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Abstract

Located far from anthropogenic emission sources, high-altitude mountain stations are considered to be ideal sites for

monitoring climatic and environmentally important baseline changes in free tropospheric trace gases and aerosols. In

addition, the observations taken at these stations are often used to study the long-range transport of dust as well as

anthropogenic and biomass burning pollutants from source regions and to evaluate the performance of global and

regional models. In this paper, we summarize the results from past and ongoing field measurements of atmospheric

constituents at high-altitude stations across the globe, with particular emphasis on reactive trace species including

tropospheric ozone, along with its precursors such as carbon monoxide, nitrogen oxides, total reactive nitrogen, and

nonmethane hydrocarbons. Over the past decades, our understanding of the temporal variability and meteorological

mechanisms of long-range transport has advanced in tandem with progress in instrumentation and modeling. Finally,

the future needs of atmospheric chemistry observations at mountain sites are addressed.

Keywords: Atmospheric observation, High-altitude station, Long-range transport, Seasonal cycle, Long-term trend,

Biomass burning, Anthropogenic pollution

Introduction

Trace gases and aerosols present in the atmosphere are
responsible for global changes in the environment and
climate of the Earth. These changes include global
warming, which has caused a temperature increase of
0.85 °C during the period from 1880 to 2012, primarily
due to increases in the atmospheric concentrations of
greenhouse gases (GHGs) since the pre-industrial era
(Intergovermental Panel on Climate Change 2013), poor
air quality associated with high levels of photo-oxidants,
and fine particulate matter with particle diameters of less
than 2.5 μm (PM2.5). These changes have been traced to
high population densities and hasty industrialization in
rapidly developing regions (World Health Organization
2006). Such air pollution problems, which can cause
damage to human health and to vegetation growth, are
now recognized as important, and robust evidence based
on reliable observations is needed to support related
policymaking processes.
Located far from anthropogenic emissions, high-

altitude mountain stations are ideal sites for monitoring

the temporal variations of trace gases and aerosols in the
atmosphere at background levels. As a result, atmos-
pheric monitoring programs have been established at a
substantial number of mountain stations in order to
obtain information on the levels, variability, and trends
of trace gases and aerosols in the free troposphere (FT),
as well as to assess the influence of anthropogenic and
natural emission sources. It is widely accepted that ob-
servations at mountain sites are affected by the horizon-
tal and vertical transport of polluted air masses from the
ground surface (Henne et al. 2004; Trickl et al. 2003).
Based on the analysis of tropospheric ozone (O3) data
collected at 27 stations located in mountainous and rural
areas in Western Europe at altitudes ranging from 115
to 3550 m above sea level (a.s.l.), Chevalier et al. (2007)
suggested that ground-based stations devoted to the
monitoring of background free tropospheric O3 should
be settled, if possible, above 2000 m a.s.l.
Tropospheric O3, which is an important GHG, has an

estimated radiative forcing (RF) of 0.40 ± 0.20 W m−2

(Intergovermental Panel on Climate Change 2013). The
RF from tropospheric O3 depends strongly on altitude
and latitude due to the coupling of O3 changes with
temperature, water vapor, and clouds (Bowman et al.
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2013; Worden et al. 2008, 2011). O3 is the main source
of hydroxyl radicals (OH), which drive the oxidizing
capacity of the atmosphere. It is widely accepted that
tropospheric O3 has two sources: subsidence transport
from the stratosphere and in situ photochemical produc-
tion, which occurs when carbon monoxide (CO) and hy-
drocarbons are photo-oxidized in the presence of nitrogen
oxides (NOx =NO+NO2) (Crutzen 1974; Monks et al.
2009). The major loss pathways for O3 in the troposphere
include dry deposition to the Earth’s surface, chemical de-
struction via photolysis to O(1D) which reacts with water
vapor, and chain reaction with hydroperoxyl radicals
(HO2) and OH (Seinfeld and Pandis 2006). The lifetime of
O3 in the troposphere varies strongly in different seasons
and locations, ranging from a few days in the tropical
boundary layer to 1 year in the upper troposphere. The
modeled mean lifetime of tropospheric O3 has been
reported as 22.3 ± 2 days (Stevenson et al. 2006).
Although CO is not a radiatively active gas, it affects

the climate indirectly via its interaction with OH radi-
cals, which are the primary CO sink. The oxidation of
CO by OH leads to the formation of HO2, which then
can become involved in reactions to produce O3 in
NOx-rich environments. In contrast, CO oxidation by
OH radicals can lead to O3 destruction through catalytic
cycles of HOx in low-NOx environments (Kanakidou and
Crutzen 1999). The changes in the OH radical concentra-
tion due to changes in CO can perturb the concentrations
of GHGs such as methane (CH4) (Thompson and
Cicerone 1986) and chlorofluorocarbon (CFC) along with
others such as hydrochlorofluorocarbons (HCFCs) and
hydrofluorocarbons (HFCs). The major sources of CO
emissions into the atmosphere are direct emissions from
incomplete combustion of biomass and fossil fuels associ-
ated with in situ production via the oxidation of hydrocar-
bons such as CH4 and isoprene (C5H8). Global estimates
for anthropogenic and biomass burning emissions for
2000 were 611 and 459 Tg (CO) year−1, respectively
(Lamarque et al. 2010). The global mean tropospheric
lifetime of CO is relatively long at approximately 2 months
(e.g., Prather 1996) and seasonal and spatial CO lifetime
variations have been reported in the study of Duncan
et al. (2007). In the Northern Hemisphere winter season,
the lifetime tends to be long, so CO from fossil fuels
and industry accumulates. Conversely, in the Southern
Hemisphere, CO approaches its seasonal minimum in
austral summer because its lifetime is short and biomass
burning activities are at a minimum. This latitudinal
gradient becomes weak as summer approaches because
the CO lifetime declines, over a scale of weeks to months,
across most of the Northern Hemisphere. Simultaneously,
however, the CO lifetime increases at southern mid-
latitudes since the biomass-burning season is beginning in
the Southern Hemisphere.

The term “background” concentrations have been used
with various definitions in the literature over time.
Calvert (1990) described “background concentration” as
“the concentration of a given species in a pristine air
mass, in which anthropogenic impurities of a relatively
short lifetime are not present”. However, because the
troposphere is globally influenced by the long-range
transport of pollution, Parrish et al. (2012) adopted the
term “baseline,” which refers to measurements obtained
when local emission influences are determined to be
negligible. Since remote coastal or mountainous sites are
regarded as having no direct influence from local
sources/sinks, such sites are the primary choices when
looking to obtain representative data on continental to
hemispheric scales. The US Environmental Protection
Agency (EPA) defined the “Policy Relevant Background
(PRB)” concentration as the concentration that would occur
in the USA in the absence of anthropogenic emissions in
continental North America (U.S. Environmental Protection
Agency, 2006). Hence, since the sources of PRB concentra-
tions include natural emissions and long-range transport of
pollutants, they cannot be controlled by domestic regula-
tions in the USA and/or neighboring countries.
Most studies have assumed the representativeness of

mountain sites without providing evidence to support
the assumption. Nappo et al. (1982) suggested that
“representativeness is the extent to which a set of
measurements taken in a space-time domain reflects the
actual conditions in the same or different space-time
domain taken on a scale appropriate for a specific appli-
cation”. However, representativeness not only varies with
time, it also strongly depends on the trace gases because
the concentration within a certain volume is controlled
by vertical/horizontal transport and mixing, chemical
transformations, surface deposition, and emissions.
The spatial representativeness of monitoring sites has

been assessed by different approaches, primarily in
Europe (e.g., Henne et al. 2010; Joly and Peuch 2012;
Kovač-Andrić et al. 2010; Spangl et al. 2007; Tarasova et
al. 2007). In addition, observations at mountain-based
stations provide information of the lower FT, which is
located between the planetary boundary layer (PBL) and
the tropopause. Many species in the FT, such as O3,
have longer lifetimes than those in the PBL owing to the
lower temperatures and lack of deposition in the FT,
which is also where most of the transport of chemical
species within the atmosphere occurs. The combination
of long-range transport and longer chemical lifetimes in
the FT indicates that the chemistry of this zone is an
important factor when determining the chemical
composition of regions remote from pollutant sources
(Hemispheric Transport of Air Pollution 2007).
However, observations at ground-based stations can

often be influenced by local sources. The objective of
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data selection is to differentiate the concentrations
representative of well-mixed air masses near the site
from those substantially affected by local sources or me-
teorology. Data selection can be performed on the basis
of independently measured parameters such as wind
direction and speed, statistical approaches for rejecting
particular data, or combined meteorological and statis-
tical filters. For example, statistical approaches have been
applied to trend analyses of trace gases (e.g., Novelli
et al. 1998, 2003; Ruckstuhl et al. 2012; Schuepbach
et al. 2001; Thoning et al. 1989; Zellweger et al. 2009) in
order to evaluate source regions and their emission esti-
mates (e.g., Greally et al. 2007; Prinn et al. 2001) and to
model the long-range transport of trace gases (Balzani
Lööv et al. 2008).
When using measurements at mountainous sites, it is

necessary to consider upslope flow, which often imposes
pollution from local anthropogenic sources located in
the foothills. This source is the most likely factor in the
contamination of clean air masses arriving at the site
from the FT. Conversely, in the absence of emission
sources near the site, the upslope flow can transport
clean air masses from the boundary layer that have at-
mospheric compositions that are different from that
from the FT (e.g., Hahn et al. 1992; Oltmans et al.
1996b; Peterson et al. 1998).
Upslope flow on isolated mountains results from two

primary mechanisms: mechanically forced lifting and
buoyant upslope flow. Mechanically forced lifting is
caused by the deflection of strong winds by a mountain
slope. The importance of this mechanism differs among
mountains and depends mainly on the height of the
mountain and the mean speed of the wind. Buoyant
upslope flow is caused by the daytime solar heating of
air near the surface of the mountain. During the day,
warmed air masses rise toward the summit. At night,
flows down the mountain occur due to radiative cooling
of the ground surface. Both the upslope and downslope
flows are important for mountain meteorology and the
transport of local pollution (e.g., Furger et al. 2000). In
practice, however, determination of baseline concentra-
tions is difficult because the nature and magnitude of such
local influence depend on the mountain topography, local
wind patterns, and the characteristics of local emission
sources.
The World Meteorological Organization (WMO)

launched the Global Atmosphere Watch (GAW)
Programme in 1989 to promote systematic and reliable
observations of the chemical composition of the atmos-
phere. Currently, the GAW has the most extensive meas-
urement program. Its focal areas include aerosols, GHGs,
selected reactive gases, O3, ultraviolet (UV) radiation, and
precipitation chemistry. In October 1990, WMO desig-
nated the Japan Meteorological Agency (JMA) in Tokyo

as the World Data Centre for Greenhouse Gases
(WDCGG) and tasked it with collecting, archiving, and
providing data related to GHGs and reactive gases in the
atmosphere and oceans from observation sites throughout
the world that participate in the GAW and other scientific
monitoring programs.
Since its establishment, WDCGG has provided users

with data and other information through its regular
publications and the WDCGG website (http://ds.data.
jma.go.jp/gmd/wdcgg/). In addition, observational data is
currently provided by many regional monitoring programs
worldwide including the European Monitoring and
Evaluation Programme (EMEP; http://www.emep.int) in
the European region, the Clean Air Status and Trends
Network (CASTNET; http://www.epa.gov/castnet), the
Interagency Monitoring of Protected Visual Environments
(IMPROVE; http://vista.cira.colostate.edu/improve/) in
North America, which monitors visibility conditions,
tracks changes in visibility, and works to identify sources
and causes of regional haze in class I areas (including na-
tional parks, wilderness areas, and national memorial
parks), and the Acid Deposition Monitoring Network in
East Asia (EANET; http://www.eanet.asia/).
In this paper, we describe past and current atmospheric

observations conducted at high-altitude stations on
mountains, the data of which are available in public data-
bases or published papers. First, overviews of the individ-
ual mountain stations above 1500 m a.s.l. are given. Next,
we review temporal variations, particularly the long-term
trends and seasonal variations of reactive species including
tropospheric O3, and its precursors such as CO, NOx,
total reactive nitrogen (NOy), and nonmethane hydrocar-
bons (NMHCs), but excluding long-lived GHGs. Since
observations of aerosol optical properties at high-altitude
stations are well described by Andrews et al. (2011),
short-lived species—with the exceptions of carbon dioxide
(CO2) and mercury (Hg) described in association with the
analysis of reactive species—are mainly discussed here.
We will review previous observations of the long-range
transport of pollutants from anthropogenic and biomass
burning sources, desert dust, and volcanic plumes from
eruption events, along with the downward transport of
stratospheric air masses into the troposphere as important
sources of O3. Moreover, we also review the modeling
studies using photochemical box models and chemical
transport models.

Review

High-elevation mountain sites

The ground-based stations for atmospheric chemistry
observations presented in this study are located at high
altitudes above 1500 m a.s.l., as shown in Fig. 1; detailed
site information is listed in Table 1. In total, the list con-
tains 31 stations. These stations were selected because
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they provide reliable observational data that have been
utilized in numerous previous studies. Furthermore, we
tried to cover the entire world except for Arctic and
Antarctic Polar Regions. Many stations are located in
northern mid-latitudes, particularly in central Europe
and western North America. Compared to the Northern
Hemisphere, significantly fewer stations are in the
Southern Hemisphere, and no high-altitude stations are
present in the Oceania region.

Region I: Africa

Assekrem (ASK), Algeria ASK is a GAW Global sta-
tion operated by the Déportent Météorologique Régional

Sud of the Office National de la Météorologie (ONM),
Algeria, and is located on the summit of the second
highest point of the Hogger Mountain Range in the
Sahara Desert (Zellweger et al. 2007). It plays an import-
ant role in capturing air pollutants from continental
Africa.

Mt. Kenya (MKN), Kenya MKN is a GAW Global sta-
tion that has been designated for long-term measurements
of various chemical compounds and physical and meteoro-
logical parameters in the lower troposphere. The main
office is the Kenya Meteorological Department (KMD).
MKN is located on the northwestern slope of Mt. Kenya

Fig. 1 Map showing the distribution of high-altitude mountain stations discussed in this paper. Circles with abbreviations denote stations providing the

data presented in this paper. ASK Assekrem, CHA Chiricahua NM, CMN Monte Cimone, GRB Great Basin NP, HPO Mt. Happo, ISK Issyk-Kul, IZO Izãna, JFJ

Jungfraujoch, KVV Krvavec, LAV Lassen Volcanic NP, LLN Lulin, LQO La Quiaca Observatorio, MBO Mt. Bachelor Observatory, MKN Mt. Kenya, MDY Mondy,

MLO Mauna Loa, NWR Niwot Ridge, PMO Pico Mountain Observatory, PYR Nepal Climate Observatory–Pyramid, SNB Sonnblick, TAR Tanah Rata, WHI

Whistler Mountain, WLG Mt. Waliguan, YEL Yellowstone NP, YOS Yosemite NP, ZSF Zugspitze–Schneefernerhaus, ZUG Zugspitze–Gipfel. Triangles with

abbreviations denote stations for which data are not presented but are reviewed in this paper. ARO Arosa, FWS Mt. Fuji, KSL Kislovodsk
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Table 1 List of stations mentioned in this paper

Station ID Country Latitude Longitude Altitude (m) Data source

Region I: Africa

Assekrem ASK Algeria 23.27° N 5.63° E 2710 WDCGGa

Mt. Kenya MKN Kenya 0.06° S 37.30° E 3678 WDCGGa

Izaña (Tenerife) IZO Spain 28.31° N 16.50° W 2373 NMHCs: Schmitt
and Schultz et al. (1998)
Other: WDCGGa

Region II: Asia

Mt. Waliguan WLG China 36.29° N 100.90° E 3810 WDCGGa

Issyk-Kul ISK Kyrgyzstan 42.62° N 76.98° E 1640 WDCGGa

Nepal Climate Observatory–Pyramid PYR Nepal 27.96° N 86.81° E 5079 WDCGGa

Lulin LLN Taiwan 23.47° N 120.87° E 2862 LLN websiteb

Mondy MDY Russian Federation 51.65° N 100.92° E 2006 EANETc

Mt. Abu MAB India 24.65° N 72.78° E 1680 Naja et al. (2003)d

Mt. Happo HPO Japan 36.70° N 137.80° E 1850 CO: Kato et al. (2000); Narita et al. (1999);
Pochanart et al. (2004)e

NMHCs: Sharma et al. (2000)
Other: EANETc

Mt. Fuji FWS Japan 35.37° N 138.73° E 3776 –

Region III: South America

La Quiaca Observatorio LQO Argentina 22.10° S 65.60° W 3459 WDCGGa

Region IV: North and Central America

Whistler Mountain WHI Canada 50.06° N 122.96° W 2182 Macdonald et al. (2011)f

Great Basin NP GRB USA 39.01° N 114.22° W 2060 CASTNETg

Mt. Bachelor Observatory MBO USA 43.98° N 121.69° W 2743 Gratz et al. (2015); Weiss-Penzias et al. (2007)h

Niwot Ridge NWR USA C1: 40.04° N
T-van: 40.05° N

C-1: 105.54° W
T-van: 105.59° W

C-1: 3021
T-van: 3523

WDCGGa

Chiricahua NM CHA USA 32.01° N 109.39° W 1570 CASTNETg

Lassen Volcanic NP LAV USA 40.54° N 121.58° W 1756 O3: CASTNET
g

Aerosol: IMPROVEi

Yellowstone NP YEL USA 44.57° N 110.40° W 2430 CASTNETg

Yosemite NP YOS USA 37.71° N 119.71° W 1605 CASTNETg

Region V: South–West Pacific

Tanah Rata TAR Malaysia 4.48° N 101.37° E 1545 WDCGGa

Mauna Loa MLO USA 19.54° N 155.58° W 3397 NOx and NOy: Ridley et al. (1998)
Aerosol: IMPROVEi

Other: WDCGGa
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Table 1 List of stations mentioned in this paper (Continued)

Region VI: Europe

Sonnblick SNB Austria 47.05° N 12.96° E 3106 WDCGGa

Zugspitze–Gipfel ZUG Germany 47.42° E 10.99° E 2962 WDCGGa

Zugspitze–Schneefernerhaus ZSF Germany 47.42° N 10.98 °E 2671 WDCGGa

Monte Cimone CMN Italy 44.17° N 10.68° E 2165 NMHCs: EBASj

Other: WDCGGa

Kislovodsk KSL Russian Federation 43.73° N 42.66° W 2070 –

Krvavec KVV Slovenia 46.18° N 14.32° E 1720 WDCGGa

Arosa ARO Switzerland 46.78° N 9.67° E 1840 –

Jungfraujoch JFJ Switzerland 46.55° N 7.99° E 3580 Aerosol: EBASj

Other: WDCGGa

Pico Mountain Observatory PMO Portugal 38.47° N 28.40° W 2225 NMHCs: WDCGGa

NOx and NOy: Val Martin et al. (2008b)

aWorld Data Centre for Greenhouse Gases (http://ds.data.jma.go.jp/gmd/wdcgg/)
bData available at http://lulin.tw
cAcid Deposition Monitoring Network in East Asia (http://www.eanet.asia/)
dData obtained from M. Naja
eData obtained from S. Kato
fData obtained from A. M. Macdonald
gClean Air Status and Trends Network (http://www.epa.gov/castnet)
hData obtained from D. Jaffe
iInteragency Monitoring of Protected Visual Environments (http://vista.cira.colostate.edu/improve/)
jEBAS (http://ebas.nilu.no)
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and in a protected portion of the Mount Kenya National
Park. The climate of equatorial East Africa is dominated by
seasonal displacement of the intertropical convergence
zone (ITCZ). During boreal summer, the ITCZ is situated
far to the north, resulting in southerly to southeasterly
winds over Kenya. From September onward, the ITCZ be-
gins to retreat southward, followed by a rainy period from
mid-October to December over Kenya. Throughout boreal
winter, the ITCZ is situated south of the equator. As a re-
sult, a northeasterly monsoon circulation dominates East
Africa. When the ITCZ begins to progress northward again,
it brings a second rainy period from mid-March to the be-
ginning of June to equatorial East Africa. One noteworthy
feature of the boreal monsoon circulation is the East Afri-
can low-level jet (EALLJ), which develops from May on-
ward in the southeast trade winds over Madagascar.
With the northward transition of the ITCZ, the EALLJ
strengthens and extends northward, reaching its max-
imum extent in June or July. Its counterpart, blowing
from the north along the East African coast during bor-
eal winter, is less pronounced (Henne et al. 2008).

