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The impact of substances released into the atmosphere is
observed onmaterials or living beings. However, the origin of
air masses affecting receptors determines their initial features
and transport from sources plays an important role, since
injections duringmass travelling ormixing with surrounding
air parcels may cause significant changes in the original
properties. Calculating air trajectories and subsequent anal-
ysis is required to obtain the best identification of places of
origin, changes undergone by the travelling air parcel, and its
possible effects on receptors.

Air trajectories basically measure the dynamical pro-
cesses in the atmosphere, where the path of air mass motion
is trailed at a specified location in space at a particular
arrival time either as forward, indicating the imminent path
taken by the particles, or backward, where the historical path
of the particles had travelled along their trajectory. Wind
and meteorological conditions play an important part in the
calculations of the air trajectories.

This special issue focusing on applications of air trajec-
tories is justified for a number of reasons. One is that this
technique enables possible temporal and spatial analyses in
order to obtain airflow patterns. Another interesting feature
of this topic is its interdisciplinary nature, since air mass
transport is linked to an extremely wide range of applications
coveringmeteorological uses such as cyclone evolution, water
vapour transport or precipitation, air pollution impact and
source identification, pollution transport to remote sites,
influence of dangerous substances, and effects on health or
the scarcely explored transport of microorganisms, which

might settle in regions outside their original environment.
Another noticeable property is that research in this field
reaches beyond conventional atmospheric studies centred
on experimental description and analysis, since results of
trajectory calculations, though interesting themselves, should
be combined withmeasurements at the study site. In fact, this
topic falls within the applied research that establishes a direct
link between the theoretical calculations frommeteorological
measurements and other observed variables.

The main benefits of this research are a better knowledge
of atmospheric processes, such as cloud formation and their
evolution, and the possibility of minimizing the adverse
effects of human activity on the environment, like air pol-
lution transport, and reducing the costs that the effects of
natural or anthropogenic sources have on human activity,
such as respiratory diseases due to transport of particles
or hazardous substances. In this sense, air trajectories are
obtained from observations that cannot be changed whereas
some of the variables transported, such as chemical concen-
trations, may be modified by applying control strategies if
sources have been clearly identified. However, this control
may not always be possible since sources sometimes originate
in countries other than those where effects are observed or
the implementation of controlmeasuresmay prove extremely
costly or even impossible. In this situation, the procedure
concludes once the source that has been identified. On other
occasions, natural sources, such as grasslands, forests, or
deserts, cannot be modified and efforts aimed at reducing
effects should focus on receptors.
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Air trajectories may be determined by a range of pro-
cedures such as web based tools, which are used world-
wide. These programs produce numerical outputs that can
be processed and plots that can be interpreted to provide
visual representation. They are simple since only transport
is considered and more complex transformations experi-
enced by air masses are excluded. The only cost is the staff
required to run the programs and the time used following
the number of simulations. Additionally, different scenarios
may be proposed to observe the model response. Calculating
large numbers of trajectories involves subsequent statistical
treatment to obtain results by assimilation processes, such as
cluster analysis and calculating the potential source contri-
bution function. In general, spatial analysis techniques can
be implemented. However, a low number of trajectories is
normally used for ancillary ormerely descriptive purposes. At
present, few new models are being developed, with research
focusing on the intensive application of existing models.
Although these have been extensively checked, validation is
still required to improve their performance.

Trajectory analysis is sometimes an irreplaceable tool.
Illustrative examples are distinguishing between local influ-
ences and long-range transport, since all spatial scales may
be covered, or determining orographic influences on the
airflow, such as valleys or ridges. Moreover, atmospheric
circulation at a planetary scale may be successfully observed,
in particular, exchange between seas and continents, which
influences the moisture content of the air mass and the
transition between low andhigh latitudes, which implies tem-
perature changes or between low and high altitudes, where
the air composition is different. Determining air trajectory is
sometimes recommendable, as in the case of an adverse event
that can affect densely populated sites. Another interesting
application is observing the contrast in air mass behaviour at
different heights due to thewind shear.One noticeable feature
of the trajectory is its shape, since straight trajectories over
the same type of surface indicate a direct relationship between
departure and arrival sites. However, meandering trajectories
may reveal changing winds with intensive mixing processes,
for instance, due to the influence of pressure systems and loss
of initial characteristics.

Although this topic may seem uncommon, atmospheric
research frequently uses air trajectory determination. How-
ever, this approach is normally secondary, since research
papers usually focus on measurements. The main reasons
for the absence of such studies in papers may be the belief
that trajectory calculations are felt to be complicated or
because of unfamiliarity with models. However, a look at
the applications shows that this is an evolving field where
calculation techniques have developed intensively and where
applications are frequent but in some way remain isolated.
The relative isolation of this research, far from being a
disadvantage, opens the way for further studies to establish
air flow patterns at higher scales. Another feature of this
evolving field is that multiple variables are involved, which
sometimes makes it difficult to decide which variable is being
emphasised.

This special issue is therefore necessary to highlight a
topic which has been increasingly used in recent years.

This positive trend indicates that results respond to the
expectations placed in this technique, since precise knowl-
edge of the path followed by an air mass is necessary to
determine the impact of sources on receptors together with
the concentration measurement, which is a salient although
limited part. Additionally, the simplicity and wide scope of
applications points to a growing future use and encourages
research aimed at gaining insights into the achievements,
limitations, and uncertainties that provide feedback and can
improve air trajectory determination.

This issue is conceived to gather the current state of
knowledge in this field by research that involves specific
applications of air trajectories. The result is a mosaic of
research areas and geographical areas where this topic is
active, thus showing which avenues may be explored at the
present time.

The interest of this special issue is twofold. Firstly,
applications normally published in dispersed journals are
brought together and secondly, the references reviewed cover
the bulk of the research in this field.

Finally, the guest editors of this special issue pursue two
purposes. The first is to encourage researchers acquainted
with these procedures to delve further into this topic, which
forms part of cutting-edge atmospheric research, so as to
accelerate the process of bringing together existing analyses
which, to date, are spread over a wide area. The second aim
is to present a useful and suitable technique to researchers
who are less experienced in this field. Including air trajectory
calculation in adequate atmospheric research papers may be
a useful complement that may well improve the analysis and
endow it with an international scope, integrating it into a
common line of research that will shed new light and bring
forth fresh conclusions.
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Florinda Artuso

Mastura Mahmud
Umesh Kulshrestha
M. Luisa Sánchez
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Air trajectory calculations are commonly found in a variety of atmospheric analyses. However, most of reported research usually
focuses upon the transport of pollutants via trajectory routes and not on the trajectory itself. This paper explores the major areas of
research in which air trajectory analyses are applied with an effort to gain deeper insights into the key points which highlight the
necessity of such analyses. Ranging from meteorological applications to their links with living beings, air trajectory calculations
become important tool especiallywhen alternative procedures do not seempossible.This review covers the reports published during
last few years illustrating the geographical distribution of trajectory applications and highlighting the regions where trajectory
application research proves most active and useful. As a result, relatively unexplored areas such as microorganism transport are
also included, suggesting the possible ways in which successful use of air trajectory research should be extended.

1. Introduction

Atmospheric processes such as air pollution, dispersion
of hazardous substances, or meteorological episodes have
a noticeable impact on the life of human beings. These
processes may be better understood when air trajectories are
also included in the studies. Although a simple approach is to
assume straight trajectories, experience reveals a more com-
plex evolution [1]. Among the techniques used to investigate
air trajectories, experimental determination is not common-
place, since complex and expensive measuring campaigns are
involved.Another choice is the use of satellites [2, 3], although
mathematical models are systematically applied.

Most applied models include HYSPLIT, where dispersion
and deposition may be considered [4], the FLEXTRAmodel,
which permits boundary layer trajectories and calculations
with the vertical wind component equal to zero [5], or
the recent METEX, which accepts meteorological data in
different formats [6]. There are several reasons why models
are widely used. The main reason is that these are freely
available and prove extremely easy to apply since a reference

site is considered where trajectories either arriving or leaving
are calculated. In addition, input requirements are minimal.
A further advantage is their extreme versatility, since they
may be used not only for providing information about
air pathways but also, together with additional variables
such as temperature, moisture, or concentration, for giving
information about sources. Moreover, models are subject to
calibration and evaluation processes [7] and seem to evidence
a similar ability to simulate air trajectories, with differences
in formulations playing a secondary role [8]. The limitations
inherent in models are the same as in conventional weather
forecasts, since their accuracy may only be affected when
their input variables are sparse. Uncertainty visualization
methods have been proposed [9], and their results must be
interpreted applying knowledge ofmeteorology, location, and
the nature of possible pollution sources [10].

One noticeable feature of air trajectory models in any
study is that their usemay not be the objective of the research,
but they may be taken as the basis for further calculations.
Prominent among such applications is the widely used
potential source contribution function [11]. However, other
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less frequently applied applications should also bementioned.
The proposal of wind direction sectors is a simple way for
classifying air trajectories [12], which provides the basis for
trajectory sector analysis [13] and for the more elaborate
cluster analysis, which may be applied following different
techniques [14], with the aim to obtain flow patterns. The
recirculation factor was proposed some time ago although
it has rarely been used [15]. By contrast, roundness has
recently been applied in these calculations [16]. Trajectories
are also used for smoothing and interpolating concentrations
through the nonparametric regression procedure [17]. Tools
such as TrajStat have recently been developed to simplify
and facilitate easy visualisation of these calculations [18].
Trajectory statistics may be combined with detailed land
cover analysis and meteorological data to obtain information
concerning the history of air masses [19]. In addition, trans-
port models combined with satellite observations provide
a spatial and temporal distribution of concentrations and
improve air quality forecasts [20].

The current paper focuses on applications of air trajecto-
ries. Due to the satisfactory features of the models, fields of
application vary enormously. One application of trajectories
is identification of pollution sources such as deserts, which
are considered as natural sources of particulate matter [21].
Although urban and industrial areas are also identified
as sources of particulate matter, these are considered as
anthropogenic sources. Since the distance travelled by air
massmay differ from local to regional or long-range transport
affecting various atmospheric depositions and phenomena,
broad areas of trajectory applications should be considered.
In these latter cases, the air parcel may receive injections
from varying sources during its trip due to which its initial
properties may be altered considerably depending on surface
characteristics and travel time [22]. Moreover, models may
be validated and compared [23–25]. Widespread application
of air trajectories, which ensures their usefulness, justifies a
specific study in order to fill a gap in the area of applied
atmosphere research.

To accomplish this objective, research reports published
in recent years have been reviewed. One possible choice is
certain representative papers and the removal of collateral
treatments. However, the current paper considers an exten-
sive number of studies in order to secure precise knowledge
of research fields where the said technique is used, this
ranging from only meteorology to air pollution or pollen
spread. Proposing a classification is by no means easy due
to overlaps in the research covered by the various groups
suggested. However, establishing classes seems necessary if
information is to be simplified and if insights concerning the
type of application and targets pursued are to be gained. The
groups proposed are inhomogeneous both in the number of
papers published and in their geographical distribution. This
results in generation of knowledge more effectively out of
the research that involved multiple resources and the regions
where this analysis is applied. The reported studies have
been grouped into five categories, namely, (i) meteorological
applications, (ii) air chemistry, (iii) hazardous substances, (iv)
aerosols, and (v) living beings. These groups are divided into
several subgroups where the main applications or results are

presented. Although a close relationship between papers in
each group would be desirable, it is not easy to link various
studies as someworkers analyse isolated events, time intervals
of the studies do not overlap, airflows are conditioned by the
orography, there may be differences in measuring height, and
so forth.

However, air trajectory analysis sometimes fails to reveal
differences in air masses from widely varying geographical
regions. In such cases work needs to be carried out in order
to securemore precise knowledge of air trajectory application
limits.

2. Meteorological Applications

2.1. Cyclones and Synoptic Meteorology. Cyclone evolution
has been studied worldwide, particularly over oceans, such
as the southwestern South Atlantic Ocean [26] or over the
North Atlantic with the interpretation of potential vorticity
inversions [27].Over theNorthernHemisphere, extratropical
cyclones have been tracked and predictions verified [28].
The “Perfect Storm” cyclogenesis over the North Atlantic has
been analysed [29]. Determining the trajectory of medicanes,
intense storms over the Mediterranean similar to tropical
ones, is valuable because of the enormous potential damage
given the fact that coastal regions are densely populated [30].
The role of sea surface heat fluxes was considered over this
sea, the properties being modified in numerical simulations
to observe the evolution of the cyclone [31]. Over subtropical
East Asia, in spring 2004, air masses transported low O

3

concentrations to higher latitudes following the circulation
associated with the Sudal typhoon and the northern Hadley
cell [32]. The hybrid characteristics of a low pressure system
over the Tasman Sea with an erratic track before decay were
studied [33].

Other cyclonic circulations that have been analysed
include US tornadic environments [34], which are sub-
stantially higher than their European counterparts due to
blocking by the Alps and the colder sea surface over the
Atlantic Ocean [35]. Severe weather events (intense hail,
major convective gusts, or strong tornados) associated with
elevatedmixed-layer air were investigated in the northeastern
US [36]. The evolution of remnants of a haboob, a con-
vectively driven dust storm, was analysed in Phoenix, AZ,
where this is an unusual event [37]. Backward trajectories
were used to examine a warm-core meso-𝛽-scale vortex
formation associated with the “Super Derecho” convective
event observed on 8 May 2009 at Kansas [38].

Several examples illustrate general applications of air
circulation. The relationship between air trajectories and the
spatial synoptic classification was considered at Martinsburg,
WV [39]. A polar vortex was responsible for an advective
cooling event over almost the whole of Iran [40]. Gener-
alised frosts over southern South America were favoured
by remotely excited Rossby waves [41]. Air trajectories were
used to investigate transport from the planetary boundary
layer to the Asian summer monsoon anticyclone [42]. Eight
weather regimes were described in southeastern Queensland,
Australia. Four wet regimes observed preferentially during
summer were linked with shorter trajectories at lower levels
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than dry regimes, which were observed throughout the
year [43]. Two trajectory clusters were considered in the
Ross Sea Region, Antarctica, the oceanic/west Antarctic, and
continental/east Antarctic [44].

The relationship between wind and air trajectories has
occasionally been analysed and has revealed that the regional
prevailing NW winds over the East Mediterranean are
the strongest prior to cool events [45] and the air mass
transformation over the western North Pacific controls the
characteristics of the Yamase wind [46].

Recirculation processes are the meteorological features
responsible for high pollutant concentrations, such as those
observed over the EastMediterranean region [47] and during
O
3
episodes in the Lower FraserValley, Canada [48]. Stagnant

airflow was another noticeable meteorological feature that
determined enhanced concentration of particles in summer
over the coastal areas of the Yellow Sea and near Japan [49].

Orographic effects sometimes have a marked effect on
airflow, such as uplift in the Eastern Pyrenees, which deter-
mined and maintained heavy precipitation from 6 to 8
November 1982 [50], flow splitting and cyclogenesis in the
lee of Greenland, Denmark [51], atmospheric circulation at
Mount Rwenzori, Uganda [52], or the lifting process over
the North Pacific west of the California coast prior to heavy
precipitation over the Sierra Nevada [53].

Singular meteorological applications of air trajectories
include temporal changes in angular momentum used to
diagnose trajectories over large scale distances [54], investi-
gating the spatial structure of surface temperature by quan-
tification of the time that an air parcel spends over ocean
and land [55], the influence of fog on visibility [56], and
the influence of large scale subsidence in the meteorology of
major wildfire events in the northeast US [57] or describing
troposphere-stratosphere exchange over Asia [58, 59].

2.2. Atmospheric Moisture. Several studies have shown the
link between the origin of air masses and their moisture
content. Analysis of tropicalmoisture exports to theNorthern
Hemisphere revealed that it made a significant contribution
to regional precipitation and showed four activity centres: the
central and eastern PacificOcean, east SouthAmerica and the
adjacent AtlanticOcean, thewestern IndianOcean, andwest-
ern Australia [60, 61]. Analysis of the transport and trans-
formation of water in the tropical tropopause layer revealed
that deep convection moistened this layer [62]. Latitudinal
advection of moisture over the ocean has been investigated
andhas provided negative correlationswith latitude [63]. Two
clusters of intense water vapour transport from the Pacific
Ocean to the western coast of North America have been
established, the first associated with zonal trajectories and the
secondwithmeridional flows [64].Themajor directmoisture
sources for the Yangtze River Valley are over the valley itself,
withmajormoisture transport being over land, and the ocean
proving important in initiating moisture transfer [65]. The
Tibet Plateau, which has a major impact on the water cycle,
was revealed as a crossroad of air masses, air entering from
the NW and NE and flowing in two streams, one SW over
the Indian Ocean and another SE through the western North
Pacific [66]. High column water vapour conditions at Nauru,

in the western equatorial Pacific, were frequently associated
with weakened inflow from dry regions to the east of Nauru
[67]. Moisture corridors responsible for water vapour trans-
port from remote sources to the Snowy Mountains region,
Australia, where they determined precipitation events, were
identified [68]. Two moisture sources were detected in the
Galician/northern Portugal region: the Bay of Biscay and
the Tropical and Subtropical North Atlantic corridor [69]
and potential temperature and specific humidity of trajectory
clusters affecting the southwest of the Iberian Peninsula were
analysed [70].The variability of H

2
O in the Antarctic PBL has

also been explained, since aminimumH
2
O is observed when

air transits over the Antarctic Plateau [71].

2.3. Clouds. Air trajectory analysis revealed the noticeable
effect of aerosol on clouds. In Oklahoma, aerosols associated
with maritime and northerly air trajectories have a greater
effect on clouds than those from northwesterly trajectories,
which also exert local influence [72]. The influence of pre-
vious meteorological conditions on properties of subtrop-
ical clouds in the northeast Atlantic and their evolution
were studied by trajectory analysis [73]. Pollution from
the Shanghai-Nanjing and Jinan industrial areas in China
affected wintertime clouds and precipitation over the East
China Sea [74]. The region off the west coast of Africa was
divided into 1∘× 1∘ grid boxes where boxes associated with
aerosols of oceanic origin had a lower cloud fraction than
those associated with continental origin [75].

Trajectory analysis revealed that subsidence and advec-
tions from the SE and SW maintained an unusually dense
regional advection-radiation fog over Anhui, China, while
the northwesterly dry wind determined dissipation of the fog
[76].

Research into haze episodes in northwestern Thailand
revealed that air masses passed over dense biomass hotspots
before reaching the measuring site [77].

The relationship between ice in clouds and aerosols
was investigated in an extratropical cyclonic storm over the
western Pacific Ocean [78], and nucleation of ice was studied
on polar stratospheric clouds [79].

2.4. Precipitation. Establishing an initial relationship
between precipitation and air masses involves identifying
the origin of precipitation episodes. In Europe, over half the
observed precipitation in Belgrade, Serbia, corresponded
to airflow from the SW, SE, and NW [80]. Two flow types
were responsible for extreme rainwater pollution episodes in
the protected area of Wielkopolski National Park (western
central Poland) [81]. Back trajectories reaching four stations
in Europe, Oslo, Bremen, Smolensk, and Budapest, for days
with the highest amount of snowfall revealed that humid
air was transported over long distances and was shifted
from the low troposphere to the upper layers [82]. Wet
deposition in the southeastern Adriatic region is dominated
by precipitation from the Mediterranean Sea [83], and
Saharan dust transport across Europe determined “red” or
“blood” rains [84]. In South America, precipitation events
in the southern Peruvian Andes mainly occurred under
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weak flow regimes from nearby Amazon basin sources [85].
In North America, upstream air trajectories provided
information on moisture source regions and low level flow
affecting the southern Appalachians [86], and trajectories
with a Great Lakes connection determined higher snowfall
totals on parts of the higher elevation windward slopes in
the southern Appalachians [87]. Certain precipitation events
in Newfoundland, Canada, were associated with trajectories
originating in the Gulf of Mexico [88, 89]. In Asia, isotopic
composition of water across the Himalaya and eastern
Tibetan Plateau was controlled by local processes, although
air trajectories indicated changes in the mixing over the
plateau [90]. Westerly air masses in summer, and westerly
and polar air masses in winter, transported moisture for
precipitation events in the upper Urumqi River Basin, central
Asia [91]. Varied air masses affected Beijing, China, during
the Asian monsoon period [92]. Low pH of rain water has
been reported due to air masses originating from Gulf region
arriving at Hudegadde site located in an ecological sensitive
area of Western Ghats of India [93].

The contrast between marine and terrestrial air masses
was observed in Aveiro, Portugal [94], on the island of
Bermuda by nitrate composition [95], in Florianopolis,
Brazil, by air pollutant content [96], in the Yangtze River
Basin with 𝛿18O and 𝛿D concentration [97], and also near
Sydney, Australia, by the 𝛿18O composition of precipitation
[98]. Aerosol concentrationmay identify the type of air mass.
The advection of subtropical and tropical moisture caused
the most isotopically enriched precipitation in southern
California [99]. Two basic raindrop size evolutions were
observed during the Queensland Cloud Seeding Research
Program, one associated with continental air masses, with
relatively high aerosol concentrations and long air trajectories
over land, and the other related to maritime air masses with
lower aerosol concentrations [100].

Pollution sources may also be identified since enhanced
concentrations of trace elements in precipitation in a rural
area of South Korea were associated with industrialized areas
ofChina andmetropolitan areas of SouthKorea [101]. Aerosol
and precipitation data at the Maldives Climate Observatory
have been divided into two groups with pollution days with
airflow from the Indian subcontinent in a northeasterly sector
during winter and clear monsoon days with southerly flow
from the Indian Ocean with high concentrations attributed
to long-range transport from the Australian or African
continents [102].

Trajectory analysis in height may provide information
about pollution sources, such as advection in the middle
troposphere from Western Poland and Germany, which was
a possible source of pollution by fluorides in atmospheric
precipitation in Wielkopolski National Park, west central
Poland.However, short distance transport from local emitters
was the main source in the lower troposphere [103].

Increased concentration due to the absence of precipita-
tion has also been analysed at a remote site, Mt. Norikura,
Japan, where aerosol transport from sources to surface
without precipitation scavenging after entrainment in the free
troposphere enhanced mass concentration [104].

Types of trajectories may be identified by the composi-
tion of rainwater. A classification based on the relationship
between rainfall chemistry and air trajectories was estab-
lished in Minnesota [105].

Organic chemicals may be transported in the free tropo-
sphere by clouds, such as those formed in midwestern and
southeastern US, which determined hail storms in Toronto,
Canada, where these chemicals were recorded [106] and hail
occurrence in the North German Lowlands was studied by
the influence of atmospheric circulation [107].

Different air massmovement was responsible for unequal
sea-salt concentration of snow deposited in the Japan Alps
during the winter monsoon [108]. The relationship between
ice nuclei concentrations and air pathways was studied at
different altitudes in the Huangshan Mountains, SE China
[109]. Atmospheric transport from NW India and Nepal was
detected in snow composition from the Jima Yagzong glacier
in the central Himalayas [110], and high concentrations of
black carbon from south Asia were observed in the ice
cores of the Everest region in the monsoon season [111].
High dust concentrations in snow on Mt. Elbrus, Caucasus
Mountains, were transported from the Sahara, although
the Middle East was revealed as a secondary source [112].
Blocking high pressure systems over Scandinavia and the
advection of western European pollution determined high
concentrations of nitrogen deposited over Svalbard, Norway
[113]. Transport pathways and source regions of climate
proxies were considered in polar ice core analysis [114–116].

