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Abstract

New advances in air quality monitoring techniques, such as passive samplers for nitrogenous (N) or sulphurous (S) pollutants and ozone (O3), have allowed for an improved understanding of concentrations of these pollutants in remote areas.
Mountains create special problems with regard to the feasibility of establishing and maintaining air pollution monitoring
networks, due to their complex topography and difficult access. Therefore, careful design of monitoring networks, selection of monitoring equipment, and a reliable workforce are essential for successful mountain monitoring campaigns. The
USDA Forest Service team, in collaboration with various partners in Europe and North America, has conducted numerous
monitoring campaigns in order to determine concentrations of O3, nitrogen dioxide (NO2), ammonia (NH3), nitric acid
vapor (HNO3), and sulphur dioxide (SO2) in remote areas. These results, aided by geostatistical methodologies, have
resulted in the creation of maps that are essential for a better understanding of the distribution of various air pollutants
in the Carpathian Mountains (specifically, the Tatras, Retezat, and Bucegi ranges) in Europe; the Sierra Nevada (including
Sequoia, Kings Canyon and Yosemite National Parks), the San Bernardino Mountains, the White Mountains, and Joshua
Tree National Park in California; the Columbia Rivers Basin in Oregon; and the Athabasca Oil Sands Region in northern
Alberta, Canada. Information on the concentrations and distribution of air pollutants which have been measured in
those areas provides an understanding of their potential risks to human health, ecosystem health and sustainability, and
ecosystem services.
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Introduction
Air pollution can be defined as impurities in the
air in the form of gases or aerosols that are added
to the atmosphere. Air pollutants can be divided
into two general classes of pollutant: primary

pollutants, which are emitted directly into the atmosphere from stationary or mobile sources, and
secondary pollutants, which are not directly emitted into the atmosphere but are generated there
over time via chemical reactions (Finlayson-Pitts
& Pitts 2000). Examples of primary gaseous air
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pollutants that have highly significant effects on
human health include nitric oxide (NO), carbon
monoxide (CO), sulphur dioxide (SO2), hydrogen
fluoride (HF), and various volatile organic compounds (VOCs). Primary particulate pollutants are
represented by smoke aerosols emitted from fires
and power plants (with a large portion of black
carbon and soot), and dust particles from cement
plants or agriculture. Examples of secondary pollutants are ozone (O3), nitrogen dioxide (NO2), nitric acid vapor (HNO3), peroxyacetyl nitrate (PAN),
liquid aerosols (H2SO4, HNO3), or particulate pollutants such as ammonium nitrate (NH4NO3) or
ammonium sulphate (Na2SO4) (Seinfeld & Pandis
1999).
From the perspective of the large-scale effects,
tropospheric (ground-level) O3 is of major concern
due to its high toxicity to humans and vegetation.
Peak O3 concentrations in North America and Europe have been significantly reduced due to strict
regulations primarily aimed at lowering emissions
of O3 precursors (NOx, CO, and VOCs) from mobile sources by using reformulated gasoline and
catalytic converters. However, because of increasing emissions of O3 precursors in the developing
countries, global background concentrations have
been rising (Sitch et al. 2007). O3 concentrations
that are elevated to phytotoxic levels have been
reported in forests of the San Bernardino Mountains (Miller 1992; Bytnerowicz et al. 2008) and
the southwestern Sierra Nevada in California (Bytnerowicz, Tausz et al. 2002), areas surrounding
Mexico City (Miller et al. 1994), the eastern United
States (Neufeld et al. 2012), the Mediterranean Basin and Southern Alps (Millan et al. 1997), the Carpathian Mountains in Europe (Bytnerowicz, Godzik