Izaña (IZO), Spain IZO is a GAW Global station oper-
ated by the Agencia Estatal de Meteorología (AEMET)
for long-term measurements of various chemical com-
pounds and physical and meteorological parameters.
The station is located on the Island of Tenerife roughly
300 km west of the African coast. As typically occurs in
subtropical oceanic atmospheres to the west of continents,
the low troposphere in this region is strongly stratified
owing to the synoptic-scale subsidence conditions. Two
air masses are well differentiated by the presence of a
temperature inversion layer: the marine boundary layer
(MBL) and the FT (Rodríguez et al. 2009).
In the moist and cool MBL, the north to northeast trade

wind blows. Because the condensation level is usually
lower than the inversion level under the trade wind re-
gime, the top of the MBL, which is frequently located just
below the temperature inversion layer, is characterized by
a layer of stratocumulus clouds formed by the condensa-
tion of water vapor onto available pre-existing particles.
The presence of this stratocumulus layer creates a quasi-
continuous foggy and rainy regimen throughout the year
at altitudes between 800 and 2000 m a.s.l. on the island.
In the FT, northwest subsiding dry airflows dominate

throughout the year, except in summer, when they
frequently alternate with southeast airflows laden with
Saharan mineral dust particles (Chiapello et al. 1999). In
winter (January to March), air masses originate from the
North Atlantic, North America, and the Sahara (Cuevas
et al. 2013). In spring (April to June), a pattern similar to
that in winter is observed. The contributions from the
Sahara and the southern part of the North Atlantic are
weaker, and the transport from North America is more

well-defined than that in winter. In summer (July to
September), essentially only two geographical sectors of
the air mass pathways are identified: that from North
America and that from the Sahara and Northern Sahel.
Air masses from North America and the North Atlantic
travel at relatively high altitudes, whereas those from the
Sahara originate from low levels.
The observational records of a Fourier transform infra-

red (FTIR) spectrometer that began routine operation in
March 1999 have been utilized in many studies (García et
al. 2012; Schneider et al. 2005a, b, 2008; Sepúlveda et al.
2012; Viatte et al. 2011). The instrument is part of the
Total Column Carbon Observation Network (TCCON),
which is a network of ground-based Fourier transform
spectrometers designed to retrieve precise and accurate
column abundances of atmospheric constituents including
CO2, CH4, nitrous oxide (N2O), hydrogen fluoride (HF),
CO, and water vapor isotopologues (Wunch et al. 2011).
The TCCON was established in 2004 and is currently
affiliated with 26 sites. In addition, other remote sensing
observations have been conducted by lidar (Welton et al.
2000), multipass optical absorption spectroscopy (MOAS)
(Armerding et al. 1997; Comes et al. 1995, 1997), differen-
tial optical absorption spectrometry (DOAS) (Carslaw et
al. 1997; Gil et al. 2000, 2008), and multi axis-DOAS
(MAX-DOAS) (Puentedura et al. 2012).

Region II: Asia

Mt. Waliguan (WLG), China WLG is a GAW Global
station operated by the China Meteorological Administra-
tion (CMA). This station is located at the edge of the
northeastern boundary of the Qinghai–Tibetan Plateau.
Mt. Waliguan is 90 km from Xining and 260 km from
Lanzhou, which are the main industrial and most popu-
lated regions of central–eastern China. The wind patterns
near WLG are controlled by the Qinghai–Tibetan Plateau
monsoon and are thus associated with seasonal variations.
The predominant wind directions are from the southwest
in cold seasons and from the east in warm seasons.
Locally, WLG is affected by the mountain–valley breezes
(Fu et al. 2012). Xue et al. (2011) identified three major
types of air masses at WLG in summer: those originating
from the east and southeast having passed over populated
regions of China, those originating from the west having
passed over remote regions of central Asia and Xinjiang,
and those originating mainly from the north having passed
over regions of Siberia and Mongolia. During a recent 10-
year period (2000 to 2009); the transport regime at WLG
in summer was dominated by air originating from the east
that may have passed over populated regions in China.

Issyk-Kul (ISK), Kyrgyzstan ISK is located in the
northern Tien-Shan Mountains along the shoreline of
Lake Issyk-Kul. The Issyk-Kul lake region is surrounded
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by two giant mountain chains including Kungey Ala-Too
to the north and Terskey Ala-Too to the south, which
together form a closed area. The mountain chains im-
pede the transport of the polluted air from Chu Valley in
Bishkek, the capital of Kyrgyzstan, and from Almaty, a
huge industrial center in Kazakhstan (Semenov et al.
2005). Observations of a long-term total O3 column
(Aref ’ev et al. 1995; Visheratin et al. 2006), total NO2

column (Aref ’ev et al. 1995, 2009; Ionov et al. 2008),
total CO column (Aref ’ev et al. 2013), and height mean
concentrations of CO2 (Kashin et al. 2007, 2008) have been
reported along with atmospheric spectral transparency ob-
servations (Aref ’ev and Semenov 1994, Aref ’ev et al. 2008;
Semenov et al. 2005).

Nepal Climate Observatory–Pyramid (PYR), Nepal

PYR is a GAW Global station installed within the frame-
work of the Stations at High Altitude for Research on the
Environment (SHARE) project of Everest-K2 National Re-
search Council (Ev-K2-CNR) and the atmospheric brown
cloud (ABC) project of the United Nations Environmental
Programme (UNEP) in order to obtain information on the
atmospheric background conditions in this region (Bonasoni
et al. 2008). This station is located at the confluence of the
secondary Lobuche valley and the main Khumbu valley in
Sagarmatha National Park in the eastern Nepal Himalaya.
In the Himalayan region, a 3 km thick brownish layer

of pollutants known as Asian brown clouds has been
observed to extend from the Indian Ocean to the
Himalayan range (Ramanathan and Crutzen 2003). This
phenomenon strongly affects the air quality, visibility,
and the energy budget of the atmosphere over the entire
Indian subcontinent. The high-altitude meteorology in
the Himalayas is strongly influenced by the Asian mon-
soon circulation and by local mountain wind systems
(Bollasina et al. 2002). The mountain–valley wind system
is predominant, with a strong valley wind from the south
to southwest during daytime and a weak mountain wind
at night. In summer, the valley wind prevails throughout
the day.
Nepal, including its borders with India and Bangladesh,

is the most frequent origin of air masses transported in
the PBL that reach PYR throughout the year (Gobbi et al.
2010). The atmospheric conditions in the Himalayas are
influenced by the transport of polluted air masses from
South Asia and the Indo–Gangetic Plains, the northwest-
to-northeast region extending from eastern Pakistan
across India to Bangladesh and Myanmar. Occurrences of
brown clouds over the Himalayan foothills and Northern
Indo–Gangetic Plains have been identified by high aerosol
optical depth (AOD) values >0.4 and are associated with
high concentrations of pollutants measured at PYR, as
characterized by an up-valley breeze circulation (Bonasoni
et al. 2010).

Lulin (LLN), Taiwan LLN is located inside Jade Mountain
National Park, which is part of the Central Mountain
Range. This station is operated by National Central
University (NCU), Taiwan. Owing to the mountain–valley
circulation, LLN is frequently located in the FT, particularly
during the winter, and is generally free from surface pollu-
tion in the boundary layer (Ou-Yang et al. 2014; Sheu et al.
2010; Wai et al. 2008). Taiwan is located at the edge of the
western Pacific Ocean and is southeast of the East Asian
continent. The southwest monsoon prevails in summer,
whereas the northeast monsoon prevails between late fall
and spring. Additionally, since the Westerlies prevail at a
higher elevation in spring (Ou Yang et al. 2012), LLN is af-
fected by pollution outflows from Southeast Asia and the
Asian continent.

Mondy (MDY), Russian Federation MDY is located in
central Eastern Siberia near the Russia–Mongolia border,
which is known to be a very lightly populated continental
area of the world. MDY is operated by the Limnological
Institute, Russian Academy of Sciences, and contributes to
the EANET program. Air masses reaching MDY are typic-
ally classified into four groups: long-range transport from
Europe, Siberia east of the Ural Mountains, high-latitude
polar regions, and much shorter-range transport usually
less than several hundred kilometers from the southwest
(Pochanart et al. 2003).

Mt. Abu (MAB), India MAB is located at a mountaintop
known as Guru Shikhar, which is the highest peak in the
southern end of Aravalli Mountain Range in western
India. In this region, northwest winds dominate in winter
(November to February) and southwest winds dominate
in summer (May to August) (Kumar and Sarin 2010; Naja
et al. 2003; Ram et al. 2008; Ram and Sarin 2009; Rastogi
and Sarin 2005, 2008). Diurnal O3 concentration varia-
tions in spring and summer at MAB show a unique pat-
tern, whereas those in autumn and winter show a pattern
typical of high-latitude sites (Naja et al. 2003). Naja et al.
(2003) suggested that this seasonal change in diurnal vari-
ation might be caused by changes in the wind pattern in
different seasons and changes in the boundary layer
mixing height during the day and at night.

Mt. Happo (HPO), Japan HPO is operated by the
Ministry of the Environment (MOE) of Japan, which
contributes to the EANET program. This station is lo-
cated in a mountainous area near the coast of the Japan
Sea. During fall to spring, westerly winds are dominant
(Pochanart et al. 1999), and most of the air masses pass
over the Asian continent, particularly over Mongolia and
northwestern China, driven by the Siberian High (Liu
et al. 2013). The North Pacific high-pressure system is
strong in summer, and the Siberian High reverses to a
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low-pressure system. This behavior is typical of the sum-
mer monsoon in East Asia. Associated with the summer
monsoon, pristine air masses from the Pacific are trans-
ported to HPO more frequently, particularly in the bound-
ary layer. Domestic pollution plumes have only been
observed during limited periods in summer, particularly in
August, when the land–sea air circulation over Tokyo Bay
occasionally transports pollution from Tokyo to cause a
late-afternoon daily maximum (Chang et al. 1989).

Mt. Fuji, Japan (FWS), Japan FWS was operated by the
JMA until 2004, after which the nonprofit organization
(NPO) Valid Utilization of Mount Fuji Weather Station
(http://npofuji3776-english.jimdo.com) assumed respon-
sibility for its operation. Mt. Fuji, which is the highest
mountain in Japan, is located in the central part of the
main Japanese island of Honshu. Its summit is posi-
tioned in the FT for most of the year (Igarashi et al.
2004). Westerly winds prevail at FWS, particularly
strong winds in winter, owing to the southward shift of
the polar jet stream (Nakazawa et al. 1984).

Region III: South America

La Quiaca Observatorio (LQO), Argentina LQO is op-
erated by the Servicio Meteorológico Nacional (SMNA).
This station is located in the Puna–Altiplano Plateau
(15–26° S, 65–69° W) in the central portion of the
Andes, which is an important dust activity region
(Gaiero et al. 2013; Prospero et al. 2002). The Altiplano
is situated between the hyper-arid Pacific coastal desert
to the west and the moist continental lowlands to the
east. The prevailing flows in the middle and upper
troposphere over the Altiplano are westerly from May to
October in the dry season and easterly from December
to March in the rainy season (Garreaud et al. 2003).

Region IV: North and Central America

Whistler Mountain (WHI), Canada WHI is located on
the summit of Whistler Mountain in a part of the Coast
Mountain Range approximately 100 km north of
Vancouver. The station was established in 2002 to meas-
ure aerosols and trace gases in the lower troposphere
and is operated by Environment and Climate Canada
(Macdonald et al. 2011). In this region, synoptic scale
climatology is controlled by the Aleutian Low and the
Pacific High. In winter, the zonal flow is generally stron-
ger, and the Aleutian Low causes a more southwesterly
flow over British Columbia. In summer, the intensified
Pacific High causes more a northwesterly flow over the
south coast of British Columbia (Klock and Mullock
2001). PBL influence was found to occur mostly during
spring and summer and less frequently in late autumn
and winter (Gallagher et al. 2011, 2012). Biogenic pro-
cesses characterized during the Whistler Aerosol and

Cloud Study 2010 (WACS 2010), which was a large
measurement campaign with a focus on aerosols and
clouds, have also been shown to be important at the
station during late spring and summer (e.g., Ahlm et al.
2013; Lee et al. 2012; Pierce et al. 2012; Wainwright
et al. 2012; Wong et al. 2011).

Mt. Bachelor Observatory (MBO), USA MBO is
located on the summit of an extinct volcano in the Cas-
cade Ridge of central Oregon. This station is operated
by the University of Washington. At this altitude, the
flow is predominantly from the southwest to the
northwest. Owing to its elevation, the prevailing westerly
winds, regional topography, and the lack of large urban/
industrial emission sources upwind, MBO is well
positioned for sampling FT air masses near the West
Coast of the USA with minimal influence from local an-
thropogenic emissions (Weiss-Penzias et al. 2006). Three
distinct pollution influences have been identified at
MBO: Asian long-range transport, North American bio-
mass burning, and North American industry (Jaffe et al.
2005; Weiss-Penzias et al. 2007; Reidmiller et al. 2010).

Niwot Ridge (NWR), USA NWR is located approxi-
mately 35 km west of Boulder, Colorado, on the Contin-
ental Divide for North America with runoff on the two
sides destined for the Colorado and Mississippi Rivers,
respectively. The station is situated on land owned by
the Mountain Research Station of the University of
Colorado and is used as a Long-Term Ecological
Research (LTER) site with support from the National
Science Foundation. This site is also used by the
National Oceanic and Atmospheric Administration
(NOAA) Global Monitoring Division for long-term
monitoring, flask sampling, and for the collection of air
that is used for preparing calibration standards of trace
gases. Continuous O3 measurement has been conducted
at two sites, data from both of which are available at the
WDCGG website. We used the O3 data from the C-1 re-
search site located at 3021 m a.s.l. in a subalpine forest
10 km east of the Continental Divide of the Americas.
For CO data, we used observations from the treeline van
(T-van) research site at 3523 m a.s.l. located in an alpine
fellfield. Weekly and bi-weekly flask samplings have been
also operated at the T-van. Wind patterns at NWR are
dominated by Westerlies (Haagenson 1979), although, at
times, upslope flows from the south or southeast trans-
port air from Denver to the site (Hahn 1981).

Chiricahua National Monument (CHA), USA

CHA is located in Arizona and is operated as a Clean
Air Markets Program site by the EPA. CHA contributes
to the CASTNET program (https://www3.epa.gov/cast
net/site_pages/CHA467.html), which monitors air quality
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and deposition including O3 concentration, and to the
IMPROVE program.

Great Basin National Park (GRB), USA GRB is located
on the northeastern flank of the Snake Range in Nevada.
This station is operated by the Great Basin National
Park and is sponsored by the National Park Service
(NPS) Air Resources Division. This agency administers
an extensive air monitoring program that measures air
pollution levels in national parks for visibility, gaseous
pollutants, and atmospheric deposition. GRB contrib-
utes to the CASTNET (https://www3.epa.gov/castnet/
site_pages/GRB411.html) and IMPROVE programs.

Lassen Volcanic National Park (LAV), USA LAV is
located on the northwest flank of Mt. Lassen, the
southernmost active volcano in the Cascade Mountain
Range in northern California. This station is operated by
the Lassen Volcanic National Park and is sponsored by
the NPS Air Resources Division. LAV contributes to the
CASTNET (https://www3.epa.gov/castnet/site_pages/LA
V410.html) and IMPROVE programs.

Yellowstone National Park (YEL), USA YEL is located
in Wyoming. It is operated by the Yellowstone National
Park and is sponsored by the NPS Air Resources
Division. YEL contributes to the CASTNET (https://
www3.epa.gov/castnet/site_pages/YEL408.html) and
IMPROVE programs.

Yosemite National Park (YOS), USA YOS is operated
by Yosemite National Park and is sponsored by the
NPS Air Resources Division. YOS is located on the
western slope of the Sierra Nevada Mountains in northern
California. YOS contributes to the CASTNET program
(https://www3.epa.gov/castnet/site_pages/YOS404.html)
and IMPROVE programs.

Region V: South–West Pacific

Tanah Rata (TAR), Malaysia TAR and the co-located
Cameron Highlands Meteorological Station are operated
by the Malaysian Meteorological Department (MMD)
(Toh et al. 2013) and participate in the EANET program.
Malaysia’s climate can be categorized into four seasons:
the northeast monsoon (winter monsoon) from
November to early March, the southwest monsoon
(summer monsoon) from late May to September, and two
transition periods between the monsoons (Yonemura
et al. 2002). The mean wind direction at TAR depends on
the monsoon season. The prevailing winds during the
northeast and southwest monsoons are from the
northeast and southwest, respectively. The precipitation
pattern has two maximum and two minimum periods,

and temperatures are approximately constant throughout
the year.

Mauna Loa (MLO), USA MLO is a GAW Global
station operated by the Global Monitoring Division
(GMD), NOAA Earth System Research Laboratory
(NOAA/ESRL). This station is located on the slope of
the active Mauna Loa volcano and is free from continen-
tal pollution sources. Atmospheric constituents have
been continuously monitored since the 1950s. Currently,
MLO is well known for its measurements of rising an-
thropogenic CO2 (e.g., Keeling et al. 1995). Winds at
MLO are controlled by several factors including the
strength of synoptic scale or trade winds, the height and
strength of the trade wind inversion, the flow of the syn-
optic winds around the island mountain topography,
and the daily heating and cooling cycle on the island. At
night, the station is above the inversion layer in the free
tropospheric atmosphere with minimal influence from
local emissions. A long-term trend analysis of aerosol
optical properties (Collaud Coen et al. 2013) has shown
significant negative trends for the backscatter fraction
and Ångström exponent and positive trends for the
scattering and absorption coefficients.

Region VI: Europe

Sonnblick (SNB), Austria SNB is located on the highest
peak among the main ridges of the Austrian Alps. This
station is organized by the Environment Agency,
Austria, and is one of the high-altitude stations of the
Monitoring Network in the Alpine Region for Persistent
and other Organic Pollutants (MONARPOP). Since its
foundation in 1886, most of the main meteorological pa-
rameters have been measured. These data serve as a
unique long-term climate record (Schöner et al. 2012).
The origins of pollution reaching SNB are typically in-
dustrial areas in southern and central Germany, most
parts of northeastern Europe, and the northern parts of
Italy near the Milan agglomeration (Holzinger et al.
2010). Local pollution sources reach SNB by convective
mixing, particularly in the daytime, when the mixing
height surpasses the altitude of SNB. Henne et al. (2010)
assessed the parameters reflecting site representativeness
in consideration of population (emission proxy), depos-
ition, and transport at 34 sites in western and central
Europe. They classified SNB as a “mostly remote” site
where the total population influence, population vari-
ability, and total deposition influence are small.

Zugspitze–Gipfel (ZUG) and Zugspitze–Schneefernerhaus

(ZSF), Germany Zugspitze is the highest mountain of
the Wetterstein Mountains in the Bavarian Alps. Moni-
toring activities began at ZSF and were later moved to
ZUG in 2001 and 2002. ZUG and ZSF are both GAW
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Global stations and are located at the summit and on
the southern slope of Zugspitze, respectively.
ZSF has been jointly operated by the Federal Environ-

mental Agency (Umweltbundesamt, UBA) and the
German Weather Service (Deutscher Wetterdienst,
DWD). Because ZUG/ZSF, which is located at the north-
ern flank of the Alps, is more distant from the central
Alps and at a lower elevation compared with SNB,
Henne et al. (2010) classified ZUG/ZSF as a “weakly in-
fluenced, constant deposition” site where the total popu-
lation influence, population variability, and deposition
variability are systematically larger than those at “mostly
remote” sites. ZUG is a TCCON site, at which total col-
umns of GHGs have been measured by means of FTIR
spectroscopy (e.g., Angelbratt et al. 2011a, b; Rinsland
et al. 2003; Vigouroux et al. 2008).

Monte Cimone (CMN), Italy CMN is a GAW Global
station operated by the Institute of Atmospheric
Sciences and Climate of the National Research Council
of Italy (ISAC-CNR). Mt. Cimone is the highest peak of
the northern Italian Apennines and is the only high
mountain station for atmospheric research located be-
tween the Southern Alps and the northern Mediterranean
Sea. The Apennines are the first mountain chain affected
by air masses from the Sahara on their way to Europe
(Bonasoni et al. 2004). The station is considered to be
representative of the baseline conditions of the
Mediterranean FT (Bonasoni et al. 2000a; Fischer et al.
2003). Even during the warm seasons, the influence of the
boundary layer air is substantial owing to convection and
the mountain breeze (Fischer et al. 2003; Van Dingenen et
al. 2005). The Mediterranean basin is located at the
boundary between the tropical zone and northern mid-
latitudes. It serves as a crossroad for air masses originating
from Europe, Asia, and Africa, where anthropogenic emis-
sions encounter natural emissions (Kanakidou et al. 2011;
Lelieveld et al. 2002). Henne et al. (2010) classified CMN
as a “weakly influenced, constant deposition” site.