3. Air Chemistry Applications

3.1. Common Air Pollutants. Study of air pollution trans-
port is a direct application of air trajectory analysis. In
Israel, most air pollution is a consequence of long-range
transport from eastern and southern Europe [117], since
most air masses reaching this area reflect 2-3-day transport
times. On the contrary, severe air pollution atmospheric
conditions in Istanbul, Turkey, were attributed to a high
pressure system, which led to the formation of an exceptional
ground-based temperature inversion, long-range transport
of Saharan dust being excluded [118]. Large scale synoptic
air pollutant transport has been observed at high elevation
sites in the Alps [119]. Daily variations of pollutants in a
heavily industrialized area in central Spain have been studied
[120]. The scale of the NO

2
spatial-temporal variability in

the near-surface layer was estimated in the vicinities of
St. Petersburg, Russia [121]. In Asia, long distance sources
contributed to SO

2
recorded over Delhi, India, during winter,

with marine influence being noticeable during monsoon,
whereas regional sources prevailed during summer [122].The
heaviest air pollution episodes in Ürümqi, China, have been
analysed with synoptic patterns of atmospheric circulation
and air mass characteristics [123]. The close relationship
between air pollution and winter monsoon meteorology was
analysed in Hanoi, Vietnam [124]. In North America, trajec-
tories were also considered in a cluster analysis of pollutant
concentrations in Boston, MA [125]. The presence of long-
lived contaminants at remote sites was also investigated, as
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in the Yukon Territory where the Arctic Ocean, northern
Siberia, Canadian Yukon, and Northwest Territories were
sources of semivolatile organic compounds [126].

In contrast, clean sectors may be also identified. A study
of air mass trajectories arriving at Mace Head, Ireland,
revealed that the eastern North Atlantic is one of the cleanest
regions in the Northern Hemisphere [127].

Air transport between the US and Windsor, Canada, is
very frequent. However, its air quality should not be only
analysed from the air masses originating in the US [128].

Singular applications are the investigation of potential
sources of odour problems [129], identifying upwind sources,
which might affect air quality levels in Seoul, South Korea,
and downwind areas affected by this city [130] or identifying
sources from seven regions affecting two receptors in the
eastern US [131].

3.2. Ozone and Photochemistry. Several studies have proved
the usefulness of air trajectory analysis in photochemistry,
since precursors may be transported to form secondary
pollutants, which are also transported. This section first
focuses on O

3
records. In North America, increases in O

3

and CO concentrations at Whistler Mountain in British
Columbia, Canada, were attributed to fires in the Russian
Federation or Alaska and the Yukon Territory that were
transported by the prevailing westerly winds [132]. GIS
and back trajectory analyses indicated that mobile sources
contributed to O

3
formation over the Jackson region, MS

[133]. Weather patterns and trajectories were classified to
study high O

3
episodes in the Houston-Galveston-Brazoria

area [134]. The impact of wildfires on O
3
events was analysed

in the western US [135]. The warm conveyor belt of a cyclone
lofted pollutants responsible for O

3
high concentrations over

the western North Atlantic Ocean into the free troposphere
[136]. In Europe, exceptional meteorological conditions have
been considered to explain very high levels in Madrid, Spain
[137]. Air masses from industrialized continental Europe and
wildfire emissions determined high O

3
levels in southern

Italy, whereas the North African desert region was associated
with lower concentrations [138]. O

3
trends at Jungfraujoch,

Switzerland, were linked to the origin of airmasses [139]. Two
major routes of long-range transport were observed in the
Balkans, though both appeared with the same direction of
local winds in Patras, Greece. During the cold months, the
amount of O

3
transported was greater than that due to local

formation, with the opposite being true during warmmonths
[140]. In Asia, O

3
episodes in Malaysia were attributed

to regional transport from biomass burning in Sumatra,
Indonesia, as well as long-range transport from Indo-China
[141]. Moreover, transport, airflow pattern, stagnation, and
the boundary layer height determined the concentrations
recorded at certain sites in India and the Bay of Bengal [142–
148]. In China, transport from eastern, central, and southern
China, specifically linked with tropical cyclones, was a factor
determining the high levels measured in Hong Kong [149].
Stagnation and recirculation of air, together with intense
solar radiation, high temperature, and long-range transport
of pollutants, were responsible for O

3
episodes at urban Jinan

[150]. High biogenic volatile organic carbon emissions from

the vegetation of the Qinling Mountains caused the three
longest O

3
pollution episodes in Xi’an [151].

Another source of O
3
in the low atmosphere is its

transport from the stratosphere, where three phases have
been identified, tropopause crossing, free descent, and quasi-
horizontal dispersion in the lower troposphere [152]. Tra-
jectory analysis revealed an important direct stratospheric
impact in greater Athens, Greece, causing a noticeable
increase in surface concentrations with no photochemical
origin [153]. Moreover, vertical transport from aloft has
emerged as the main mechanism to replenish the atmo-
spheric boundary layer at Alert, Nunavut, Canada [154]. Con-
trastingly, bubbles of low O

3
concentration were observed in

the tropical tropopause layer in the equatorial region around
Central and SouthAmerica originating fromdeep convection
in the equatorial eastern Pacific and/or Panama Bight regions
[155].

The rest of the section is devoted to other pollutants
involved in atmospheric photochemistry. Plumes analysed
revealed that peroxyacetyl nitrate, PAN, another less studied
secondary pollutant, recorded at Mt. Bachelor, OR, was of
both Asian and North American origin [156].

Air trajectories have also been used to study precursors
of photochemical pollutants such as volatile organic com-
pounds, VOC. Air masses from Eurasia contained the lowest
VOC levels compared to others from China and India at the
Mt. Waliguan station in the northeast part of the Qinghai-
Tibetan Plateau [157]. Moreover, high CH

4
concentrations

at this site were associated with advection from heavily
populated regions and rice-growing areas [158]. Another
site where the relative contribution of anthropogenic VOC
sources to O

3
formation has been investigated is the region of

Kaohsiung, Taiwan, where precursors from land sources were
transported offshore determining high VOC concentrations
overseas [159, 160].

3.3. Trace Gases. CO
2
in the atmosphere is considered a

trace gas in most of the measurements. Transport influence
was revealed, since possible maxima or minima observed
in the CO

2
trend at two European remote sites could be

due to contamination of the air mass during the whole
of its trip [161]. The impact on this gas concentration of
emissions from the city of Valladolid, Spain, and recirculation
processes were assessed at a rural site [162].The effect of long-
range transport from industrial and natural sources on CO

2

has been observed at the remote site of Lampedusa Island,
Italy. The back trajectory study associated with in situ data
demonstrated that industrial activities and forests located in
Eastern Europe and Russia may strongly affect the recorded
CO
2
[163].

Other trace gases such as SO
2
and NOx have also been

considered which were transported to the Hyytiälä Forestry
Field Station, Finland, mainly from Eastern Europe [164].
Emissions in the UK and Europe have a noticeable effect on
NO
2
concentrations recorded at sites not directly influenced

by major local sources in Ireland [165].
A low CO episode in northern Japan was attributed to

rapid transport of pristine air masses from the Pacific Ocean
under anomalously stronger easterly flows [166].
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Air trajectories have been considered with less inves-
tigated substances, such as halogenated very short lived
substances, whose research has revealed that air masses
from the open North Atlantic prevailed in the Mauritanian
upwelling area [167] or concentrations of dimethyl sulfide
emitted by oceans, which were followed by an aircraft over
the Pacific Ocean [168].

4. Applications in Transport of
Hazardous Substances

4.1. Radionuclide Transport. The plume from the Fukushima
reactor released on 11 March 2011 remained over the ocean
due to westerly winds [169]. However, the arrival of artificial
radionuclides was confirmed during the first days after the
accident at nearby stations in Vietnam [170] and at such
distant locations as the Iberian Peninsula and Lithuania
[171, 172]. For about one month, the radioactive plume
reached South Korea by surface westerlies followed by a
period characterised by a direct impact of air masses from
Japan [173]. Precise determination of the area affected by this
radioactive plume has been obtained at various places in the
Northern Hemisphere [174].

Direct tropospheric transport of fallout from atmo-
spheric nuclear detonations at the Semipalatinsk test site,
Kazakhstan, to Norway through large areas of Europe was
observed [175].Moreover, at least one unannounced low yield
nuclear test in North Korea was investigated from radionu-
clides measured in South Korea, Japan, and Russia [176].
Several models were compared with 85Kr air concentrations
in the area surrounding a nuclear processing plant in North
West France where mean concentrations were estimated
during steady wind conditions, although peaks were not
accurately predicted under changing wind conditions [177].
Possible sources of Xe and Kr radionuclides were determined
by back trajectory analysis in St. Petersburg, Russia, from
Sweden and Finland [178]. Integrated effects of transport and
meteorology have been observed in radionuclide activities in
southern Spain and the transitional location of the Iberian
Peninsula was revealed [179].

Additionally, radiological risk was assessed in the
metropolitan area of Seoul, SouthKorea [180], and dispersion
and deposition of radioactive fallout could be simulated with
trajectory models to estimate the magnitude of the deposited
activity at different test sites [181].

4.2. Insecticides/Pesticides/Persistent Organic Pollutants
(POPs). The seasonal evolution of trajectories may illustrate
the behaviour of concentrations. Northwesterly air mass
pathways reaching Lake Small Baiyangdian, northern China,
were linked with high concentrations in winter, southern
pathways being relatively clean in summer and trajectories
in autumn and spring being associated with high pollution
from the Shanxi and Henan provinces [182].

Transport described by air trajectories may be extremely
useful to reveal the origin of these pollutants. The Himalayas
might be influenced by themajor source regions in both India
and China [183]. Air masses from China, India, Southeast
Asia, and West Asia influenced concentrations recorded in

Lhasa on the Tibetan Plateau [184]. Pesticides over the Pearl
River Delta Region were transported from potential source
regions, northern China, and local usage was also noticeable
[185]. Some of the air masses reaching Singapore came from
the west of Papua New Guinea where DDT was still in use
[186]. However, in seven major cities in India, source areas of
polychlorinated biphenyls were confined to local or regional
proximity [187].

Pesticides have been recorded at the Antarctic continent
due to air masses from the Indian and Atlantic Oceans [188],
and insecticides used extensively in southern East Europe and
around rivers flowing to the Aral Sea were transported to
Arctic areas [189].

In America, transport of these substances has also been
observed. Four main pathways with high pollutant concen-
trations were identified at Arcadia National Park, ME, and
not exclusively linked with the major urban centres along
the eastern Atlantic seaboard [190] and different models were
used to quantify atmospheric transport of POP concentra-
tions to the Great Lakes [191].

4.3. Toxic Metals. Transport of various toxic metals such
as mercury, lead, and arsenic has also been studied using
air trajectories. In northeastern North America, shipping
ports along the Atlantic coast emerged as the main Hg
sources and the contrast between oceanic and land/coastal
trajectories was also observed [192]. In northern Mississippi,
events of atmospheric Hg were linked with air masses from
the northern continental US region [193]. In Canada, major
sources affectingWindsor extended fromOhio toTexas [194],
and unseasonable high total gaseous Hg concentrations at
Fort McMurray were associated with air from the SE and W,
whereas low concentrations were from Arctic air [195]. The
Hghighest concentrations at a tropical site inNieuwNickerie,
Suriname, were obtained with marine trajectories from the
North Hemisphere [196]. Hg concentrations recorded in
the Fujian province, China, are diluted by air masses from
the ocean [197]. Northern India may also be a noticeable
Hg source for the Northeastern Tibetan Plateau [198]. Hg
concentrations at Oxford, UK, are highest with wind from
the E/SE, probably due to emissions from London/mainland
Europe [199].

Sixmeteorological regimeswere determined at Bondville,
IL, where differences in Pb isotopes in precipitation were
observed [200].

Air trajectories were used to analyse As transport and
dispersion from a Cu smelter in southwestern Spain with
satisfactory results under sea breeze circulations or flow
dominated by synoptic scale prevailing winds [201].

5. Applications on Sources and
Transport of Aerosols

5.1. Particulate Matter. Seasonal variation of the particulate
matter composition in agreement with the air trajectories was
observed in eastern India [202] and high concentrations are
sometimes due to transport from sources, as was detected in
North America [203], South America [204], Asia [205–212],
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especially in China [213–217], the Middle East [218], Africa
[219], Australia [220], and Europe [221].

Stagnant conditions caused the highest mass concentra-
tions in Ulaanbaatar, Mongolia [222]. Internal sources of
particles were less relevant in South Korea than external,
which were the industrial areas in inland China and the
Gobi desert. However, anomalous meteorological factors
favoured both long-range transport from external sources
and local accumulation [223, 224]. Strong land-sea breeze led
to accumulation and ageing of particles in Hong Kong, China
[225]. Dust aerosols from the Gobi Desert and the Loess
Plateau are likely to propagate eastward but aerosols from
the Taklamakan Desert propagate slowly westward [226] and
both deserts were responsible for dust events over northern
China [227]. Transport patterns were obtained in Beijing
[228]. Potential sources of particulates recorded near the
terminal of the Laohugou No. 12 Glacier in northwestern
Qilian Shan were identified in the NW from the station
due to industrial activities, urbanization, and residents’ emis-
sions [229]. Different air mass types were considered in
Guangzhou, where transboundary transport played a critical
role in the formation of PM

10
pollution events [230]. Air

mass pathways at New Delhi, India, revealed the difference
in the levels of particulate matter during monsoon and
winter air mass circulations [231]. Long-range transport from
the Thar Desert, Iran, and Pakistan prevailed in Agra in
summer, whereas short trajectories from local areas revealed
anthropogenic emissions in winter [232]. Northern and
central part of India contributed to high black carbon levels
in Mumbai [233]. Dust storms from the Middle East reached
Rawalpindi, Pakistan [234]. Similar kind of storm has been
simulated over Iran [235]. Some extreme soil dust events
originated in major agricultural regions in Australia and
not in deserts [236]. In Europe, seven fingerprints of urban
aerosols were identified in Helsinki, Finland, during 2006,
where local or regional origin was considered [237]. Several
methods were combined to distinguish long-range transport,
regional transport, and local pollution in Central Eastern
European urban areas [238]. Coarsematerial was transported
over distances of 1400 to 2000 km fromUkraine to the Czech
Republic [239]. Local and regional scale aerosols transported
were studied over Belgrade, Serbia [240], and long-range
transport from Europe and the Sahara has a major influence
in Italy [241, 242]. Trajectory calculations confirmed the
origin of different size dust in Rome and Bari [243, 244]. Over
the Mississippi Gulf Coast region, backward and forward
trajectory analysis revealed particulate matter origin near the
region and the relative contribution of some power plants
to concentrations measured [245]. Local regions were the
main contributors to sulphate concentrations estimated at
BrigantineNationalWildlife Refuge,NJ, and theGreat Smoky
Mountains National Park, TN [246]. A contrast between
local and distant sources was observed in the composition of
particulate matter recorded in northern Chile [247].

Long-range transport has also been revealed by vertical
analyses in Greece and Antarctica [248, 249].

The contrast between air masses from continent and
ocean has been observed on recorded concentrations. Two

classes of aerosols were identified during the World Expo-
sition 2010 in Shanghai, China, class I linked with ocean-
oriented air masses and class II associated with regional
pollution transport from the surrounding areas [250]. Air
masses reaching Iksan, a suburban area in South Korea,
came from arid Chinese regions and caused high particulate
concentration during the yellow dust period. However, air
masses during a rainfall period were mostly from the Pacific
Ocean or the East China Sea, and their concentrations were
relatively low [251]. Four classes of air trajectories were
observed over the Bay of Bengal and Arabian Sea showing
differences in the composition of the aerosolsmeasured [252].
Marine aerosols from the North Sea and English Channel
were identified by trajectory analysis at northern Bohemia
[253]. Maritime transport had a noticeable influence on air
quality in Lisbon since anthropogenic aerosol concentration
decreased significantly [254]. Along a cruise track in the
eastern North Atlantic Ocean, air masses were characterised
as European-influenced, primarily marine, or North-African
influenced and aerosol composition was analysed [255]. Sea
salt origin was noticed in aerosols over the Niger Delta region
[256]. Particulate measurements taken at Santiago, Chile,
revealed three main sources, marine air masses combined
with anthropogenic sources, copper smelters surrounding the
city, and wood burning [257].

Continental air masses are normally more polluted.
Aerosols from Asian dust source regions and eastern China
increased element concentrations at Gosan, South Korea.
However, these concentrations decreased in air masses that
passed over marine regions [258, 259]. Air masses from
Eastern Europe led to significantly higher airborne concen-
trations of non-sea salt Ca and K in rural areas of Norway
[260].

Specific features ofmaritime airmasses have been consid-
ered in certain analyses. Prevailing pathways were observed
over the “Maritime Continent,” the tropical Southeast Asia
area extending across the Indonesian archipelago, the Malay
Peninsula, and New Guinea [261]. Moreover, these masses
allow aerosol formation to be investigated, as over a midlati-
tude forest in Japan, where new particle formation occurred
in clean maritime air masses from the North Pacific, which
had low mass concentrations of aerosol components [262].

Dust intrusions from deserts are frequent sources of
particles in Eastern China, Europe, West Africa, and the
Subtropical Eastern North Atlantic region [263–269].

One specific source is volcanic ash whose dispersion may
be analysed using air trajectories. An intense relationship
between surface particle distribution and rain intensity was
observed from volcanic ash at Mount Merapi, Indonesia
[270].

5.2. Forest Fire and Biomass Burning. Transport of pollution
from active fires is sometimes observed long distances away,
as at the southeastern Tibetan Plateau from fires in the SE
Asia subcontinent and from northern South Asia [271]. The
influence of sea and land breezes has also been evidenced
in Borneo [272]. This transport was determined by a lidar,
model trajectory calculations and satellite observations in
Canada [273]. Moreover, influence of biomass burning was
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observed in precipitation events in the southern Appalachian
Mountains from November to April [274]. Soil aerosols,
industrial areas, and biomass burning were responsible for
particulate matter recorded in the Mexico urban area [275,
276]. Black carbon at the background station in Preila,
Lithuania, was explained by air mass trajectory analysis
from biomass burning at the Kaliningrad region, Ukraine,
and southwestern Russia [277]. Biomass burning particles
originating inCanadian forest fireswere observed at the EAR-
LINET Granada station, Spain [278], and different influences
were observed in South Korea [279].

A strong link between CO episodes from biomass burn-
ing in Borneo, Sumatra, NewGuinea, andNorthernAustralia
and El Niño-southern oscillation activity has been observed
[280]. PM

10
load increased in the Brahmaputra Valley, India,

during festive biomass burning called meji burning and its
carbon content was more pronounced due to the long-range
transport of carbonaceous aerosols to the region [281].

5.3. Atmospheric Optics. Some papers focus on the optical
properties of the atmosphere. Local and remote sources of
dust storms were identified in Saudi Arabia [282]. Maximum
aerosol optical depth at Khyber Pakhtunkhwa, Pakistan, was
due to local sources, long-range transport of air masses from
India and Afghanistan, and explosions detonated by the
Pakistan army [283]. Differences between pre- and postmon-
soon air masses as well as trajectories with high loading of
atmospheric aerosols were observed in the Gangetic plain,
Hyderabad, India, and the Bay of Bengal [284–287]. The
optical properties of biomass burning aerosols in Sinhagad,
India, have also been studied [288]. A persistent “aerosol low”
was recorded over the Arabian Sea and the Bay of Bengal
prior to the formation of cyclones [289]. A bimodal distri-
bution pattern of aerosol optical depth was observed over
both the western and the southeastern tropical Indian Ocean
[290]. Optical properties of aerosols were analysed over
Anhui, China, and related with the origin of air masses [291].
Transport from the Asian continent to the free troposphere
over Japan has been studied [292]. Saharan dust events were
recorded by lidar observations over Thessaloniki, Greece
[293], and three desert dust sources were considered for
African air masses reaching Granada, Spain, (1) N Morocco
and NW Algeria, (2) Western Sahara, NW Mauritania, and
SW Algeria, and (3) eastern Algeria and Tunisia [294]. Some
episodes with high aerosol optical depth over Finland were
linked to the transport of polluted air masses from industrial
areas in Central Europe [295]. Additional information about
the origin of the aerosol layers detected at Sofia, Bulgaria, was
obtained by air trajectories [296, 297]. The vertical structure
of aerosol optical properties in coastal areas depends on air
mass advection direction and altitude, as observed in Crete,
Greece, and Rozewie, Poland [298]. Volcanic ash transported
from Iceland to the Polish Polar Station, Svalbard, Norway,
has been confirmed by trajectory analysis [299] and was also
detected in Minsk, Belarus, Tomsk, and Vladivostok, Russia
[300].Different airmass source regions reaching the southern
Arizona region have been considered [301]. Specific episodes
of large values of aerosol optical depth at Córdoba, Argentina,
were explained by fires and/or long-range transport [302].

Air masses in Skukuza, South Africa, had longer advection
pathways where their properties could be affected during
autumn and winter [303]. A detailed classification of air
trajectories at Niamey, Niger, revealed the origin of the air
sampled [304].

However, some studies have highlighted the suitability of
sites from the noticeable optical quality of the atmosphere.
One site in Namibia is favoured to install the Cherenkov
Telescope Array due to its satisfactory conditions [305], and
air mass trajectories have also been studied above the Pierre
Auger Observatory, in the Pampa Amarilla, Argentina [306].

6. Applications on Living Beings

Some substances harmful to human health such as polycyclic
aromatic hydrocarbons, which are carcinogenic and muta-
genic, originated from local pollution sources in Zaragoza,
Spain, with long-range transport from European countries
being infrequent [307]. However, long-range transport of
these substances caused by particulates from coal or biomass
burning in China might have strongly influenced their levels
and patterns at Gosan, South Korea [308]. Intrusions of
Saharan dust were identified in summertime in Delhi, India,
where cancer risk due to inhalation exposure to different
chemicals has been observed [309]. Remote regions may
be affected, since polychlorinated naphthalenes, which have
been associatedwith liver damage in humans, were studied by
air trajectory analysis at two background stations in Sweden
[310]. Semivolatile organic compounds hazardous to health
released during the “Allied Force” operation in the spring of
1999 in the Former Republic of Yugoslavia were transported
across borders over large distances [311]. An analysis of
human exposure to air pollution, based on the risk of being
hospitalised for respiratory illness, enabled meteorological
patterns associated with “polluted” air parcels and “clean” air
parcels in the state of New York to be identified [312].

Bioaerosol sources have also been investigated using
trajectory analysis. Pollen produced by certain species causes
intensive allergies in sensitive individuals. Two kinds of
sources of one of the most feared pollens were identified
in the atmosphere of Istanbul. The first sources were local
and the second were formed by regional and remote sources
[313]. Atmospheric pathways affecting pollen inThessaloniki,
Greece, Szeged, Hungary, and Hamburg, Germany, have
been studied [314]. Pollen grains of ragweed from the
Pannonian Plain, Central Europe, were transported to the
Nordic countries [315]. Potential sources of Olea Pollen were
identified, and transport caused high concentrations at night
in the Southwest Iberian Peninsula [316]. Moreover, complex
terrain affects trajectories, and transport of this pollen under
this specific flow has been analysed [317], as well as pollen
transport from the west to the east slope of the Andes [318].
Cedar pollen prevailed in Fukuoka Prefecture, Japan [319],
and Asian soybean rust urediniospores in the Midwestern
US were transported from southern Texas and the Yucatan
Peninsula in Mexico [320].

Air trajectories may also prove helpful in investigating
the transport of organisms such as microbial populations
probably originating near China or Japan, recorded at theMt.
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Bachelor Observatory, Oregon [321]. Since the Himalayas are
a barrier to atmospheric transport, analysis of soils revealed
that dust and microbes deposited came from continental,
lacustrine, and marine sources [322]. Air trajectories also
enabled early detection of diamondbackmoth infestations on
the Canadian Prairies [323]. Different microorganisms have
been detected in dust storms affecting Iran [324]. Dispersion
patterns of the adultwheatmidge, Sitodiplosismosellana, were
studied at the Hebei province, China, and showed that male
midges mated before dispersal [325]. Cattle and insects in
northern Australia were infested by viruses introduced via
windborne dispersal of Culicoides whose spatial extent of
the source across Indonesia, Timor-Leste, and Papua New
Guinea and arrival regions were suggested [326]. Transport
of infected Culicoides imicola from southern to northern
Spainwas investigated due to the expansion of the bluetongue
disease of ruminants [327].