et al. 2004), and Southeast Asia (Wang & Mauzerall 2004). It is predicted that by 2050 about 50%
of global forests may be affected by potentially
phytotoxic O3 concentrations greater than 60 ppb
(Fowler et al. 1999). The US Environmental Protection Agency (US EPA) is proposing lowering allowable concentrations of O3 for better protection of
human health. The EPA is also proposing a new
secondary standard for the protection of welfare,
especially vegetation (EPA 2010). To implement
that new standard, improved understanding of O3
distribution in remote areas is needed.
Reactive nitrogen consisting of various nitrogenous (N) air pollutants creates an assortment of
health and ecological problems. Biologically active
and chemically reactive N compounds occur in the
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atmosphere and biosphere as inorganic chemically reduced forms (NHx) consisting of ammonia (NH3) and ammonium ions (NH4+); inorganic
chemically oxidised forms such as nitrous oxide
(N2O), nitrogen pentoxide (N2O5), NO, NO2, HNO3,
nitrous acid (HONO), peroxyacetyl compounds
such as peroxyacetyl nitrate (PAN), nitrate ions
(NO3–); and various organic compounds. Reactive
N compounds of ecological significance are NO
emitted mainly from internal combustion engines
and industry; NO2 resulting from the oxidation of
NO; NH3 emitted through natural biological processes and from agriculture, waste treatment,
and industrial activities; HNO3 vapor, generated
by photochemical reactions; and particulate NO3–
and NH4+ that mainly result from reactions of NH3
with HNO3 (EPA 2009). Atmospheric deposition of
N to ecosystems occurs as wet deposition (rain,
fog, cloud, snow) of NO3– and NH4+; dry surface
deposition of HNO3, NH3, and particulate NO3–
and NH4+; and stomatal uptake of NO, NO2, NH3,
HNO3 (Hanson & Lindberg 1991). In the Mediterranean climate (California) dry deposition of N
dominates (Padgett et al. 1999). There are extensive areas of increased N deposition in Europe,
North America, and Asia (Galloway et al. 2003).
Sulfur dioxide is an important toxic air pollutant
that may affect vegetation health and acidify
forests and other ecosystems (Legge et al. 1998).
Data on the spatial and temporal distribution of N
and S air pollutants are important for estimates of
atmospheric dry deposition of N and S using inferential models (Hanson & Lindberg 1991).
Information on the air pollution status in remote
areas, especially in complex mountain terrain, is
still insufficient. More information is needed for
an understanding of the threats of toxic pollutants to the health of humans and sensitive plants,
estimates of atmospheric deposition needed for
the evaluation of critical loads for acidity and nutritional effects, the ground-testing of remotelyobtained data on air pollution concentrations, the
verification of models describing the impacts of air
pollution, and atmospheric deposition on forests
and other ecosystems. To obtain this data, passive
samplers have been successfully used for monitoring ecologically important air pollutants such
as O3, NOx, NH3, and SO2. They have achieved
success due to their low cost, simple design and
operation, low maintenance demands, lack of
a need for electric power, the opportunity they
provide for dense deployment, reliable results,
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and integration of long-term exposure regimes
(Bytnerowicz et al. 2000). Aided by geostatistics,
the results from air pollution monitoring networks
can also be used for generating maps of air pollution distribution that are useful for scientists, air
resource and land managers, and decision makers
(Frączek et al. 2003).
This article provides an overview of the largescale air pollution monitoring campaigns conducted by a research team comprised of scientists from the USDA Forest Service and various
research institutes and universities in Central Europe and North America. The results of these studies are illustrated with examples from California,
the United States, and Alberta, Canada.