Kislovodsk (KSL), Russian Federation KSL is orga-
nized by the Oboukhov Institute of Atmospheric Physics
(IFA), Russian Academy of Sciences. This station is
located on the mountain plateau at the northern slope of
the side ridge in the North Caucasus. The main features
of air transport to KSL in the summer are the prevailing
northern components, which include the town of
Kislovodsk and the Caucasus foothills, and the northeastern
components, which include the northern Caspian. In the
winter, the main air transport features are the prevailing
southern components, which include the regions behind
the Caucasus and Asia Minor deserts, and the southwest-
ern components, which include the Mediterranean and the
deserts of North Africa (Tarasova et al. 2003).

During the warm season from April to October, the
mountain–valley air circulation affects the O3 concentration
(Elansky et al. 1995; Senik and Elansky 2001). Simultaneous
measurements of O3 concentration were conducted at KSL
and at the nearest town located 18 km to the north (Senik
et al. 2005). That study indicated that surface O3 at KSL is
only slightly influenced by the pollutants accumulated
within the atmospheric boundary layer and revealed infor-
mation relating primarily to the regional and global state of
the troposphere. Observations of the total O3 and NO2

columns have also been reported (Elansky et al. 1995).

Krvavec (KVV), Slovenia KVV, managed by the Hydro-
meteorological Institute of Slovenia (HIS), is located on
the slope of Mt. Krvavec in the Kamniško–Savinjske
Alps, which are part of the southern margin of the Alps.
At this station, continuous measurements of black
carbon (BC) and O3 have been conducted within the
framework of the EMEP, which is a science-based and
policy-driven program of the Convention on Long-
Range Transboundary Air Pollution (CLRTAP) program
set up to facilitate international cooperation in solving
transboundary air pollution problems.

Arosa (ARO), Switzerland ARO is located within the
eastern part of the Swiss Alps at the end of Plessur
Valley. This station is surrounded by mountains with
heights ranging from 2500 to 3000 m a.s.l. The transport
of emissions from large cities such as Chur and Davos to
ARO is rare due to a channeling effect (Li et al. 2005).
The longest available total O3 record in the world is from
ARO, where total O3 measurements have been conducted
continuously since late 1926. The total O3 data are based
on measurements of ultraviolet (UV) radiation by Dubson
spectrophotometers and have been homogenized (Staehelin
et al. 1998a). These data have been utilized in numerous
studies (e.g., Brönnimann et al. 2003; Hoegger et al. 1992;
Krzyścin 2000; Rieder et al. 2010a, b; Scarnato et al. 2010;
Staehelin et al. 1998b).

Jungfraujoch (JFJ), Switzerland JFJ is a GAW Global
station located on a mountain crest on the northern
edge of the Swiss Alps. As part of the station is incorpo-
rated into the Swiss National Air Pollution Monitoring
Network (NABEL), a wide range of in situ trace gas
observations is performed by the Swiss Federal Labora-
tories for Materials Science and Technology (Empa) in
association with the Swiss Federal Office for the
Environment (FOEN). First sporadic aerosol observations
at JFJ started in the 1970s, but the majority of the oper-
ational long-term measurements of aerosols and aerosol
optical properties were initiated by the Paul Scherrer
Institute (PSI) in the mid-1990s (Bukowiecki et al. 2016;
Collaud Coen et al. 2007; Fierz-Schmidhauser et al. 2010;
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Nyeki et al. 2012). The site has been shown to be excellent
for studies on new particle formation (Bianchi et al. 2016)
or aerosol–cloud interaction, including mixed-phase and
glaciated clouds (Hoyle et al. 2016; Verheggen et al. 2007).
In addition, remote sensing investigations have been
performed by FTIR spectroscopy, which allows for quasi-
simultaneous investigation of total column concentrations
of a large number of gaseous constituents (e.g., Barret et
al. 2002, 2003a, b; De Mazière et al. 1999; Dils et al. 2011;
Duchatelet et al. 2009, 2010; Krieg et al. 2005; Mahieu et
al. 1997; Melen et al. 1998; Rinsland et al. 1991, 1992,
1996, 2000, 2008; Vigouroux et al. 2007; Zander et al.
2008, 2010). JFJ is exposed mostly to FT air masses in au-
tumn and winter. In late spring and summer, it is intermit-
tently influenced by vertically exported polluted air
masses transported in the PBL over Europe (e.g.,
Zellweger et al. 2000, 2003). Henne et al. (2010) classified
JFJ as a “mostly remote” site.

Pico Mountain Observatory (PMO), Portugal PMO is
located on the summit caldera of Mt. Pico on the Azores
Islands in the central North Atlantic. PMO was jointly
established in 2001 by scientists from the University of
the Azores and Michigan Technological University and
has been operated by these two groups, along with sci-
entists from the University of Colorado, Boulder, since
then. The Azores Islands are often affected by continen-
tal outflow. Emissions from North America are trans-
ported in the lower FT to the Azores. Episodically,
emissions exported from the eastern US are transported
by warm conveyor belts associated with convection
followed by subsidence and reach the Azores within 5 to
7 days (Owen et al. 2006). In addition, the Azores region
is affected by transport from high latitudes. Trace gases
and aerosols emitted from boreal wildfires in Canada,
Alaska, and Siberia are transported to the Azores over
long periods ranging from 6 to 15 days (Honrath et al.
2004; Lapina et al. 2008; Val Martin et al. 2008a). PMO
also has the advantage of being located in the lower FT
most of the time due to the mechanically forced upslope
flow resulting from the deflection of strong winds by the
mountain slope (Kleissl et al. 2007). In addition, the in-
fluence of local sources on the island via upslope flows
is relatively small (Helmig et al. 2008; Kleissl et al. 2007;
Val Martin et al. 2008b).

Instrumentation and measurement techniques for ozone

and its precursors

O3 concentrations can be measured by UV absorption,
gas-phase titration, or conventionally by iodometric (KI)
titration. The GAW Programme established a guideline
for O3 measurement that recommends the use of UV
absorption in O3 analyzers as a routine measurement
technique for continuous in situ observation (World

Meteorological Organization 2013). This measurement
method is based on the absorption of radiation at
253.7 nm by O3 in the gas cells of the instrument. An
O3 photometer is used as the primary standard, and
traceability is ensured through instrument comparisons
(Tanimoto et al. 2007).
The CO concentrations reported in this paper were

determined by collection of discrete air samples in flasks
with subsequent analysis in the laboratory, in addition to
continuous measurements. GC/HgO, which refers to gas
chromatography combined with mercury oxide (HgO)
reduction detection, was used for measurements of CO
concentrations in flasks. Non-dispersive infrared radiometry
(NDIR), wavelength-scanned cavity ring down spectroscopy
(WS-CRDS), or gas chromatography with flame ionization
detection (GC-FID) were used for in situ measurements.
All measurement methods require reference gases. In the
GAW Programme, the gas standards for CO measurements
have been established and maintained by the NOAA/ESRL
(World Meteorological Organization 2010).
The NMHC concentrations reported in this paper

were determined by collection of discrete air samples in
flasks with subsequent analysis in the laboratory, in
addition to continuous measurements. Gas chromatog-
raphy with mass spectrometry (GC-MS) was used for in
situ measurements, and GC-FID was used for in situ
and laboratory measurements.
NO concentrations can be measured by ozone chemilu-

minescence detection (CLD), which utilizes the gas-phase
reaction of ambient NO with O3 added in excess to the air
sample. NO2 concentrations can be also measured by CLD
via reduction to NO by photolytic conversion. CLD com-
bined with a thermal Au catalytic convertor has been used
for NOy measurements. Intercomparisons of NOy measure-
ments were performed at IZO (Zenker et al. 1998) and
MLO (Atlas et al. 1996). The NO2 instrument at HPO uses
a molybdenum (Mo) converter to thermally decompose
NO2 into NO. It has been shown that oxidized nitrogen
compounds such as nitrous acid (HONO), peroxyacetyl
nitrate (PAN), and nitric acid (HNO3) are also converted to
NO with high efficiency by the Mo convertor, and therefore
contribute to the overestimation of NO2 concentration
under certain conditions (Fehsenfeld et al. 1987). In rural
and remote sites, where NOx is small compared to NOy,
the interference is negligible. Therefore, we regard NOx

concentrations at HPO as NOy concentrations.

Seasonal and long-term changes

Tropospheric ozone

Stratospheric vs. tropospheric processes Numerous
observations in the Northern Hemisphere have enabled
the analysis of the seasonal and long-term variations in
tropospheric O3. For a long period of time, stratosphere–
troposphere exchange (STE) followed by subsiding
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transport to the middle and lower troposphere was
considered to be the primary source of tropospheric O3

(e.g., Danielsen 1968; Junge 1962). Junge (1962) found a
uniform seasonal cycle of tropospheric O3 with a
maximum in spring and a minimum in winter within the
Northern Hemisphere. Because the maximum was later
than that of stratospheric O3 by 2 months, this delay was
thought to be caused by the response time that depends
on the rate of O3 destruction within the troposphere.
Seasonal cycles of radionuclides were also investigated

as evidence for STE. Beryllium-7 (7Be), beryllium-10
(10Be), and lead-210 (210Pb) radionuclides, with half-lives
of 53.3 days, 1.5 × 106 years, and 22 years, respectively,
are useful tracers for tracking the movement of airflow
and convective activity in the atmosphere. 7Be and 10Be
are produced by cosmic ray spallation reactions with N
and O atoms in the stratosphere and upper troposphere.
More than half (~67%) of the 7Be and 10Be sources are
located in the stratosphere. The remainder are located in
the troposphere, particularly in the upper troposphere
(Lal and Peters 1967).
In addition to the independent use of 7Be and 10Be,

the 10Be/7Be ratio has been considered as a stratospheric
tracer because its value in the stratosphere is signifi-
cantly higher than that in the troposphere because of the
markedly longer radioactive half-life of 10Be than that of
7Be (Koch and Rind 1998). 210Pb is a daughter nuclide of
radon-222 (222Rn), which is emitted from soils and has a
half-life of 3.8 days (Turekian et al. 1977). Therefore,
high 7Be concentrations with respect to low 210Pb concen-
trations could indicate strong air subsidence from upper
altitudes, which can increase surface 7Be and O3 concen-
trations, because these components are produced mainly
in the stratosphere/upper troposphere (Cristofanelli et al.
2006, 2015; Cuevas et al. 2013; Tsutsumi et al. 1998; Zanis
et al. 1999).
Contrastingly, O3 produced photochemically within

polluted air masses in the troposphere can be traced by
a high concentration of 210Pb. The combined use of 7Be
and 210Pb can clarify information about the origin of the
air masses (Graustein and Turekian 1996; Heikkilä et al.
2008; Lee et al. 2007; Zanis et al. 2003b). Gros et al.
(2001) utilized CO and its isotopic composition (13C, 18O,
and 14C) together with 7Be as an STE tracer because
14CO is produced by the neutron–proton exchange re-
action in nitrogen-14 (14N) prior to its oxidation.
Approximately three fourths of all 14CO in the atmos-
phere is of direct cosmogenic origin. Gros et al. (2001)
determined the proportion of stratospheric air in an air
mass by examining the background and stratosphere
levels of 14CO at SNB.
The origins of air masses associated with high-O3

episodes and the contributions from the stratosphere
and the troposphere have previously been discussed in

detail, along with the correlations of O3 with water vapor
and anthropogenically emitted compounds such as CO,
CO2, NMHCs, and total atmospheric Hg (Ambrose et al.
2011; Bonasoni et al. 2000b; Cristofanelli et al. 2006, 2015;
Kajii et al. 1998; Tsutsumi et al. 1998; Wang et al. 2006).
Cristofanelli et al. (2006) investigated the influence of
stratospheric intrusion by using 7Be, relative humidity,
potential vorticity (PV), and total column O3. Based on
the aforementioned methods, Cristofanelli et al. (2015)
reconstructed the frequency of days influenced by strato-
spheric intrusion at CMN for the period from 1996 to
2011. Liang et al. (2008) utilized the oxygen isotopic ratio
of atmospheric CO2 (δ

18O(CO2)) as a tracer at WLG. The
δ18O(CO2) and Δ17O(CO2) values were found to be
enhanced by CO2 originating in the stratosphere and to
have a seasonal cycle that differed from those of surface
sources (Assonov et al. 2010).
PV (1 PVU = 10−6 m2 s−1 K kg−1) analysis has also

been widely used to detect the STE (Cristofanelli et al.
2006, 2009a, 2015; Cuevas et al. 2013; Ding and Wang
2006; Kentarchos et al. 2000; Leclair De Bellevue et al.
2006; Schuepbach et al. 1999; Tsutsumi et al. 1998). PV
is the product of absolute vorticity and thermodynamic
stability. Because PV is conserved in adiabatic, frictionless
flow, the dynamical tropopause is generally considered to
be a well-defined continuous surface with a quasi-material
character. Air parcels can only cross the dynamical tropo-
pause when diabatic or other non-conservative processes
(such as friction) change the PV. In the atmosphere above
350 hPa, PV rapidly increases with altitude, reaching typ-
ical values from 1.0 PVU (Danielsen 1968) to 3.5 PVU
(Hoerling et al. 1991).
On the other hand, during the Los Angeles smog epi-

sodes in the 1950s, it was revealed that O3 was produced
via photochemical reactions in the polluted air contain-
ing NOx and hydrocarbons (Haagen-Smit 1952). Later in
the 1970s and 1980s, photochemistry involving the
oxidation of CO and hydrocarbons in the remote atmos-
phere had been regarded as the major source of tropo-
spheric O3 (e.g., Chameides and Walker 1973). The
seasonal cycles of tropospheric O3 have been argued as a
clue to understanding the contributions from the strato-
spheric influence and the tropospheric photochemistry.
The spring O3 maximum has widely been observed at
many remote sites across the mid-latitudes in the
Northern Hemisphere (Monks 2000; Oltmans et al.
2004). Arguments have been presented on the possible
mechanisms, sources, and processes of this variation, par-
ticularly the roles of stratospheric intrusion and tropo-
spheric photochemistry (Monks 2000; Scheel et al. 1997).
As we discussed above, the former was considered to

be more important in 1960, while the latter was consid-
ered to play a key role in later years, triggered by the
finding of a springtime PAN maximum, which is an
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unambiguous marker for tropospheric photochemistry.
It has been suggested that the onset of photochemical
O3 production from the accumulation of O3 precursors
such as CO and NMHCs over the winter may be related
to the springtime maximum of O3 (Penkett and Brice
1986). Additionally, the lifetime of O3 in winter is long
enough to allow its accumulation once produced from
the precursors emitted from anthropogenic sources
(Fenneteaux et al. 1999; Liu et al. 1987). Intensive
campaigns such as the Mauna Loa Observatory Photo-
chemistry Experiment (MLOPEX) were made to gain an
understanding of the detailed photochemical mecha-
nisms of tropospheric O3 in the pristine marine
atmosphere, thereby suggesting an important role of in
situ photochemical production of O3 (e.g., Ridley and
Robinson 1992).
In more recent years, chemistry transport models,

evaluated against the seasonal cycles of tropospheric O3,
predicted that photochemical production and strato-
spheric influence were 4974 ± 223 and 556 ± 154 Tg(O3)
year−1, respectively, thereby highlighting the importance
of photochemical production of O3 (e.g., Stevenson et al.
2006; Sudo and Akimoto 2007). Based on these state-of-
science models, the contribution of stratospheric O3 to
the spring maximum is thought to be minor. Nagashima
et al. (2010) showed the seasonal variations of the con-
tributions from the stratosphere, PBL, and FT at 25 se-
lected sites including ZSF, ISK, MDY, HPO, NWR, and
MLO and concluded that the stratospheric contributions
from surface sites, including the interior of the Eurasian
continent (ISK and MDY), had a minimum in summer
and autumn.
However, arguments on the role of the stratospheric

O3 in the tropospheric O3 distributions and variations
continue, with emphasis on the differences in the season,
region, and altitude. Škerlak et al. (2014) compiled a glo-
bal 33 year climatology of STE for the period 1979 to
2011 by using the ERA-Interim reanalysis dataset from
the European Centre for Medium-Range Weather Fore-
casts (ECMWF) and showed the geographical and sea-
sonal distributions of stratospheric O3 fluxes across the
tropopause and down to the top of PBL. They reported
that western North America (from March to May) and
the Tibetan Plateau (in except for the period from
September to November) are the regions where surface
O3 levels were most likely affected by the STE, with a
maximum value of more than 120 kg km−2 month−1.
This could have significant implications for surface O3

air quality. However, these estimates could still have
large uncertainties resulting from uncertainties and/or
biases in the reanalysis datasets used.

Seasonal variations The seasonal cycle of O3 is controlled
by the interaction of photochemical and dynamical

processes and shows clear dependences on the latitude, alti-
tude, and availability of precursors. Figure 2 shows the sea-
sonal cycles of O3 at the 26 high-altitude stations around
the globe. Here, we show only data that were available on
the public websites or by the referred publications; the data
providers are summarized in Table 1. The aforementioned
typical small springtime O3 maxima have been reported at
numerous stations on remote islands such as IZO, with
peak concentration of ~55 parts per billion (ppb) (Cuevas
et al. 2013; Rodrıguez et al. 2004; Schmitt and Volz-
Thomas 1997; Fig. 2f); MLO, at ~50 ppb (Oltmans et al.
1996a, 2006; Fig. 2q); and PMO (Kumar et al. 2013). In a
later study, Hauglustaine et al. (1999) utilized a photochem-
ical box model in conjunction with the MLOPEX 2 mea-
surements to evaluate the processes and species controlling
photochemistry and to provide insight into the O3, odd ni-
trogen, and odd hydrogen budget in the FT over the Pacific.
Their analysis indicated a well-balanced production and
destruction of O3 during all seasons. The net production
rate of O3 was slightly negative, indicating that this region
or the tropical Pacific troposphere acted as a net photo-
chemical sink for O3.
In continental Europe, including stations ZSF, SNB, JFJ,