7. Conclusions

Most of the papers reviewed in this study have used air
trajectories as an ancillary technique, but not as the central
part of the research.

Backward trajectories are the most commonly calculated
type, the HYSPLIT being the most widely used model and
particulatematter being the kind of pollutantmost frequently
investigated.

Geographical distribution of applications has focused
on Asia, especially on rapidly developing countries such as
Chinawhose pollution impactmay be observed on surround-
ing countries.

Air trajectories show that emissions from distant sources
may cross boundaries and impact remote unpolluted areas
or places where emission control strategies have been imple-
mented or where the use of certain substances has been
restricted or even banned.

Urban and industrial areas are not the only sources of
pollution since many widespread crops in Asia may release
noticeable concentrations of different pollutants into the
atmosphere.

Injections during transport may considerably change
features of air mass, which may impact remote places where
potentially dangerous substances have been observed.

Dry and perhaps polluted air masses from the continents
are loaded with moisture and cleaned when they travel over
the ocean. However, marine aerosols may be dragged to the
continent where they are mixed with polluted air modifying
the properties of local parcels.

The influence of air masses from or over central Africa
and the long-range transport of microorganisms require
further investigation.

Finally, although trajectory calculation is a powerful tool,
it should be used in conjunction with other procedures.
Therefore, research focusing on air trajectories remains an
open field, and extending it is recommended in order to
gain further insights into the atmospheric pathways affecting
the regions under analysis and their influence on living
beings. The underlying factors for the air mass trajectories
are basically linked to the synoptic wind regime, wind

flow, and inversions. This review has shown the multiple
applications of air trajectories on various issues depending on
the Lagrangian or Eulerian perspectives of the flow field.
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[137] R. San José, A. Stohl, K. Karatzas, T. Bohler, P. James, and J.
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[316] S. Fernández-Rodŕıguez, C. A. Skjøth, R. Tormo-Molina et
al., “Identification of potential sources of airborne Olea pollen
in the Southwest Iberian Peninsula,” International Journal of
Biometeorology, vol. 58, no. 3, pp. 337–348, 2014.

[317] M. A. Hernández-Ceballos, C. A. Skjøth, H. Garćıa-Mozo, J. P.
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Fog events almost happened every year in cold season in North China Plain. In this study, hybrid single-particle Lagrangian
integrated trajectory (HYSPLIT) model was applied to analyze the formation of four fog events occurring in Ji’nan, China, during
the period from March 2012 to February 2014. Three types of fog have been distinguished, including radiation fog, advection fog,
and frontal fog.When fog events happened, the average surface temperature ranged fromnear zero to 10∘Cand the relative humidity
was around 90%. Fog events often happened immediately after haze episodes (i.e., fog-haze) and sometimes after light rain. Back
trajectory analyses show that the air masses during the fog events mostly came from the local Shandong areas and moved in very
slow speed (4–24 kmh−1). During the fog events, the humidity along the air trajectories always gradually increased to saturation.
The mixed layer depth was small, generally below 400m at noon and around 100m at midnight. However, the air temperature
exhibited complex variations—sometimes decreased and sometimes kept stable or even increased.

1. Introduction

Fog is featured with high humidity, very low visibility, and
possibly high pollutant contents (e.g., fog-haze and acid fog).
Dense fogs are dangerous for high-way driving and aircraft
landing and take-off and have adverse impacts on people’s
life, agricultural production, and socioeconomic activities
[1–3]. In addition, fog can accumulate air pollutants and
promote the formation of secondary aerosols in a certain
extent, leading to deteriorated air quality and doing harms to
human health [4, 5]. Due to the serious impacts on air quality,
environment, and anthropogenic activities, fog and fog-haze
have received close attention from both researchers and the
public in past decades.

Generally, fog can be divided into two sorts, air-mass
fog and frontal fog [6]. Air-mass fog is primarily caused
by radiation or/and advection and often appears in North
China Plain [2, 7–9], while frontal fog is mainly caused by
the evaporation of precipitation into the stable cold air [10].
Reduced air temperature, high humidity, and weak diffusion
are necessary for fog formation. Besides, air-mass transport

is also an important factor influencing formation of fog.
Moisture transport always promotes the occurrence of fog,
while air pollutants (in particular aerosols) can have positive
or negative effect on fog formation [2]. Recent studies also
showed that the temperature increase and humidity decrease
due to urban heat island effect and urban land use can
inhibit fog occurrence [11–13], while the impacts of increased
aerosol concentration on fog formation are dualistic and
uncertain [2, 14, 15].The complexity of fog and the interaction
with atmospheric environment puts forward the urgent need
to further investigate the fog formation, especially in the
densely populated and seriously polluted region. As sever
haze episodes often occur in China [16–18], fog chemical
composition shows a plenty of secondary species sulfate,
nitrate, ammonium, and OC/EC [19–22].Themeteorological
formation of haze episodes calls for close attention [23–25].
However, only limited investigation of fog formation has been
done under heavy air pollution in China [23].

Hybrid single-particle Lagrangian integrated trajectory
(HYSPLIT)model is a complete system for computing simple
air parcel trajectories as well as complex dispersion and
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Figure 1: Topographic map of North China which shows the study
area of Ji’nan.

deposition simulations [26]. The air-mass back trajectory
analysis by using HYSPLIT model provides a useful method
to examine the history of air-mass transport, though uncer-
tainty exists due to a lot of factors such as phase change.
It has been extensively used in researches on atmospheric
pollution to track the source regions and the transport
pathways [27–30]. The HYSPLIT model not only presents
three-dimensional air trajectories arriving to the selected
location but also provides many meteorological data along
the air trajectories, including temperature, humidity, pres-
sure, mixed layer depth, and solar flux, which are important
factors for fog formation.

In this study, four fog events occurring in Ji’nan, China, in
cold season were identified and analyzed by using HYSPLIT
model. We first present the weather conditions before, dur-
ing, and after the fog events. Then, air-mass back trajectories
and the corresponding meteorological parameters including
temperature, humidity, and mixed layer depth are compared
and discussed to explore the formation processes of the fog
events.

2. Methods

2.1. Identification of Fog Events. In this study, the fog
events occurring during the period from March 1, 2012,
to February 28, 2014, were examined. Meteorological
data in Ji’nan (36.6∘N, 117.1∘E, 169m a.s.l., no. of 54823,
shown in Figure 1) reported by the Weather Under-
ground (http://www.wunderground.com/weather-forecast/
Shandong/Jinan.html) were used to identify the fog events. If
the relative humidity was above 90% for more than six hours
and the weather was marked as fog but not rain or snow,
the period was selected as a fog event. Note that the weather

records in the Centre Campus of Shandong University were
also used to further verify the fog event.

2.2. Air-Mass Back Trajectory Analyses. Air-mass backward
trajectories for each fog event were calculated every six hours
using HYSPLIT model with GDAS data online [26]. For
each fog event, eight to twelve 72 h backward trajectories
were calculated at 50m AGL. The trajectory data including
latitude, longitude, and height together with the meteorolog-
ical parameters including air pressure, temperature, relative
humidity (RH), mixed layer depth, and solar flux for air
masses were collected for further analyses.

2.3. Calculation of Air-Mass Transport Speed. The average
horizontal transport speeds of the air masses (without con-
sideration of the vertical transport) were calculated based on
the cumulative transport distance and the transport duration
of 72 hours. The transport distance between the two points
of the air trajectory with time interval of one hour was
calculated by using the following equations:

𝐶 = sin (LatA) ∗ sin (LatB)

+ cos (LatA) ∗ cos (LatB) ∗ cos (LonA − LonB) ,

Distance = 𝑅 ∗ Arccos (𝐶) ∗ 𝑃𝑖
180
.

(1)

Here,𝐶 is an angle, LatA and LonA represent the latitude (N)
and longitude (E) of point A, LatB and LonB stand for the
latitude (N) and longitude (E) of point B, 𝑅 is the radius of
the earth (6371 km), and 𝑃𝑖 is the circumference ratio (3.14).

3. Results and Discussions

3.1. Fog Events Occurring in Ji’nan. From March 2012 to
February 2014, four dense fog events have been identified
and are listed in Table 1. They all happened in cold season,
especially in wintertime. The duration of these fog events
ranged from 30 to 81 hours, all longer than 24 hours. Note
that there was an interrupt for ∼15 hours in daytime during
the fog event beginning at 23:00 on January 13, 2013, and
interrupts for several hours in daytime during the fog events
beginning at 23:00 on January 28, 2013, and at 23:00 on
November 2, 2013. During the four fog events, the average
surface temperatures were mostly above 0∘C and below
10∘C and sometimes slightly lower than 0∘C. The average
surface RH varied from 90.2% to 95.5%. Before the fog
appeared, the weather was usually haze, which means the fog
happened as fog-haze. Sometimes, fog appeared immediately
after light rain, which is called frontal fog and is caused
by the evaporation of precipitation [10]. However, once fog
disappeared, it was still haze or changed to clear. The cases of
weather remaining haze after fog scavenging on air pollutants
suggest that in some conditions fog could not cleanse the fine
aerosol pollution.

3.2. Trajectory and Transport of Air Mass during Fog Events.
The air-mass back trajectories during the four fog events are
shown in Figure 2. In the past 72 hours, most of the airmasses
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Figure 2: Air-mass back trajectories and the changes in height indicated by pressure for the four fog events occurring in Ji’nan during the
period fromMarch 2012 to February 2014.

arrived in urban Ji’nan from local Shandong area, especially
from south, north, andwest Shandong.The airmasses did not
move along straight lines. They went with clockwise twirling
or first twirled clockwise and then twirled counterclockwise,
indicating that the flow field in Ji’nan during fog events was
controlled by weak low pressure or that weak low and high
pressures appeared in turn in this region.

Back trajectory analyses also showed that the air masses
transported to Ji’nan in low attitude and in slow speed when
the fog events appeared. The pressures of the air masses were

mostly higher than 900 hPa, corresponding to altitudes below
∼1000m. The average transport speeds (without considera-
tion of the height) of the air masses were mostly between
4 and 10 kmh−1 and were a little faster (11–24 kmh−1) for
the fog event starting at 5:00 on February 1, 2014. The air
masses moved so close to the ground surface that the large
amounts of air pollutants emitted from urban city would
transfer into fog. In addition, the weak diffusion condition
in atmosphere also caused air pollutants accumulation and
secondary aerosol formation in mixed layer.
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Figure 3: Changes in temperature along the air-mass back trajectories for the four fog events occurring in Ji’nan during the period from
March 2012 to February 2014.

Table 1: Start time, duration, average surface air temperature, relative humidity, and weather conditions before and after fog for the four fog
events occurring in Ji’nan during the period fromMarch 2012 to February 2014.

Start time Duration
(h)

Surface temp.
(∘C)

Surface RH
(%) Weather before fog Weather after fog Note

Jan. 13, 2013
23:00 42 −2.5 90.2 Haze Haze Interrupt for ∼15

hours in daytime
Jan. 28, 2013
23:00 81 0.5 95.5 Haze Clear Interrupt for several

hours in daytime
Nov. 02, 2013
23:00 33 9.9 91.9 Light rain Clear Interrupt for several

hours in daytime
Feb. 01, 2014
05:00 30 2.5 94.5 Haze Haze
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Figure 4: Changes in relative humidity along the air-mass back trajectories for the four fog events occurring in Ji’nan during the period from
March 2012 to February 2014.

3.3. Impacts of Air Temperature, Humidity, and Mix on Fog
Formation. The temperature, humidity of the air masses,
and the mixed layer depth are important for fog formation.
Generally, high humidity and decreased temperature and
mixed layer depth are favorable for the occurrence of fog. In
this study, the changes in temperature and humidity of the
air mass along the air trajectories and in the mix layer depth
during the four fog events were analyzed to investigate the
impacts of thesemeteorological parameters on fog formation.

Temperature changes along the air trajectories are found
rather complex (see Figure 3). For the two fog events occur-
ring in January, 2013, the air temperature exhibited gradual
decrease and the diurnal temperature difference turned lower

and lower. In the nighttime of January 13 and 14, 2013, the
radiation cooling led to the formation of fog in late night
and early morning. In the next daytime, the temperature
increased and the fog weakened or disappeared.There was no
significant reduction in the solar radiation at noon during the
fog event from January 13 to 15, 2013 (the figure is not shown
here). The observed surface temperature also dropped by a
large degree from 3∘C at 11:00 to −4∘C at 23:00 on January
14. The above results suggest that this fog event is radiation
fog. Although the surface temperature was always below
0∘C in this fog event, it was mostly above −4∘C, meaning
that it was difficult to form ice fog [31]. From the night of
January 28 to the morning of February 1, the temperatures
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Figure 5: Changes in mixed layer depth along the air-mass back trajectories for the four fog events occurring in Ji’nan during the period
fromMarch 2012 to February 2014.

of surface air masses were relatively low (equal to or slightly
above 0∘C) and the diurnal temperature differences were
much smaller than normal days, causing a long duration
of fog for more than three days. However, as to the two
fog events appearing in November 2013 and February 2014,
the temperature increased to certain degrees along the air
trajectories, partly due to the decreases in height of the air
masses. In the afternoon and evening of November 1, light
rain happened following the sharp decline of the air masses.
Then, fog occurred when the air masses were close to the
earth surface and the air temperature tended to be steady.
There was little change in surface air temperature (∼9∘C)
during the fog event from February 1 to 2, 2014.

Saturated humidity is the necessary condition for fog
formation. With inspection of Figure 4, relative humidity all
exhibited apparent gradual rise along the air trajectories, usu-
ally increasing from ∼40% to ∼90%. When the humidity was
close to saturation, the fog appeared.The relative humidity in
high altitude with low pressure was usually much lower than
that at earth surface.Note that from January 28 to 30, 2013, the
humidity of the southerly air masses was high and exhibits
little diurnal variation, indicating that this fog event was
partly/mainly caused by advection of moist air and belonged
to advection fog.

The mixed layer depth, to a certain degree, reflects the
stability of themixed layer and also the air masses. Decreased
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mixed layer depth is necessary to maintain the fog event.
During these four fog events, the mixed layer depth at
noon was generally lower than 400m and that at midnight
was mostly around 100m (shown in Figure 5). For the fog
event starting at February 1, 2014, the mixed layer depth at
nighttime was substantially higher than other foggy days,
which is probably the reason why the air masses transported
faster than others.

4. Summary and Conclusions

Fog formation in Ji’nan, China, was analyzed by deploying
a HYSPLIT model. During the period from March 2012
to February 2014, total of four fog events were identified
and they all appeared in cold season—from November to
February in next year. We have distinguished three types
of fog, that is, radiation fog, advection fog, and frontal fog.
When fog occurred, the surface temperature was relatively
low, averagely from zero to 10∘C. The relative humidity
was saturated. The fog events often appeared as fog-haze
and sometimes happened after light rain. According to the
back trajectories, during the fog events, air masses mostly
came from the local Shandong Province and transported
very slowly—below 24 kmh−1. Along the air trajectories, the
relative humidity always gradually increased to approximate
90%. The mixed layer depth at noon was usually below
400m and was around 100m at nighttime. Nevertheless,
the air temperature presents complex characteristics. The
temperature decreased in some fog events and kept stable or
rose in some other fog events. Overall, the HYSPLIT model
is a useful tool for fog research.
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This paper presents a review of airmass trajectories and their role in air pollution transport. It describes the concept, history,
and basic calculation of air trajectories citing various trajectory models used worldwide. It highlights various areas of trajectory
applications and errors associated with trajectory calculations. South Asian region receives airmasses from Europe, Middle East,
Africa, and Indian Ocean, and so forth, depending upon the season. These airmasses are responsible for export and import of
pollutants depositing in nearby states. Trajectory analysis revealed that soil is contributed by the dust storms coming from Oman
through Gulf and Iran, while most of black carbon (BC) sources are located in India. A detailed review of trajectories associated
with wet deposition events indicated that airmasses coming from Europe and Middle East carry high concentration of acidic
pollutants which are deposited in Himalayan ranges. Similarly, trajectory analysis revealed that acidic pollutants from continental
anthropogenic sources are transported to an ecosensitive site in Western Ghats in India and the outward fluxes of anthropogenic
activities of Indo-Gangetic region are transported towards Bay of Bengal. Hence, transboundary and long range transport of
pollutants are very important issues in South Asia which need immediate attention of scientists and policy makers.

1. Introduction

1.1. Concept of Trajectories. Air flow may be described in two
different ways: (i) Eulerian (named after Swissmathematician
Leonhard Euler) and (ii) Lagrangian (named after French
mathematician J L Lagrange) [1–3]. In the Eulerian approach,
the air flows through the points fixed in the space whereas in
the Lagrangian approach [3], individual air parcel is chosen
and followed as it moves in time and space.Most of chemistry
models are based on Eulerian approach as this is a useful
tool to explain various chemical and physical processes. In
the Eulerian model, chemical reactions are calculated based
on the concentration of a pollutant diluted over the entire
grid scale. Most of transport and dispersion models use
Lagrangian approach due to some limitations in Eulerian
model, for example, boundary layer in top entrainment and
convective transport, and so forth [4, 5]. The advantage of
Lagrangian approach is that it hasminimumnumerical diffu-
sion [5]. Airmass trajectory is calculated to show the pathway
of an infinitesimally air parcel through a centerline of an
advected airmass having vertical and horizontal dispersion.

Tracing of the pathway followed by an air parcel upwind
from the selected coordinates is termed as “backward air
trajectory,” while calculation of best possible pathway to be
followed downwind from the selected coordinates in due
course of time is called “forward trajectory.”The calculation of
backward air trajectory using Lagrangian approach is easier
and computationally cheap as it excludes the influence of
upwind on the receptor site. Lagrangian approach has also
been applied in photochemical modeling [6, 7].

1.2. History of Air Trajectories. Trajectories were first com-
puted by Petterssen in 1940 which were based upon graphic
representation [8]. But with the advancement of computer
in 1960s, people started isentropic analysis, trajectory calcu-
lations, and their graphic representation on computers [9].
Since then, trajectory calculations and their presentation have
experienced gradual advancement in techniques and tech-
nologies. Trajectory calculations gained more importance
when Rodhe plotted airmass trajectories and established that
acid rain occurrence in Northern Europe was mainly due
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to industrial sources located in the south and west [10]. In
air pollution science, Fox and Ludwick also reported one of
the pioneering studies using backward air trajectories which
identified the source region of pollution [11]. Ashbaugh and
coworkers used air trajectories for identifying the sources of
sulphur [12]. They also used these trajectories to predict the
airmass history and corresponding high levels of sulphates.

In due course of time, different workers started looking
into various aspects of trajectory calculations such as errors,
accuracy of calculation, and multiple presentations. Polissar
and coworkers addressed various issues related to trajectory
calculation such as vertical transport, phenomenon of sub-
grid scale, convection, turbulences, and uncertainties about
meteorological data [13]. Stohl and Fleming and coworkers
have reported a comprehensive review of back trajectories
[14, 15]. At present, the trajectories are more accurate with 3D
presentation having several other computer driven features
[16]. Simulations of multiple trajectories are also possible
now. The advantage of multiple trajectories is that these
provide measure of uncertainty in the pathways of airmass
transport [17]. However, calculated trajectories always have
some uncertainty and hence user should know the magni-
tude of such errors while interpreting the results. Assump-
tions regarding vertical transport, sparse meteorological
data, numerical inaccuracies during computation, subgrid
scale phenomenon, turbulence, convection, evaporation, and
condensation contribute various errors in back trajectory
calculations [12, 18, 19]. A review of the associated errors and
probabilities within them related to back trajectories has been
provided by Polissar and coworkers [13].

1.3. Basic Calculation ofAirmass Trajectories. A trajectory can
be defined by a differential equation

𝑑𝑟

𝑑𝑡
= V [𝑟 (𝑡)] , (1)

where 𝑟(𝑡) is position vector at time 𝑡 and V is the velocity
field.

Assuming a two-dimensional flow, Seibert suggested the
following numerical solution [20]:
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where (𝑥
0
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) = starting position at time 𝑡, 𝑥
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𝑛
= 𝑛th

iteration of the position for the time 𝑡 + Δ𝑡, 𝑢 = function of
space, and V = function of time.

Details of higher trajectory solutions can be found in
Isaacson and Keller and Brumer [21, 22].

1.4. Trajectory Models. Table 1 gives the list of various models
used for the calculation of the trajectories. According to
the available reports worldwide, HYSPLIT (hybrid single
particle Lagrangian integrated trajectory) model has been

Table 1: List of various airmass trajectory models used worldwide.

Trajectory models References
NMC (US National Meteorological Centre) [23]
Flexible Trajectories (FLEXTRA) model [24]
TRADOS model (Finnish Meteorological Institute) [25]
CMDC (Climate Monitoring and Diagnostics
Laboratory) [13]

UK Universities’ Global Atmospheric Modelling
Programme (UGAMP) model [26]

Hybrid Single-Particle Lagrangian Integrated
Trajectory (HYSPLIT) model [27]

NIES (Russian National Institute for Environmental
Studies) [28]

Centre for Air Pollution Impact and Trends Analysis
CAPITA Monte Carlo (CMC) model [29]

APTRA model [30]
European Centre for Medium-Range Weather
Forecasts (ECMWF) three-dimensional isentropic
model

[31]

LAGRANTOmodel [32]
COSMO TRAJ [33]
CAABA/MJT model [34]
COBRA [35]
Stochastic Time-Inverted Lagrangian Transport
(STILT) model [36]

applied in most of the studies [27, 37–41]. The model has
been developed by NASA. Besides airmass trajectories, the
model also computes dispersion and disposition simulations.
Very recently HYSPLIT model has been upgraded. However,
FLEXTRA model has also been used by various workers
worldwide [3, 14, 15]. Recently, web based system called
READY (real-time environmental applications and display)
system is developed by the Air Resources Laboratory (ARL).
READY is also being used to run trajectory and dispersion
model accessing and displaying meteorological data. Simul-
taneous application of dispersion models, graphical display
programs, and textual forecast programs makes this system
very useful for atmospheric scientists.

1.5. Applications of Trajectories. In the beginning, trajectories
were used to find out the source region and transport
processes of air pollution, but, with the advancement of
knowledge, trajectories are found to be useful to address
various aspects related to atmosphere and environment, as
shown in Figure 1. Trajectories are applied in various fields
such as climatology [42], meteorology [43], transport of
pollutants [9, 14, 44, 45], residence time analysis [46], air
quality [47, 48], source apportionment [49, 50], aerosol
measurements [51–53], precipitation chemistry [54, 55], and
policies [56].

Tarasick and coworkers have used backward and forward
trajectories to produce ozone maps using North Ameri-
can ozonesonde data linking it to the grid points of the
trajectory pathways [57]. This approach was found to be
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Figure 1: Applications of airmass trajectories in various fields.

very successful in providing trajectory mapped ozone values
having reasonable agreement with the actual soundings.
Trajectories have been used to isolate periods of stratosphere-
troposphere (S-T) exchange at several rural sites in theUnited
States by Lefohn and coworkers [58]. Trajectory models have
been used to study circulation of pollutants [59] including
dust storm trajectory simulations. Ashrafi and coworkers
attempted such simulations over Iran using dust module of
HYSPLIT model which is primarily based on the PM

10
dust

emissions for desert areas [60]. According to their findings
dust motion simulations obtained from the model were
similar to the MODIS images.

1.6. Trajectories and Air Pollution Transport in South Asia.
A number of studies have been reported on air pollution
transport using airmass trajectories in South Asia. Table 2
gives the list of most of the studies on airmass trajectory
calculations to demonstrate transboundary and long range
transport of air pollution in South Asian countries. Because
of large volume of work reported on various aspects of
trajectories, it is not possible to describe all these studies
in this review. However, we have tried to highlight major
pathways of air pollution transport and their wet deposition
in South Asian region by describing few important studies in
various parts of South Asian region.