Methodology
Ogawa passive samplers were used for determinations of O3, NO2, NOx, and NH3 (Koutrakis et al.
1993; Ogawa 2006). For determinations of HNO3
and SO2 the samplers developed by the USDA Forest Service were utilised (Bytnerowicz et al., 2005).
Typically, samplers were exposed for 2-week periods during the summer season (June-October).
Determinations of O3, NO2, NOx, and SO2 concentrations were carried out as described by Arbaugh
and Bytnerowicz (2003) and of HNO3 and SO2 by
Bytnerowicz et al. (2007). Geostatistical Analyst,
an extension of ArcGIS (ESRI) that generates predictive surfaces from data points using geostatistical tools and analysing the error of the resulting
estimations, was utilised for creating maps of pollutant distributions by using numerous kriging and
predictive tools (Johnstone et al. 2001).

Results and Discussion
Monitoring campaigns conducted in Central Europe in the 1990s started with studies under the
auspices of the “US-Polish cooperative project on
the status and long-term trends in forest ecosystems: climate, pollution, and forest health” research programme (Breymeyer 1997; Bytnerowicz
1997). As a result of these studies, O3 distribution
maps were developed for the Kraków Province in
Poland (Godzik 1997) and for selected locations of
in the Ukrainian Carpathian Mountains; in addition, in Kiev, Ukraine, the effects of ground-level
O3 on sensitive plants (biological indicators) were
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described (Blum et al. 1997). Subsequently, distribution of ground-level O3 was monitored in various mountainous areas of the Czech Republic: the
Sumava Mountains (Moravcik et al. 2002), Jizerske Hory (Černy et al. 2002), and the Brdy Mountains (Musselman et al. 2002). Later, as a result
of the US-European collaboration, O3 distribution
and evaluation of its phytotoxic potential was described for the entire Carpathian Mountains (Bytnerowicz et al. 2002), and for selected Carpathian
ranges such as the Tatra Mountains (Bytnerowicz
et al. 2004) and the Retezat Mountains (Bytnerowicz et al. 2001, 2005). These studies showed
that the southern portion of the Carpathians in
Romania, their northern section in Poland, as well
as the Sumava and Brdy Mountains in the Czech
Republic are characterised by low European O3
background levels (summer seasonal mean of
~30 ppb). However, the western section of the
Carpathians in Slovakia, sections of the eastern
Ukrainian Carpathians, and the Jizerske Hory in
the Czech Republic had significantly elevated concentrations with peak values exceeding 100 ppb
and summer season means of ~50 ppb with
a strong phytotoxic potential (Bytnerowicz et al.
2004). Elevated O3 levels in remote areas of the
Czech Republic were also found by Hunova et al.
(2003) who found values of the O3 exposure index,
AOT40, elevated to potentially phytotoxic levels in
most of the northern Czech Republic. Based on
the results of air pollution monitoring in the Carpathian Mountains (Bytnerowicz et al. 2002), it
was established that the combined effects of ambient O3, SO2, and NO2 had negative effects on
the growth of Norway spruce (Picea abies) and European beech (Fagus sylvatica) in highly polluted
sites (Muzika et al. 2004).
In California, the largest-scale passive sampler
monitoring campaign to date was performed in
summer 1999. Ozone data from 89 passive samplers and 9 real-time active monitors were gathered between May 15 and October 1 for the entire
Sierra Nevada range. As collateral data, a digital
elevation model (DEM) and meteorological parameters from 62 weather stations were used.
Ozone distribution maps based on these data sets
were developed using three different modeling
approaches (Arbaugh & Bytnerowicz 2003). The
ArcGIS Geostatistical Analyst approach utilised
ordinary cokriging as well as DEM and temperature, relative humidity, and precipitation as collateral data (Frączek et al. 2001, 2003). The Sierra
Geographia Polonica 2012, 85, 2, pp. 25–38
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Nevada passive-sampler O3 data supplemented
by active monitor data from the neighboring California Central Valley was interpolated onto the
surface of the DEM in conjunction with ambient
temperature and loess regression to model spatial
variability of the pollutant (Lee 2003), while Preisler and Schilling (2003) used the nonparametric
local regression model to estimate spatial and
temporal O3 changes. All of these models showed
strong seasonal and spatial patterns: highest O3
concentrations occurred in the middle of summer
and on the western Sierra slopes adjacent to the
highly polluted Central Valley of California. The O3
distribution fields thus developed are very useful
for evaluating the potential risks associated with
this pollutant at the landscape and regional levels
(Arbaugh & Bytnerowicz 2003).
In 2002 the distribution of O3 and HNO3 air
pollution in the Lake Tahoe Basin (Sierra Nevada in
California and Nevada) was evaluated via a network of 32 sites (Fig. 1). Maximum concentrations
of both pollutants were observed west of the high
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elevation Desolation Wilderness that prevented
movement of the polluted air masses into the Lake
Tahoe Basin (Gertler et al. 2006). During the same
study large temporal differences in the distribution of the two pollutants were also seen, with the
highest levels of both pollutants in summer when
rates of photochemical reactions are the highest
(Finlayson-Pitts & Pitts 2000). Concentrations of
both pollutants started to significantly decrease
at the beginning of autumn (Fig. 2A-D).
A similar study was conducted in the San Bernardino Mountains of southern California during
the 2002-2006 summer seasons. Concentrations
of O3, NO2, NH3, and HNO3 were monitored on
a network of 16 sites. Maps of O3 distribution and
exposure indices of the pollutant showed that the
San Bernardino Mountains have the highest levels
of photochemical smog in the United States (Bytnerowicz et al. 2007, 2008). Ozone, NO2, and HNO3,
major secondary pollutants and components of
photochemical smog generated in the Los Angeles Basin show a very strong west to east gradient

Figure 1. O3 and HNO3 monitoring network in the Lake Tahoe Basin of the Sierra Nevada in California and Nevada
in 2002.
Geographia Polonica 2012, 85, 2, pp. 25–38
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(Fig. 3A-C). The highest concentrations of these
pollutants occurred on the western edge of the
range facing the Los Angeles Basin, while much
lower levels were found on the eastern end of the
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range near the Mojave Desert. On the other hand,
the spatial distribution of NH3, a primary pollutant emitted both by natural (decay of organic
matter; soil emissions) and anthropogenic sources

A

B

Figure 2. Distribution of air pollutants in the Lake Tahoe Basin in 2002: (A) O3 in midsummer, (B) O3 in fall.
Geographia Polonica 2012, 85, 2, pp. 25–38
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Figure 2. Distribution of air pollutants in the Lake Tahoe Basin in 2002: (C) HNO3 in midsummer, (D) HNO3 in fall.