KVV CMN, and KSL, the seasonal cycle of O3 at high alti-
tudes exhibits a minimum in winter and a broad maximum
beginning in spring and extending to summer. This behav-
ior represents a combination of the spring maximum
generally observed in the Northern Hemisphere and a sec-
ondary summer maximum, which is attributed to enhanced
regional pollution associated with persistent anticyclonic
weather (Chevalier et al. 2007). Such broad spring/summer
maxima in O3 have been reported at SNB (~55 ppb) (Gilge
et al. 2010; Fig. 2b), ZSF (~55 ppb) (Gilge et al. 2010;
Schuepbach et al. 2001; Fig. 2a), CMN (~60 ppb) (Bonasoni
et al. 2000a; Campana et al. 2005; Fig. 2e), KSL (Elansky et
al. 1995; Senik and Elansky 2001; Senik et al. 2005;
Tarasova et al. 2003, 2009), KVV (~55 ppb; Fig. 2d), ARO
(Campana et al. 2005; Pochanart et al. 2001; Staehelin et al.
1994), and JFJ (~60 ppb; Balzani Lööv et al. 2008; Gilge et
al. 2010; Schuepbach et al. 2001; Zanis et al. 2007; Fig. 2c).
During three intensive observations known as the FREE
Tropospheric Experiment (FREETEX), which covered the
period of O3 buildup from late winter to late spring, the
concentrations of peroxy radicals (HO2+RO2) showed a
gradual increase from February to May (Zanis et al. 2003a).
The calculated net O3 production rate showed an increas-
ing seasonal trend from late winter to late spring. Zanis et
al. (2003a) suggested that in situ photochemistry is import-
ant and might have played a dominant role in controlling
the O3 accumulation from winter to spring in the lower FT
over the European Alps.
In East Asia, a distinct spring maximum associated

with a summer minimum with a small secondary peak
in autumn was reported at HPO (~70 ppb; Kajii et al.
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Fig. 2 Seasonal variations in tropospheric O3 concentration at 26 mountain stations (a–z). The lines with circles denote the average observed O3

concentrations during a particular period. The years in parentheses denote the averaging periods. The red shaded bands and error bars denote the

standard deviations
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1998; Pochanart et al. 2004; Fig. 2l) and FWS (Tsutsumi
et al. 1994) in Japan and at LLN (~50 ppb; Ou Yang
et al. 2012; Fig. 2o) in Taiwan. This seasonal pattern and
magnitude are controlled by a combination of two fac-
tors. Although O3 produced by photochemical activity
accumulates from winter to summer, the East Asian
monsoon brings pristine air masses from the Pacific
Ocean during summer, yielding the spring maximum
and the summer minimum (Tanimoto et al. 2005). It
should be noted that the mean concentration at the
spring peak during the period from 2008 to 2012 at
HPO is 70 ppb, which is higher than those at European
and North American sites owing to the substantial ef-
fects of anthropogenic activity in East Asia. It is consid-
ered likely that air mass intrusion from the stratosphere
might not contribute directly to the high springtime O3

concentration at HPO, according to analysis of the cor-
relation between O3 and absolute humidity (Kajii et al.
1998). In East Siberia, the seasonal cycle of O3 at MDY
showed a spring maximum and summer minimum
(~50 ppb; Pochanart et al. 2003; Fig. 2k). This summer
minimum is not caused by a continental–marine air
mass exchange because MDY is located in the middle of
Siberia. Rather, it is caused by an O3 sink that includes
surface deposition and more active vegetation (Pochanart
et al. 2003). Wild et al. (2004) reported that the mean
European influence on the O3 concentration at MDY var-
ied between 3.5 ppb in spring and 0.5 ppb in summer. In
South Asia, the seasonal cycle at PYR showed a spring
maximum and a summer minimum (~65 ppb; Bonasoni
et al. 2010; Fig. 2m), which is similar to the case in East
Asia. This likely occurred because PYR is under a greater
influence from the South Asian monsoon, which brings
clean maritime air masses during summer (Bonasoni et al.
2010). In addition, STE events at PYR showed frequency
maxima during the dry winter and pre-monsoon spring
seasons, which affected the O3 concentration (Bracci et al.
2012; Cristofanelli et al. 2009a). The estimated average O3

increase with respect to the average mean values by STE
events for the period from 2006 to 2008 was 24 % (Bracci
et al. 2012). The seasonal cycle of O3 at MAB also
depends on the South Asian monsoon. However, spring-
time O3 at MAB did not show a value as high as that at
PYR, and the seasonal cycle was characterized by the
summer minimum and late autumn–winter maximum in
the period from October to February of ~50 ppb (Naja
et al. 2003; Fig. 2n). It is considered likely that one of the
reasons for the disagreement is the altitude difference of
approximately 3400 m. Because the stratospheric influ-
ence generally increases with an increase of altitude, PYR
was frequently influenced by STE in spring (Bracci et al.
2012; Cristofanelli et al. 2009a).
In central Asia, a broad summer maximum was found

in the surface O3 concentration observed at ISK

(~50 ppb; Fig. 2j) in Kyrgyzstan and at WLG on the
Qinghai–Tibetan Plateau (~60 ppb; Ding and Wang
2006; Lee et al. 2007; Liang et al. 2008; Ma et al. 2005;
Wang et al. 2006; Xu et al. 2015; Xue et al. 2011; Zhu et
al. 2004; Fig. 2i). Analyses of the summer maximum at
WLG have yielded contradicting results that have led to
two competing hypotheses on its cause: long-range
transport of polluted air masses from central–eastern
China and intrusion of O3-rich air masses from the
stratosphere. In a three-dimensional (3D) regional chem-
ical transport model study, Zhu et al. (2004) concluded
that the seasonal O3 transitions associated with the
Asian monsoon system and transport from eastern–cen-
tral China, central–South Asia, and even Europe are re-
sponsible for the distinct seasonal O3 cycle at WLG. An
alternative theory is that downward transport of air
masses from the upper troposphere–lower stratosphere
plays a key role in controlling the seasonal cycle of O3 at
WLG (Ma et al. 2005). An analysis of O3 measurements
and tropospheric and stratospheric tracers such as water
vapor, CO, NMHCs, PV, and δ18O (CO2) attributed the
summertime O3 enhancements at WLG to stratospheric
intrusion rather than the transport of anthropogenic pol-
lution (Ding and Wang 2006; Liang et al. 2008; Wang
et al. 2006). From measurements of 7Be and 210Pb, Lee
et al. (2007) suggested that the combined processes of
the downward transport of the stratospheric–upper
tropospheric air masses and the long-range transport of
polluted air masses from eastern–central China caused
the summertime O3 peak. A model calculation using the
Nested Air Quality Prediction Modeling System
(NAQPMS) estimated the contributions of the regional
transport of photochemically produced O3 and strato-
spheric O3 at 10–25 and ~5 ppb, respectively (Li et al.
2009). An analysis of backward trajectories for the
period from 2000 to 2009 revealed that air masses from
central–eastern China dominated the airflow at WLG in
summer, suggesting strong impacts of anthropogenic
forcing on the surface O3 and other trace constituents
such as CO, NO, NO2, NOy, PAN, HNO3, and particu-
late nitrate (NO3

−) on the Tibetan Plateau (Xue et al.
2011). Using a photochemical box model constrained by
observations, Xue et al. (2013) calculated the photo-
chemical budgets of O3 and radicals and showed that O3

production was significantly greater than O3 destruction
during daytime in both spring and summer, which is
indicative of net O3 production in both seasons. In con-
trast, Ma et al. (2002) reported that the net O3 produc-
tion is positive in winter but negative in summer. Xue
et al. (2013) determined that the key factor leading to
this disagreement was the difference in NO levels and
suggested that the transport of anthropogenic pollution
from central–eastern China might perturb the chemistry
in the background atmosphere over the Tibetan Plateau.
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The circumstances described above indicate that the
summer maximum at WLG can be attributed to the
transport of anthropogenic pollution. Based on the
source-receptor analysis, Nagashima et al. (2010)
suggested that the summer maximum of O3 at ISK was
mainly due to the enhanced contribution of O3

produced in the surrounding regions.
In North America, three different types of seasonal

cycle were found in surface O3. A spring maximum was
observed at WHI (~50 ppb; Macdonald et al. 2011;
Fig. 2r) and CHA (~55 ppb; Fig. 2y). A broad spring–
summer maximum was observed at GRB (~50 ppb;
Fig. 2w), LAV (~45 ppb; Fig. 2u), MBO (~50 ppb; Gratz
et al. 2015; Weiss-Penzias et al. 2007; Fig. 2s), NWR
(~55 ppb; Oltmans and Levy 1994; Fig. 2v), and YEL
(~50 ppb; Fig. 2t). A distinct summer maximum was ob-
served at YOS (~60 ppb; Fig. 2x). It is possible that these
types of seasonal cycle in western North America reflect
a difference in the influence of the boundary layer at
each site. All high-O3 events at MBO were observed be-
tween early March and late September and were caused
by the Asian long-range transport, the subsidence of O3-
rich air from the upper troposphere–lower stratosphere,
and the mixed influence of these two mechanisms
(Ambrose et al. 2011). Therefore, the seasonal cycle at
MBO might have been caused by the spring peak of
background O3 in the Northern Hemisphere and high
O3 events occurring between early spring and late
summer.
Compared with the Northern Hemisphere, O3 seasonal

cycle observations have not been conducted extensively in
the Southern Hemisphere and the equatorial regions, and
the O3 seasonal cycles observed at MKN and TAR, which
are located in the tropics, appear to be rather flat relative
to those at other mid-latitude sites. The O3 concentrations
at MKN exhibit little variation, with a minimum in
November and a broad maximum in boreal summer
(Henne et al. 2008). This cycle can be explained by the
seasonal variation of monsoon flow over equatorial East
Africa, which is driven by seasonal displacement of the
ITCZ. Although the seasonal variations in O3 at TAR were
not pronounced (Fig. 2p), based on observations from
2006 to 2008, Toh et al. (2013) reported a substantial sea-
sonal cycle associated with a minimum that occurred
twice a year in the November–December and March–
April timeframes, along with a maximum that occurred in
the summer monsoon season in late May–September,
which that coincided with the regional biomass burning
period. This discrepancy is likely to be due to the interan-
nual variability of O3 in tropical regions. The seasonal
cycle at ASK, which is located in the Sahara Desert of
Algeria between IZO and MKN, has an autumn minimum
and a summer maximum in the July–August timeframe
(~45 ppb; Fig. 2g). In South America, the seasonal cycle of

O3 observed at LQO is characterized by an autumn mini-
mum in the March to May period and a spring maximum
in September–October timeframe (~40 ppb; Fig. 2z). It
should be noted that while these O3 maximum periods
coincide with the August to October biomass burning
season in the Southern Hemisphere (Duncan et al. 2003),
the actual mechanism involved in the seasonal cycles has
not been investigated.
The latitudinal gradient in tropospheric O3 has also

been discussed in previous research. For example, Scheel
et al. (1997) found that the O3 seasonal cycle amplitude
was smaller in the northwest area than in the southeast
area within Europe, and Winkler (1988) showed that the
surface O3 concentration over the Atlantic Ocean, which
was twice as high in the Northern Hemisphere as that in
the Southern Hemisphere, generally increased with
latitude, and then dropped rapidly at 70° N. Figure 3
shows the annual mean concentrations and the ampli-
tude (annual maximum and minimum) of the seasonal
cycles of tropospheric O3 observed at the mountain sites
as a function of latitude or altitude for the period of
2008 to 2012. As can be seen in this figure, the mean O3

concentrations and the seasonal amplitude generally
increased with latitude for the range of 0°–40° N and de-
creased or stabilized at higher latitudes (Fig. 3c). The
means were ~50 ppb in Europe and 30–45 ppb in Africa.
Those in Asia were 35–50 ppb depending on the loca-
tion, although three maxima were noted above 45 ppb at
WLG, PYR, and HPO. In particular, the maxima at HPO
and PYR were higher than those at other sites. Although
one of the reasons for such a high value at PYR is
believed to be its altitude at 5079 m a.s.l., no altitude de-
pendency was observed for the annual mean O3 concentra-
tion (Fig. 3a). Therefore, the high maximum values at PYR
and HPO are associated with their seasonal cycle spring
maxima. The minima were in the range of 30–50 ppb for
all of the mid-latitude stations except for LLN. The tropical
sites differed from other mid-latitude sites, showing small
variability over the course of the year. Insufficient data were
available to discuss the latitudinal gradient south of ~20° N.
The seasonal amplitude for the 22 stations was 10–20 ppb,
and again, the magnitude was generally dependent on the
latitude. Moreover, the seasonal amplitude at MAB, LLN,
HPO, and PYR, at ~25–30 ppb (Fig. 3d) was substantially
larger than that at the other stations. This result was caused
by either a larger spring or autumn maximum due to in-
tense photochemical production, and a smaller summer
minimum due to the Asian monsoon, than those reported
at other sites. No altitude dependency was observed for the
amplitude of the O3 concentration (Fig. 3b).

Long-term trends The long-term trends for tropo-
spheric O3 have been actively examined and summarized
in many studies (e.g., Cooper et al. 2014; Oltmans et al.
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2006, 2013; Vingarzan 2004). The abundance of O3 was
first observed in the 19th century. The relevancies of old
measurement data were examined and an apparent in-
crease in the background O3 levels was observed
throughout the 20th century in Europe (Marenco et al.
1994; Volz and Kley 1988). More recently, Gilge et al.
(2010) calculated the long-term trends for surface O3 at
SNB, ZUG/ZSF, and JFJ to be 0.22 ± 0.17 ppb year−1

(1989–2007), 0.42 ± 0.09 ppb year−1 (1975–2007), and
0.26 ± 0.16 ppb year−1 (1986–2007), respectively. During
the past 40 years, the O3 concentrations at ZUG/ZSF
showed significant increases in the 1980s that slowed in
the 1990s (Gilge et al. 2010; Logan et al. 2012; Oltmans
et al. 2013; Parrish et al. 2012). In the 1990s, O3 in-
creases at European stations including SNB, CMN,
ARO, ZUG/ZSF, and JFJ were broadly observed, indicat-
ing that the increasing trend of O3 is a regional-scale
phenomenon. The O3 concentrations at European sta-
tions peaked in the late 1990s or early 2000s, followed
by the current decreasing trend (Brönnimann et al.
2002; Cristofanelli et al. 2015; Cui et al. 2011; Gilge et al.
2010; Logan et al. 2012; Parrish et al. 2012; Oltmans
et al. 2013; Staehelin et al. 1994). For the period from
2000 to 2009, Logan et al. (2012) calculated the mean
rate of O3 decrease at seven European alpine sites
including SNB, ZUG/ZSF, and JFJ to be −0.16 ±
0.14 ppb year−1. They discussed possible contributing
factors to the O3 changes in central Europe, including
changes in stratospheric input and in O3 precursors. In
addition, they showed that emissions of NOx from both

the USA and Europe were almost constant in the 1980s
but decreased in the 1990s. Model studies have
suggested that variations in domestic emissions should
have the largest influence on O3 in summer, whereas
variations in emissions in North America and Asia should
have the largest influence in spring and late autumn over
Europe (Fiore et al. 2009; Jonson et al. 2010). Such studies
concluded that CO and CH4 emissions should have only a
minor influence on O3 trends. However, the relationship
between the observed O3 trends and anthropogenic emis-
sion changes is complex. Although total anthropogenic
NOx emissions at northern mid-latitudes increased by
only ~14 % for the period from 1980 to 2010, long-term
O3 trends showed remarkable increases (Parrish et al.
2014). The long-term trend for surface O3 at KSL in
Caucasus differed from that in central and southern Eur-
ope (Senik and Elansky 2001; Tarasova et al. 2003, 2009)
with the former showing a decreasing trend in the 1990s
(Senik and Elansky 2001; Tarasova et al. 2003). For the
period from 1991 to 2001, a strong concentration change
of −0.91 ± 0.17 ppb year−1 was observed, after which the
O3 changes decreased to −0.37 ± 0.14 ppb year−1 for the
period from 1997 to 2006 (Tarasova et al. 2009). Tarasova
et al. (2009) reported that the O3 surface trend difference
was caused by differences in the station locations relative
to the source areas affecting the O3 variations. The de-
creasing O3 trend at KSL was caused by both substantial
emission decreases in the 1990s due to the breakdown of
the former USSR and emission control measures imple-
mented in Europe.

Fig. 3 Annual mean concentration and range (maximum–minimum) of seasonal cycles of tropospheric O3 observed at mountain sites with respect to

latitude and altitude of station (a–d). The error bars denote the maxima and minima
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In the North Atlantic, the surface O3 record at IZO
showed a slightly positive trend at 0.09 ± 0.02 ppb year−1

for the period from 1988 to 2009 with a rapid increase
between 1996 and 1998 (Cuevas et al. 2013). Cuevas
et al. (2013) suggested that the abrupt changes in the O3

levels reflect a phase shift of the North Atlantic Oscilla-
tion (NAO), which altered the transport pattern to IZO.
The predominant high positive phase of the NAO chan-
ged from 1995 to 1996. IZO is influenced by flow from
both the mid-latitudes and the subtropics and NAO
changes have resulted in an increased flow of the West-
erlies in the mid-latitude subtropical North Atlantic,
thus favoring the transport of O3 and its precursors from
North America. This process increased the tropospheric
O3 in the subtropical North Atlantic region after 1996.
In East Asia, a positive O3 surface trend at 0.25 ±

0.17 ppb year−1 was observed at WLG for the period
from 1994 to 2013 (Xu et al. 2015), and an especially
strong increase was found in autumn, followed by
spring. HPO in Japan experienced a generally large in-
crease in springtime O3 compared with the increases
over Europe and North America during the 2000s
(Tanimoto 2009; Parrish et al. 2012). The mean growth
rate in springtime O3 was ~1 ppb year−1 for the period
from 1998 to 2006 (Tanimoto et al. 2009). Tanimoto et
al. (2009) showed that variations in NOx emissions and
satellite observations of tropospheric NO2 for East Asia
were consistent with a remarkable increase of O3 at
HPO. Although this increasing trend is consistent with
the increasing anthropogenic emissions in East Asia, it
can only explain half of the observed increase by the
model calculation. In the western USA, positive trends
in springtime O3 concentrations have been reported
(e.g., Cooper et al. 2014; Jaffe et al. 2003b; Jaffe and Ray
2007; Parrish et al. 2012; Vingarzan 2004). Jaffe and Ray
(2007) reported positive trends in O3 concentration at
LAV and at YEL in all seasons with growth rates of 0.33
and 0.50 ppb year−1, respectively, based on the analysis
of deseasonalized monthly mean O3 concentrations
(daytime data only) for the period from 1987 to 2004.
Moreover, they proposed possible explanations for these
O3 trends that include (1) increases in regional emis-
sions, (2) changes in the distribution of emissions, (3) in-
creases in biomass burning in the western USA, and (4)
increases in global background O3. Jaffe et al. (2008)
showed that the increase in fires is largely responsible
for the increase in summertime O3, but fires could not
explain the trend in O3 for other seasons. Jaffe (2011)
found statistically significant correlations between
springtime O3 at 11 sites in the western USA including
CHA, GRB, and YEL and free tropospheric O3, as mea-
sured by an ozonesonde in Boulder. This correlation in-
dicates a downward transport of enhanced O3 from the
FT to the surface. In summer, free tropospheric and

surface O3 concentrations and the number of days ex-
ceeding the US National Ambient Air Quality Standards
(NAAQS) threshold were all significantly correlated with
emissions from biomass burning in the western USA.
This also indicates that wildfires had a large impact on
O3 concentrations in the western USA. The mean
springtime O3 at MBO showed significant increases of
0.73 ± 0.54 ppb year−1 for the period from 2004 to 2013,
whereas the annual mean O3 did not show a significant
trend (Gratz et al. 2015). An analysis of transport pat-
terns by Gratz et al. (2015) suggested that long-range
transport from Asia has a dominant influence on the in-
creasing springtime O3. At HPO and MBO, which are
both strongly influenced by springtime outflow from
East Asia, the O3 levels showed larger increases at
higher percentile levels than those at lower percentile
levels (Gratz et al. 2015; Tanimoto 2009). A statistically
significant positive trend in the mean maximum daily 8-h
average (MDA8) O3 concentration at 0.12 ppb year−1 was
observed at CHA for the period from 1989 to 2010
(Chalbot et al. 2013). The surface O3 recorded at MLO in
the Northern Pacific has shown a significant increase of
0.16 ± 0.04 ppb decade−1 (Oltmans et al. 2013). Oltmans
et al. (2013) showed an increasing trend into the early
2000s followed by a decline in later years. In the earliest
period, the increase was observed primarily in spring, but
in the most recent decade, increases during autumn and
early winter were observed to be greater. This change is
attributed to a shift in the transport pattern associated
with greater outflow from higher latitudes north of 30° N
(Oltmans et al. 2006). Such a seasonal shift in the O3

maximum has not been observed at most stations in the
mid-latitudes, but shifts in the seasonal cycle to an
earlier time of the year were observed at ZUG/ZSF, at
5.1 ± 3.5 days decade−1 (Parrish et al. 2013); JFJ, at
5.6 ± 4.1 days decade−1 (Parrish et al. 2013); and LAV,
at 14 ± 19 days decade−1 (Cooper et al. 2014; Parrish
et al. 2013). Additional studies are needed to determine
why the seasonal O3 cycle shifts across northern mid-
latitudes are only seen at some sites and not others.
Parrish et al. (2014) showed comparisons of long-term O3

records observed at northern mid-latitude sites with three
chemistry–climate model results. Some disagreement was
noted between the observed and modeled results, suggest-
ing that only limited confidence can be placed in the esti-
mates of the present RF of tropospheric O3 derived from
modeled historic concentration changes and in the predic-
tion of future O3 concentrations.
Some differences between the changes in O3 concen-

trations at high-altitude sites and those at low-latitude
sites have been observed. The temporal behavior at
Mace Head, which is a remote site in western Ireland,
was similar to that at the alpine site, even though the O3

increase in the late 1990s occurred earlier at ZUG/ZSF
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than at Mace Head (Logan et al. 2012). Parrish et al.
(2012) showed the long-term O3 trends of 11 datasets
regarded as baseline conditions. These datasets covered
the range from low level to FT level, and included ZUG/
ZSF, ARO, JFJ, HPO, and LAV data. They showed that
both absolute O3 concentrations and positive trends in
O3 generally increased with the altitude of the measure-
ment site. In addition, they suggested that the changes
in O3 concentration showed a high degree of longitu-
dinal uniformity over the last half of the 20th century at
northern mid-latitudes.