1.6.1. Bangladesh. Transboundary air pollution in South
Asian countries, namely, Bangladesh, India, Pakistan, and
Sri Lanka, has been reported by Brumer to find out the
source areas that are primarily responsible for the transport
of pollutants [22]. During this study, simultaneous sampling
of particulate matter using similar methodology was carried
out in Bangladesh, India, Pakistan, and Sri Lanka. According
to their report, BC rich smoke is contributed by agricultural
waste burning sources located mainly in Northern India
(Figure 2). Fine soil is contributed by the dust storms due to
which particulate matter levels are enhanced in the air. Based
upon the trajectories, they observed that long range transport
of the desert dust from Oman through the Gulf and Iran is
transported to Pakistan and other South Asian countries.

Saadat and coworkers reported that transboundary trans-
port of pollutants has significant impact on air quality of
Bangladesh due to the industrial activities of neighboring

countries India and China [39]. The levels of SO
𝑥
and NO

𝑥

were recorded to be higher whenever airmass movement was
noticed through India (North andNorthWest). However, the
levels of these gases were recorded significantly to be lower
when the airmasses passed through India but spent enough
time over Bay of Bengal. Using HySPLIT model and 10-day
backward trajectories, Iqbal andOanh observed thatmajority
of airmasses arriving to Bangladesh were originated from the
west [62]. However, according to their inventory report, 70%
of SO

2
emissions in Dhaka division were attributed to local

brick kilns.

1.6.2. Indian Ocean. There are a very limited number of
wet deposition studies using trajectories which have been
reported over Indian Ocean. However, studies on aerosol
transport over Indian Ocean have been reported by sev-
eral workers (Table 2). Granat and coworkers (2002) have
reported rainwater chemistry in Indian Ocean region during
the Indian Ocean Experiment (INDOEX) campaign held
in January–March 1999 [54]. Samples collected onboard
the research vessels Ronald H. Brown and Sagar Kanya
were analyzed for major ions and some trace metals. They
calculated air trajectories arriving at the location of the ship
(at 950 ha) with the McGrath trajectory model using wind
and mass fields from ECMWF. Five patterns of trajectories
around the Indian Ocean have been reported in this paper.
Airmass trajectories analysis (Figure 3) revealed that very
high concentrations of non-seasalt SO

4

2−, NO
3

−, NH
4

+, nss-
K+, and non-seasalt Ca2+ in rainwater over the Indian Ocean
were due to the influence of pollution and soil sources inAsia.

Long range transport of dust and other pollutants over
Indian Ocean has been reported by couple of workers. Most
of these studies have been part of INDOEX and focused
upon the aerosol optical depth (AOD) or the monsoon
circulations. Krishnamurti and coworkers have reported the
possibility of long range transport of dust from Arabian
Desert to the central Indian Ocean region with a transit time
of 2-3 days [66]. Li and Ramanathan presumed that long
range transport of dust from the Horns of Africa over the
Arabian Sea and mid tropospheric transport of dust from
the Arabian Peninsula can affect the summer monsoon and
can lead to higher aerosol loadings in south of the equator
[65]. According to them, long range transports of emissions
from Indonesia forest fires in 1997 were responsible for
increase in AODs over most of the equatorial Indian Ocean.
Verma and coworkers have used a hybrid approach to find
out the pathways of pollutant transport over Indian Ocean
during Intensive Field Phase of INDOEX during January–
March 1999 [67]. They used an Eulerian forward transport
calculation in a general circulation model (GCM) with
region-tagged emissions alongwith an analysis of Lagrangian
back trajectories and emission inventory for overlapping
time periods. They found that, during the early part of the
cruise when ship was moving over Indian Ocean, airmasses
from the Indo-Gangetic Plain, Central India, or South India
transported sulphate aerosols and organic matter over to
Indian Ocean. But during late February–early March when
ship was moving in the Arabian Sea, dust species dominated
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Figure 2: Air parcel back trajectories showing the likely source areas for smoke in India, Bangladesh, Pakistan, and Sri Lanka [38].
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+,
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2− and associated 10-day backwards trajectories for each
rain sample; dots show the point of sample collection along the
cruise tracks of ships during INDOEX 1999 [54].

which were transported by the airmasses from Africa, West
Asia, or Northwest India.

Generally, higher pollution is reported in the north of
equator in Indian Ocean [54] as most of the emission sources
are located in northern hemisphere. Relatively pristine atmo-
sphere is observed in Southern Indian Ocean due to negligi-
ble human perturbations. However, the search operation for
missing Malaysian airlines flight MH 370 is expected to emit
large amount of aerosols and gaseous pollutants in Southern
Indian Ocean due to fuel burning by a number of searching
aircrafts and ships. More than a month long operation
had used around 20 aircrafts and 20 ships. According to
BBC (http://www.bbc.com/news/world-asia-26514556), this
has been the largest search operation which covered
7.68million sq km area which is equivalent to 11% of the
Indian Ocean and 1.5% of the surface of the Earth. In
this relation, the calculations of airmass trajectories can be

of great help to find out the pathways of transport of air
pollutants in Southern Indian Ocean. Scavenging of various
aerosols and gaseous pollutants can modify the clouds in
south of intertropical convergence zone (ITCZ) which can
further affect monsoon process.

1.6.3. Bay of Bengal and Arabian Sea. Deposition of acidic
components has been reported over Bay of Bengal and
Arabian Sea by Reddy and coworkers [52]. This study was
carried out during Integrated Campaign on Aerosol and
trace gas Radiative Forcing (ICARB). They observed that
the air over Bay of Bengal and Arabian Sea was influenced
by the airmasses coming from four sectors: (i) passing
through Indian land, (ii) from IndianOcean region, (iii) form
NorthernArabian Sea andMiddle East, and (iv) fromAfrican
continent. Figure 4 shows the origin of airmasses reaching
various cruise points over Bay of Bengal andArabian Sea.The
highest nss-SO

4

2− was observed during airmasses coming
from the Indian land while the lowest concentrations were
observed when the airmasses were coming from oceanic
region. However, total fluxes of pollutants contributed by the
airmasses of different direction are not estimated in any of the
studies reported in this region.

1.6.4. Maldives. Most of the studies reported from Maldives
are part of Atmospheric Brown Cloud (ABC) project as
MCOH Climate Observatory is located at Hanimaadhoo
Island. Transport of pollutants up to MCOH has been
reported by Das and coworkers [68]. They have used airmass
trajectories to interpret the water soluble inorganic compo-
nents in rain deposited at MCOH to find out seasonality and
possible source regions. The concentrations of non-seasalt
SO
4

2−, NH
4

+, and NO
3

− were observed to be higher by a
factor of 4 when airmasses arrived from India as compared
to the marine airmasses. Such effect resulted in very low pH
of rainwater (4.7), which was significantly lower than the pH
values (6.0) contributed by the marine airmasses. Figure 5
shows the trajectories arriving at MCOH (Hanimaadhoo).
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Table 2: Summary of trajectory studies reported in South Asia.

Location Country/region Latitude and longitude Trajectory model used Components measured References

Arabian Sea Arabian Sea 9.0∘N to 22∘N
58∘E to 77.3∘E

CGER METEX
programme

Major ions (PM10
aerosols) [52]

INDOEX Arabian Sea and
Indian Ocean Multiple points Wind data (NCEP) AOD [61]

Dhaka (AECD) Bangladesh 23.73∘N, 90.40∘E HYSPLIT BC, aerosol [38]
Sathkhira Bangladesh 22.18N 89.02E HYSPLIT SOx, NOx [39]

Dhaka Bangladesh 23.73∘N, 90.40∘E HYSPLIT SOx, NOx, CO,
NMVOC, and PM [62]

Bay of Bengal Bay of Bengal 20.5∘N to 5.6∘N,
80.4∘E to 93.4∘E

CGER METEX
programme

Major ions (PM10
aerosols) [52]

Navi Mumbai India 19.07∘N, 72.97∘E HYSPLIT BC, aerosol [38]
Hudegade, Western Ghats India 14.36∘N, 74.54∘E HYSPLIT Major ions (rain) [55]
Sinhagad India 18∘21N, 73∘45E HYSPLIT Major ions (cloud water) [41]
Sinhagad India 18∘21N, 73∘45E HYSPLIT Major ions (rain water) [40]

Sinhagad India 18∘21N-73∘45E McGrath (1989) model
with ECMWF

pH and major ions (rain
water) [63]

Pune India 18∘32N-73∘51E McGrath (1989) model
with ECMWF

pH and major ions (rain
water) [63]

Goa India 15∘45N- 73∘85E McGrath (1989) model
with ECMWF

pH and major ions (rain
water) [63]

Bhubaneshwar India 20∘15N-85∘52E McGrath (1989) model
with ECMWF

pH and major ions (rain
water) [63]

Manali India 32.31∘N, 77.20∘E HYSPLIT pH and major ions
(snowfall) [64]

Anantpur India 14.62∘N, 77.65∘E HYSPLIT O3 [37]

INDOEX Indian Ocean 30∘N to ∼35∘S, 40∘E to
∼100∘E)

No (wind data from
NCEP/NCAR) AOD [65]

INDOEX Indian Ocean Multiple points No AOD [66]

INDOEX Indian Ocean Multiple points McGrath model with
ECMWF

pH and major ions (rain
water) [54]

INDOEX Indian Ocean 20∘S to 17.2∘N and 57.5∘E
to 77∘E

HYSPLIT (hybrid
approach) BC, sulphate (aerosol) [67]

MCOH Maldives 6∘46N and 73∘11E HYSPLIT pH and major ions (rain
water) [68]

Nilore Pakistan 33.37∘N, 73.06∘E HYSPLIT BC, aerosol [38]
Multiple sites Pakistan Multiple points HYSPLIT AOD [69]
Colombo Sri Lanka 6.933∘N, 79.833∘E HYSPLIT BC, aerosol [38]
Delhi India 28.38∘N, 77.12∘E HYSPIT Rain chemistry [70]
New Delhi India 28.6∘N, 77.2∘E HYSPLIT AOD [71]

1.6.5. Nepal. Trajectory analysis for wet deposition in Nepal
has not been reported. However, according to MISU data
collected for rain chemistry at ABC observational site
Godavari indicated that airmasses from sectors are received
at the observatory. These included (i) from Arabian Sea
passing over India, (ii) from Bay of Bengal passing through
Bangladesh, (iii) from Middle East, and (iv) from Europe
[67]. Sometimes, airmasses were coming from Southeast
Asia through Myanmar, Bangladesh, and India. However,
our recent observations on snow chemistry at Manali in
Himachal Pradesh revealed that airmasses coming from
Nepal were found to be responsible for air pollution transport

to India. Such trajectories have been discussed in the last
section of this paper.

1.6.6. India. India has the highest landmass, population, and
natural resources, aswell as the largest industrial setup among
all the South Asian countries. Hence, it can be termed as
the biggest pollution exporter to the nearby countries and
oceanic regions. At the same time India imports huge amount
of pollution through long range transport from Europe,
Middle East, Africa, Indian Ocean, and nearby countries.
However, the amount of such import and export of pollution
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Figure 4: Airmass trajectories over Bay of Bengal and Arabian Sea
during ICARB [52].

from different sectors has not been estimated due to absence
of regional emission regulatory body. 1979 Geneva Conven-
tion on Long-range Transboundary Air Pollution (CLRTAP)
is one such ideal example which aims to limit and, as far as
possible, gradually reduce and prevent air pollution including
long-range transboundary air pollution by each participating
country [72]. CLRTAP has 51 parties so far.

Most of the studies given in Table 2 have reported the
origin of airmasses and the type of pollutants contributed by
these airmasses. The reported information using trajectories
is highly useful in order to understand the sources and path-
ways of pollution transport to various sites in India. Satya-
narayana and co-workers noticed that the long range trans-
port of pollution from various sectors significantly affected
the pH and chemistry of rain water at Hudegadde, a rural site
located in an ecological sensitive area of Western Ghats [55].
They observed that Hudegade received the airmasses from
five different sectors, namely, central part of Indian Ocean,
Northwest Indian Ocean, Southwest Indian Ocean, and Gulf
and airmasses passing through Northwest Indian Ocean and
south continental part of India. Airmass trajectory analysis
suggested a significant influence of local and intercontinental
anthropogenic and natural sources. Sources located in the
African and Gulf regions had influenced the acidity at the
site. They found that urban activities located in southwest of
Indian continent (north of sampling site) and the sources in
Gulf region were responsible for acid rain in Western Ghats
(Table 3).

Chemical composition of precipitation during different
trajectory classes has been reported by Norman and cowork-
ers (2001) at Bhubaneshwer, Goa, Sinhagad, and Pune [63].
They compared the rain chemistry results with trajectories
and precipitation fields. As shown in Table 4, a systematic
change in chemical composition and pH of rain water was
noticed in accordance with the origin of airmasses and the
amount of rainfall along the trajectory. Bhubaneswar which is
located in Eastern India received airmasses fromArabian Sea,
Bay of Bengal, and continental sources. Different trajectories
arriving to Bhubaneshwar have been shown in Figure 6.

Table 3: Concentrations (𝜇eq L−1) of major ions in different air-
masses at the site (source: [55]).

C.I.O. N.W.I.O S.W.I.O. Gulf N.W.I.O. + S.W.I.C.
Cl− 12 40 64 0.3 0.3
NO
3

− 4 29 9 11 13
nss SO

4

2− 11 35 35 12 16
Na+ 16 45 59 7 3
NH
4

+ 5 28 2 2 4
K+ 5 3 9 16 2
nss Ca2+ 38 71 68 21 3
C.I.O.: Central Indian Ocean; N.W.I.O.: Northwest Indian Ocean; S.W.I.O.:
Southwest Indian Ocean; N.W.I.O. + S.W.I.C.: Northwest Indian Ocean +
Southwest Indian Continent.

From West India, most of wet deposition studies have
been reported for Pune region. Using airmass trajectories,
Begum and coworkers (2011) observed that the long range
of transport of air pollutants and dust was responsible for
elevated levels of selected ions in cloud water at Sinhagad
which is a high altitude side near Pune [38]. In another
study at Sinhagad, Reddy and coworkers (2010) observed
that monsoon and postmonsoon airmasses had their origin
from different directions affecting rain chemistry accord-
ingly [37]. As shown in Figure 7, during monsoon season,
air moved from African region. But during postmonsoon
season, air parcel is seen originating from Middle East and
Europe travelling through North India and finally reaching
Sinhagad. Authors have reported that, due to this reason, the
concentrations of NO

3

−, NH
4

+, nss-SO
4

2−, and nss-K+ were
observed to be higher in postmonsoon samples as compared
to monsoon samples.

1.6.7. Long Range Transport up to Western Himalayan Ranges.
In order to observe the airmass movement in North India
up to the Western Himalaya, we carried out snow chemistry
study coupled with trajectory analysis. In our study, the
samples of snowfall were collected at a high altitude site
Kothi (32.31∘N, 77.20∘E) located in Kullu district of Himachal
Pradesh state of India, which were processed for chemical
analysis. Five-day back trajectories at 5000m altitude were
calculated for these samples using HYSPLIT model from
NOAA [27]. Airmass trajectories revealed that Kothi was
receiving snowfall through the airmasses originating from six
major sectors which are termed as (1) North Atlantic Ocean
origin (NAO), (2) African origin (Af), (3) Middle East origin
(ME), (4) European origin (Eu), (5) West India origin (WI),
and (6) Nepal origin (Np). Figures 8(a)–8(f) show typical
examples of these trajectories.

North Atlantic Ocean Origin (NAO). Airmasses originat-
ing from North Atlantic Ocean and passing over Europe
to Afghanistan to Jammu and Kashmir and reaching the
sampling site, that is, Kothi, have been referred to as NAO
(Figure 8(a)). This cluster represented the highest number of
events (40%).

African Origin (Af). Airmasses originating from African
continent and passing over Middle East/Gulf to Pakistan
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(a) Marine (b) Arabian Sea

(c) Indian (d) Mixed

Figure 5: Classification of trajectories arriving at MCOH, (a) Marine, (b) Arabian Sea, (c) Indian, and (d) mixed [68].

Table 4: Median concentrations (mmol L−1) in rain samples at Bhubaneswar for different trajectory groups and frequency of rain along the
trajectory ([63]).

Sample group pH Na+ NH
4

+ K+ Mg2+ Ca2+ Cl− NO
3

− SO
4

2− nss-SO
4

2− Ca2+/Na+ Number of samples
High rain frequency

C 5.48 6.3 22.2 1.2 1.3 3.1 6.5 9.4 6.8 6.5 0.66 18
CL 4.84 28.2 73.5 9.4 6.9 28.1 34.7 53.8 37 35.3 0.79 2
B 5.54 6.1 9.1 0.5 0.7 1.5 7.5 2.5 3.1 2.8 0.25 14
M 5.82 11.9 20.7 1.1 11.6 7.2 12.6 10.9 8.9 6.7 0.53 23

Low rain frequency
C 5.61 16.9 44.7 3.7 3.8 10.5 23 29 21.2 19.6 0.58 21
CL 5.03 18.2 52.6 4.5 5 28.4 20 44 40.2 39.1 2.33 2
B 5.28 31.8 81.3 7.9 6.3 17.7 34.5 49 36.7 35.8 0.8 6
M 5.77 12.4 11.3 0.6 2.4 5 14.5 9.4 9.2 8.4 0.56 8
Note: (a) continental (C), (b) continental local (CL), (c) monsoon (M), and (d) Bay of Bengal (B).

before reaching the sampling site have been termed as Af.
This cluster represented 23% of snowfall events. Figure 8(b)
is a typical example of such airmasses.

Middle East Origin (ME). Airmasses originating fromMiddle
East and reaching the sampling site via Pakistan andHaryana
have been termed as ME. This group represented 10% of the
total snowfall events. Figure 8(c) is a typical example of ME
airmasses.

European Origin (Eu). Airmasses originating from
continental Europe and reaching the sampling site via
Afghanistan and Jammu and Kashmir have been referred
to as Eu. This class represented the least number (6%) of
snowfall events. Figure 8(d) is a typical example of such
airmasses.

Western India Origin (InW). Airmasses originating in West-
ern India in the state of Rajasthan and transported over
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Figure 6: Trajectories to Bhubaneswar, sorted into different trajectory groups during January 1997–October 1998. (a) Continental (C), (b)
continental local (CL), (c) monsoon (M), and (d) Bay of Bengal (B) [63].

Punjab and Haryana and, finally, reaching the sampling site
have been termed as InW. This group represented 13% of the
total snowfall events. Figure 8(e) is a typical example of this
type of airmasses.

Nepal Origin (Np). Airmasses originating from Nepal side
reaching the sampling site via Uttarakhand have been cat-
egorized as Np. This cluster represented the second lowest
number of events (8%). Figure 8(f) is a typical example of this
type of airmasses.

In general, pHof the samples varied from4.75 to 6.98with
an average value of 5.69 indicating slight alkaline nature of
snow samples. Slight alkaline precipitation has been reported
at higher altitude in Indian region [40, 41, 73–75]. Figure 9
shows the percent frequency distribution of pH of snowfall
samples. Maximum number of samples had pH between
6.21 and 6.60 (29%) followed by a range of 5.81–6.20 (25%),
6.61–7.00 (17%), 5.41–5.80 (17%), 4.61–5.00 (10%), and 5.01–
5.40 (4%). The high pH (pH > 5.6) has been reported in

global precipitation samples due to the influence of soil
derived particulate matter [40, 68, 76–80]. Out of total,
83% of samples showed pH of snow above 5.6, while 17%
of samples only were found to be acidic at Kothi. Acidic
snow samples were found at this site in airmasses originated
from Middle East Countries and Europe mainly. Acidic pH
has been reported in precipitation samples in airmasses
originated from Europe [80] and Gulf countries [55]. 43%
of rain samples were observed to be acidic in nature at state
botanical garden in Bhubaneswar, India [81]. 18% occurrence
of acid rain has been reported at Delhi, India [76]. pH value
ranged between 3.98 and 8.01 with 20% acidic precipitation
samples having been reported at Montseny in Northeast
Spain, Europe [80]. Out of total precipitation samples, 21% of
samples were found to be acidic in nature at Sinhagad, Pune,
India [82]. 79.3% of the total precipitation has a pH value less
than 5.6 at Jinhua in Southeastern China’s province [83].

Table 5 gives average concentration of chemical species
in snowfall samples. On average, equivalent concentration of
ionic species followed the following order: Ca2+ > Cl− >
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Figure 7: Seven-day back trajectories at Sinhagad during the (a) monsoon and (b) postmonsoon seasons of 2005 [40].

Table 5: Descriptive statistics of pH and major ions (𝜇eq L−1) in snowmelt.

pH Na+ NH
4

+ K+ Ca2+ Mg2+ F− Cl− NO
3

− SO
4

2− HCO
3

−

Average 5.69 43.69 18.46 10.84 47.13 17.04 3.02 45.99 17.42 27.45 27.40
s.d. 0.6 23.5 10.8 5.7 21.1 7.9 2.3 25.3 7.3 8.3 17.7
Min. 4.75 7.51 4.23 2.99 17.65 0.10 0.08 10.75 5.43 11.95 1.72
Max. 6.98 93.56 39.41 21.55 96.44 35.31 7.02 106.51 31.11 46.73 71.91

Na+ > SO
4

2− > HCO
3

− > NH
4

+ > NO
3

− > Mg2+ > K+ >
F−. Very high concentration of Ca2+ among all ions at this site
indicated the crustal dominance in snowfall samples at Kothi.
The average concentration of Ca2+ was compared with others
of snow and found to be higher than Mount Everest [84],
Mt. LoganMassif [85], Khumbu-Himal, Nepal [86], but lower
than Yulong snow Mt. [87] and Tien Shan [88]. In Indian
region, many researchers have reported high concentration
of Ca due to suspended soil dust in precipitation samples
[76, 89, 90]. Since the site is situated at high altitude with
less eroded soil [73], Ca2+ is not expected to be contributed
by local soil significantly. As discussed above in the same
section, the contribution of transported dust from African
region, West India, and Nepal was significantly high at this
site. Very high concentration of SO

4

2− and NO
3

− might be
due to its transport through Af, ME, InW, and Np airmasses.
The concentration of SO

4

2− in snow samples at this site was
lower than surface/fresh snow samples of Yulong snow Mt.
[91], ice core samples of Dasuopu [92], and East Rongbuk
[93], but lower than snow samples of Mt. Everest [84],
Khumbu-Himal, Nepal [86], andMt. LoganMassif [85]. Very
similar range of concentration of SO

4

2− has been reported
by many workers in global precipitation due to fossil fuel
combustion mainly [55, 73, 80, 82, 89]. NO

3

− concentration
was found to be very high, which might be due to transport
of NO

𝑥
/NO
3

− from various airmasses as discussed above in
the same section. Some contribution of NO

3

− from biomass
burning during winter season to produce heat by local people
cannot be ruled out. After Ca2+, very high concentration of
Cl− and Na+ among all ions indicated strong influences of
marine components at this site and it is very clear from the
above discussion.The high concentration of NH

4
in snowfall

samplesmight be due to its transport fromAfrican continents

andNepalmainly. Similarly, high concentration ofKmight be
due to its transport of airmasses fromAf, InW, andNpmainly.

