampled causes a disruption of any ammonium
nitrate that might be deposited in the sampling system, to
the detriment of the overall sample integrity. However,
the amount of heating that is applied in the AIRMoN
program is small in comparison to the temperature swing
over the course of any day. It is therefore concluded
that a new sampling technique (that is su$ciently cost
e!ective to permit long-term deployment) is sorely
needed for nitrogen species. Until the development of
such a technique, the present values will remain as best
estimates with error margins that will remain poorly
determined.
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