Carbon monoxide

In the Northern Hemisphere, the seasonal maximum of
CO occurs in late winter and early spring, and the sea-
sonal minimum occurs in summer (Novelli et al. 1998);
the maximum occurs 3 to 4 months after the seasonal
minimum in OH radicals. The summer minimum in CO
is explained well by the maximum occurrence of OH radi-
cals, which are a CO main sink in the troposphere. The
time lag for the CO maximum in late winter–early spring
reflects the mixed effects of the seasonal variations in OH
radical concentrations and CO emissions. The slower
chemical destruction of CO by OH leads to a longer CO
lifetime in winter, which allows more accumulation. Be-
cause the lifetime of CO is long enough for it to be trans-
ported across the globe, the long-range transport of
industrial and biomass burning emissions originating on
the Asian and North American continents can have sub-
stantial impacts on seasonal variations, depending on the
location of the observation site (Novelli et al. 2003; Pfister
et al. 2006; Yurganov et al. 2004, 2005).
Figure 4 shows seasonal cycles of CO at 16 high-

altitude stations around the globe. The aforementioned,
well-known seasonal cycles of CO have been reported at
numerous stations on remote islands such as at IZO,
with a peak concentration of ~115 ppb (Gomez-Pelaez
et al. 2013; Fig. 4f ); PMO (Kumar et al. 2013), and MLO
at ~105 ppb (Greenberg et al. 1996; Jaffe et al. 1997;
Fig. 4m). The seasonal cycle at ASK, at ~115 ppb
(Fig. 4g), is similar to that at IZO.
In continental Europe including ZUG, SNB, JFJ, KVV,

and CMN, the seasonal cycle of CO at high altitudes ex-
hibits a maximum in late winter–early spring and a
minimum in summer. The levels, amplitude, and timing
differ slightly among sites, with SNB at ~160 ppb (Gilge
et al. 2010; Gros et al. 2001; Fig. 4b), ZUG at ~180 ppb
(Gilge et al. 2010; Fig. 4a), CMN at ~150 ppb (Cristofa-
nelli et al. 2013; Fig. 4e), KVV at ~180 ppb (Fig. 4d), and
JFJ at ~140 ppb Balzani Lööv et al. 2008; Dils et al.
2011; Forrer et al. 2000; Gilge et al. 2010; Zellweger et
al. 2009; Fig. 4c).
Maxima in late winter–early spring and minima in sum-

mer also occur in North America, with WHI at ~180 ppb

(Macdonald et al. 2011; Fig. 4n), NWR at ~135 ppb
(Turnbull et al. 2007; Fig. 4p), and MBO at ~150 ppb
(Weiss-Penzias et al. 2007; Fig. 4o).
In East Asia, the timing of the maximum shifts late to-

ward the spring in association with a summer minimum
and shows a small secondary peak in autumn, as observed
at HPO with ~225 ppb (Kajii et al. 1998; Kato et al. 2000,
2002; Narita et al. 1999; Pochanart et al. 2004; Fig. 4j), and
LLN with ~215 ppb (Cheng et al. 2013; Lin et al. 2010;
Ou-Yang et al. 2014; Fig. 4l). Similar to that of O3, the sea-
sonal pattern and magnitude are controlled by a combin-
ation of two factors: the impact of continental outflow
from the Asian continent from winter to spring and the
East Asian monsoon that brings pristine air masses from
the Pacific Ocean during summer. It should also be noted
that the mean concentration of the spring peak during the
period from 2008 to 2012 at HPO and LLN was between
200 and 250 ppb, which is higher than those at European
and North American sites, due to substantial impacts
from anthropogenic activities in East Asia in the case at
HPO (Pochanart et al. 2004), and Southeast Asia biomass
burning activities in the case at LLN (Cheng et al. 2013;
Ou-Yang et al. 2014). The seasonal cycle at MAB, at
~180 ppb (Naja et al. 2003; Fig. 4k), shows a different pat-
tern, with the maximum occurring after the monsoon sea-
son, as observed with O3, due to transported pollution
from the northeast.
In inland Asia, two types of seasonal cycle were found.

The seasonal cycle at MDY is a typical pattern with a
spring maximum and a summer minimum (Pochanart et
al. 2003). Wild et al. (2004) reported that the mean
European influence on the CO concentration at MDY
varied between 30 ppb in spring and 10 ppb in summer.
However, the seasonal pattern at WLG (Zhang et al.
2011) has a broad spring and summer maximum, which
is similar to that of O3 at WLG, thereby suggesting that
both O3 and CO are controlled by the same mechanism.
At WLG, the CO data plotted in the present study
showed a different seasonal cycle from that found by
Zhang et al. (2011), which showed a late winter and
early spring maximum. This discrepancy is likely caused
by large interannual variability and variance in the flask
sampling data (Fig. 4i).
In the tropics, the seasonal cycle of MKN, located

in the equatorial region, differs from that at other sta-
tions. The maximum CO levels occur in January to
March, followed by a sharp decrease toward April
and May and an increase by the end of the year
(Henne et al. 2008). Henne et al. (2008) determined
that this seasonal cycle is associated with two maxima
in February and August and is caused by the oscilla-
tion of monsoon circulation. The winter and spring
maximum is caused by advection of CO-enriched air
masses in the Northern Hemisphere during boreal
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winter. In contrast, the summer maximum was ob-
served during advection of air masses from the
Southern Hemisphere that were affected by biomass-
burning emissions in southern Africa.
Similar to O3, CO also shows a gradient from south to

north and greater seasonal amplitude in the Northern
Hemisphere than that in the Southern Hemisphere. Based
on the analysis of the global distribution of surface CO
determined by flask sampling, Novelli et al. (2003) re-
vealed a gradient between the Northern and Southern
Hemispheres, with a greater seasonal amplitude in the
Northern Hemisphere than that in the Southern Hemi-
sphere and greater interannual variations in CO concen-
trations in the Southern Hemisphere than that in the

Northern Hemisphere. Figure 5 shows the annual mean
concentrations and amplitude of the seasonal cycles of
tropospheric CO observed at the mountain sites as a func-
tion of altitude or latitude for the period from 2008 to
2012. The annual mean concentrations and amplitude
(annual maximum/minimum) of the seasonal cycles of
CO generally increased with latitude (Fig. 5c, d). This is a
reverse latitudinal distribution of tropospheric OH (e.g.,
Spivakovsky et al. 1990). The annual mean concentrations
and amplitude of the seasonal cycles of CO generally
decreased with altitude (Fig. 5a), reflecting the fact that
the emission sources of CO are located at the ground
surface. The means were from 120 to 180 ppb in Europe
and Asia and 100 ppb in Africa, and the maxima at HPO

Fig. 4 Seasonal variations in CO concentration at 16 mountain stations (a–p). The lines with circles denote the average observed CO concentrations

during a particular period. The years in parentheses denote the averaging periods. The asterisks denote CO data obtained by flask sampling. The red

shaded bands and error bars denote the standard deviations
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and LLN were higher than those at other sites. One of the
reasons for such a high value at HPO is believed to be its
averaging of the period from 1998 to 2003. The seasonal
amplitude for the 15 stations except for LLN fell into the
range of 85 to 180 ppb (Fig. 5b, d). The large seasonal
amplitude at LLN was caused by a high spring maximum
of ~215 ppb due to biomass burning activity in Southeast
Asia (Ou-Yang et al. 2014), rather than the low CO of
~85 ppb in summer due to the Asian monsoon, because
the summertime CO concentration at LLN was not sig-
nificantly lower than that at other stations.
The CO levels increased in the Northern Hemisphere

from the 1950s to the 1980s and then decreased in the
late 1980s (Khalil and Rasmussen 1994; Novelli et al.
1998, 2003; Zander et al. 1989). Based on observations
from NOAA Climate Monitoring and Diagnostics
Laboratory sites, Novelli et al. (2003) estimated that the
global mean CO concentrations decreased at a rate of
−0.52 ± 0.10 ppb year−1 for the period from 1991 to
2001. Worden et al. (2013) examined satellite observa-
tion data for total column CO recorded by the Measure-
ments of Pollution in the Troposphere (MOPITT)
instrument from 2000 through 2011 and reported a con-
tinued decreasing trend in the Northern Hemisphere.
They stated that further studies are needed in order to
understand the trends and the contributions from
anthropogenic emissions and possible changes in atmos-
pheric chemistry through reactions with OH radicals.
Few records of continuous observations of CO are avail-
able beginning in the 1990s at high-altitude stations

other than MLO (Novelli et al. 1998, 2003) and JFJ (Dils
et al. 2011; Gilge et al. 2010; Zellweger et al. 2009). The
trend of CO at JFJ for the period 1996–2007 has been
determined to be −3.36 ± 1.08 ppb year−1 (Gilge et al.
2010) and −2.65 ± 0.04 ppb year−1 (Zellweger et al. 2009)
calculated using background data, respectively. At MBO
in the western USA, the mean springtime CO showed a
significant decrease for the period from 2004 to 2013,
whereas the annual average CO did not show a signifi-
cant trend (Gratz et al. 2015).

Other trace gases: NMHCs, NOx, and NOy

NMHCs Atmospheric NMHCs show considerable vari-
ation on spatial and temporal scales, but it is difficult to
determine these variations on a regional basis because of
the limited observational data on NMHCs available from
high-altitude stations. In the troposphere, NMHCs are
predominantly transformed not only by the chemical
processes of photolysis and reaction with OH radical
typically during daytime but also by reaction with the
NO3 radical during nighttime, and reaction with O3 for
unsaturated species, in addition to coastal and marine
area reactions with chlorine (Cl) atoms, during daytime
(Atkinson 2000). The reaction rate constants increase
with molecular weight within a given class of NMHCs,
causing lighter, saturated NMHCs to exhibit slower
atmospheric decay and longer lifetimes (Atkinson and
Arey 2003). NMHC concentrations are determined by
the strength of the emission sources and their atmos-
pheric removal processes. Generally, the seasonal cycles

Fig. 5 Annual mean concentration and range (maximum–minimum) of seasonal cycles of tropospheric CO observed at mountain sites with

respect to latitude and altitude of station (a–d). The error bars denote the maxima and minima
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of NMHCs show a maximum in winter and a minimum
in summer owing to reaction with OH radicals. NMHC
concentration ratios are useful indicators of the degree
of photochemical processing or aging because NMHCs
are removed at different rates, and their concentration
patterns change during transport due to reaction rate
differences, which span several orders of magnitude
(e.g., Helmig et al. 2008, 2015).
Figure 6 shows the seasonal cycles of NMHCs at eight

high-altitude stations. In this paper, only relatively long-
lived species that are subject to intercontinental
transport are shown, based on the lifetime or rate con-
stant data reported by Atkinson and Arey (2003). Ethane
(C2H6) with a lifetime of ~47 days showed a distinct sea-
sonal cycle with a winter–spring maximum and a sum-
mer minimum with peak concentrations of ~1870 ppt at
JFJ (Fig. 6a), ~1390 ppt at PMO (Helmig et al. 2008,
2015; Fig. 6b), ~1910 ppt at HPO (Sharma et al. 2000;
Fig. 6c), ~1240 ppt at IZO (Schmitt and Volz-Thomas
1997; Fig. 6d), ~1210 ppt at ASK (Fig. 6e), and ~950 ppt
at MLO (Greenberg et al. 1996; Fig. 6f ) in the Northern
Hemisphere. The seasonal cycle at MKN in the equator-
ial region showed two minima in April and October and
two maxima in January and August, with a peak concen-
tration of ~690 ppt (Fig. 6g). This pattern corresponds
to the climate pattern in equatorial East Africa induced
by the displacement of the ITCZ. Acetylene (C2H2), with
a lifetime of ~16 days, showed a distinct seasonal cycle
with a winter maximum and summer minimum at CMN
with ~340 ppt (Fig. 6h), IZO with ~250–280 ppt
(Schmitt and Volz-Thomas 1997; Fig. 6j), and MLO with
~260–320 ppt (Greenberg et al. 1996; Fig. 6k). The sea-
sonal cycle at HPO showed a summer maximum with
~800 ppt, which might be the result of a local source
(Sharma et al. 2000; Fig. 6i). However, based on data that
eliminated the polluted air masses, Sharma et al. (2000)
showed a distinct seasonal cycle of C2H2 with a max-
imum in winter and a minimum in summer. Propane
(C3H8), with a lifetime of ~11 days, also shows a distinct
seasonal cycle with a maximum in late winter–spring
and a minimum in summer with ~720 ppt at JFJ (Fig. 6l),
CMN with ~770 ppt (Fig. 6m), PMO with ~380 ppt
(Helmig et al. 2008, 2015; Fig. 6n), HPO with ~790 ppt
(Sharma et al. 2000; Fig. 6o), ~440 ppt at IZO (Schmitt
and Volz-Thomas 1997; Fig. 6p), ~265 ppt at ASK
(Fig. 6q), and ~140 ppt at MLO (Fig. 6r). The seasonal
cycle at MKN showed two minima in April and October
and two maxima in January and June at ~95 ppt (Fig. 6s).
Benzene (C6H6), with a lifetime of ~10 days, showed a
distinct seasonal cycle with a winter maximum and sum-
mer minimum at JFJ with ~105 ppt (Fig. 6t), CMN with
~150 ppt (Fig. 6u), IZO with ~90–110 ppt (Fig. 6v), and
MLO with ~40–60 ppt (Fig. 6w). Generally speaking, the
amplitudes of the seasonal cycles of C2H6 and C3H8

depend on the latitude, with smaller amplitudes at the
lower-latitude sites and higher amplitudes at the higher-
latitude sites (Fig. 7c, d). This feature is caused by a lar-
ger seasonal contrast of photochemical removals at
higher latitudes than at lower latitudes. Li et al. (2005)
showed that the concentrations of NMHCs, including
C6H6 at ARO, were higher than those at JFJ because the
contributions from the boundary layer emissions were
generally higher at ARO due to the lower altitude. The
annual maximum concentrations of C2H6 and C3H8 at
higher-altitude stations are higher than those at lower-
altitude stations within each latitudinal band (Fig. 7a, b).

NOx and NOy NOx in the troposphere are important
precursors for tropospheric O3 and also affect OH and
peroxy radicals (ROx) concentrations, which govern the
lifetimes of various gases in the troposphere (e.g., Levy
1971). In the troposphere, nitrogen species are primarily
emitted in the form of NOx from anthropogenic sources
and are subsequently oxidized to other reactive nitrogen
species along numerous different pathways (Fahey et al.
1986). The atmospheric lifetime of NOx is generally in
the order of hours to a day (Seinfeld and Pandis 2006).
NOy, which includes the sum of NOx and its oxidation
products such as PAN, dinitrogen pentoxide (N2O5),
nitrous acid (HNO2), HNO3, and particulate nitrate
(NO3

−), plays an important role in the overall oxidizing
capacity of the troposphere (Logan 1983).
In European countries, NOx emissions declined signifi-

cantly in the early 1990s due to the mandated installa-
tion of catalytic converters in vehicles and other
emission reduction measures. Long-term measurements
of NOy, NOx, and NO have been conducted at JFJ (Gilge
et al. 2010; Pandey Deolal et al. 2012). For the period
from 1998 to 2009, the overall annual averages of O3

and NOy were the highest in 2003, which was the hottest
year in recorded European history caused by an excep-
tionally prolonged summer heat wave (e.g., Tressol et al.
2008). For the period from 1998 to 2002, the NOy trend
was positive but not significant, whereas in the period
from 2004 to 2009, a significant decreasing tendency was
observed at a rate of −0.048 ± 0.012 ppb year−1. For the
period from 1998 to 2009, no significant trend was found
(Pandey Deolal et al. 2012). The comparison of PAN con-
centrations between the period from 1997 to 1998 and
from 2009 to 2010 has indicated slightly lower values in
recent measurements (Pandey Deolal et al. 2013).
NOy measurements showed a broad spring and sum-

mer maximum at SNB, with a peak concentration of
~1.4 ppb (Kaiser 2009; Fig. 8f ); ZUG, at ~1.5 ppb
(Fig. 8g); and JFJ, at ~1.1 ppb (Gilge et al. 2010; Pandey
Deolal et al. 2012; Zanis et al. 2007; Fig. 8h). On the
other hand, NOx showed a minimum during these sea-
sons at SNB, with a peak concentration of ~0.6 ppb

Okamoto and Tanimoto Progress in Earth and Planetary Science  (2016) 3:34 Page 23 of 52



Fig. 6 Seasonal variations in C2H6, C2H2, C3H8, and C6H6 concentrations at eight mountain stations (a–w). The lines with circles denote the average

NMHCs for observations during a particular period. The years in parenthesis denote the averaging periods. The red shaded bands and error bars denote

the standard deviations
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(Kaiser 2009; Fig. 8a); ZUG, at ~0.7 ppb (Fig. 8b); and
JFJ, at ~0.4 ppb (Gilge et al. 2010; Pandey Deolal et al.
2012; Zanis et al. 2007; Fig. 8c). Because the NOx life-
time is significantly shorter in summer than in winter
(e.g., Schaub et al. 2007), NOx concentrations are higher
during the cold season. At JFJ, PAN measurements also
showed a broad spring and summer maximum in the
study of Pandey Deolal et al. (2013). They concluded
that the mechanism of hydrocarbon accumulation in the
FT in winter and the photochemically produced PAN in
spring is not a dominant factor of the springtime PAN
maximum. Rather, their analysis indicated a combination
of strong photochemical activity in spring and summer
with enhanced vertical transport from the European
PBL. The seasonal cycle of NOy at HPO showed a
spring–early summer maximum at ~2.0 ppb (Fig. 8k).
This cycle and level are similar to those of NOy in
Europe. At WLG, the NO2 level did not show a mini-
mum in summer in the study of Meng et al. (2010). Ma
et al. (2002) also reported higher NOx concentrations in
July than in January. The NOx and NOy concentrations
are low on remote islands such as IZO and MLO. At
MLO, the seasonal cycle of NOx, averaged only for free
tropospheric observations, showed a spring maximum at
~0.04 ppt, and NOy showed a maximum in spring, with
a peak concentration of ~0.4 ppb (Ridley et al. 1998;
Fig. 8d, h). NOx/NOy ratios were fairly invariant over the
year, which implied that the partitioning of NOy was
near steady state (Ridley et al. 1998). NOx observations

at PMO exhibited a distinctive seasonal cycle with a July
to October peak concentration of ~0.04 ppb that was
larger than those in other months (Val Martin et al.
2008b; Fig. 8e). Val Martin et al. (2008b) concluded that in
situ sources of NOx such as PAN decomposition and po-
tential photolysis of HNO3 are required to provide NOx

levels because the lifetime of NOx is shorter than its transit
time from continental source regions. NOy observations ex-
hibited a distinct seasonal cycle with a peak concentration
of ~0.4 ppb, which was larger from June to September than
from November to March due to boreal forest wildfires and
a more efficient export and transport from eastern North
America (Val Martin et al. 2008a; Fig. 8j).