2. Conclusion

Presently, computation of trajectories is highly advanced.
Multiple and 3D trajectories are possible with numerous
additional features, which make computation of backward,
forward, and vertical motion very simple. However, there
are uncertainties associated with the calculated trajectories
and hence precaution of such errors is necessary for their
meaningful interpretation. Nevertheless, the airmass trajec-
tories are powerful tools for tracing pollution sources and
the routes of transport. Transboundary pollution is becoming
a serious issue in South Asia. Transport of pollutants from
nearby countries as well as from far Europe, Middle East, and
African continental regions to South Asia needs immediate
attention of scientists and policymakers. Studies indicate that
the net import and export of pollutants vary depending upon
the season as the origin and path of airmasses change during
different seasons and so the deposition load of different types
of pollutants at the receptor sites. Hence, similar to CLRTAP,
South Asian region also needs to develop a network to moni-
tor the nature and type of pollutants and their quantification
of annual import and export, followed by appropriate meth-
ods of assessment in relation to damage to human health,
forests, and various agroecosystems. Airmass trajectories
revealed that acidic pollutants from Europe and Middle East
regions are deposited up to the remote Himalayan ranges
via long range transport. Trajectory calculations provided
very vital information about the continental transported
emissions which were responsible for the elevated level of
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Figure 8: Typical examples of six different airmass trajectories arriving at the site. NAO = North Atlantic Ocean origin, Af = African origin,
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acidity of rain water at an ecosensitive site in Western Ghats
in Southwest India.
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To study the role of submicron particulate matter on visibility degradation in Shanghai, mass concentrations of PM
1
, secondary

inorganic aerosol (SIA) in PM
1
, and SIA precursor gasses were on-linemonitored during a 4-week intensive campaign inDecember

2012. During the campaign, 8 haze periods were identified when on average PM
1
mass increased to 62.1 ± 25.6 𝜇g/m3 compared to

30.7 ± 17.1 𝜇g/m3 during clear weather periods.The sum of SIA in PM
1
increased in mass concentration during the haze from 14.9 ±

7.4𝜇g/m3 during clear periods to 29.7 ± 10.7𝜇g/m3 during the haze periods. Correlation coefficients (R2) of the visibility as function
of mass concentrations of SIA species in PM

1
show negative exponential relations implying the importance of the SIA species in

visibility reduction. The important role of ammonia in SIA formation is recognized and demonstrated. Generally, ammonium
neutralizes sulfate and nitrate and the molar equivalent ratio of ammonium versus the sum of sulfate and nitrate increases during
the haze episodes. Air mass backward trajectories introducing the haze periods show the impact of nonlocal ammonia on visibility
degradation in Shanghai.

1. Introduction

The elevated concentrations of haze responsible air pollu-
tants have an adverse impact on human health and the
environment [1, 2] and concerns about the adverse effects
have led to studies focusing on trends and chemistry of
haze episodes in urban China. The megacity Shanghai (24.15
million inhabitants) is located in the Yangtze River Delta
(YRD), a cluster of (mega)cities at the east coast of China.
The YRD has become of increasing interest to anthropogenic
emission studies [3–5] due to large-scale industrial and
agricultural activities needed to meet the energy and food
demand of the large population. Shanghai has been subject
of studies to demonstrate consequences of its urbanization
and visibility degradation due to air pollution is one of these
consequences [6–9]. In urban areas, elevated concentrations
of air pollutants may lead to periods of haze [10, 11] and
in Shanghai the phenomenon of haze has become a regular
happening [6, 12].

Of the air pollutants, atmospheric aerosol (or partic-
ulate matter PM) is mainly responsible for the visibility
degradation due to aerosol light scattering [13]. The sub-
micron aerosol size range (described as PM

1
where the

aerosol aerodynamic diameter is equal or less than 1.0 𝜇m)
is highly efficient in scattering of light [2]. Chemically, this
size fraction comprises a large mass of secondary inorganic
aerosol (SIA) species ammonium (NH

4

+), nitrate (NO
3

−),
sulfate (SO

4

2−), and chloride (Cl−) [14]. Huang et al. [15]
report a mass fraction of SIA in PM

1
of 64.4% in Shanghai.

The contribution of the particle’s SIA fraction in visibility
reduction has been studied and concernsmainly scattering of
radiation by particulate sulfate and nitrate [16–19]. Moreover
SIA species are highly hygroscopic causing increase in the
water content of the particles, which enhances the scattering
of light [20]. Therefore SIA species have become subject
to aerosol studies related to visibility degradation [18, 21–
23]. Concentrations of ammonium, nitrate, and sulfate are
parameters in models to calculate visibility. The Community
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multiscale air quality model (CMAQ) is developed by the
USEPA and applied to simulate air quality in North China
[24] and to indicate visibility using mass concentrations of
SIA species (between organic carbon and elemental carbon)
[25–28]. The CMAQ system is used to study formation and
transport of air pollutants [29] and has been applied in Asia
in modeling studies of air pollutants [24, 30–34]. With the
largemass fraction of SIA in PM

1
and the scattering efficiency

of SIA species, it seems crucial to relate the role of PM
1
to

visibility degradation.
Ammonia (NH

3
) is the main alkaline gas in the atmo-

sphere [35] and large-scale emissions of ammonia are
observed in the YRD [3, 4]. The emission of ammonia
from mainly agriculture activities (livestock feeding and
fertilizer synthesis) has increased dramatically to meet the
food demand of the increasing population of the YRD and
the increase in ammonia emission is expected to continue.
Ammonia neutralizes acidic trace gasses resulting in sec-
ondary aerosol containing the ammonium-ion (NH

4

+) [35,
36]. Only ammonia is emitted from the biosphere to the
atmosphere; all atmospheric ammoniumused to be ammonia
[37]. The thermodynamically favored reaction is the neu-
tralization of sulfuric acid (H

2
SO
4
), which is a product of

the oxidation of SO
2
, yielding particulate ammonium sulfate

(NH
4
)
2
SO
4
(l) [38–41]. The reaction between ammonia and

nitric acid (HNO
3
), which is a product of the oxidation of

NO
𝑥
, forming particulate ammonium nitrate (NH

4
NO
3
(s,l))

[42, 43] follows. Hydrochloric acid (HCl) contributes to
particulate ammonium due to homogeneous reaction with
ammonia [44] but atmospheric concentrations of HCl are
usually low. Moreover, mass of particulate chloride usually
correlates with sodium indicating that the Cl− is not from the
homogeneous reaction of hydrochloric acid with ammonia
but originates from sea salt. Due to the role of ammonia in
sulfate and nitrate formation and the role of the later species
in visibility degradation in urban area, the important role of
ammonia is recognized. Erisman and Schaap [45] show the
importance of reducing ammonia emissions to achieve lower
secondary aerosol concentrations in Europe. Barthelmie and
Pryor [46] propose that transport of urban emissions of
NO
𝑥
and SO

2
over agricultural area with ammonia emissions

results in ammonium nitrate and ammonium sulfate forma-
tion and consequently higher mass concentrations of PM
in agricultural area. Shanghai is ammonia deficient [42, 47]
while NO

𝑥
and SO

2
are present due to large-scale emissions

of traffic and industry. Shanghai is surrounded by agricultural
areas where crops are grown and animal farms are situated
[3, 4]. Hence it is likely that transport of ammonia from
nonlocal sources outside the city of Shanghai is responsible
for the elevated concentrations of ammonium, nitrate, and
sulfate in Shanghai.

Here we present hourly mass concentrations of SIA
species ammonium, nitrate, and sulfate in PM

1
in Shanghai

for 4weeks of intensivemeasurements inDecember 2012.The
importance of the presence of ammonium during periods of
visibility degradation is demonstrated. To demonstrate that
the precursor gas of ammonium, ammonia, is coming from
nonlocal sources, backward trajectories of air masses arriving

at the sampling site were computed using the hybrid single-
particle Lagrangian integrated trajectory model 4 [48, 49].

2. Methodology

2.1. Location of the Sampling Site and Time of Sampling.
Sampling took place in the northeast of Shanghai (31.3∘N,
121.5∘ E) (Figure 1) on the roof (∼20m high) of the 4th Teach-
ing Building on the campus of Fudan University. The area
around the campus is representative for an urban area due to
residential, traffic, and construction activities. Measurements
were performed between December 1 and 31, 2012.

2.2. On-Line PM
1
Inorganic Composition, Related Trace Gas

Concentrations and PM
1
Mass Concentrations. The on-line

MARGA ADI 2080 (Applikon-ECN, The Netherlands) was
used to acquire hourly concentrations of particulate sodium
(Na+), ammonium (NH4

+), potassium (K+), calcium (Ca2+),
magnesium (Mg2+), chloride (Cl−), nitrate (NO

3

−), and sul-
fate (SO4

2−) andmixing ratios of gas species ammonia (NH
3
),

nitric acid (HNO
3
), nitrous acid (HNO

2
), hydrochloric acid

(HCl), and sulfur dioxide (SO
2
). MARGA sampled 1m3 of

air per hour by means of a Teflon-coated PM
1
cyclone (URG

Co.) situated at the inlet of the instrument. The airflow is
volumetric constant and adjusted by a mass flow control
system (Bronkhorst HIGH-TECHNL) adjusted according to
ambient pressure and temperature. Air temperature inside
the measurement station was held constant at 20∘C. Detailed
working of MARGA for aerosol and gas measurements can
be found elsewhere [50–53] and is only briefly described here.
MARGA uses a wet rotating denuder for gas sampling where
gases are absorbed on the wall of a liquid coated annulus.
Particles make it through this annulus and arrive in the
steam-jet-aerosol-collector (SJAC) where a supersaturated
environment of steam is created. Steam condenses on the
particles and droplets are formed which are collected. Both
samples streams (gas and aerosol) are collected by means
of a syringe system and analyzed by ion-chromatography.
Ammonium salts have been demonstrated to evaporate back
to ammonia in the steam chamber of the particle-into-
liquid-sampler (PILS) and consequently particulate ammo-
nium concentrations are underestimated between 5 and 20%
according to Sorooshian et al., 2006 [54]. Similar studies have
not been reported for the MARGA; however, we cannot rule
out that ammonium is underestimated due to evaporation in
the SJAC. Trebs et al. [55] estimate aerosol loss of ≤3% for
PM
2.5

aerosol inMARGA due to nonisokinetic sampling. For
gas species sampled by MARGA a “worst case scenario” is
calculated using HNO

3
(considered the most difficult gas to

sample) and a loss of ≤15% is reported.
PM
1
mass concentrations were obtained from the syn-

chronized hybrid ambient real-time particulate monitor
(SHARPModel 5030,Thermo Fisher Scientific). The SHARP
is equipped with the intelligent moisture control system
(IMR) to regulate humidity levels eliminatingmoisture effects
on mass concentrations that are obtained. The PM

1
mass
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Figure 1: Location of the measurement site in Shanghai. Locations 1, 2, and 3 are Yangzhou (NWof Shanghai), Nantong (NNWof Shanghai),
and Jiaxing (SW of Shanghai).

Table 1: Recoveries of the instruments during the measurement
period.

Instrument Valid data
(h)

Missing
data (h)

MARGA (ADI 2080) 660 84
PM1 monitor (SHARP 5030) 744 0
Visibility sensor (Belfort 5000) 743 1
Automatic weather station (Hydro Met) 744 0

concentrations in this study are considered dry mass con-
centration such as the MARGA results. A Teflon-coated PM

1

cyclone (URG Co.) is situated at the inlet of the instrument.

2.3. Meteorological Data. Visibility was measured using a
Belfort Model 5000 sensor. Relative humidity, ambient tem-
perature, ambient pressure, wind speed, and wind direction
were monitored with an automatic weather station from
Vaisala (HydroMet).

Data recoveries of the instruments are shown in Table 1.
Themissing data of theMARGA (11%) was due to instrument
failure and maintenance.

2.4. Air Trajectory Analysis. To study the aerosol trans-
port characteristics, 3-day air mass backward trajectories
were computed using the NOAA hybrid single-particle
lagrangian integrated trajectory (HYSPLIT) model 4 from
http://www.arl.noaa.gov/ready/hysplit4.html [48, 49]. Air
masses of two arrival air mass altitudes, namely, 500 and 1000
meters, were used, which represent the average mixed layer
height in Shanghai [8, 56, 57].

3. Results and Discussion

3.1. Classification of the Visibility Degradation Episodes with
Mass Concentrations of Pollutants. In previous visibility

degradation studies, haze episodes are defined as a contin-
uous period of longer than 4 hours when the visibility is
below 10 km while the RH value does not exceed 90% [7,
58, 59]. Low visibility weather can also be caused by high
RH (≥90%) and is referred to as foggy weather, where the
decrease in visibility is in a large extent caused by the amount
of water in the air. Data obtained during foggy episodes
(RH ≥ 90%) as well as data obtained during periods of
precipitation are not subject of study here. Time series of
the visibility, RH, precipitation, and haze episodes are shown
in Figure 2(a). According to the definition of haze described
above, 8 haze episodeswere identified.The time series ofmass
concentrations of the particulate species and SIA precursor
gasses are shown in Figures 2(b) and 2(c). Details of the events
including start and end time, average mass concentrations
of SIA species, PM

1
mass concentrations, and SIA precursor

gasses are shown in Table 2. Also average data is provided for
all haze periods as well as for the foggy periods and clear
periods (visibility > 10 km). We will focus on the periods
where the visibility is around or less than 10 km while the RH
does not exceed 90%.

The hourly PM
1
mass concentrations during the 31 days

of measurements averaged 31.9 ± 21.4 𝜇g/m3 and ranged
from 3.3 to 130.6 𝜇g/m3. During the measurement period
the average hourly mass concentrations of SIA species in
PM
1
were as follows: [NH

4

+] averaged 4.1 ± 2.6 𝜇g/m3,
[SO
4

2−] averaged 6.0 ± 2.8 𝜇g/m3, and [NO
3

−] averaged 5.4 ±
4.9 𝜇g/m3. The sum of these SIA species averaged 15.5 ±
9.8 𝜇g/m3 which accounted for 51.1 ± 12.9% of the PM

1

mass. Sulfate is the most abundant component of the SIA
species in PM

1
(22.5mass%), followed by nitrate (15.1 mass%)

and ammonium (13.3 mass%). Sulfate contribution is lower
compared to Huang et al. [15] who report a mass fraction in
PM
1
in Shanghai of 33.3%, while values for nitrate (16.3%)

and ammonium (13.4%) are similar.
The mass concentrations of PM

1
increase significantly

during the 8 periods of haze compared to clear weather
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Table 2: Start and end time, visibility, RH, and average concentrations of aerosol and gas species during the haze, foggy, and clear weather
periods.

Start and end time Vis. RH Aerosol species (𝜇g/m3) PM1
Gas species (𝜇g/m3)

(km.) (%) NH
4

+ SO
4

2− NO
3

− NH3 SO2 HNO3

(1) 3/12 12.00–3/12 21.00 8.4 64 6.4 9.7 8.4 48.6 2.5 20.0 0.7
(2) 7/12 22.00–9/12 01.00 7.6 56 11.0 10.9 19.3 93.2 5.1 47.4 2.0
(3) 14/12 12.00–15/12 00.00 6.4 76 8.2 10.5 9.9 65.0 11.8 18.9 0.9
(4) 16/12 15.00–17/12 07.00 6.6 83 4.9 8.5 4.8 31.4 9.5 2.9 0.4
(5) 21/12 09.00–21/12 18.00 5.4 87 4.6 7.4 4.2 44.7 3.7 3.1 0.5
(6) 22/12 09.00–22/12 14.00 7.1 74 7.9 12.6 10.6 54.3 3.2 15.9 0.7
(7) 23/12 07.00–23/12 16.00 9.2 57 9.3 12.6 14.9 65.7 1.1 60.5 2.0
(8) 29/12 23.00–30/12 06.00 6.7 81 5.5 7.9 8.4 48.0 1.7 8.9 0.8
Ave. “haze periods” (94 hours) 7.2 70 7.9 10.1 11.7 62.1 5.4 26.9 1.4
Ave. “foggy” periods (40 hours) 5.4 94 2.9 5.2 2.5 24.2 4.7 3.2 0.4
Ave. “clear” periods (483 hours) 25.6 59 3.9 5.8 5.2 30.7 3.3 23.1 0.9

periods. An average of 30.7±17.1 𝜇g/m3 during clear periods
is measured and an average of 62.1 ± 25.6 𝜇g/m3 during the
haze periods is measured. The sum of SIA species shows
a similar trend and increased from an average of 14.9 ±
7.4 𝜇g/m3 during clear periods to 29.7±10.7 𝜇g/m3 during the
haze periods.Thismeans themass contribution of SIA to PM

1

during clear periods averaged 51.0 ± 12.3% while the mass
contribution during the haze averaged 48.2±7.9%.The results
imply a relation of PM

1
and SIA species with the visibility

degradation that is observed.

3.2. Correlations between Visibility and Mass Concentrations
of PM

1
Species. The correlations between visibility and PM

1

mass concentrations of SIA species during clear and haze
periods are explored to demonstrate the importance of the
SIA species in visibility reduction. The visibility decreases
exponentially with increase of PM

1
mass (Figure 3(a)) and

the same trend is observed for SIA species (Figures 3(b), 3(c),
and 3(d)). The correlation coefficients (𝑅2) of the visibility
as function of the concentrations are in the order of PM

1

(0.56) > ammonium (0.52) > sulfate (0.41) > nitrate (0.39).
Note that the upper limit of the visibility instrument is 50 km,
and the data obtained for mass concentrations during these
measurements are not used for the correlation coefficients.
Although correlation coefficients are low, it is clear that there
is a relation between mass concentrations of PM

1
solely and

SIA mass concentrations in PM
1
and visibility degradation.

Now we demonstrated the importance of PM
1
and SIA in

PM
1
in visibility measurements and we can focus on time

series of the species during decreased visibility. For that
the molar equivalent ratio of ammonium versus the sum of
sulfate and nitrate and the difference between the expected
and observed ammonium in PM

1
are used.

3.3. Molar Equivalent Ratio of Ammonium to the Sum of
Sulfate and Nitrate. The ionic balance,

[NH
4

+] /18

([SO
4

2−] /48) + ([NO
3

−] /62)
, (1)

where the species are converted in molar concentrations
(mol/m3), has been applied to study the amount of sulfate
and nitrate that has been neutralized by ammonium [42, 60].
Numbers by Pathak et al. [42] for a number of worldwide
locations show that particles in urban area are neutralized
by ammonium when sulfate and nitrate are low but particles
become acidic when ammonium is no longer able to neu-
tralize high mass concentrations of the acidic species sulfate
and nitrate. Time series for the molar equivalent ratio of
ammonium is shown in Figure 4.

We can now “predict” the concentration of ammonium in
PM
1
assuming that all ammonium is coupled to sulfate and

nitrate. For that we apply the following:

[NH
4

+]PRED = 18 ∗ ((
[SO
4

2−]

48
) + (
[NO
3

−]

62
)) (2)

Figure 5 shows the correlation between [NH
4

+]PRED and the
actual measured NH

4

+ ([NH
4

+]MEAS), for the entire study
period. Data shows very good agreement between the values
(𝑅2 = 0.97). The slope of the regression shows an offset of
0.12 which means that, on average, 12 mass% NH

4

+

PRED is
underestimated.This can be explained by ammonium bound
to species such as chloride and bisulfate which are not in (2).
Contrarily, nitrate and sulfate in (2) may be bound to basic
species such as amines [61, 62]. Amines, especially diethyl
amine, may compete with ammonia for the acidic species
forming amine-salts. Sorooshian et al. [61] report amines
concentrations around ∼20% of that of ammonium near a
bovine source and report that nitrate correlates with amine in
PM
1
. For (2) this would lead to overestimation of NH

4

+

PRED
which means even more than the 12 mass% of the measured
ammonium is bound to chloride and bisulfate.

Table 3 shows the results of (1), the predicted NH
4

+

concentrations ([NH
4

+]PRED), the measured values of
NH
4

+ ([NH
4

+]MEAS), and the differences between predicted
and measured NH

4

+.
On average we observe a value of 1.05 ± 0.11 for (1)

during the entire measurement period indicating that there
is sufficient ammonium to neutralize nitrate and sulfate and
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Figure 2: Time series of (a) visibility (km), RH (%), and precipitation (mm/h), (b) mass concentration (𝜇g/m3) of PM
1
and SIA species

(NH
4

+, SO
4

2−, NO
3

−, and Cl−), and (c) mass concentration (𝜇g/m3) of precursor gasses (NH
3
, HNO

3
, SO
2
, and HCl) during the study period

(December 1–31, 2012) in Shanghai. Gray hatched frames represent the 8 haze episodes.

PM
1
contains 5mol% more ammonium than the sum of

sulfate and nitrate. Values for (1) during the haze (1.10±0.08)
surpassed values of foggy (1.07 ± 0.08) and clear weather
(1.05±0.11) periods indicating excess ammonium during the
haze periods. For the haze periods 2, 3, and 5 the equimolar
balance increases significantly which can at least partly be
explained by the elevated concentrations of Cl− observed

(Figure 2(b)), which may come from organic halides from
local industrial sources [42]. The equimolar ratio for haze
periods 6, 7, and 8 is far below average and from Figure 2(b) it
can be seen that ammonium stays behind sulfate and nitrate
concentrations. Periods when ammonia and/or ammonium
are high in absolute value (periods 2, 3, 4, and 7 in Table 2)
and periods where ammonium surpassed molar equivalent
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Figure 3: The relationship of particulate species concentration (𝜇g/m3) and visibility (km) (a) PM
1
, (b) NH

4

+, (c) SO
4

2−, and (d) NO
3

−.
Data for rain periods and RH > 90% are left out. Data where vis. > 50 km. (upper limit of the instrument) are shown but not used in the 𝑅2
calculation.

values of the sum of sulfate and nitrate (periods 2, 3, and 5)
raise interest and need further study.

3.4. The Transport of Nonlocal NH
3
to the Measurement Site.

Time series in Figure 2(b) together with the correlations
shown in Figures 4 and 5 demonstrate that NH

4

+, SO
4

2−, and
NO
3

− in PM
1
follow similar trends. Figure 2(c) demonstrates

most of the time NH
3
concentrations show a different trend

with SO
2
(𝑅2 = 0.17) and HNO

3
(𝑅2 = 0.07) and this

indicates that NH
3
is from a different source than SO

2
and

HNO
3
. Traffic and industry in Shanghai are responsible

for elevated NOx and SO
2
[3, 4], and Li et al. [3] show

the numerous point sources of NOx and SO
2
emission by

power plants and industrial activities in Shanghai, hence the
assumption thatNH

3
is transported to the urban areawhere it

reacts with HNO
3
andH

2
SO
4
to form the SIA species. Huang

et al. [4] show the spatial allocation of air pollutants emissions
with their concentrations over the YRD. For NH

3
emission

sources are Yangzhou (NW of Shanghai), Nantong (NNW of
Shanghai), and Jiaxing (SW of Shanghai) (Figure 1). Figure 6
shows 72-hour air mass backward trajectories for all the haze
periods to study the long-distance impact of ammonia on
the visibility degradation. Air masses of two arrival altitudes,
namely, 500 and 1000 meters, are employed.
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Figure 4: Time series of the molar equivalent ratio [NH
4

+]/([SO
4

2−] + [NO
3

−]) during the study period.

Table 3: Average values for the molar equivalent ratio of ammonium to the sum of sulfate and nitrate (1), [NH
4

+]PRED, [NH4
+]MEAS, and the

difference between the latter two during the haze, foggy, and clear weather periods.

Start and end time Equation (1) NH
4

+

PRED NH
4

+

MEAS NH
4

+

MEAS −NH4
+

PRED
(𝜇g/m3) (𝜇g/m3) (𝜇g/m3)

(1) 3/12 12.00–3/12 21.00 1.06 ± 0.04 6.1 6.4 0.3
(2) 7/12 22.00–9/12 01.00 1.13 ± 0.08 9.7 11.0 1.3
(3) 14/12 12.00–15/12 00.00 1.21 ± 0.04 6.8 8.2 1.4
(4) 16/12 15.00–17/12 07.00 1.07 ± 0.04 4.6 4.9 0.3
(5) 21/12 09.00–21/12 18.00 1.15 ± 0.04 4.0 4.6 0.6
(6) 22/12 09.00–22/12 14.00 1.01 ± 0.02 7.8 7.9 0.1
(7) 23/12 07.00–23/12 16.00 1.03 ± 0.05 9.0 9.3 0.3
(8) 29/12 23.00–30/12 06.00 1.02 ± 0.03 5.4 5.5 0.1
Ave. “haze periods” (94 hours) 1.10 ± 0.08 7.2 7.9 0.7
Ave. “foggy” periods (40 hours) 1.07 ± 0.08 2.7 2.9 0.2
Ave. “clear” periods (483 hours) 1.05 ± 0.11 3.7 3.9 0.2
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Figure 5: Linear correlation between the predicted amount of ammonium (= [NH
4

+]PRED) and measured amount of ammonium (=
[NH
4

+]MEAS) for the entire study period (𝑛 = 660).
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Figure 6: Continued.
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Figure 6: Air massbackward trajectories for 500- and 1000-meter altitude arriving in the measurement site at the very beginning of the haze
periods (a) 3/12 at 12:00, (b) 7/12 at 22:00, (c) 14/12 at 12:00, (d) 16/12 at 15:00, (e) 21/12 at 09:00, (f) 22/12 at 09:00, (g) 23/12 at 07:00, and (h)
29/12 at 23:00.