(emissions from combustion engines equipped
with catalytic converters and volatilization of fertilizers), was more complex and without a clearly
Geographia Polonica 2012, 85, 2, pp. 25–38

defined gradient (Fig. 3D). Among the pollutants
monitored, HNO3 and NH3 are strong drivers of
atmospheric dry deposition and cause serious
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Figure 3. Distribution of air pollutants in the San Bernardino Mountains, southern California, in summer 2005:
(A) O3, (B) NO2, (C) HNO3.
Geographia Polonica 2012, 85, 2, pp. 25–38
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Figure 3. Distribution of air pollutants in the San Bernardino Mountains, southern California, in summer 2005:
(D) NH3.

Figure 4. Air pollution monitoring network in the Athabasca Oil Sand Region, Alberta, Canada, in 2008.
Geographia Polonica 2012, 85, 2, pp. 25–38
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ecological effects because of their high deposition
velocity and biological activity (Hanson & Lindberg 1991).
Long-term, large-scale monitoring of NH3,
HNO3, and SO2 has been conducted by the USDA
Forest Service team in the Athabasca Oil Sands
Region (AOSR) of northern Alberta, Canada. As
an area of exploited oil sands, the rate of production and upgrading of bitumen from mining and in
situ extraction as well emissions of industrial air
pollutants in the AOSR have been increasing. Consequently, there is a concern that ambient concentrations of air pollutants could increase to levels
causing negative effects on forests and other ecosystems in the AOSR, including ecological impacts
on forests, wetlands, and lakes due to acidification
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and eutrophication. The monitoring network of 25
passive sampler sites was established in summer
2005, and gradually grew to 38 sites in 2009 (Fig.
4). The highest concentrations of NH3 were generally found in the centre of the AOSR industrial
operations both in winter and summer, although
remote sites could also exhibit high values (Fig. 5).
Concentrations of HNO3 were low in winter with
no significant differences between the sites. In
summer, the highest HNO3 concentrations were
in the centre of the AOSR and on its peripheries,
far away and downwind of the AOSR industrial
activities (Fig. 6). The results of the SO2 determinations for summer 2009 showed the highest levels
of the pollutant reaching 8 g m–3 at the centre of
the industrial area between Fort McMurray and

Figure 5. Distribution of NH3 concentrations in summer 2008 in the Athabasca Oil Sand Region, Alberta, Canada.
Geographia Polonica 2012, 85, 2, pp. 25–38
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Figure 6. Distribution of HNO3 concentrations in summer 2008 in the Athabasca Oil Sand Region, Alberta, Canada.

Fort McKay, while in remote locations its concentrations were below 3 g m–3 (Fig. 7A) (Bytnerowicz et al. 2010). An example of the uncertainty
analysis of predictions was done for SO2 in summer 2009 using a combination of the prediction of
standard error calculated with ordinary and simple kriging methods. The results of the uncertainty
analysis indicated that additional sites installed
southwest of Fort McMurray and northeast of Fort
McKay would greatly improve spatial coverage of
the existing monitoring network (Fig. 7B) (Bytnerowicz et al. 2010).
Combining passive sampler methodologies
for monitoring air pollutants in remote areas with
geostatistical methodologies for data analysis and

Geographia Polonica 2012, 85, 2, pp. 25–38

visual presentation of the monitoring results has
provided an increased understanding of pollution
risks for forests and other ecosystems (Frączek
et al. 2002, 2009). These methodologies have
been used extensively in North America and Europe. It is planned that our approach will also be
used in the rapidly developing areas in Southeast
Asia and South America for a better understanding of the spatial and temporal changes in air
pollution levels and their environmental threats.
International collaboration through organizations
such as the International Union of Forest Research
Organizations or the International Cooperative
Program Forests and ICP Modeling and Mapping
will be utilised to accomplish this goal.
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Figure 7. Distribution of SO2 concentrations in summer 2009 in the Athabasca Oil Sand Region, Alberta, Canada:
(A) predictions, (B) uncertainty of predictions.
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