Long-range transport from continental sources

Anthropogenic emissions

During the past several decades, global anthropogenic
emissions have increased markedly, following the dramatic
growth of socioeconomic activity and energy use (e.g.,
Bond et al. 2007; Lamarque et al. 2010) particularly in
China, which has become the largest contributor of Asian
emissions. The growth rates for China’s anthropogenic
emissions are also the highest because of the unremitting
increase in energy consumption, economic activity, and
infrastructural development (e.g., Kurokawa et al. 2013).
Trace gases and aerosols emitted from anthropogenic
sources in East Asia have been observed at a number of
mountain sites in Asia and North America including
WLG (Cheng et al. 2007; Fu et al. 2012; Mu et al. 2007;

Fig. 7 Annual maximum concentration and range (maximum–minimum) of seasonal cycles of C2H6 and C3H8 observed at mountain sites with

respect to latitude and altitude of station (a–d)
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Fig. 8 Seasonal variations in NOx and NOy concentrations at six mountain stations. The lines with circles denote the average observed NOx and NOy concentrations

during a particular period. The years in parenthesis denote the averaging periods. The red shaded bands and error bars denote the standard deviations. The

concentrations of NOx and NOy were measured using photolytic (a–e), thermal Au (f–j), and Mo (k) convertors, followed by chemiluminescence detection
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Wang et al. 2006; Xue et al. 2011, 2013; Zhang et al.
2009a, 2011), HPO (Liu et al. 2013; Pochanart et al. 2004;
Sharma et al. 2000; Tanimoto 2009; Tanimoto et al. 2009),
FWS (Igarashi et al. 2004, 2006), MLO (Brasseur et al.
1996; Jaffe et al. 1997; Levy and Moxim 1989; Luria et al.
1992; Perry et al. 1999), LAV (Jaffe et al. 2003a), and MBO
(Ambrose et al. 2011; Fischer et al. 2010a, b; Genualdi et
al. 2009; Jaffe et al. 2005; Primbs et al. 2008a, b; Reidmiller
et al. 2009, 2010; Strode et al. 2008; Swartzendruber et al.
2006; Timonen et al. 2013; Weiss-Penzias et al. 2006,
2007; Wolfe et al. 2007). These emissions are illustrated in
Fig. 9. HPO, which is located near the Sea of Japan, is an
appropriate site for assessing the influence of air mass
transport from the continent. Wild et al. (2004) estimated
that local sources in Japan and regional East Asian sources
contributed about 15 and 8 %, respectively, to O3 observed
at HPO in April 1996. The mass concentration of BC at
HPO in a study by Liu et al. (2013) showed the highest
value in spring and the lowest value in winter. By using
the 3D Community Multiscale Air Quality (CMAQ)
chemical transport model combined with the Process, Age,
and Source Region Chasing Algorithm (PASCAL) source
and process apportionment method, Liu et al. (2013) esti-
mated that approximately 53 % of the observed BC was
transported from northern China. Tanimoto et al. (2009)
examined the contribution of Asian anthropogenic emis-
sions to the observed O3 trends at HPO by using CMAQ.
However, a discrepancy was found between the observation
and model results, thereby suggesting a significant under-
estimation of the actual growth of the Asian anthropogenic
emissions or incompleteness of the modeling of pollution
exported from continental Asia. MBO has proven to be ef-
fectively positioned for observing the transpacific transport

of Asian plumes. Ambrose et al. (2011) described the de-
tailed mechanism of Asian long-range transport to MBO.
Surface emissions are lifted from the Asian boundary layer
into the FT by convective, frontal, and orographic lifting
(Bey et al. 2001; Cooper et al. 2004; Liang et al. 2004; Liu et
al. 2003a). Frontal lifting is the primary mechanism for
delivering eastern Asian emissions to the FT (Liu et al.
2003a). Once lifted to the FT, pollutants can be efficiently
transported eastward toward North America by the prevail-
ing westerly winds. Stohl et al. (2002) estimated the time
scale of the trans-Pacific transport in the FT to be from 4
to 10 days. Subsidence wind over the northeast Pacific de-
livers air masses bearing Asian emissions to the lower FT
over the US West Coast. This eastward export of Asian
emissions is most efficient in spring due to intense frontal
activity coupled with a strong westerly jet over the central
Pacific (Liu et al. 2003a; Yienger et al. 2000). A calculation
using the Goddard Earth Observing System chemical trans-
port model (GEOS-Chem) revealed that, during the Inter-
continental Chemical Transport Experiment Phase B
(INTEX-B) period (Zhang et al. 2009b), most of the O3 pro-
duction in Asian O3 pollution events occurred over East
Asia, with maxima over northeast China and southern Japan
in the spring of 2006. This model predicted significant O3
production over the North Pacific during plume transport.
The plume on May 1 passed a more northerly and higher-
altitude route than that on May 10, resulting in less O3 pro-
duction over the Pacific (Zhang et al. 2008). Both plumes
showed a secondary O3 production maximum at the West
Coast of the USA, where the subsidence of air masses
caused PAN decomposition and more O3 production (e.g.,
Zhang et al. 2008). In addition to the trans-Pacific transport,
regional pollution from North America has been observed

Fig. 9 Schematic overview of long-range transport pathways for dust (blue arrows), anthropogenic pollutants (yellow arrows), biomass burning

(red arrows), and volcanic emissions (green arrows), which have been reported in the literature over time
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at MBO (Fischer et al. 2010b; Primbs et al. 2008a, b; Reid-
miller et al. 2010; Strode et al. 2008; Weiss-Penzias et al.
2006) and WHI (Macdonald et al. 2011). The influence of
Asian anthropogenic emissions on MLO has been identified
through observations of CO (Jaffe et al. 1997) and aerosols
(Perry et al. 1999). Jaffe et al. (1997) concluded that the ma-
jority of the elevated CO events occurred during spring and
were usually associated with transport from Asia. Perry et al.
(1999) estimated that at least one third of the sulfate (SO4

2−)
species including sulfuric acid (H2SO4), ammonium bisulfate
((NH4)HSO4), and ammonium sulfate ((NH4)2SO4) detected
during spring from 1993 to 1996 were anthropogenic in ori-
gin. This result is consistent with the seasonal cycles of
bromine (Br), lead (Pb), and zinc (Zn), high concentrations
of which are found in the fine fractions of fly ash from coal-
fired power plants. Levy and Moxim (1989) concluded that
the NOy maximum in the summer was caused by fossil fuel
combustion in the USA, and that the Asian emissions con-
tributed to only a small increase in spring.
Air masses affected by anthropogenic emissions have

been observed at WLG by the enhancement of O3, CO,
NOy, total gaseous mercury (TGM), and volatile organic
compounds (VOCs). Backward trajectory analysis at WLG
for the summers of 2000 to 2009 suggests the dominance
of anthropogenic pollution transported from central and
eastern China in most years (Xue et al. 2011). Fu et al.
(2012) identified potential source regions of anthropo-
genic pollutants at WLG as eastern Gansu, eastern
Qinghai, western Shanxi, Ningxia, and northern India,
while Zhang et al. (2009a) described the transport mecha-
nisms for polluted air from Lanzhou, the capital of Gansu
province. They found that the plumes from Lanzhou were
advected by strong easterly winds, which were vented to
the FT by a belt-like mountain and were transported to
WLG, either directly or by mixing, by nighttime mountain
breezes. In addition, the high concentrations of organo-
chlorine pesticides (OCPs) such as hexachlorocyclohexane
(γ-HCH), dichlorodiphenyltrichloroethanes (DDTs), and
polybrominated biphenyls (PBDEs) were found to be re-
lated mainly to air masses passing over Russia and
Kazakhstan (Cheng et al. 2007). The particle number con-
centration at WLG was higher during the summer and
lower during the rest of the year in the study of Kivekäs
et al. (2009). Their back trajectory analysis revealed that
air masses transported from the east are associated with
higher particle number concentrations than those trans-
ported from other directions. As a result, they concluded
that the eastern air masses might be affected by regional
pollution sources such as Xining and Lanzhou.
The atmospheric conditions at PYR can be influenced

by the transport of polluted air masses from South Asia
and the Indo–Gangetic Plains and the ABCs extend
from the Indian Ocean to the Himalayan ridge (Bonasoni
et al. 2010). Bonasoni et al. (2010) showed that a mountain

valley can provide an efficient channel favoring the trans-
port of pollutants to high altitudes when the brown clouds
extend as far as the Himalayan foothills under active valley
breezes. They found that the most frequent direct trans-
port of brown clouds occurred during the pre-monsoon
season, occupying 20 % of total pre-monsoon days. Aero-
sol total number concentration, aerosol optical properties,
PM1, PM1–10, and BC showed a maximum during the pre-
monsoon season and a minimum during the monsoon
season (Marcq et al. 2010; Marinoni et al. 2010; Sellegri et
al. 2010). The monsoon minimum was attributed to wet
scavenging caused by frequent clouds and precipitation.
The pre-monsoon maximum was linked to an increase in
anthropogenic emissions in the Indian subcontinent
coupled with dry meteorological conditions, and to the
large vertical extent of the regional PBL on the Indo–Gan-
getic Plains. At MAB, ammonium (NH4

+), NO3
−, and non-

sea-salt SO4
2− (nss-SO4

2−) aerosol concentrations showed a
distinctive seasonal cycle, with a decrease (increase) dur-
ing the wet (dry) season (Rastogi and Sarin 2005). They at-
tributed the low levels of NH4

+, NO3
−, and nss-SO4

2−

concentrations during the wet season to the predomin-
ance of the oceanic air mass and the high levels during the
dry season to the enhanced downwind transport of pollut-
ants and the lack of wet removal. The relative enrichment
of NH4

+ and nss-SO4
2− and their linear relationship in

PM2.5 suggests that their predominant source is anthropo-
genic in northern India in winter (Kumar and Sarin 2010).
Francis (2012) identified a high sulpher dioxide (SO2) re-
gion surrounded by (30° N, 75° E) north of MAB by using
the GEOS-Chem model and concluded that the observed
spikes in SO2 concentration at MAB were caused by the
transport from that high-SO2 region.
Emissions transported from North America have been

observed at IZO (Cuevas et al. 2013; Schultz et al. 1998),
PMO (Honrath et al. 2004), ARO (Huntrieser et al. 2005),
ZUG/ZSF (Huntrieser et al. 2005), and JFJ (Guerova et al.
2006; Huntrieser et al. 2005; Pandey Deolal et al. 2013).
Most of the elevated CO events observed at PMO during
the summers of 2001 to 2003 were attributed to the out-
flow of North American pollution and the long-range
transport of biomass-burning emissions, whereas O3 and
CO concentrations were strongly correlated with the flow
from the eastern USA when the biomass-burning effects
were absent (Honrath et al. 2004). The concentration ra-
tios of NMHCs have been used as indicators of the degree
of photochemical processing or aging, mainly via reaction
with OH radicals, because the ratios evolve as atmos-
pheric processing occurs depending on the individual OH
rate constants (e.g., Parrish et al. (2007). Honrath et al.
(2008) demonstrated that continuous measurements of
NMHCs are a useful tool for identifying and characteriz-
ing pollution transport events. Owen et al. (2006) de-
scribed the transport mechanisms of North American CO
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emissions to PMO in the lower FT over the central North
Atlantic. They found that two mechanisms were respon-
sible for the export of pollution from the North American
boundary layer that led to the enhanced CO events at
PMO: direct advection from the continental boundary
layer eastward over the Atlantic Ocean and uplift ahead of
cold fronts. In another study, NOy levels were significantly
increased in the presence of North American anthropo-
genic emissions (Val Martin et al. 2008a). Zhang et al.
(2014) analyzed the chemical evolution of two pollution
plumes transported from North America to PMO in the
summers of 2009 and 2010. They concluded that the en-
hanced change in O3 relative to CO (ΔO3/ΔCO), which
has been frequently used as an indicator of O3 production
in transported plumes, might not reflect O3 chemistry
alone, and that the CO destruction in the plume could
also explain the higher values. Kumar et al. (2013) showed
significant decreasing trends of CO and O3 for the period
from 2001 to 2011 by in situ measurements at PMO and
model simulations using GEOS-Chem. They concluded
that the most important factor contributing to these
decreasing trends was the decline in anthropogenic emis-
sions from North America. Under the framework of the
Convective Transport of Trace Gases into the Middle and
Upper Troposphere over Europe (CONTRACE) project,
aged plumes of North American pollution that passed
over Europe were observed by Huntrieser et al. (2005) at
ARO, ZUG/ZSF, and JFJ. They used the FLEXible
PARTicle (FLEXPART) Lagrangian particle dispersion
model to simulate the transport pathway of the pollution
plume over the Atlantic and its dispersion over Europe.
The passage of the North American plumes over Europe
required almost 3 days. The time elapsed since the
pollutant emission, derived by the NOy/CO slope in the
polluted plumes, was in good agreement with that simu-
lated by the FLEXPART age spectra. Furthermore, a posi-
tive correlation between O3 and CO in the plumes
suggested that photochemical O3 production occurred. A
comparison of the model results with observations at JFJ
revealed that the GEOS-Chem model tended to underesti-
mate the O3 concentrations (Guerova et al. 2006). Because
the stratospheric contribution to the estimates based on
the 7Be/10B ratio was shown to be reasonable (Zanis et al.
2003b), Guerova et al. (2006) suggested that this discrep-
ancy resulted from an underestimation of the European
contribution. They found that a substantial North Ameri-
can contribution over Europe did not always result in O3

enhancement in summer. Cui et al. (2009) estimated the
contribution of stratospheric intrusion and intercontinen-
tal transport from the North American PBL to JFJ in 2005
by using FLEXPART and the Lagrangian analysis tool
(LAGRANTO) trajectory model. They determined that
JFJ was influenced by stratospheric intrusion during 19
and 18 % of the total annual time and by intercontinental

transport from North American PBL during 13 and 12 %
of the total annual time, as indicated by FLEXPART and
LAGRANTO, respectively. At IZO, a good correlation be-
tween O3 and CO in winter and spring was observed, sug-
gesting long-range transport of photochemically generated
O3 from North America (Cuevas et al. 2013). Sholkovitz
et al. (2009) estimated that from 12 to 30 % of the annual
apportionment of the soluble aerosol Fe fluxes was con-
tributed by anthropogenic aerosols. IZO has also been in-
fluenced by North African pollution. During the summer,
IZO remains in the altitude of the Saharan Air Layer
(SAL), which is exported westward at low tropical
latitudes (<15° N) in winter and at higher subtropical
latitudes in summer (15–30° N; Rodríguez et al. 2011).
Rodríguez et al. (2011) suggested that North African
industrial pollutants, including emissions from crude oil
refineries, the phosphate-based fertilizer industry, and
power plants located at the Atlantic coast of Morocco,
northern Algeria, eastern Algeria, and Tunisia might be
mixed with desert dust and before being exported to the
North Atlantic in the SAL. Verver et al. (2000) reported
pollution outbreaks both from the Iberian Peninsula and
northern or central Europe to IZO during the Second
Aerosol Characterization Experiment (ACE-2) campaign.
The Alps, located in the center of Europe, are sur-

rounded by regions of intensive air pollutant emissions.
Transport of anthropogenic emissions in Europe to the
high-altitude Alpine stations have been observed at SNB
(Gros et al. 2001; Jabbar et al. 2012; Kaiser 2009; Kaiser
et al. 2007; Karl et al. 2001a, b; Seibert et al. 1998),
ZUG/ZSF (Jabbar et al. 2012; Kaiser et al. 2007), CMN
(Bonasoni et al. 1997; Cristofanelli and Bonason 2009,
2013), KVV (Kaiser et al. 2007), ARO (Campana et al.
2005; Pochanart et al. 2001), and JFJ (Collaud Coen et al.
2011; Forrer et al. 2000; Kaiser et al. 2007; Kuebler et al.
2001; Lanz et al. 2009; Legreid et al. 2008; Lugauer et al.
1998; Pandey Deolal et al. 2013; Seibert et al. 1998; Tuz-
son et al. 2011). The Po Basin is a densely populated and
highly industrialized region located immediately adjacent
to the Alps that is known to have a relatively high level
of air pollution. Emissions transported from the Po
Basin have been observed at ARO (Campana et al.
2005), CMN (Bonasoni et al. 1997; Cristofanelli and
Bonason 2009), SNB (Seibert et al. 1998), and JFJ (Lanz
et al. 2009; Seibert et al. 1998). By using trajectory-based
methods, Kaiser et al. (2007) showed potential source re-
gions of air pollutants and air flow regimes connected
with pollution events at ZUG, SNB, JFJ, and KVV. They
determined that the influence of emissions from the Po
Basin was strongest in the west Alps (JFJ), whereas the
influence of emissions from Eastern Europe was stron-
gest at SNB. In another study, the influences of meteoro-
logical processes on the regional transport to JFJ were
subdivided into two categories: thermally driven
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transport, which occurs on a local scale, and transport at
regional (foehn) or synoptic (front) scales (Forrer et al.
2000). Thermally induced processes were observed
mainly in spring and summer, and processes at the re-
gional and synoptic scales were observed during the en-
tire year. Continuous measurements of the total and
backward scattering coefficients, absorption coefficient,
condensation nuclei concentrations, epiphaniometer
signals, total suspended particulate matter (TSP) mass
concentrations, and major PM1 and TSP compounds at
JFJ have shown distinct seasonal cycles with a summer
maximum and a winter minimum (Baltensperger et al.
1997; Cozic et al. 2008; Henning et al. 2003; Lugauer et
al. 1998; Nyeki et al. 1998a, b). The seasonal cycles of
SO4

2−, NO3
−, and NH4

+ of aerosols at SNB also showed a
summer maximum and a winter minimum (Kasper and
Puxbaum 1998). During winter, JFJ and SNB are influ-
enced mainly by the clean FT, resulting in low concen-
trations of most aerosol components. Higher mass
concentrations have been found during summer when con-
vection occasionally transports polluted air masses to JFJ
and SNB. At different non-urban sites located along a
west–east transect in Europe including SNB, Oliveira et al.
(2007) showed year-round variations of lipophilic particu-
late organic compounds emitted from vehicle exhaust
constituents, meat smoke tracers, phytosterols of higher
photosynthetic plants, and wood smoke components. They
determined that the concentrations at SNB maximized dur-
ing summer, whereas an absence of seasonal variation was
observed at the oceanic site. At ARO, the O3 concentra-
tions were found to depend significantly on the residence
times of air masses over the polluted region of Europe dur-
ing spring and summer (Pochanart et al. 2001). An increase
in O3 concentrations has been observed in the aged air
masses, which is the result of direct photochemical accu-
mulation of O3 when the air masses pass over large-scale
anthropogenically influenced regions in Europe. South
foehn is a typical Alpine meteorological phenomenon char-
acterized by south to north advection and is caused by a
strong pressure gradient across the Alps that leads to a de-
scending air stream northward (Seibert 1990). Campana
et al. (2005) observed enhanced O3 concentrations during
south foehn events during spring and summer at ARO. In
the case of the south foehn, the continental-scale influence
of pollutant emissions on O3 appeared to be far less import-
ant than the direct influence of the Po Basin emissions. The
main sources of NOx and CO are air masses with long resi-
dence times over the European continent (Kaiser et al.
2007). Kaiser et al. (2007) showed the differences between
the main NOx source regions, including northwest Europe
and the region covering East Germany, the Czech Republic,
and southeast Poland, and the main CO source regions in-
cluding the central, northeastern, and eastern parts of
Europe. The statistics for O3 concentrations show strong

seasonal effects. Near-ground air masses are poor (rich) in
O3 in winter (summer). The main source of high O3 con-
centrations in winter is air masses that subside from higher
elevations. During summer, the Mediterranean constitutes
an important additional source of high O3 concentrations,
particularly for air masses that have crossed the Po Basin.
The transport of polluted air masses from Europe and other
continents can exert an influence on southern Europe and
the Mediterranean basin. In particular, anthropogenic pol-
lutants emitted from continental Europe are transported to-
ward southern Europe and the Mediterranean basin during
summer (e.g., Duncan et al. 2008; Henne et al. 2005). Based
on modeled CO concentrations, Folini et al. (2009) quanti-
fied the regions of influence (ROIs) of 13 European rural
background and high-altitude stations including SNB,
CMN, ZUG/ZSF, and JFJ. The ROI definition of a measure-
ment site is the area near the station from which surface
emissions contribute substantially to the short-term variabil-
ity of the measured trace gas concentrations. Folini et al.
(2009) defined an individual site as one that roughly covers
a circular area of 400 km in radius and said that large cities
or other strong emission sources within 100 km from the
site should be avoided. The seasonal cycle of BC at CMN
was characterized by the presence of a winter minimum
(December–January) and maxima in spring (April–May)
and late summer (August–September), reflecting a higher
efficiency of uplift during warmer months and the subse-
quent transport of polluted air masses from the boundary
layer. In addition, a secondary minimum was observed in
June, when wet deposition is expected to peak owing to
maximum rainfall (Cristofanelli et al. 2013). They indicated
that CMN was affected by air masses rich in anthropogenic
CO during spring and summer. In addition, Cristofanelli et
al. (2013) identified three main regimes of the seasonal
correlation among CO, O3, and BC at CMN: negative
correlation between CO and O3 during the period from
October to December, significant positive correlation be-
tween CO and O3 during the period from May to
September, and almost no correlation between CO and O3

and BC enhancements mainly associated with relatively old
anthropogenic emissions during the period from January to
April. They considered it likely that the negative correlation
between O3 and CO was attributed to the combined
processes concurrent in enhanced O3 with low CO (i.e.,
STE) and O3 titration with NO in polluted air masses along
with low photochemical activity. The seasonal cycle of O3 at
KSL in the Caucasus, as well as at other stations in the Alps,
showed a broad spring–summer maximum. Although the
aforementioned stations are under the effects of European
emissions, particularly from Po Basin, KSL is influenced by
semi-polluted air masses from the regions of the northern
Caspian, southern Urals, and Volga, which causes photo-
chemical O3 production in these air masses, thereby
resulting in seasonal O3 maxima (Tarasova et al. 2003).
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Biomass burning