Haze periods 2, 3, and 5 are accompanied by a high
equimolar ratio of ammonium to the sum of sulfate and
nitrate. The air masses arrive in Shanghai by passing over
nearby ammonia rich areas (Figures 6(b), 6(c), and 6(e)).
Haze periods 6, 7, and 8 are accompanied by lower equimolar
ratio and air masses arrive in Shanghai from the North over
the East China Sea (Figures 6(f), 6(g), and 6(h)). Air masses
arriving in Shanghai before haze periods 1 and 4 come from
the West and the NE going party over the East China Sea
(Figures 6(a) and 6(d)).

Haze periods 2, 3, and 4 are accompanied by the high-
est absolute concentrations of ammonia (Table 2) and air
masses arrived in Shanghai over nearby ammonia rich areas
(Figure 1). Haze periods 6 and 7 are accompanied by high
ammonium but relatively low ammonia concentrations indi-
cating that ammonia is not the limiting factor in the aerosol
formation. Air masses before this period enter Shanghai over
the North Anhui and Shandong provinces.

4. Conclusion

From December 1 to 31 of 2012, 660 hourly samples of
secondary inorganic aerosol species ammonium, sulfate, and
nitrate together with precursor gasses ammonia, SO

2
, and

HNO
3
were obtained to study their role during visibility

degradation in urban Shanghai. During the measurement
period 8 haze episodes were identified (totaling 94 hours)
based on a visibility <10 km accompanied by an RH < 90%.

During the entiremeasurement period the sumof the SIA
species in PM

1
averaged 15.5 ± 9.8 𝜇g/m3 which accounted

for 51.1 ± 12.9% of the PM
1
mass. Sulfate mass dominates

(22.5%), followed by nitrate (15.1%) and ammonium (13.3%).
During haze the sum of SIA species show a similar trend
as PM

1
does and roughly doubles in mass concentrations.

An increase from an average of 14.9 ± 7.4 𝜇g/m3 during
“clear” periods to 29.7 ± 10.7 𝜇g/m3 during the haze periods
is observed for the sum of ammonium, sulfate, and nitrate.
This means the mass contribution of SIA to PM

1
during clear

periods averaged 51.0 ± 12.3% while the mass contribution
during haze averaged 48.2 ± 7.9%.

To demonstrate the role of SIA species in the visibility
degradation, correlations of visibility versus mass concentra-
tions were studied. The correlation coefficients (𝑅2) where
the visibility is a function of the concentration showed values
in the order of PM

1
(0.56) > ammonium (0.52) > sulfate

(0.41)>nitrate (0.39). Correlation coefficientsmay be low, but
figures demonstrate a negative exponential relation between
increasing mass concentrations of PM

1
solely and SIA mass

concentrations in PM
1
and visibility.

The molar equivalent ratio of ammonium versus the sum
of sulfate and nitrate shows there is, on average, sufficient
ammonium to neutralize sulfate and nitrate during the
entire measurement periods and likely ∼5mol% ammonium
is bound to chloride and bisulfate. The molar equivalent
ratio of ammonium versus the sum of sulfate and nitrate
increases from 1.05 ± 0.11 for clear weather periods to
1.10 ± 0.08 during haze episodes indicating there is more
particulate ammonium than the sum of sulfate and nitrate
during haze compared to clear weather. The elevated values
can be explained by the formation of ammonium chloride.
Correlation between the predicted ammonium (which is
the sum of sulfate and nitrate: NH

4

+

PRED) and the actual
measured NH

4

+ (NH
4

+

MEAS) for the entire study shows
very good agreement between the values (𝑅2 = 0.97) but
overestimates NH

4

+

PRED by ∼12%.
72-hour air mass backward trajectories for the haze

periods are studied to see the long-distance impact of air
pollutants on the visibility degradation. Air masses of two
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arrival altitudes, namely, 500 and 1000 meters, were com-
puted. The air masses arrive in Shanghai by passing over
nearby ammonia rich areas in the YRD where the air masses
are injected with ammonia before they reach the site urban
Shanghai. Different situations are encountered and ammonia
ranged between 1.1 and 11.8 𝜇g/m3 at the start of a haze period
indicating the trajectories affect the mass concentrations of
ammonia in urban Shanghai.
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Trajectory cluster analysis and source-receptor models (the potential source contribution function (PSCF), concentration weighted
trajectories (CWT), and trajectory source apportionment (TSA)) were applied to investigate the source-receptor relationship for
the aerosol black carbon (BC) measured at the coastal site (Preila, 55.55∘N, 21.04∘E) during 2013. The main sources and paths of
advection to the south-eastern Baltic region and its relation to black carbon concentration were identified. The 72 h backward
trajectories of air masses arriving at Preila from January to December 2013 were determined and were categorized by clustering
them into six clusters. Subsequently, BC levels at Preila associated with each air mass cluster during this period were analyzed. The
PSCF and CWT analysis shows that, on high BC concentration days, the air masses commonly originated and passed over southern
regions of Europe before arriving at Preila in winter, while a strong impact of wildfires was observed in spring.

1. Introduction

Black carbon aerosol is a byproduct of incomplete combus-
tion of coal, biofuel, oil, gas, and residuals and isthe most
efficiently light-absorbing aerosol component in the atmo-
sphere [1, 2] strongly connected to anthropogenic sources.
BC plays a major role in climate change and makes a
significant contribution to anthropogenic radiative forcing
[3]. BC aerosol can be transported far away from remote
emission sources since its atmospheric lifetime is of the order
of weeks or even days [4]. The transportation of BC on the
global or regional scale potentially affects visibility in wide
regions [5]. BC particles have been found to cause serious
health problems as it is mostly present in the fine particle
size range and therefore easily penetrates into the human
respiratory tract andlater in the cardiovascular system [6, 7].

The atmospheric dynamics in the south-eastern Baltic
region is conditioned by complex interactions of climatic and
topographic effects. The Baltic Sea is situated in midlatitudes

with strong weather variability due to westerlies with low-
pressure systems passing through the region, so south-
eastern Baltic region can experience both mild maritime
conditions and locked up continental conditions, such as
persistent high-pressure circulation, in the same area. The
sources of BC aerosol vary significantly with region and time
of year.

The study results [8, 9] have shown that the aerosol parti-
cle number concentration is closely related to wind speed and
direction. Easterly winds from the continent might increase
the aerosol BC concentrations from 20% (warm season) to
80% (cold season) versus the similar conditions with westerly
winds from the seaside.Moreover, wind speedhas a nonlinear
relation with the concentration which decreases by about 25–
35% in weak winds, including the calm conditions; however,
an increased wind speed increases the concentration due
to particle transportation from the continent. Temporal
evolution of surface humidity has double effect on particle
concentration. Dry weather pattern is favourable for strong
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and turbulent surface winds lifting the aerosol particles in
the atmosphere. In 90% of all high concentration events, the
higher surface pressure field prevailed over the south-eastern
Baltic. The large-scale flow during such episodes lied in the
south western-north eastern direction over central Europe
[10]. Blocking patterns or steady eddies over Europe during
warm season tend to increase the meridional circulation in
themiddle troposphere. A significant large-scale easterly flow
in the whole lower troposphere over the eastern Baltic is
very favourable for accumulating aerosol particles from areas
of Belarus, Russia, and Ukraine. The land/sea-breezes cycle
can define local winds and influence the transport particles
from/to coastal areas. The combination of low wind speeds
and land/sea-breezes leads to the higher concentration of
aerosol particles.

For midlatitudes long-range transport of aerosol black
carbon is most abundant in winter and spring [11], when the
long-range transport of emissions from wildfires from the
Ukraine and European part of Russia frequently increases
the particulate matter concentrations and when plumes from
central and southern Europe are more liableto reach the high
latitudes during winter.

Several different computational approaches have been
used for solving inverse pollutant transport. Air mass back
trajectory analysis is frequently used to point out the direc-
tion and sources of air pollution at a receptor site [12]. Back
trajectories trace the path of a polluted air parcel backward
in time and have long been used to track the history and
pathway of air parcels arriving at a specific location since
they were first developed in the 1940s by Petterssen (1940).
Computational advances in the 1960s allowed isentropic anal-
ysis and trajectory calculations to be performed graphically
on computers [13]. Trajectory clustering techniques, which
assign trajectories intorepresentative spatial groups, are a
popular method to combine the flow climatology and pollu-
tant transport pathways with particle or gas measurements at
a sampling station [14, 15].

The aim of this study was to investigate the transport
pathways and potential sources of BC based on backward
trajectories and BC concentration records in 2013. Cluster
analysis was used to reveal the major pathways for different
seasons as well as corresponding statistical analysis related to
different clusters. Hybrid receptor models as potential source
contribution function and concentration weighted trajectory
were used for identification of BC source regions.

2. Data and Methods

2.1. Instrumentation. Real-time and continuous measure-
ments of the BC mass concentration were provided by
a Magee Scientific Company Aethalometer, Model AE40
Spectrum, manufactured by Optotek, Slovenia. The optical
transmission of carbonaceous aerosol particles wasmeasured
sequentially at seven wavelengths 𝜆 (0.37, 0.45, 0.52, 0.59,
0.66, 0.88, and 0.95 𝜇m). The BC mass concentration was
estimated by measuring the change in transmittance of a
quartz filter tape based on filtering of air. A Nafion tube
diffusion dryer was attached to the inlet tomitigate the effects
of humidity. The 0.88 𝜇m wavelength is considered as the

standard channel for BC measurements as at this wavelength
BC is the principal absorber of light, while other aerosol
components have negligible absorption at this wavelength
[16]. The aethalometer output is calculated directly as the BC
concentration through an internal conversion using assumed
mass absorption efficiency. The aethalometer converts light
attenuation to the BCmass concentration by the specific con-
version factor (attenuation cross-section) (𝜎) of 16.6m2 g−1 of
BC by the manufacturer (Aethalometer Operations manual,
Magee Scientific) and may need to be adjusted when the
greatest accuracy is required for a given site. It has been
shown that conversion factor varies significantly, depending
on the origin and the physical and chemical properties of
the aerosol. The aethalometer data recorded with a 5-minute
time base were compensated for loading effects using an
empirical algorithm [17]. The aethalometer was equipped
with an additional impactor removing the particles with
the aerodynamic diameter larger than 2.5 𝜇m. The starting
time referred in this paper is Greenwich Mean Time (for
local time: GMT + 2:00). The measurement precision of the
aethalometer is reported to be ±100 ng BCm−3 with 1-minute
average at a flow rate of 150mLmin−1 as specified in technical
specifications by the manufacturer. It is sufficient for ambient
total BC concentration measurement with a typical range (1–
10 𝜇gm−3) in urban environments.

2.2. Measurement Site and Air Mass Trajectory Clustering.
The Preila site (55.55N and 21.04E, 5m above sea level) is
located in the western part of Lithuania on the seashore of
the Baltic Sea, on the Curonian Spit, far from urban areas
(Figure 1).

There are no large sources of anthropogenic pollution
of the atmosphere close to the monitoring site. One of the
nearest industrial cities, Klaipeda, is at a distance of about
40 km to the north, and the other, Kaliningrad (Russia), is
90 km to the south from the site.

In order to analyze the association between trajectories
and BC/OC concentration in air arriving at a Preila site air
mass backward trajectory cluster analysis was used to classify
trajectories into groups (clusters) of similar history, that is,
similar path of advection and velocity of air flow, meaning
that the errors in the individual trajectories tend to average
out.Thenonhierarchical clustering algorithmwas used in this
study.

The dataset of geographical coordinates of air parcel
backward trajectories, having reached the Preila site, was
calculated at 1 h intervals for a period of time between 0
to 120 h before arrival. The optimum number of trajectory
clusters was obtained at an altitude of 100m above sea level
in 2013. Starting heights have been used in a number of
prior publications [18, 19]. It should be noted that backward
trajectories, in general, change altitude as a function of transit
time and that the 100m height is the only one at which the
air arrives at the site. The selection of 100m arriving height
as the lowest level resulted from the orography around the
site which is surrounded by forest and, thus, lower trajectories
could be significantly influenced by the land orography.

The classification of air mass trajectories was performed
using the k-means clustering technique (SPSS11.0.0) on a
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Figure 1: Location of the Preila environmental pollution research site.

dataset consisting of 10 surfacemeteorological variables mea-
sured at Preila (end of the trajectory). To map the data, prior
to the cluster analyses, the geographical coordinates were
converted to 𝑥, 𝑦 cartesian coordinates using the azimuthal
equidistant projection with the central point set to geograph-
ical position of the Preila. Since this paper investigates the
dependence of aerosol black carbon variation on the air mass
path, the criterion for selecting the optimum trajectory clus-
ters involved the greatest variation in BCmass concentration.
So, using a cluster algorithm, the homogeneity within clusters
was achieved byminimizing the angle distances [20] between
the corresponding coordinates of the individual trajectories
(considering the full length of each 120 h air mass backward
trajectory).

The angle distance between two air mass backward
trajectories was then given by
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for trajectories 1 and 2. Owing to a significant seasonal
differentiation of the BC aerosol properties and the possible
seasonal variation in transportation process of BC, all four
seasons were analyzed.

2.3. PSCF Method. PSCF is a receptor model that incorpo-
rates meteorological information in its analysis scheme to
produce a probability field that can be used to determine areas
of the potential source contribution. The PSCF technique
for source identification is a conditional probability that
an air parcel that passed through the 𝑖𝑗th cell had a high
concentration upon arrival at the trajectory endpoint [21].
A limitation of the PSCF method is that grid cells can have
the same PSCF value when sample concentration is either

only slightly higher or much higher than the criterion. The
criterion value of 50 percentile (median concentration) was
used. As a result, it can be difficult to distinguish moderate
sources from strong ones.

To calculate the PSCF, the whole geographic region
covered by the backward trajectories was divided into a
gridded 𝑖 by 𝑗 array. In this study the grid covers an area of
interest defined by (40–70)N and 20W-40E with the center of
Preila site (55.55∘N, 21.04∘E) as the midpoint and containing
grid cells of 0.5∘× 0.5∘.

Mathematically, the PSCF is a function of location as
defined by the cell indices 𝑖 and 𝑗 while the number of
segments with endpoints that fall in the 𝑖𝑗th cell is denoted by
𝑛
𝑖𝑗
. The number of endpoints in the 𝑖𝑗th cell associated with

a trajectory that arrives at the sampling site at the same time
as a corresponding measured pollutant concentration higher
than an arbitrary criterion value is defined by 𝑚

𝑖𝑗
. The PSCF

value for the 𝑖𝑗th cell is then

PSCF
𝑖𝑗
=
𝑚
𝑖𝑗

𝑛
𝑖𝑗

, (3)

where 𝑛
𝑖𝑗
is the total number of air masses falling into the 𝑖𝑗th

cell during the study period and𝑚
𝑖𝑗
is the number of segment

trajectory endpoints in the 𝑖𝑗th cell on the days where the
source contribution of which was greater than the criterion
value. It is important to note that a grid with no end points
(𝑛
𝑖𝑗
= 0) cannot be identified as a source area in the analysis

even though there are known emission sources in the grid cell
[22].

Then the value of PSCF was interpreted as the probability
where the concentration of BC higher than the creation
level was related to the passage of air parcel through the
𝑖𝑗th cell. These cells are indicative of areas of high potential
contributions for BC pollutant.

2.4. Satellite Fire Products. As part of NASA’s Earth Observ-
ing System, MODIS is carried on both the Terra and Aqua
satellites. MODIS fire observations are madefour times a day
from the Terra and Aqua platforms. The enhanced active
fire algorithm uses brightness temperatures derived from
the MODIS 4 and 11 𝜇m channels. The MODIS active fire
products provide information about actively burning fires
and other thermal anomalies such as volcanoes and power
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plants, including their location and timing, instantaneous
radiative power, and smoldering ratio, presented at a spatial
and temporal scales [23].

2.5. CWTMethod. Since the PSCF method is known to have
complications distinguishing between strong and moderate
sources, the CWTmodel that determines the relative signifi-
cance of potential sources has been additionally performed.
CWT, also called a concentration field, is a function of
BC concentrations that were reported every 1 h and the
residence time of a trajectory arriving at Preila in each grid
cell. The CWT model selected parameters were the Climate
Diagnostics Center NCEP/NCAR Reanalysis archive grid
data from the NWS NCEP, trajectory duration of 120 h, and
the starting height of 100 and 500m. The hourly trajectory
segment endpoints for each back trajectory that corresponds
to each 1 h BC were retained. For 120 h trajectory duration,
there were normally 120 trajectory segment endpoints.

The geographical domainwas divided into grid cells, each
covering an area of 0.5∘ × 0.5∘. The CWT is a measure of
the source strength of a grid cell to the Preila site and is
determined as follows [24, 25]:

CWT
𝑖,𝑗
=
∑
𝐿

𝑇=1
𝐶
𝑇
𝜏
𝑖,𝑗,𝑇

∑
𝐿

𝑇=1
𝜏
𝑖,𝑗,𝑇

. (4)

𝐶
𝑇
is the 1 h BC concentration corresponding to the

arrival of back trajectory 𝑇; 𝜏
𝑖,𝑗,𝑇

is the number of trajectory
segment endpoints in a grid cell (𝑖, 𝑗) for back trajectory 𝑇
divided by the total number of trajectory segment endpoints
for back trajectory𝑇;𝐿 is the total number of back trajectories
over a time period (i.e., each season). Given 𝐶

𝑇
for BC, 𝜏

𝑖,𝑗,𝑇

can be determined by counting the number of hourly trajec-
tory segment endpoints in each grid cell for each trajectory.
This was repeated for all the air mass back trajectories.

2.6. TSA Method. TSA is a statistical approach used to
compute mean concentrations from various clusters to eval-
uate the effect of air masses from various directions on BC
concentrations. In this study, the trajectory directions were
defined by 6 sectors of 60∘ each, with sector 1 from due north
and 80∘ east of north (see Figure 3). Equation (5) was used to
calculate the mean BC concentration from sector 𝑗 (𝐶

𝑗
) and

the relative contribution from sector 𝐼(%𝐶
𝑗
). Consider

𝐶
𝑖
=
∑
𝑁

𝑖
𝐶
𝑖
𝑓
𝑖𝑗

𝑁
𝑖

,

𝑁
𝑖
=
𝑁

∑
𝑖

1
𝑓
𝑖𝑗
,

%𝐶
𝑖
=

𝐶
𝑖
𝑁
𝑖

∑
12

𝑖=1
𝐶
𝑗
𝑁
𝑗
× 100
,

(5)

where 𝑁 is the total number of trajectories, 𝐶
𝑖
is the

concentration of BC in each 𝑖th trajectory, 𝑓
𝑖𝑗
is the time

passed through sector 𝑗 for the 𝑖th trajectory, and 𝑁
𝑖
is the

total time during which trajectories passed through sector
[26].

3. Results

3.1. BC Concentrations. Seasonal frequency distribution of
BC mass concentrations, which were evaluated from hourly
average BC data at 880 nm collected by aethalometer from
January to December 2013, is summarized in Figure 2. The
yearly mean BC concentration in PM2.5 measured over the
whole campaign at Preila was 712 ± 500 ngm−3. This is
comparable to previous studies of Byčenkienė et al. 2010 [27]
conducted at Preila in 2008-2009 (750 ngm−3).

The seasonal and diurnal variations of BC aerosols during
cold and warm seasons as well as seasonal variation of
BC frequency distribution are shown in Figures 2(a)–2(c).
However, the pattern during cold and warm seasons is
totally different; the highest concentrations were reached at
different times, and higher concentrations were found during
the winter period. The maximum of the diurnal variation
appeared around 8:00-9:00, 15:00–17:00, and 20:00–22:00 in
the warm season. The mean concentration of the hour of
the day varied between 380 and 440 ngm−3 in warm season
and between 560 and 710 ngm−3 in cold season. During
cold season the diurnal variation shows that the BC concen-
trations are observed to be low during the day time while
peak is observed during evening and night hours. When
late night turned to early morning during warm season,
there was a sharp increase in black carbon concentration,
which is likely due to vehicular primary emissions during
the morning rush-hour and in the afternoon (Figure 2(a)).
High concentration of BC during evening hours is attributed
to the boundary layer conditions. Throughout the sampling
period, the lowest hourly BC value was 62 ± 30 ngm−3 in
autumn (November). Although the seasonal mean BC in
summer was lower (500 ± 360 ngm−3) than in cold periods
(1100 ± 780 ngm−3), the highest hourly BC value was 1150 ±
540 ngm−3 due to anthropogenic pollution. The seasonal
variation of BC (Figure 2(b)) reveals that the mean monthly
concentration ismaximumduring January (1420 ngm−3) that
gradually decreases to minimum in August (440 ngm−3) and
then increases thereafter. As seen in Figure 2(c), main hourly
BC concentrations were almost in a narrow range of 450–
500 ngm−3 in summer. Hourly BC concentration frequency
distribution usually was scattered in a wide mode range of
500–1500 ngm−3 in winter, 500–900 ngm−3 in autumn, and
450–550 ngm−3 in spring, corresponding to relatively high
frequencies during these seasons.

3.2. Cluster Analyses of Air Mass Back Trajectories. PSCF
model, CWT method, and cluster analysis were run
with the seasonal data for winter (December–February),
spring (March–May), summer (June–August), and
autumn (September–November) in order to identify
the main atmospheric circulation pathways influencing BC
concentration (Figure 2). We attempted to use six clusters
in all seasons providing the best representation of air mass
classifications. It is seen that there are four dominant paths of
air masses reaching Lithuania: from the W, NW, SW, and SE,
as shown in Figure 3.The fast moving air masses were always
observed frommore distantW and NW regions. Members of
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Figure 2: (a) The diurnal cycle of BC mass concentrations (on the right 𝑦-axis), (b) box plots of the mean seasonality of BC mass
concentrations (lines in themiddle of the boxes represent samplemedians, lower and upper lines of the boxes are the 25th and 75th percentiles,
andwhiskers indicate the 10th and 90th percentiles, crosses indicate 5th and 95th percentiles), and (c) BC concentration frequency distribution
(200 ngm−3 per bin) with normal distribution curve fit (line) in all clusters.

this cluster have extremely long transport patterns; some of
them cross over northern Europe. Trajectories belonging to
S-SW typically follow a flow pattern over Poland and Belarus.
Generally such trajectories have short transport patterns,
indicating slow-moving air masses. Most of the high BC level
episodes within this group are probably enriched by regional
and mostly local emission sources.

Figure 3 illustrates the mean trajectories (%) and BC
concentration of each cluster. Trajectories from various direc-
tions had different effects on the BC concentrations. The
highest BC concentration was found in cluster number 6
(winter, 3100 ± 1200 ngm−3), followed by cluster number 3
(spring 1090 ± 810 ngm−3) and cluster number 5 (spring,
1280 ± 1020 ngm−3). Cluster number 5 may represent
the effect of continental air masses from the wildfires
when biomass fire events occurred during spring; thermally
induced recirculation near the coastline and dust plumes
from there could further contribute and influence the BC
concentration level in this region (Figure 3). Except for
anthropogenic emissions of fossil-fuel combustion, biomass
burning includingwildfires is an important contributor to the
BC loading in this area.