Biomass burning is a significant global source of gaseous
and particulate species emissions to the troposphere.
Emissions from biomass burning are known to be an
important source of GHGs and chemically active gases
on regional and global scales (e.g., Andreae and Merlet
2001). Interannual variations in biomass burning can be
dramatic, depending on natural and socioeconomic fac-
tors such as rainfall and political incentives to clear land.
In some regions of the world, biomass burning occurs
throughout the year, even though on the global scale it
usually peaks in March and again in September (Duncan
et al. 2003). The peak in December to April during the
dry season in the Northern Hemisphere is predominately
associated with burning in the tropical regions of North
Africa and Southeast Asia, with much smaller contribu-
tions from Central America and Mexico and northern
South America. The peak in August to October during
the Southern Hemisphere dry season is associated with
burning in South Africa and Brazil, with smaller contri-
butions from Indonesia and Malaysia. Although the
Indonesia and Malaysia region straddles the equator, the
burning season generally occurs in the latter half of the
year. Figure 9 shows a schematic overview of the long-
range transport of trace gases and aerosols emitted from
biomass-burning sources.
MKN is rarely influenced directly by African biomass

burning emissions, which are most prominent in the western
part of the continent. Henne et al. (2008) attributed the
boreal summer maximum of CO at MKN to advection of
Southern Hemispheric air loaded with emissions from bio-
mass burning in South Africa. They analyzed fire counts and
fire radiative power (FRP) recorded by Moderate Resolution
Imaging Spectroradiometer (MODIS) sensors and concluded
that the interannual variability of this summer maximum
could be mostly explained by a combination of changes in
transport patterns and biomass burning intensity.
Biomass burning is a seasonally important source of

emissions in Central Europe (Lanz et al. 2010). Cristofa-
nelli et al. (2009b) identified the transport of a biomass-
burning plume with mineral dust from North Africa by
means of air mass circulation analysis and aerosol chem-
ical characterization. Cristofanelli et al. (2013) determined
that biomass-burning effects on CMN were maximized
during the warm months from July to September. More-
over, they analyzed the source regions of biomass burning
events by using FLEXPART and identified transport at the
local scale in the central Alps, North Africa, southern
Italy, and Greece; that at the regional scale in Russia; and
that at the global scale in North America and western
equatorial Africa.
CO and BC influences from Siberian boreal forest fires

have been observed at HPO (Kato et al. 2002; Liu et al.
2013; Pochanart et al. 2004), and aerosol influences have

been observed at FWS (Kaneyasu et al. 2007). It is con-
sidered likely that biomass burning contributed to the
mass concentration of BC values at HPO, particularly in
spring (Liu et al. 2013). An increase in the observed
mass concentration of BC values in April and May 2008
suggested substantial effects of very active biomass
burning in Siberia. Wang et al. (2006) investigated the
influence of biomass burning activities on the levels of
trace gases at WLG. They concluded that forest fires in
central Asia affected WLG observations during spring.
In contrast, in eastern Siberia, forest fires occurred
mainly during summer, and those air masses were rarely
transported to WLG.
LLN has been influenced by Southeast Asian biomass

burning activities in spring (Chang et al. 2013; Chen et
al. 2013; Chi et al. 2010; Lee et al. 2011; Lin et al. 2010;
Ou Yang et al. 2012, 2014; Sheu et al. 2010). Spring is
the major biomass-burning season in the Indochina Pen-
insula (Streets et al. 2003). Lee et al. (2011) determined
that PM2.5 at LLN was highest during the biomass-
burning season, particularly in March. They also con-
cluded, based on back trajectory analysis, that the ob-
served high PM2.5 levels were attributed mainly to the
biomass-burning events. Backward trajectory analysis by
Lin et al. (2010) showed that most air masses observed by
LLN originated from India, the Indochina Peninsula, and
southern coastal China, which together accounted for
85 % of the total trajectory. A different transport mechan-
ism that favors CO transport from Indochina to the
downwind Taiwan area was identified via a Weather Re-
search and Forecasting (WRF) meteorological model
simulation (Cheng et al. 2013). The results indicated the
formation of a thermal forcing-induced low-pressure sys-
tem in Indochina and that the high terrain located in the
northern part of Southeast Asia further forced the uplift
of biomass-burning emissions. Contrastingly, a sufficiently
strong northeasterly monsoonal flow intruding into
Indochina would hinder the development of the thermal
low and would weaken the upward movement, which
would, in turn, prevent the transport of biomass-burning
emissions from Indochina to the Taiwan area. During the
dry period of the year, the biomass burning in Sumatra
normally begins around May and lasts until September or
October. The mass concentration of PM10 at TAR in the
study of Streets et al. (2003) showed a cycle similar to that
of O3, with two minima in March or April and November
or December, and a maximum during the summer mon-
soon, thereby indicating that the O3 and PM10 precursors
had a common source. Toh et al. (2013) showed that the
transport of air pollutants from biomass burning in
Sumatra released large amounts of precursors and led to
increases in O3 and PM10.
Occasionally, MLO has been influenced by biomass

burning plumes transported from Southeast Asia and
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the Indian subcontinent across the Pacific (Karl et al.
2003), and from North America (Perry et al. 1999). Karl
et al. (2003) measured the levels of methanol (CH3OH),
acetonitrile (CH3CN), acetone (C3H6O), C5H8, methyl
vinyl ketone (MVK), and methacrolein (MACR) in
spring 2001 and found high correlations among CO,
C3H6O, and CH3CN during the event.
WHI has been influenced by regional biomass burn-

ing, particularly in northern California, Oregon, Alaska,
and Yukon Territory (Macdonald et al. 2011; McKendry
et al. 2010, 2011). MBO has also experienced numerous
events associated with biomass-burning emission origin-
ating from Alaska (Weiss-Penzias et al. 2007) and the
northwestern USA including California and Oregon
(Finley et al. 2009; Primbs et al. 2008a, b; Weiss-Penzias
et al. 2007). In July and August 2008, two regional
biomass-burning events induced increases of CO and O3

concentrations at both WHI and MBO (McKendry et al.
2011). Takahama et al. (2011) analyzed the organic func-
tional groups of aerosols collected during those
biomass-burning periods and showed a large contribu-
tion of ketones, at 26 % on average, to the organic aero-
sol mass in addition to sharp peaks of ketones attributed
to plant wax. Macdonald et al. (2011) examined the in-
fluence of different transport and source regions on the
O3 and CO concentrations at WHI. They noted little dif-
ference between trans-Pacific air masses and the clean
background in summer. The air masses from North
America showed the greatest increases in O3 and CO
concentrations above the background values during
years when the largest areas of western North America
area burned. Finley et al. (2009) reported that regional
wildfire events produced larger enhancement of CO
(ΔCO), aerosol scatter coefficient (Δσsp), and NOy
(ΔNOy) values than the Asian long-range transport
events due to the significantly shorter transport times
from source to receptor, which meant less plume dilu-
tion, photochemical removal, and wet particle depos-
ition. Jaffe et al. (2008) showed that the area of summer
burning in the western USA was significantly correlated
with daytime summer O3 concentrations at LAV and
YEL, which indicates that the presence of fire played an
important role in increasing the summer O3 in the west-
ern USA. Chalbot et al. (2013) indicated that regional
fire incidents might trigger high O3 episodes. They esti-
mated a 3 ppb increase in the MDA8 O3 concentration
at CHA in Arizona by such incidents within 400 km of
the sites. McKendry et al. (2010) emphasized the import-
ance of permanent lidar installations in mountainous lo-
cations for understanding the vertical transport process
and the analysis of the chemical time series.
In past decades, significant intercontinental transport

of air masses containing abundant biomass burning
emissions from North America to Europe and the North

Atlantic have been reported in many studies. Emission
transport from North American and Siberian boreal wild
fires has substantially affected the concentrations of
trace gases at PMO (Helmig et al. 2008; Honrath et al.
2004; Lapina et al. 2008; Pfister et al. 2006; Val Martín
et al. 2006; Val Martin et al. 2008a, b). The NOx/CO
emission ratio is related to the relative amounts of
smoldering and flaming combustion because CO con-
centrations typically show maxima during smoldering
combustion while NOx concentrations show maxima
during flaming combustion (Lobert et al. 1991). The
NOx/CO emission ratios from boreal fires had higher
values in early summer and lower values in late summer,
which is consistent with the smoldering combustion
variation (Lapina et al. 2008). Lapina et al. (2008) sug-
gested that this change in fuel properties affects the re-
sults for the O3 production rate in model calculations
because it impacts the relative properties of the species
released from fires and an increase in the overall fuel
consumption. During summer 2004, extensive wildfires
in Alaska and western Canada released large amounts of
trace gases and aerosols into the atmosphere. For ex-
ample, CO emitted from mid-June to August was in the
order of anthropogenic CO emissions for the entire con-
tinental USA during the same period (Pfister et al. 2005;
Turquety et al. 2007). Intense boreal wildfires plumes
were observed at PMO during the International
Consortium for Atmospheric Research on Transport
and Transformation (ICARTT) study (Pfister et al. 2006;
Val Martín et al. 2006). This long-range transport of
boreal wildfire emissions resulted in large enhancements
of CO, BC, NOy, and NOx (Val Martín et al. 2006).
Emissions from these wildfires frequently affected PMO
downwind 6 to 15 days later. The enhancement ratios
relative to CO were variable in the plumes sampled due
to variations in wildfire emissions and removal processes
during transport. Analyses of ΔBC/ΔCO, ΔNOy/ΔCO,
and ΔNOx/ΔCO ratios indicated that NOy and BC were,
on average, efficiently exported in these plumes, and
suggested that the decomposition of PAN to NOx was a
significant source of NOx. High levels of NOx suggested
the continuing formation of O3 in these well-aged
plumes. Pfister et al. (2006) simulated the O3 production
from boreal forest fires based on a case study of wildfires
in Alaska and Canada in summer 2004 by using a chem-
istry transport model, the Model for O3 and Related
Chemical Tracers (MOZART-4). Their results indicate
that fires in the boreal region could have a significant
impact on the O3 production over large parts of the
Northern Hemisphere.

Dust and volcanic emissions

Every year, massive amounts of mineral dust are uplifted
into the atmosphere (1950 to 2400 Tg year−1; Ginoux
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et al. 2004). The desert region of North Africa (65 % of
the global dust emissions) is the largest source of soil
dust suspended in the atmosphere while Asia’s deserts
are the second largest source (25 %). Saharan dust has
significant climatic and environmental impacts in the
North Atlantic and in Europe (Fig. 9). Mineral dust is
transported from North Africa along three pathways:
westward across the Atlantic to the Americas, northward
across the eastern Mediterranean to Europe, and
eastward across the eastern Mediterranean to the Middle
East and Asia (Middleton and Goudie 2001). Saharan
dust events have often been observed at IZO (Alastuey
et al. 2005; Arimoto et al. 1995; Díaz et al. 2006; Kandler
et al. 2007; Maring et al. 2000; Rodríguez et al. 2011;
Salisbury et al. 2006; Schmitt and Volz-Thomas 1997;
Smirnov et al. 1998), CMN (Bonasoni et al. 1997, 2004;
Cristofanelli and Bonason 2009; Cristofanelli et al.
2009b; de Reus et al. 2005; Gobbi et al. 2003; Hanke et
al. 2003; Marenco et al. 2006; Putaud et al. 2004; Van
Dingenen et al. 2005), and JFJ (Chou et al. 2011; Collaud
Coen et al. 2004; Cozic et al. 2008; Fierz-Schmidhauser
et al. 2010; Nyeki et al. 1998b; Schwikowski et al. 1995;
Zieger et al. 2012). Furthermore, long-range transport of
Saharan dust over a pathway spanning from Asia and the
Pacific to western North America has been identified at
WHI by McKendry et al. (2007).
Mineral dust affects the gas phase chemistry in the

troposphere by providing a reactive surface that is able
to support heterogeneous trace gas reactions (e.g., Usher
et al. 2003). Hanisch and Crowley (2003) investigated
the heterogeneous reaction between O3 and Saharan
dust surfaces in a Knudsen reactor and observed the de-
struction of O3 on the dust surface and the formation of
O2. The phenomena of low O3 and high dust concentra-
tions have been observed in the field (e.g., Bonasoni
et al. 1997; Prospero et al. 1995). As part of the Mineral
Dust and Tropospheric Chemistry (MINATROC)
project, which was an intensive field measurement
campaign conducted at CMN from June 1 to July 5,
2000 (Balkanski et al. 2003; Bauer et al. 2004; Bonasoni
et al. 2004; de Reus et al. 2005; Fischer et al. 2003; Gobbi
et al. 2003; Hanke et al. 2003; Putaud et al. 2004; Van
Dingenen et al. 2005) and at IZO from July 15 to August
15, 2002 (de Reus et al. 2005; Salisbury et al. 2006;
Umann et al. 2005). Their aim was to fully characterize
gas and aerosol species with a complete set of measure-
ments in order to identify the heterogeneous reactions
of dust. Bonasoni et al. (2004) showed that the O3

concentrations during the dust events at CMN were 4 to
21 % lower than the de-trended monthly mean dust
transport values, thus suggesting that Saharan dust has a
substantial influence on the O3 levels, even in a polluted
region of Southern Europe. During the Saharan dust
advection period, mixing of fine particles from

anthropogenic particles and coarse particles from the
Saharan region was observed at CMN (Putaud et al.
2004). Putaud et al. (2004) suggested that NO3

− was
shifted toward the aerosol super-μm fraction in the
presence of dust. Hanke et al. (2003) and Umann et al.
(2005) observed an efficient uptake of gaseous HNO3 by
mineral dust aerosol particles, thereby suggesting that
mineral dust might be a significant sink for HNO3 in the
troposphere. Hence, it could affect the photochemical
cycles and O3 production. Bauer et al (2004) estimated
the impact of heterogeneous chemical reactions at the
surface of mineral dust on global O3 chemistry using a
global general circulation model, coupled online with
atmospheric chemistry and mineral aerosol modules that
were evaluated based on observational data during the
MINATROC campaign. The model simulated a decrease
in global tropospheric O3 mass by ~5 % due to heteroge-
neous reactions, and implied that the most important
heterogeneous reaction was the uptake of HNO3 on the
dust surface. Salisbury et al. (2006) observed the concen-
trations of the organic compounds CO, CH3OH, formal-
dehyde (HCHO), acetaldehyde (CH3CHO), C3H6O, C3H8,
C5H8, and toluene (C6H5CH3) under both normal condi-
tions and during large dust storms, in order to investigate
the effects of mineral dust on oxygenated organic species.
However, no clear production for CH3CHO or HCHO on
dust particles was ascertained. By using the Module Effi-
ciency Calculating the Chemistry of the Atmosphere
(MECCA) chemistry box model, de Reus et al. (2005) con-
cluded that the reduced ROx and NOx concentrations in
the Saharan dust plume contributed to a reduced net O3

production rate, which likely explains the observed rela-
tively low O3 concentrations.
After reaching CMN, Saharan dust plumes often move

farther northward and eastward to eventually reach
northern Italy, the Alps, and central Europe. At JFJ,
Saharan dust events have been detected as a pronounced
change in aerosol properties compared with the back-
ground conditions (Chou et al. 2011; Collaud Coen et al.
2004; Cozic et al. 2008; Fierz-Schmidhauser et al. 2010;
Nyeki et al. 1998b; Schwikowski et al. 1995; Zieger et al.
2012). Collaud Coen et al. (2004) summarized the
annual distribution of Saharan dust events in Europe,
the Mediterranean basin, West Africa, and over the
Atlantic Ocean and explained that Saharan dust events
frequently occurred during spring and less frequently in
July and August. Figure 10a shows the seasonal vari-
ation of Ca2+ (a component of mineral dust) concen-
tration in total suspended particles (TSP) at JFJ.
Associated with relatively large monthly variability
caused by occasional intense events, seasonal varia-
tions are not very distinct. However, the annual max-
imum is seen in February (~0.10 μg m−3) associated
with large variability.
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Asian dust particles known collectively as “Kosa” are
generated when the surface soil particles in the arid and
semi-arid regions of inland Asia (such as Taklamakan
and Gobi deserts) are lifted by the winds and trans-
ported over long distances by strong westerly winds.
Intense Asian dust events are observed each spring in
China, Korea, Japan, and even occasionally in Hawaii
and North America (Fig. 9). This phenomenon normally
occurs in spring. Weak dust layers occur in the FT over
Japan during periods with no evident dust outbreaks or
even in seasons other than spring (e.g., Iwasaka et al.
1983). Asian dust events have been observed at FWS
(Suzuki et al. 2008, 2010), MLO (Bodhaine 1995; Clarke
and Charlson 1985; Darzi and Winchester 1982; Holmes
and Zoller 1996; Hyslop et al. 2013; Parrington et al.
1983; Parrington and Zoller 1984; Perry et al. 1999;
VanCuren and Cahill 2002; Zieman et al. 1995), LAV
(Jaffe et al. 2003b; Liu et al. 2003a; VanCuren 2003;
VanCuren and Cahill 2002; VanCuren et al. 2005), and
WHI (Leaitch et al. 2009; McKendry et al. 2008). A
distinct seasonal cycle with a spring maximum of Ca2+

concentration can be seen at HPO (~0.25 μg m−3;
Fig. 10b) and MLO (~0.05 μg m−3; Fig. 10c). At LAV,
two peaks can be seen in spring (~0.05 μg m−3) and
summer (Fig. 10d). The concentrations at two

IMPROVE stations (MLO and LAV) and at HPO were
determined by PM2.5 and TSP analyses, respectively.
VanCuren and Cahill (2002) found that the tropical wind
bands were displaced to the south of Hawaii and that
strong westerly circulation can reach the islands to
deliver Asian aerosols, particularly at MLO from December
to May. Other studies have reported that in January or
February, many elements associated with continental crust
experienced an increase in the mass of samples. The
aerosol concentration of crustal elements remained ele-
vated until June or July, suggesting that the dust season is
from late winter to mid-summer (Parrington et al. 1983;
Zieman et al. 1995). VanCuren et al. (2005) concluded that
Asian aerosols influence LAV throughout spring, summer,
and fall.
Mineral dust is a major component of PM10 observed

at PYR by Decesari et al. (2010). They suggested that the
increase in mineral components in the pre-monsoon
season is due mainly to an increase in the background
concentration. This increase is likely related to changes
in their long-range transport from the arid regions of
western India, possibly to upwind regions such as the
Arabian deserts. Aerosols at MAB are dominated by
mineral dust (Kumar and Sarin 2009, 2010; Ram et al.
2008; Rastogi and Sarin 2005). Kumar and Sarin (2009)

Fig. 10 Seasonal variations in Ca2+ concentrations at four mountain stations. The lines with circles denote the average observed Ca2+ concentrations

during a particular period. The years in parenthesis denote the averaging period. The red shaded bands and error bars denote the standard deviations.

The concentrations of Ca2+ in TSP were measured at JFJ (a) and HPO (b) and those in PM2.5 were measured at MLO (c) and LAV (d)
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showed that the mass concentration of PM10–2.5 at MAB
is influenced by the uniform contribution of dust (60 to
80 %) throughout the year. The predominant of sources
of MAB are the Thar and Arabian deserts during sum-
mer months and the Indo–Gangetic Plain during winter
months (Kumar and Sarin 2009).
Volcanic emissions such as ash clouds, aerosols, and

volcanic gases often affect local or regional air quality
(e.g., Huebert et al. 2001). Furthermore, the volcanic
aerosols released by explosive eruption affect the strato-
spheric aerosol layer (Deshler 2008), which is important
for radiation (e.g., Solomon et al. 2011) and atmospheric
chemistry, particularly O3 depletion (e.g., Solomon
1999). In the later part of the twentieth century, the sig-
natures of major volcanic eruptions such as El Chichón
in 1982 and Mt. Pinatubo in 1991 were identified in the
total O3 records at ISK (Visheratin et al. 2006) and ARO
(Rieder et al. 2010a, b) and in the total column NO2

records at JFJ (De Mazière et al. 1998). The oxidizing
capacity of the troposphere can also be affected because
the amount of UV radiation reaching the troposphere
decreases due to the enhanced stratospheric aerosols
and SO2. Bândă et al. (2015) showed that the sulfur
emissions from Pinatubo significantly affected the CH4

budget using a 3D global chemistry model.
In spring 2010, eruptions of Eyjafjallajökull volcano

(63.63° N, 19.62° W) in Iceland had a major impact on
aviation because ash from the April–May summit
eruption was transported with northwesterly winds to-
ward Europe and the North Atlantic. The volcanic
plume resulting from that eruption was observed at
CMN (Sandrini et al. 2014), KVV (Beeston et al. 2012),
ZSF (Flentje et al. 2010; Schäfer et al. 2011), and JFJ
(Bukowiecki et al. 2011). Moreover, enhanced PM10 and
SO2 concentrations were observed at ZSF and JFJ.
Monthly mean SO2 concentrations in the spring of 2010
at JFJ were higher than those in other years (Fig. 11a).
These observations suggest that the large volcanic
eruption had a significant impact on the sulfur cycle on
a regional scale.