Space-based measurements of fire radiative power are
available from a number of sensors to detect when and
where fire occurred and to understand thesmoke impact
on the land and atmosphere. The MODIS and The Navy
Aerosol Analysis and Prediction System (NAAPS) global
aerosol model data were used to profile fire location maps
over Lithuania, which are available as daily global fire counts.
A combination of NAAPS model output and BC monitoring
observations confirmed the presence of a smoke layer over
Preila on 27 March (Figures 4(a)–4(c)).

During this period a mean BC increase of 15% was
recorded, compared to the remaining days ofMarch.Thehigh
BC concentrations at Preila occurred during March 27 when
the 12-hour average concentrations peaked at 1100 ngm−3.
During March 25–30 the trajectory model indicates that
wildfire emissions from Kaliningrad were “hitting” Preila.
Cluster number 6 (winter) may represent the effect of air
masses from southern Europe on BC concentration in winter.
The lowest BC concentrations were found in cluster number
4 (autumn, 220 ± 110 ngm−3) and cluster number 6 (spring,
330 ± 120 ngm−3), which represent the effect of clean marine
air masses from northernEurope. This air mass clusters
generally originate from N and NW directions at an average
altitude of around 3200m and then sink downwhen traveling
above the sea.

3.3. ConcentrationWeighted Trajectory Analysis and Potential
Source Contribution Function. Figure 5 shows the distribu-
tion of weighted trajectory concentrations which gives the
information on the relative contribution of source regions
potentially affecting BC concentration at Preila. CWT is a
function of BC concentration that was reported every 24 h
and the residence time of a trajectory arriving at Preila in each
grid cell. The potential source maps for BC concentration
and air masses arriving at 100m altitude at Preila during the
study period for each season are given in Figure 5. Figure 5
clearly shows that air flows follow a seasonal pattern, since
seasonally different CWT results were obtained. Northern
Europe clusters in all seasons are associated with the lowest
BC concentration values. The short clusters from SW and
SE with highest BC maxima exhibit very high daily BC
concentration. Short trajectories imply low wind speeds and
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Figure 3: Trajectories representing grouping of 72 h backward trajectories of air masses over Preila into six classes for the winter, spring,
summer, and autumn seasons. Mean BC concentration for all trajectory clusters arriving at Preila.
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Figure 4: Every spring, at the end of the winter season, agricultural burning and wildfires produce large amounts of smoke in Kaliningrad
(Russia), Belarus,and Ukraine. The fires usually begin in March. South westerly or easterly winds carrying the resulting smoke to Preila: (a)
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by theMODIS Rapid Response System,March 27 2013 (right), (b) air mass backward trajectories arriving at Preila at 50m (red), 500m (blue),
and 1000m (green) (left), and (c) smoke surface concentration (𝜇gm−3).

poor mixing ratio, so that central European countries were
the greatest BC contributors to the atmosphere in Lithuania
in 2013. Cells with high PSCF values (over Poland and
Belarus) were the potential source regions to have effect on
high BC concentration level in Preila. Figure 5 shows themap
of potential PM10 (by assuming BC is component of aerosol
PM10) pollution source region. Emission data bases based on
officially reported data from the Member States combined
in order to derive diffuse emissions to air were gridded-
presented using a consistent methodology developed at EU
level. Spatial analysis pointed out that maxima emissions
are generated in different areas of the study domain and
are more concentrated in big urban areas but homogenously
distributed over Poland one of the heaviest users of district
heating systems and coal as a strategic fuel in Poland in
Europe. These local fossil fuel combustion activities are a
major emitter of particulate matter, including BC. In 2013,
heat consumption in Poland was at the level of ca. ∼850 PJ, of
which 560 PJ was heat demand of individual consumers, and
350 PJ was supplied from district heating systems (Figures
5 and 6 (winter)). The regions in central Europe could be a
potential region for BC in Preila environment as well because
highly polluted air masses are always advected to Preila. It
should be noted that BC can be used as a suitable tracer
to reflect the influence of long-range transported aerosol
over a Preila site. The highest average contribution to the
observed BC concentrations during the winter season was
from the air mass cluster representing the arrival direction
from Poland and Czech Republic. The most distinct air
mass pattern occurs from the west, while the eastern part
of Belarus and Poland (winter) is also the regions with high
CWT values (>1000 ngm−3). The pollution accumulated in
the air masses of southern countries showsa contribution, or
rather a baseline, towhich local emissions (which are possibly
dominant in summer and spring, Figure 6) are added. Most

of the reported winter episodes in Europe were caused by
long-range transport from sources of particulate matter, such
as coal/wood combustion for heating [28], as well as by
increased traffic emissions due to unfavorable winter driving
conditions [29]. Wood burning along with domestic waste
and poorest and least expensive types of fuel is probably
widely existing in individual heating houses not only in
Lithuania and Poland [30]. Regions over north southern
Europe are always associated with the highest CWT values,
but the CWT values for eastern flows are higher in summer
and winter. So we have assumed that the reason for the
high CWT values must be attributed to airflow loaded with
BC originated from the previously mentioned countries (in
winter) and biomass burning (in spring) (Figure 5).

To sum up the results, it was found that 60% of the
back trajectories in the four seasons were from the west, in
particular, from the northwest, while ∼20% were from the
north, and less than 20% were from the east. On the pathway
of the air mass from the southwest there were industries, such
as cement production factories, oil refining factories, and coal
mines, which could emit more PM with BC. In addition,
a number of fires in spring were found over Kaliningrad
and the west part of Belarus and Ukraine, which might be
from biomass/grass burning fires (Figure 5 (spring)). Recent
findings indicate that air masses from Kaliningrad (Russia)
have been shown to be optimal for higher aerosol mass
concentration in northern countries and Lithuania [31]. The
CWT concentration values revealed that BC concentration
observed in Preila is not heavily affected by long-range
transport of air masses during summer as CWT values are
less variable (Figure 5). The PSCF values were calculated
to evaluate the potential source contribution to BC in the
atmosphere of the south-eastern Baltic sea region, based on
all 72 h back trajectories arriving at the sampling site at 12:00
(local time) every day during the campaign (Figure 6).
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Figure 6: Seasonal variations of the potential source maps for BC arriving at 100m altitude at Preila in winter, spring, summer, and autumn.

According to the results in the PSCF analysis, four poten-
tial source areas were identified as having important contri-
butions to BC at Preila: northerly, northwesterly, southerly,
andwesterly pathways. Duringwinter, flows from thewestern
were responsible for picking up air pollution over the conti-
nent of Europe and then transporting them northward a long
distance. On the contrary, the potential source contribution
factors (0.9-1) showed local areas pollution in summer and
spring.

4. Conclusions

In this study, air mass backward trajectory cluster analysis,
CWT and PSCF methods were used to investigate the
transport pathways and potential sources of BC in the south-
eastern Baltic region. PSCF analysis in conjunction with
satellite information identified little extra chunkof Russia
stuck between Lithuania and Poland onthe Baltic Sea (Kalin-
ingrad) as themain source areaaffecting the Preila site during
wildfires in spring. These events significantly elevated the
annual BC levels observed in the south-eastern Baltic region.
An annual increase in BC concentration in spring suggests

that controlling biomass burning could be an efficient way to
decrease aerosol particle pollution in the south-eastern Baltic
region. Six clusters were generated from backward trajectory
cluster analysisfor different seasons. These clusters provided
a main mechanism of transporting BC to Preila.The high BC
aerosol mass concentration at Preila is a reflection of the high
emission of fossil-fuel combustion in Lithuania and southern
part of close countries (Poland) when air flows transported
high-concentration of BC to the coastal site.
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evičienė, “Observations of the aerosol particle number concen-
tration in the marine boundary layer over the south-eastern
Baltic Sea region,”Oceanologia, vol. 55, no. 3, pp. 573–598, 2013.



Research Article
Meteorological Influences on Seasonal Variation of Fine
Particulate Matter in Cities over Southern Ontario, Canada

Jane Liu and Siliang Cui

Department of Geography and Program in Planning, University of Toronto, 100 St. George Street, Toronto, ON, Canada M5S 3G3

Correspondence should be addressed to Jane Liu; janejj.liu@utoronto.ca

Received 21 February 2014; Revised 27 April 2014; Accepted 5 May 2014; Published 6 July 2014

Academic Editor: M. Luisa Sánchez

Copyright © 2014 J. Liu and S. Cui. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

This study examines meteorological impacts on seasonal variation of fine particulate matter (PM
2.5
) in southern Ontario, Canada.

After analyzing PM
2.5

data at 12 cities in the region in 2006, we found that PM
2.5

concentrations were 30–40% higher in summer
(7–15𝜇g/m3) than in winter (4–11 𝜇g/m3). High PM

2.5
episodes occurred more frequently in warmer seasons. Analyses of surface

meteorology, weather maps, and airflow trajectories suggest that these PM
2.5

episodes were often related to synoptic transport
of pollutants from highly polluted areas in the United States. The southerly or southwesterly winds associated with midlatitude
cyclones play an important role in such transport. A typical weather pattern favoring the transport is suggested. When it was hot,
humid, and stagnant with southerly or southwesterly winds, the likelihood of high PM

2.5
occurrences was high.TheGreater Golden

Horseshoe and Southwestern Ontario regions had higher PM
2.5

(6–12𝜇g/m3 annually) than the northern region (4–6 𝜇g/m3),
reflecting combined effects of meteorology, regional transport, and local emissions. In the future, PM

2.5
transport from the United

States will likely increase in abundance because of possible prolonged accumulation at the pollution sources as the frequency of the
midlatitude cyclones may reduce under climate change.

1. Introduction

Particulate matter (PM) is a combination of fine solids and
liquid droplets suspended in the air. PM comes from a variety
of sizes, materials, and chemicals. PM

2.5
is fine particulate

matter with aerodynamic diameter less than 2.5𝜇m, which is
composed of sulfate, nitrate, ammonium, hydrogen ion, black
carbon, organic compounds, metals, and particle-bound
water. Epidemiological studies suggested that both acute
exposures and chronic exposures of PM impose a significant
adverse health impact on people [1], since PM can be inhaled
into lungs and reach deep into the cardiovascular system.
The health and environment damage caused by ground level
PM and ozone, which can lead to formation of smog, was
valued at 9.6 billion dollars in Ontario during 2003 [2, 3].
Air pollution caused 1,925 premature deaths, 9,807 hospital
admissions, 45,250 emergency room visits, and 46, 445, 663
minor illnesses in Ontario during 2000 based on a study
conducted by the Ontario Medical Association [4, 5].

Southern Ontario is the most populous region in Canada
and often experiences the highest level of PM

2.5
in Canada

[3]. Previous findings identified that ambient PM
2.5

con-
centrations at rural locations in the region were largely
affected by nonlocal sources originating in the United States
of America (USA) and Canada, while at urban locations like
the greater Toronto area, the local emissions were 30–35%
during the warm seasons (May–September) of 1997 and 1998
[6]. Furthermore, it was reported that transport of PM

2.5
from

the Ohio River Valley is often associated with the highest
PM
2.5

concentrations in southern Ontario [6–8]. A close
examination on the meteorological conditions that lead to
high PM

2.5
was recommended [6].

Meteorology can greatly influence air pollution [9]. The
relationship between meteorological conditions and PM

2.5

is complicated due to the diversities of PM
2.5

components
and the complex atmospheric processes involved. Some
earlier studies examined PM-meteorology relationships for
individual meteorological variables including temperature,
relative humidity, wind speed, and wind direction [9–11].
Others considered combined effects of these variables and
the synoptic-scale meteorological impacts on PM

2.5
[6, 9, 12].

Cold frontal passages associated with midlatitude cyclones
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Figure 1: (a) Study area including 12 cities in Ontario, Canada, overlaid with the annual mean PM
2.5

concentrations (𝜇g/m3) derived from
satellite measurements between 2001 and 2006 at 0.1∘× 0.1∘ resolution [22].The Greater Golden Horseshoe and Southwestern Ontario regions
are within the area between the dashed line and the boundary of the two countries. (b) PM

2.5
distribution over North America from the same

data source as in (a).The boxed area approximately indicates the Ohio River Valley region.The blue lines in (a) and white lines in (b) delineate
the boundary between Canada and the United States of America (USA) and the state boundaries of USA.

provide pollutant ventilation and lead to PM
2.5

variability
in eastern North America, Europe, and eastern Asia [9,
11, 13, 14]. The cold fronts were found to drive the overall
correlations of PM

2.5
with temperature and relative humidity

in eastern United States [9]. Due to global warming, a reduc-
tion in cyclone frequency may cause prolonged stagnation
and eventually more frequent pollutant episodes during the
summertime in the northeastern United States [15, 16].

To enhance our understanding of the meteorological
impacts on PM

2.5
for the purpose of developing air quality

forecast and control strategies in Ontario, this study has
the following specific objectives: (1) to characterize seasonal
and spatial variations of PM

2.5
over southern Ontario, (2) to

understand the underlying mechanisms for these variations,
(3) to inspect influences of synopticmeteorological processes,

especially midlatitude cyclones, on high PM
2.5

episodes, and
(4) to examine the likelihood of meteorological conditions
for clear and heavy polluted air, respectively, in southern
Ontario.

In the following, the four objectives will be addressed
in Section 3 after a description of the study area and data
in Section 2. Summary and conclusions will be provided in
Section 4.

2. Study Area and Data Description

2.1. Study Area. The study area (Figure 1(a)) includes south-
ern Ontario province of Canada. The area is mainly within
the Great Lakes-St. Lawrence Lowlands region [17]. The area
is bounded by Lakes Ontario and Erie and Ohio River Valley
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Table 1: Characteristics for the 12 Ontarian cities in 2006. The cities are ordered by descending latitude see Figure 1(a).

City Lat. (∘) Lon. (∘) Elevation (m) Population Annual average of PM2.5
concentration (𝜇g/m3) Characteristics Annual total emission

(tons/y)
Thunder Bay 48.38 −89.29 192 109,140 4.80 Urban 366
Sault Ste. Marie 46.53 −84.31 244 74,948 5.23 Urban 376
Sudbury 46.48 −80.96 260 21,392 4.65 Urban 47
North Bay 46.32 −79.45 219 53,996 4.93 Urban 23
Cornwall 45.02 −74.74 55 45,965 6.46 Urban 39
Barrie 44.38 −79.70 226 128,430 6.64 Urban 8
Toronto 43.71 −79.54 141 2,503,281 8.07 Metropolitan 474
Oakville 43.49 −79.70 165 164,613 7.34 Urban 8
Hamilton 43.26 −79.91 96 504,559 8.20 Industrial, urban 1416
London 43.01 −81.21 270 352,395 6.91 Urban 66
Sarnia 42.98 −82.41 179 71,419 11.28 Industrial 723
Windsor 42.32 −83.04 176 216,473 9.18 Industrial, urban 287

to the south [4] and the Hudson Bay to the North.The terrain
in the area is very smooth, ranging from 200 to 500 meters
[18], making air pollutants easy to be transported around
[12, 19]. The Greater Golden Horseshoe and Southwestern
Ontario regions, where urbanization and industrialization
have rapidly taken place, extend from Long Point in the
south, through theNiagara,Hamilton, andWaterlooRegions,
to the east of the greater Toronto area. The climate there
is one of the mildest regions of Canada. Since Ontario lies
in the midlatitudes, a continental climate affects this region
[20]. Under the strong influence of the jet stream, Ontario
experiences wide variations in meteorology, such as frequent
passages of high and low pressure systems [20]. For example,
Toronto often experiences mild air masses in the summer
[21], including persistent high pressure systems and sunny
and warm conditions [21]. In winter, dominant high pressure
systems in the northern Canada bring dry polar air mass to
Toronto in about 30% of the days, with northerly winds and
little to no cloud covers [21]. Such variations in meteorology
lead to diverse changes in PM at our study sites discussed
below.

2.2. Hourly PM
2.5
, PM
2.5

Emission, and Population Data.
The ambient hourly PM

2.5
concentration data were collected

from the Air Quality Ontario of the Ontario Ministry
of the Environment (http://airqualityontario.com/history/).
This network has 40 stations across the province thatmeasure
selected particulate and gaseous pollutants among PM

2.5
,

SO
2
, NO, NO

2
, NOx, CO, and O

3
at the ground level on

hourly bases since 2003. The PM
2.5

is measured with tapered
element oscillating microbalance (TEOM) 1400AB operated
at 30∘C with SES (http://airqualityontario.com/history/). We
selected 12 cities with different geographical locations, city
characteristics, populations, PM

2.5
emissions, and industrial

activities (Figure 1(a), Table 1). Windsor, Sarnia, London,
Hamilton, Oakville, Toronto, and Barrie are located in the

southern part of the study area, while Thunder Bay, Sault
Ste. Marie, Sudbury, and North Bay are located in the
north (Figure 1(a)). All hourly PM

2.5
data were screened by

removing themissing data labeled with−999 and invalid data
labeled with 9999 from the original dataset. Mean PM

2.5
val-

ueswere calculated daily,monthly, and annually.The seasonal
means were taken for spring (March, April, and May), sum-
mer (June, July, and August), fall (September, October, and
November), and winter (December, January, and February).
The number of polluted days was categorized based on daily
PM
2.5

concentrations, with an increment of 5𝜇g/m3.
In Table 1, the population data were acquired from the

population and dwelling counts in the 2006 Community
Profile in the Statistics Canada’s 2006 Census (http://www12
.statcan.ca/census-recensement/index-eng). The annual
emissions were calculated by summing up all sources based
on the Facility Report in the National Pollutant Release
Inventory (NPRI) (http://www.ec.gc.ca/inrp-npri/). Annual
mean PM

2.5
concentrations in 2006 are also listed. Cities are

ordered by decreasing latitude (the same for Tables 2-3 and
Figures 2–4).

2.3. Surface Meteorological Data and Weather Maps. The
hourly meteorological measurements in 2006 at the surface,
including air temperature, relative humidity, wind speed,
wind direction, and the surface pressure, were collected from
the National Climate Data and Information Archive under
the Environment Canada (http://climate.weatheroffice.gc.ca/
climateData/canada e.html). All selected cities had hourly
meteorological data except for Cornwall and Oakville where
only daily meteorological data were available. The missing
values coded as blanks were removed. The daily weather
maps were acquired from the Weather Prediction Center,
National Weather Service (http://www.hpc.ncep.noaa.gov/
dailywxmap/). The daily surface weather map provides the
station analysis at 7:00 am, EST.
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Table 3: Comparison of mean hourly meteorological conditions at the surface (temperature, humidity, surface pressure, and wind speeds)
for both clear (PM2.5 ≤ 5 𝜇g/m

3) and polluted (PM2.5 ≥ 30𝜇g/m
3) times at cities in southern Ontario. The cities are ordered by descending

latitude (see Table 1 and Figure 1(a)).

City PM2.5 range PM2.5 Temperature Relative humidity Pressure Wind speed Number of hours
(𝜇g/m3) (𝜇g/m3) (∘C) (%) (hPa) (km/h)

Thunder Bay 0–5 2.5 17.7 68.4 992.2 12.0 1222
30–55 36.4 17.5 80.1 990.2 6.9 19

Sault Ste. Marie 0–5 2.6 16.6 67.9 994.3 10.8 1161
30–55 35.3 19.6 69.9 991.0 6.9 30

Sudbury 0–5 6.4 18.3 69.1 974.3 11.9 2165
30–55 33.0 25.8 63.3 971.4 16.8 10

North Bay 0–5 2.3 16.3 71.4 972.3 11.7 1223
30–55 32.4 22.5 73.0 968.9 12.5 19

Barrie 0–5 2.7 17.0 71.2 978.0 11.6 921
30–55 34.9 22.8 76.2 977.4 9.4 54

Toronto 0–5 3.0 19.1 64.4 995.8 18.2 623
30–55 35.8 24.0 75.8 991.4 14.3 110

Hamilton 0–5 2.7 18.1 72.1 988.6 13.6 735
30–55 35.2 22.8 78.6 984.8 15.0 128

London 0–5 2.9 18.4 69.1 984.4 11.2 727
30–55 33.0 22.3 81.0 979.7 11.0 97

Sarnia 0–5 4.0 17.6 73.6 989.1 18.4 317
30–55 37.3 24.1 75.6 991.7 12.0 204

Windsor 0–5 3.0 20.4 63.4 994.8 14.0 485
30–55 35.1 24.9 71.9 991.6 12.6 156

3. Results and Discussion

3.1. Temporal Variation of PM
2.5

in Ontario. Figure 2 shows
the daily variation of PM

2.5
concentrations in 2006 at the

12 cities. Three 24-hour PM
2.5

standards are also indi-
cated, including 25𝜇g/m3 by the World Health Organization
(WHO) (a level based on relationship between 24-hour and
annual PM levels. In addition to other health benefits, the
level lowers the risk of premature mortality by approximately
6% relative to PM

2.5
being 35 𝜇g/m3, http://www.who.int/),

30 𝜇g/m3 by the Canadian-Wide Standards (CWS) (a target
by 2010 with achievement based on the 98th percentile
measurement annually, averaged over 3 consecutive years,
http://www.ec.gc.ca/rnspa-naps/), and 35 𝜇g/m3 by Environ-
mental ProtectionAgency (EPA) of theUnited States (a target
with achievement based on the 98th percentile measurement
annually, averaged over 3 years, http://www.epa.gov/air/crite-
ria.html).

The daily PM
2.5

level ranged from 0 to 40 𝜇g/m3. All
the cities experienced significant daily variation in PM

2.5
,

with a combination of low background PM
2.5

concentrations
and frequent occurrences of PM

2.5
episodes. Seasonal PM

2.5

concentrations at the 12 cities are shown in Figure 3 for
spring, summer, fall, and winter in 2006. For all the cities,
the mean PM

2.5
concentrations were the highest in summer,

ranging from 7 to 15 𝜇g/m3, followed by spring, fall, and
winter when PM

2.5
was between 4 and 11 𝜇g/m3.

High PM
2.5

episodes occurred more frequently in
warmer seasons (Figure 4). The number of days with

PM
2.5
> 20𝜇g/m3 in summer was 10–20 days at the southern

cities, while the number in winter was 2 days at Sarnia
and zero for the rest (Figure 4). The numbers of days with
PM
2.5

larger than other levels were also larger in summer
(Figure 4). The high frequency of PM

2.5
episodes in summer

is likely one of the reasons for high PM
2.5

levels in the season.
These episodes were usually associated with synoptic weather
processes, as to be discussed in Section 3.3.

Another reason for high PM
2.5

in warmer seasons may
be related to air temperature. Air temperature can influ-
ence chemical processes that manipulate PM

2.5
components,

especially on ASO
4
component [23]. Increasing temperature

can increase sulfur dioxide (SO
2
) oxidation and sulfate

concentrations and reduce nitrate concentrations [6, 24–
26]. For example, both Toronto and Windsor have higher
ammonium sulfate (ASO

4
) concentrations in summer than in

winter, while the ammonium nitrate (ANO
3
) concentrations

in the two cities are lower (close to zero) in warmer seasons
[19]. Additionally, temperature can influence PM emissions
greatly, due to its impact on biogenic emissions, road mobile
emissions [27], and wildfire emissions [24]. These influences
cause higher organic matters and elemental carbon contents
in Toronto and Windsor in summer [19].