On July 8, 2000, Miyake-jima volcano (34.09° N,
139.53° E), located in the northwest Pacific Ocean, began
to erupt. In winter, volcanic emissions were transported
southeastward to the Pacific Ocean due to the pre-
vailing northwesterly wind, while in summer volcanic
emissions were transported southwestward to Japan,
Korea, and Taiwan due to the subtropical high-
pressure system (Kajino et al. 2004). At FWS, Naoe et
al. (2003) showed that the large fraction of the SO4

2−

concentrations in aerosols was most likely produced
in the volcanic plume from Miyake-jima. At HPO,
aerosols, precipitation, and gaseous pollutants includ-
ing O3, SO2, NO, and NO2 were observed prior to the
eruption, and short-term aerosol sampling was con-
ducted by Satsumabayashi et al. (2004). They reported
unchanged O3 levels, a fourfold enhancement of SO2

concentration, and increased SO4
2− and NH4

+ levels in
aerosols following the eruption. When the volcanic
plume was transported directly, the atmospheric SO2

and SO4
2− concentrations in the aerosols increased

simultaneously, and the NO3
− and chlorine (Cl−) con-

centrations decreased. Monthly mean SO2 concentra-
tions at HPO for the period from the summer of 2000
to the spring of 2001 were higher than those in other
years (Fig. 11b). Kajino et al. (2005) quantitatively
estimated the indirect acidification of nonvolcanic
NO3

− and Cl− as a result of the increase in SO4
2− aero-

sol concentration from the eruption. They concluded
that the contribution of indirect acidification could
not be negligible and that this effect should be consid-
ered in general air pollution because SO2 emissions
could be expected to continue increasing—especially
in Asia.

Recommendations for future atmospheric monitoring

This paper has provided a comprehensive review on the
seasonal and long-term variations and long-range trans-
ports of tropospheric O3 and its precursors based on
past observations made at mountain sites. The main

Fig. 11 Seasonal variations in SO2 concentrations at two mountain stations. The thick and thin lines with circles denote the monthly average SO2

in the year of the volcanic eruption and in the pre- and post-eruption years, respectively. The eruptions of Eyjafjallajökull volcano and Miyake-jima

volcano occurred in 2010 (a) and in 2000 (b), respectively
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recommendations for future atmospheric monitoring are
summarized as follows:

1) Expanding the continuous measurements of trace

species other than O3 at high-altitude stations.

The observed species and temporal coverage differ
among stations and research programs for which indi-
vidual stations are operated. For example, O3 and CO
data are available, even though the data of other compo-
nents are limited. Continuous measurements of NOx

and NMHCs are carried out mainly in Europe. For ex-
ample, the number and mass concentrations, AOD, and
visibility of aerosols have been reported extensively, but
observations of their chemical properties are currently
limited to high-altitude stations. Because of this bias in
observations of aerosol parameters at high-altitude
stations, it is still unfeasible to provide a regionally
consistent summary on their long-term trends and
seasonal variations. Accordingly, observations of trace
species and parameters ancillary to tropospheric O3 such
as NOx, SO2, NMHCs, and aerosols should be increased in
the future.

2) Expanding the global atmospheric observational

capability through the establishment of high-altitude

stations.

The geographical locations of the current high-altitude
stations are not well distributed across the globe. Many
are located in the northern mid-latitudes including
North America, Europe, and Asia, and several are lo-
cated in Africa. In contrast, few stations are located in
Siberia, in spite of the importance of its role. In the
Southern Hemisphere, there are severe data limitations
because only a few sites are located in South America;
and none are located in Oceania regions. Recently, two
new stations were established in the South Hemisphere.
One is located on Mt. Mäido, Réunion Island, which is a
volcanic island located in the southwestern part of the
Indian Ocean (Baray et al. 2013). The second is located
in a high-altitude basin known as the Altiplano, Bolivia
(Rose et al. 2015). Sofen et al. (2016) indicated that the
current monitoring network of surface O3 (including
low-altitude stations) is insufficient for measurements in
key regions (China, India, Amazon, Africa, tropical
oceans, and Southern Ocean) and suggested the
establishment of 20 possible sites (10 island and 10
continental). A strategy should be implemented to
facilitate observations of key species in areas in which
few observatories are located. It should also be noted
that continuous observational data at mountain sites are
useful for checking the consistency between sondes and
regular aircraft, which cannot perform continuous

ambient sampling (Tanimoto et al. 2015), when making
globally consistent datasets for tropospheric species such
as tropospheric O3.

3) Building an objective and homogenous classification

for assessment of the spatial representativeness of

specific pollutants.

Remote mountainous sites are important because they
are designed to provide representative data on continen-
tal to hemispheric scales and data for the lower FT.
However, except for some European stations, most sites
have never been assessed. In general, chemical species
with strong surface sources or sinks, and with short
atmospheric lifetimes due to photochemistry and
deposition, show stronger spatial variability. Therefore,
these species have smaller areas of representativeness
than species with weak surface fluxes and long lifetimes.
It is beneficial for any analysis, such as validation of sat-
ellite data, comparison of model outputs, and evaluation
of long-term trends to consider the representativeness of
atmospheric observational data.

4) Building a filtering method that can be applied to the

observational data at baseline sites in the same way.

Filtered data are the most ideal for the analysis of
long-term changes. Depending on the purpose, different
filtering methods should be applied. For the estimation
of “background” concentrations, the influences of local
pollution (e.g., buoyant upslope flow) and long-range
transport should be excluded, while for the estimation of
“baseline” concentrations, only local pollution should be
excluded. In most cases, unfiltered data have been used
for trend analysis on regional or global scales because it
is difficult to make determinations on baseline concen-
trations at individual stations (e.g., Logan et al. 2012;
Parrish et al. 2012). The specifications of each observa-
tional site should be determined before handling the
data, which primarily represent the regional and inter-
continental scale concentrations. For example, Logan
et al. (2012) confirmed that local influence was not of
great concern for their analysis based on the amplitudes
of diurnal variation and comparison to ozone sonde
data. Meanwhile, Parrish et al. (2012) showed that the
long-term trends derived from the unfiltered data were
similar to those from filtered data analyzed by different
methods at seven elevated sites including JFJ, ZUG/ZSF,
and LAV, even though the trend for unfiltered data was
different from that for filtered data at Mace Head, which
receives air masses recirculated from the local continent.
As the influences of local pollution levels were negligible,
these two studies examined the trends for baseline concen-
trations. However, this does not mean that filtering is
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unnecessary. Calculated trends for CO at JFJ for the period
from 1996 to 2007 were different between background data
(−2.65 ± 0.04 ppb year−1; Zellweger et al. 2009) and unfil-
tered data (−3.36 ± 1.08 ppb year−1; Gilge et al. 2010).
It is important to consider all of the above recommen-

dations because observational data at remote sites can
contribute to improvements in satellite observations,
model simulations, and emission inventories. Observa-
tions at mountain sites have often been used for com-
parison with the outputs of global and regional
chemistry-transport models when evaluating their per-
formance levels. This tests our understanding of key
processes and mechanisms in the troposphere such as
the long-range transport of dust and biomass burning
from the source regions, photochemistry in the FT, and
the budget of reactive species. Although chemistry-
transport models are useful for obtaining a better under-
standing of the mechanisms causing spatiotemporal vari-
ations in trace gases and aerosols, and for deriving their
global/regional budget and assessing the impacts to hu-
man health and ecosystems, the current models still
have limitations (e.g., Fiore et al. 2014). Disagreements
between observation and model results might lead to
improvements in existing models, although such guid-
ance remains unclear. In addition, the role of mountain-
based observations in filling the gap between the views
from the ground and those from space should be en-
hanced in the future. Satellite observations have emerged
as a useful technique for the long-term monitoring of
tropospheric compositions of species such as O3, CO,
and NO2 (e.g., Chehade et al. 2014; van der A et al.
2008; Worden et al. 2013). Its capability to make reliable
observations in the FT has been demonstrated over the
last decades. The spatial and temporal resolution of satel-
lite observations has been improved in recent years, and
the number of observable species has increased from basic
chemical species such as O3 and CO to other minor but
important species such as NO2, HCHO, and CH3CN
(Streets et al. 2013). It is important to expand the
mountain-based platforms in a systematic manner to com-
plement satellite observations, and thus to improve our un-
derstanding of the chemistry and dynamics in the FT.
The greatest advantage of models and satellite observa-

tions is their global coverage. However, this fact does not
necessarily indicate a lack of interest in mountain-based
observations. Indeed, observations in mountainous re-
gions have several advantages. The uncertainty is signifi-
cantly lower for in situ observations at mountainous sites
than that for satellites. In addition, mountain-based obser-
vations have the capability to observe multiple compo-
nents simultaneously with a higher time-resolution than is
possible by satellites, and in most cases, those measure-
ments are continuous. This advantage enables the captur-
ing of occasional events as well as climatological features,

which helps us to examine the chemical and physical
processes in greater detail. Moreover, direct sampling for
the analysis of ultra-trace components such as isotopes is
possible at mountainous sites. Therefore, even though it is
difficult to construct, operate, and maintain stations on re-
mote mountains, the assistance they provide in tackling
the above issues makes the effort and expense worthwhile.

Conclusions

Herein, we summarized the findings from past and on-
going field measurements and analyses of atmospheric
constituents conducted at mountainous sites across the
globe. Observations at mountain-based stations could
provide representative data at continental to hemispheric
scales and the lower FT. Many species in the FT have
longer lifetimes than those in the PBL due to the lower
temperatures and the lack of deposition in the FT. In
addition, most of the transport of chemical species
within the atmosphere occurs in the FT. The combin-
ation of long-range transport and longer chemical life-
times indicate that the chemistry of the FT is important
in determining the chemical compositions of regions re-
mote from pollutant source regions. We identified ob-
servations at 31 mountain stations on the continents of
Europe, North and South America, Eurasia, and Africa
and islands in the Pacific, Indian, and Atlantic Oceans.
These stations were selected because of their reliable
observational data and because many previous studies
have utilized these data. Furthermore, we adopted the
stations located in regions in which few atmospheric ob-
servations have been conducted thus far, thereby cover-
ing the entire world, except for the Antarctic and the
Arctic regions. Particular emphasis was placed on react-
ive species including tropospheric O3 and its precursors
such as CO, NOx, NOy, and NMHCs.
Numerous studies have shown that the tropospheric

O3 maximum occurs during spring in wide regions
across the mid-latitudes in the Northern Hemisphere,
including the remote islands in the North Pacific and
North Atlantic Oceans. The seasonal cycle of O3 at
European stations has a minimum in winter and a broad
maximum in spring–summer that represents a combin-
ation of a spring maximum with a secondary maximum
in summer. This broad summer maximum is caused by
enhanced regional pollution in Europe. Largely influ-
enced by the Asian monsoon, the seasonal cycle of O3 in
the margin of East Asia and Himalayan region has a
deep minimum in summer. In contrast, surface O3 over
the Qinghai–Tibetan Plateau and central Asia exhibits a
summertime maximum. In North America, the seasonal
cycle of O3 shows a broad spring–summer peak or two
peaks in spring and summer. The seasonal cycle of O3 in
Africa shows a minimum in boreal autumn and a broad
maximum in boreal summer. In the Northern Hemisphere,
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the mean concentration of O3 and the amplitude of the
seasonal cycle depend on latitude, with larger values at
higher latitudes. The mean concentrations are ~50 ppb in
Europe and 30 to 45 ppb in Africa. The tropical sites differ
from other mid-latitude sites, with small variability shown
over the course of the year. The seasonal amplitudes in East
Asia and South Asia are substantially larger than those
found at other stations, likely due to the intense photo-
chemical production in spring and the Asian monsoon
influence in summer.
In the Northern Hemisphere, the seasonal maximum

and minimum for CO occur in late winter–early spring
and in summer, respectively. The summer CO minimum
is caused by the maximum occurrence of OH radicals,
which are the main sink for CO in the troposphere. The
CO maximum in late winter–early spring reflects the
combined effects of the minimum in OH radical concen-
tration and the enhancement of winter CO emissions.
The maximum and minimum concentrations of CO and
the amplitude of the CO seasonal cycle depend on
latitude, with lower values found at higher altitudes. This
indicates that the emission sources for CO are located at
the ground surface. The means are between 120 and
180 ppb in Europe and Asia and 100 ppb in Africa. The
maxima in East Asia are higher than those at other sites
owing to intense springtime air pollution. The seasonal
amplitude at the 15 stations falls into the range of 85 to
180 ppb, except for LLN in Taiwan. This large seasonal
amplitude for CO can be attributed to the combination of
a high spring maximum and summer low, at ~215 ppb,
caused by the effect of the Asian monsoon and biomass
burning activity in Southeast Asia.
Unlike O3 and CO, NMHCs, NOx, and NOy have only

been observed continuously at very few stations. The sea-
sonal cycles of C2H6, C2H2, C3H8, and C6H6 in the
Northern Hemisphere generally show a maximum in win-
ter and a minimum in summer owing to reaction with the
OH radical. The seasonal cycle at MKN in the equatorial
region shows a different cycle with two minima and two
maxima corresponding with the climate pattern in equa-
torial East Africa induced by the displacement of the
ITCZ. Although NMHC concentration ratios are useful
indicators of the degree of photochemical processing or
aging (e.g., Helmig et al. 2008), such studies have been
rarely conducted at mountainous sites. Generally, the
amplitudes of the seasonal cycles of C2H6 and C3H8 de-
pend on the latitude, with smaller amplitudes at the
lower-latitude sites and higher amplitudes at the higher-
latitude sites. The annual maximum concentrations of
C2H6 and C3H8 at higher-altitude stations are higher than
those at lower-altitude stations within each latitudinal
band.
NOy measurements show a broad spring and summer

maximum, whereas NOx shows a minimum during these

seasons at SNB, ZUG, and JFJ. The seasonal cycle of
NOy at HPO show a spring and early summer max-
imum. The NOx and NOy concentrations are low on
remote islands such as IZO and MLO. At MLO, the
seasonal cycle of both NOx and NOy shows a spring
maximum, but their concentrations are fairly invariant
over the year, which implies that the partitioning of
NOy is almost steady state. NOx observations at PMO
exhibit a distinct seasonal cycle from July to October
that is larger than those in other months, while NOy

observations exhibit a distinct seasonal cycle which is
larger from June to September than from November
to March, primarily due to boreal forest wildfires and
more efficient export and transport from eastern
North America. Despite the importance of the photo-
chemistry of tropospheric O3, continuous measurements
of these species, which are precursors and by-
products of O3 photochemistry at high-altitude sta-
tions, are very limited.
The observations at European stations in the 1990s

show increases in tropospheric O3. The O3 concentrations
at these stations peak in the late 1990s or early 2000s
before exhibiting a decreasing trend. The long-term trends
for surface O3 observed at SNB, ZUG/ZSF, and JFJ are
0.22 ± 0.17 ppb year−1 (1989–2007), 0.42 ± 0.09 ppb year−1

(1975–2007), and 0.26 ± 0.16 ppb year−1 (1986–2007),
respectively. The mean rate of O3 decrease at the
seven European alpine sites including SNB, ZUG/ZSF,
and JFJ for the period from 2000 to 2009 is −0.16 ±
0.14 ppb year−1. In the North Atlantic, the surface O3

record at IZO shows a slightly positive trend with a
rate of 0.09 ± 0.02 ppb year−1 for the period from
1988 to 2009. In particular, a rapid increase is found
between 1996 and 1998 that coincides with the phase
shift of the NAO. In East Asia, a positive trend of
surface O3 at 0.25 ± 0.17 ppb year−1 is observed at
WLG for the period from 1994 to 2013. Of particular
note, the strongest increase is found in autumn. HPO
in Japan experiences a generally large increase in
spring O3 of ~1 ppb year−1 for the period from 1998
to 2006. In the western USA, the mean spring O3 at
MBO shows a significant increase of 0.73 ±
0.54 ppb year−1 for the period from 2004 to 2013. At
HPO and MBO, which are significantly influenced by
East Asian outflow in spring, larger increasing trends
in the levels of O3 occur in higher percentiles than in
lower percentile levels.
In the Northern Hemisphere, the CO levels ob-

served at mountainous sites increase from the 1950s
until the 1980s, and then decrease beginning in the
late 1980s. The decreasing rate of the global mean CO
concentrations was estimated to be −0.52 ±
0.10 ppb year−1 for the period from 1991 to 2001.
The trend for CO at JFJ for the period from 1996 to
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2007 is about −3 ppb year−1. At MBO in the western
USA, the mean spring CO shows a significant de-
crease for the period from 2004 to 2013, whereas the
annual average CO did not show a significant trend.
This result is consistent with satellite observations of
total column CO, which show a continued decreasing
trend from 2000 through 2011 in the Northern
Hemisphere.
There are few long-term measurements of NOy and

NOx at high-altitude stations. In European countries,
NOx emissions declined significantly in the early
1990s due to the mandated installation of catalytic
converters in vehicles and other emission reduction
measures. For the period from 1998 to 2002, the
trend in NOy was positive but not significant, whereas
in the period 2004 to 2009, a significant decreasing
tendency was observed at a rate of −0.048 ±
0.012 ppb year−1. The overall annual averages of O3

and NOy were the highest in 2003, which was the
hottest year in recorded European history due to an
exceptional prolonged summer heat wave.

List of stations

ARO, Arosa

ASK, Assekrem

CHA, Chiricahua National Monument

CMN, Monte Cimone

FWS, Mt. Fuji

GRB, Great Basin National Park

HPO, Mt. Happo

ISK, Issyk-Kul

IZO, Izãna

JFJ, Jungfraujoch

KSL, Kislovodsk

KVV, Krvavec

LAV, Lassen Volcanic National Park

LLN, Lulin

LQO, La Quiaca Observatorio

MAB, Mt. Abu

MBO, Mt. Bachelor Observatory

MDY, Mondy

MKN, Mt. Kenya

MLO, Mauna Loa

NWR, Niwot Ridge

PMO, Pico Mountain Observatory

PYR, Nepal Climate Observatory–Pyramid

SNB, Sonnblick

TAR, Tanah Rata

WHI, Whistler Mountain

WLG, Mt. Walliguan

YEL, Yellowstone National Park

YOS, Yosemite National Park

ZSF, Zugspitze–Schneefernerhaus

ZUG, Zugspitze–Gipfel
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the Assekrem data. The Kenya Meteorological Department (KMD) provided the Mt.

Kenya data. The Izana Atmospheric Research Center, Meteorological State Agency

of Spain (AEMET) provided the Izaña data. The China Meteorological Administration

(CMA) and NOAA/ESRL provided the Mt. Waliguan data. The Kyrgyz National

University (KSNU) provided the Issyk-Kul data. The National Research Council,

Institute of Atmospheric Sciences and Climate (ISAC) in collaboration with

Department of Pure and Applied Science, University of Urbino, provided the

Pyramid and Monte Cimone data. Prof. Neng-Huei Lin at the National Central

University, which is managed by the Taiwan Environmental Protection

Administration, provided the Lulin data. EANET provided the Mondy data. Dr.

Manish Naja at the Aryabhatta Research Institute for Observational Sciences and

Dr. Shyam Lal at the Physical Research Laboratory provided the Mt. Abu data. Dr.

Shungo Kato at Tokyo Metropolitan University and EANET provided the Mt.

Happo data. The National Weather Service (SMNA) provided the La Quiaca

Observatorio data. Environment and Climate Change Canada provided the

Whistler Mountain data. Dr. Dan Jaffe at the University of Washington provided

the Mt. Bachelor Observatory data. NOAA/ESRL provided the Niwot Ridge and

Mauna Loa data. CASTNET and IMPROVE provided the Chiricahua NM, Great Basin

NP, Lassen Volcanic NP, Yellowstone NP, and Yosemite NP data. The Malaysian

Meteorological Department (MMD) provided the Tanah Rata data. The Environment

Agency Austria provided the Sonnblick data. The Federal Environmental Agency

Germany provided the Zugspitze data. The Slovenian Environment Agency (ARSO)

provided the Krvavec data. Swiss Federal Laboratories for Materials Testing and

Research (Empa) and the Laboratory of Atmospheric Chemistry of the Paul

Scherrer Institute (PSI) provided the Jungfraujoch data. The data at Pico

Mountain Observatory were collected in a collaboration among Michigan
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Technological University, the University of Colorado and NOAA/ESRL. The NMHC

sampling at Assekrem, Mt. Kenya, Izaña, and Mauna Loa is a component of the

NOAA Global Greenhouse Gas Reference Network, with NMHC in the collected

whole air samples being analyzed by the Institute of Arctic and Alpine Research
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