3.2. Spatial Variation of PM
2.5

in Southern Ontario. PM
2.5

concentrations derived from the satellite instrumentsMODIS
(The Moderate-Resolution Imaging Spectroradiometer) and
MISR (The Multi-Angle Imaging Spectroradiometer) [22]
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Figure 2: Daily variation of PM
2.5

at 12 cities in Ontario in 2006, with three 24-hour guidelines: 25𝜇g/m3 by the World Health Organization
(WHO) guideline, 30 𝜇g/m3 by the Canadian Wide Standards (CWS), and 35 𝜇g/m3 by the Environmental Protection Agency (EPA) of
USA guideline. The 𝑥-axis indicates months of the year by their initial letters. The cities are ordered by descending latitude (see Table 1
and Figure 1(a)).
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Figure 3: PM
2.5

concentrations (𝜇g/m3) in spring (March, April,
and May), summer (June, July, and August), fall (September, Octo-
ber, and November), and winter (December, January, and February)
at the 12Ontarian cities in 2006.The cities are ordered by descending
latitude (see Table 1 and Figure 1(a)).

over North America are shown in Figure 1(b). PM
2.5

con-
centrations were estimated with an equation of PM

2.5
= 𝜂 ×

AOD, where AOD is the satellite-based aerosol optical depth
and 𝜂 is coefficient related to aerosol size, aerosol type, diurnal
variation, relative humidity, and the vertical structure of
aerosol extinction [22]. A global chemical transport model,
namely, GEOS-Chem, was used to calculate the daily global
distribution of 𝜂 [22].

The Greater Golden Horseshoe and Southwestern
Ontario regions often experience the highest levels of PM

2.5

in Canada, as demonstrated in Figure 1(b). Outside the
regions, the PM

2.5
concentrations are low. Note that over the

Ohio River Valley, south of the Great Lakes region, annual
mean PM

2.5
reaches 20𝜇g/m3 in some areas. The highly

polluted air there can significantly affect PM
2.5

levels in
Ontario, which was suggested in earlier studies [6, 28, 29]
and will be discussed in detail in Section 3.3.

PM
2.5

concentrations in southern Ontario varied greatly
from the south to the north (Figure 1(a)). Among the 12
cities, Toronto, Hamilton, Sarnia, and Windsor had highest
PM
2.5

levels, with annual PM
2.5

being 8–12 𝜇g/m3 in 2006
(Table 1, Figure 1), due to their high local PM

2.5
emissions

(300–1400 tons/year, Table 1) and their southern locations
where transport of PM

2.5
from USA was significant. In con-

trast, at the northern cities, includingThunder Bay, Sault Ste.
Marie, Sudbury, and North Bay, PM

2.5
levels were the lowest

(4–6 𝜇g/m3, Table 1, Figure 1), because of their locations away
from the transport pathways of PM

2.5
from the south, even

though the local PM
2.5

emissions in Sault Ste. Marie and
Thunder Bay were comparable with Toronto and Windsor
(∼370 tons/year, Table 1). In between, mean PM

2.5
levels in

London, Oakville, Barrie, and Cornwall were intermediate

(6–8 𝜇g/m3, Table 1, Figure 1) and were influenced mainly by
surrounding high PM

2.5
sources and regional transport of

PM
2.5

from USA, since the local PM
2.5

emissions were low
(8–66 tons/year, Table 1) due to their small industry activities
and intermediate population (Table 1).

The PM
2.5

values derived from satellite data are generally
consistent with the PM

2.5
observations from the surface

(Figure 1(a), Table 1), with low PM
2.5

at northern cities
(Thunder Bay, Sudbury, North Bay, and Sault Ste. Marie),
high PM

2.5
in southern metropolitan and cities with heavy

industrial activities (Toronto, Hamilton, and Windsor),
and intermediate PM

2.5
for the middle-sized cities (Barrie,

London, and Oakville). However, the PM
2.5

annual mean
for Sarnia from the ground measurement was the highest
(11 𝜇g/m3) among the 12 cities and this is not reflected in
the satellite image (Figure 1(a)), perhaps due to the coarse
horizontal resolution (0.1∘) of the satellite data.

The eight cities with high and intermediate PM
2.5

concen-
trations lie on the corridor along southern Ontario and the
highly polluted industrial areas inUSA andCanada (Figure 1)
[3, 6], indicating that regional transport of PM

2.5
contributes

significantly to ambient PM
2.5

at these cities [7, 30]. The
strong influence of transport of PM

2.5
over a large area in

Ontario is also captured in Figures 2 and 5, as high PM
2.5

episodes are found to have happened at several stations at
the same time. This is further confirmed in Table 2 which
lists the correlation coefficients of daily PM

2.5
in 2006 among

the 12 cities. Starting from Toronto, the correlations between
Toronto and the closest cities to it (Oakville, Barrie, and
Hamilton) are highest (𝑟 > 0.9). PM

2.5
at Toronto correlates

intermediately (0.82 < 𝑟 < 0.87) with that at the southern
cities (London, Sarnia, and Windsor) and correlates the least
with that at the northern cities (𝑟 < 0.73). Among the
northern cities, Thunder Bay has the lowest correlation with
most cities (𝑟 < 0.46) except for the closest city Sault Ste.
Marie (𝑟 = 0.61). For other northern cities, the correlation
coefficient is high between cities that are close to each other.
It is also high between these cities and Toronto, implying
that they may be under the same influences. The correlation
coefficient between Toronto and these cities is 0.7-0.8 for
North Bay, Cornwall, and Sudbury, 0.62 for Sault Ste. Marie,
and 0.35 for Thunder Bay. The PM

2.5
in the southern cities

(London, Sarnia, andWindsor) correlates strongly with each
other (𝑟 > 0.88). They correlate with the PM

2.5
at Toronto

more closely (𝑟 > 0.79) than that at the northern cities (0.35 <
𝑟 < 0.74).

3.3. Synoptic Meteorology Influence on PM
2.5

Episodes: An
Example in June 2006. In 2006, 6 smog advisories covering
17 days were issued when PM

2.5
or ozone or both were high,

including May 27–31, June 16–19, July 16-17, July 27-28, July
31–August 2, andAugust 27.Thenumber of the smog advisory
days was 17 in 2006, close to its mean between 2006 and 2011.
At Toronto, daily PM

2.5
concentrations exceeded 25 𝜇g/m2

during May 27–31, June 16–19, July 27-28, and August 27.
The PM

2.5
concentrations in the southern cities (Hamilton,

Oakville, Barrie, Sarnia, Windsor, and London) also peaked
more or less during these days (Figures 2 and 5), suggesting
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Figure 4: The number of days for daily PM
2.5

at 7 levels in spring, summer, fall, and winter at the 12 Ontarian cities in 2006. The cities are
ordered by descending latitude (see Table 1 and Figure 1(a)).

that the region might be experiencing similar meteorological
influences, on PM

2.5
production and mission (mostly related

to air temperature) and/or on transport (mostly related to
winds). In the north, Cornwall was most influenced during
these periods as it was on the pollution transport corridors,
while the other northern cities were influenced one or two
times during the PM

2.5
episodes.

After analyzing weather maps and surface meteorological
data, we found that the weather patterns in these high PM

2.5

episodes were quite similar. In the following, we take Toronto
during June 16–19 as an example to illustrate the synoptic
meteorology influence on high PM

2.5
episodes (Figures 6, 7,

and 8).
On June 18, 2006, Toronto experienced daily PM

2.5
of

34.5 𝜇g/m3, the highest value in the year (Figure 2).ThePM
2.5

level was gradually built up frombeing 1𝜇g/m3 at 2:00 on June

12 to 40 𝜇g/m3 at 21:00 on June 18, 2006. After that, PM
2.5

concentrations reduced promptly on June 19 and returned
to low levels below 10 𝜇g/m3. This development is shown
in Figure 6 with hourly PM

2.5
, along with temperature (∘C),

relative humidity (%), wind direction (∘), wind speed (km/h),
and surface pressure (hPa) from June 16 to 22, 2006. The
entire process can be divided into four phases (Figure 6)
based on the surface meteorology (Figure 6) and weather
pattern (Figure 7).

In phase 1 between June 12 and 15, 2006, a high pres-
sure system gradually established over Ontario and PM

2.5

remained low (<10 𝜇g/m3).The surface air temperature grad-
ually increased and the air becamedrier anddrier.The surface
pressure over Toronto was stable between 995 and 1000 hPa,
with slow north winds that carried clean air into Toronto
(Figure 6).
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Figure 5: Daily PM
2.5

at Toronto and five cities where PM
2.5

values
are highly correlated with that at Toronto (see Table 2) fromApril to
September 2006.

In phase 2, a low pressure system (cyclone) began
to form in the central Canada and a high pressure sys-
tem (anticyclone) moved towards the east coast of North
America between June 15 and June 18, 2006. As the entire
weather system shifted to the east, surface pressure gradu-
ally decreased from 1001.7 to 993.7 hPa. On June 17, anti-
clockwise air flow from the low pressure system over the
central Canada, along with the clockwise air flow from
the high pressure system over the eastern North Amer-
ica, generated the southwesterly winds (see weather maps
at http://www.hpc.ncep.noaa.gov/dailywxmap/). Thus, the
local wind gradually shifted from the northerly winds to
the southwesterly winds during this period (Figure 6). As
the low pressure system continued to push into Ontario, it
further reinforced the southwesterly transport of pollutants
into Ontario from highly polluted area located in the Ohio
River Valley in the United States as demonstrated by the
variation of wind direction (Figure 6). PM

2.5
data from

the United States Environmental Protection Agency (http://
www.epa.gov/heasd/research/cdc.html) show high PM

2.5

concentrations (40–50𝜇g/m3) on these days over part of the
Ohio River Valley, south of Toronto (also see “USAAir Qual-
ity” at http://alg.umbc.edu/usaq/archives/2006 06.html). On
June 18, the southwesterly flow continued as shown on the
weather map at 7:00 am (Figure 7). This is a typical weather
pattern that favors transport of PM

2.5
from the United States

to Ontario with a low pressure system (a cyclone with front)
over central Canada and a high pressure system over the east
coast of the United States [2]. A similar weather pattern was
also found on May 30, July 26, and August 27 during high
PM
2.5

episodes.
In addition to transport of PM

2.5
, Toronto also experi-

enced gradual elevation in ground temperature (Figure 6).

The rising temperature provided a favorable atmospheric
condition to build up PM

2.5
from their precursors, as increas-

ing temperature facilitates the formation of carbonaceous
species and ammonium sulfate (ASO

4
) [10, 24, 25, 27].

Although increasing temperature can reduce ammonium
nitrate [24–26], ammonium nitrate concentrations are usu-
ally very low (close to zero) from May to September in
Canadian cities [19] and further reduction makes no big
difference. Therefore, the temperature effect of enhancing
ASO
4
becomes dominant and the total PM

2.5
concentrations

increase with temperature in summer.
In phase 3, the cyclone moved further to the east. As

the cold front carried clean air from the north into the
region, these air masses pushed away the original stag-
nant warm air masses [1, 31]. Wind direction during this
period shifted from 220∘ (southwesterly) at 20:00 on June
18 to 280∘ (westerly) at 3:00 on June 19. In the meantime,
Toronto was under the warm convey belt (WCB [13]) of
the front. Rain were observed at 2:00 and 3:00 on June 19
at Toronto weather stations, as well as surrounding areas
(http://climate.weather.gc.ca/). The relative humidity during
the time reached almost 100% (Figure 6).Within a few hours,
PM
2.5

lowered from 40𝜇g/m3 at 21:00 on June 18 to 4 𝜇g/m3
at 3:00 on June 19, 2006 (Figure 6).

In phase 4, the cyclone approached Toronto so that
the surface pressure was the lowest at 20:00 on June 19
(987.8 hPa). After the passage of the cyclone system, the wind
shifted from westerly winds into northerly winds, clear air
was transported from northern Canada and thus PM

2.5
was

low during the time.
Trajectories were simulated to track down where the air

mass came from before and after the front passage over
Toronto between June 17-18 and 20-21, respectively (Figure 8).
We used the Hybrid Single Particle Lagrangian Integrated
Trajectory Model (HYSPLIT) (http://ready.arl.noaa.gov/HY-
SPLIT.php), driven by NCEP/NCAR reanalysis data from
the NOAA/OAR/ESRL PSD, Boulder, Colorado, USA, at
http://www.esrl.noaa.gov/psd/. Starting from June 17 at 12:00,
backward trajectories from Toronto were simulated every 6
hours until June 18 at 18:00 (Figure 8(a)). Similarly, 6 back-
ward trajectories were performed between June 20 at 0:00 and
June 21 at 8:00 (Figure 8(b)). Each trajectory was run for 36
hours. During June 17-18, southwesterlies prevailed southern
Ontario due to its prefront position (Figure 7) and thus
air mass which reached Toronto passed over or originated
from the Ohio River Valley (Figure 8(a)). However, after the
passage of the front, the wind direction shifted gradually to
west or northwest during June 20 and 21 (Figure 8(b)). The
transport of PM

2.5
and its precursors from USA stopped and

PM
2.5

concentrations in Toronto dropped.

3.4. Likelihood ofMeteorological Differences betweenClear and
Polluted Air. In order to clearly distinguish meteorological
influences, we chose two extreme cases in summer, a clear
condition when PM

2.5
range was the lowest (<5 𝜇g/m3) and

a heavily polluted condition when PM
2.5

range was the
highest (>35 𝜇g/m3). First, Toronto (43.71∘N, −79.54∘W) was
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Figure 6: Hourly PM
2.5

and the surface meteorological variables including air temperature (∘C), relative humidity (%), wind direction (∘),
wind speed (km/h), and surface pressure (hPa) between June 12 and June 22, 2006, at Toronto.

chosen as an example to characterize the general probability
distribution of meteorological variables under each of the
two conditions (Figure 9). Second, mean meteorological
differences between the two conditions were examined for
the 10 cities where hourly meteorological data were available,
including air temperature, relative humidity, surface pressure,
and wind speed (Table 3).

Hourly PM
2.5

data were matched with the corresponding
meteorological variables in the closest meteorological station
at the same city.There are 623 data for clean condition and 110
data for polluted condition between June 1, 2006, at 0:00 and

August 31, 2006, at 23:00. The bin size of 5∘C was made for
temperature from 0 to 45∘C, 10% for relative humidity from
0 to 100%, 5 km/h for wind speed from 0 to 50 km/h, 10∘ for
wind direction from 0 to 360∘, and 2 hPa for surface pressure
from 980 to 1010 hPa.

In each subplot of Figure 9, the horizontal axis represents
the range of a meteorological variable while the vertical
axis represents occurrences of the variable under one of the
extreme PM

2.5
conditions. Differences in the occurrence

distributions are distinct between clean and polluted
conditions for each meteorological variable (Figure 9).
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Surface weather map at 7:00 am EST

Figure 7: A weather map on June 18, 2006, at 7:00 am EST. The
contour lines show the surface pressure and green areas are with
precipitation. Fronts are in blue and red. The arrow indicates
direction of winds. “High” or “Low” indicates a high pressure
(anticyclone) or low pressure (cyclone) system.

Air temperature plays an active role in modulating
PM
2.5

concentrations. Low PM
2.5

occurred more at a lower
temperature peak of 15–20∘C (Figure 9(a)), while high
PM
2.5

occurred more when hourly temperature peaked
between 20 and 25∘C (Figure 9(b)). In [3], it was found that
although temperature may have little influence on PM

2.5

when the temperature was lower than 18∘C, the influence
was significant when temperature was higher than 18∘C.

The histograms of relative humidity are also distinctly
different between clear and polluted air (Figures 9(c) and
9(d)). About 50% of polluted air was with high relative
humidity of 80–100%, while only about 25% of clear air was
in this range (Figures 9(c) and 9(d)). Relative humidity can
affect PM

2.5
concentrations bymanipulating the particlemass

and particle diameter [11, 27] through atmospheric physical
and chemical processes. For example, under the extreme
humid conditions, inorganic particles including nitrate PM
can absorb water and thus increase the total particle mass [9,
24, 32]. In addition, the higher humidity promoted secondary
ammonium nitrate formation and thus increased the PM

2.5

concentrations [9, 24, 32]. Unlike nitrate PM, other PM
components show little sensitivity to humidity [26].

PM
2.5

concentrations vary with both wind speed and
wind direction. High PM

2.5
occurredmost under slow south-

westerly winds (210–240∘) with wind speed of 5–10 km/h
(Figures 9(h) and 9(j)) while when wind speed was
15–20 km/h and air mass was from the north (340–360∘,
0–20∘), air was mostly clean. It was reported that, as the Ohio
River Valley is a region with the highest PM

2.5
concentrations

in North America (Figure 1), the airflow passing over the east
of the Ohio River Valley has the highest PM values, while
the airflow passing over Detroit-Windsor has slightly lower
PM [22, 28]. Earlier studies suggested that southern Ontario’s
PM
2.5

concentrations were approximately 7.6 𝜇g/m3 higher
under southerlies or southwesterlies than under northerlies
during the warm seasons of 1994–2003 [28]. In contrast,
the fast clean northerlies from the Arctic or the strong

westerlies from the Pacific in the summer can push away
the polluted air and lower PM

2.5
concentrations in Ontario.

PM
2.5
concentrations were found to be 2.2-2.3𝜇g/m3 higher

in clusters of airflowwith lowwind speeds than in the clusters
from the same direction with high wind speeds [28].

In addition, Figures 9(e) and 9(f) indicate that high
PM
2.5

episodes occurred when the surface pressure was
relatively low, ranging from 988 to 996 hPa, reflecting the
local transition from a high pressure system to a low pressure
system shown in Figure 6. The transition can change PM

2.5

transport patterns (Figures 6 and 7) and lead to high PM
2.5

concentrations at Toronto.
Table 3 provides a summary of the difference in meteoro-

logical variables between clear and heavy polluted conditions
at the 10 cities. The mean air temperature was 3–6∘C higher
in polluted air at all the cities except for a northern city
Thunder Bay. The mean relative humidity was 2–12% higher
in polluted air at all the cities except Sudbury. Higher PM

2.5

concentrations are usually accompanied with lower surface
pressure except Sarnia. When air was more stagnant, PM

2.5

levels tended to be higher at 7 cites, although this was
not the case at Hamilton, Sudbury, and North Bay. These
exceptions suggest combined influences of different processes
(e.g., regional transport and local emissions).

PM
2.5

concentrations can also be influenced by pre-
cipitation as illustrated in Section 3.3. Because of lack of
hourly precipitation data, the precipitation influence cannot
be addressed convincingly. Future studies are required.

In short, there is no single dominant meteorological
variable that can fully explain PM

2.5
variability in Ontario.

High PM
2.5

concentrations are often associated with days
when it is hot, humid, and stagnant with southerlies or south-
westerlies, while low PM

2.5
usually occurs when it is cool,

dry, and windy with northerlies or northwesterlies. The shift
between clear and polluted air is likely linked with synoptic-
scale meteorology and regional transport of pollutants as
discussed.When a site is under a prefront weather system, the
PM
2.5

level there tends to be high. If it is under a postfront
weather system, the PM

2.5
concentrations usually return to

their low background levels. Precipitation generated in the
WCB zone of a front can effectively scavenge the polluted air.

4. Summary and Conclusions

Fine particulate matter (PM
2.5
) is a major pollutant that has

adverse health effects. Based on PM
2.5

data in 2006 at 12 cities
in southern Ontario, Canada, seasonal variations of PM

2.5

in the region and possible meteorological influences on the
variation were investigated.

The daily PM
2.5

concentrations at the 12 cities fluctuated
greatly, reflecting a background PM

2.5
superimposed with

high PM
2.5

episodes (Figure 2). The spatial variation of
PM
2.5

among the 12 cities illustrates combined impacts of
city characteristics, local PM

2.5
emission, and transboundary

transport on PM
2.5

(Table 1, Figures 1 and 2). Toronto,
Hamilton, Windsor, and Sarnia had high annual PM

2.5
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Figure 8: Backward trajectories starting from Toronto in every 6 hours (a) from June 17 at 12:00 UTC to June 18 at 18:00 UTC, and (b) from
June 20 at 0:00 UTC to June 21 at 6:00 UTC in 2006. Every trajectory was run for 36 hours. The upper panels show horizontal movements
while the lower panels show vertical movements, in which the unit for 𝑦-axis is meter above the ground level (AGL).

concentrations (8–12 𝜇g/m3 in 2006) mainly due to their
metropolitan features and/or heavy industrial activities, in
addition to the influence of transboundary transport of
PM
2.5
. Annual PM

2.5
levels were low at northern cities

(4–6 𝜇g/m3 in 2006), includingThunder Bay, Sudbury, North
Bay, and Sault Ste. Marie, where transboundary transport of
PM
2.5

was low although local PM
2.5

emissions at Thunder
Bay and Sault Ste. Marie were comparable with emissions
at Toronto. In between, PM

2.5
levels were intermediate

(6–8𝜇g/m3 in 2006) formiddle-sized cities where local PM
2.5

emissions were low, lying along the transboundary pathway,
including Barrie, London, Oakville, and Cornwall.

PM
2.5

concentrations varied considerably from season
to season in southern Ontario. Mean PM

2.5
concentrations

were 30–40% higher in summer (7–15𝜇g/m3) than in winter
(4–11 𝜇g/m3) for the 12 cities in 2006 (Figure 3).This is partly
due to the fact that high PM

2.5
episodes occurred more

frequently in warmer seasons (Figure 4). In addition, high
temperature in warmer seasons can enhance formation of
PM
2.5
, as well as PM

2.5
emissions.

Through surface meteorological condition diagnosis,
weather map, and wind trajectory analyses, a weather pattern
that favours transport of PM

2.5
and causes PM

2.5
episodes in

southernOntario is suggested (Figure 7).Theweather pattern
is related to development of midlatitude cyclones along with
cold fronts. The synoptic transport of pollutants from highly
polluted area in theUnited States is amajor factor responsible

for high PM
2.5

episode events.The scavenging and ventilating
functions of fronts appear to be mechanisms for cleaning air
in Ontario.

Meteorology can impact PM
2.5

concentrations signifi-
cantly. However, there is no single dominant meteorological
variable that can fully explain the interaction between mete-
orology and PM

2.5
variability, as the variability is strongly

linked with synoptic weather processes illustrated in this
study. In southern Ontario, high PM

2.5
is often associated

with hot and humid airflow from southwest, while low PM
2.5

levels often occur when it is cool and with northerly or
northwesterlywinds (Figure 9, Table 3). Rain generated in the
WCB zone of a front can play an important role in scavenging
the polluted air.

Midlatitude cyclones and their associated cold fronts
are known for their ventilation function that reduces air
pollution [9, 13, 14]. In this study, the role of midlatitude
cyclones in transporting air pollution to Ontario is demon-
strated. With possible reduction of midlatitude cyclones due
to climate change, such transport will likely occur with higher
PM abundances which are accumulated for longer periods.
It is important to consider the long-term implications of
reduction of the midlatitude cyclones on air quality in
Ontario from their transport and ventilation functions.

By offering a comprehensive view on the meteorological
influences on the seasonal variation of PM

2.5
in southern

Ontario, this study would be useful for efficient air quality
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Figure 9: Left: occurrence distribution of the surfacemeteorological conditions at Toronto in 2006 summerwhen hourly PM
2.5

was<5 𝜇g/m3.
Right: the same as on the left, but when hourly PM

2.5
was >35 𝜇g/m3.
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control strategies and for timely public precautions on the
weather conditions for high PM

2.5
episodes.
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The present study investigated the temporal and diurnal distributions of atmospheric acidic gases (sulphur dioxide (SO
2
), nitrous

acid (HONO), and nitric acid (HNO
3
)) and those of particulate nitrate (NO

3

−) and sulfate (SO
4

2−) through a comprehensive field
campaign during the largest smoke haze episode in Singapore, a representative country in Southeast Asia (SEA). To identify the
atmospheric behavior of these pollutants during the smoke haze period, the data generated from the measurement campaign were
divided into three distinct periods: prehaze, during haze, and posthaze periods.The 24 hr average data indicated that ambient SO

2
,

HONO, and HNO
3
during the smoke haze episodes increased by a factor ranging from 1.2 to 2.6 compared to those during the

prehaze and posthaze periods. Similarly, in the case of particulates SO
4

2− and NO
3

−, the factor ranged from 2.3 to 4.2. Backward air
trajectories were constructed and used to find the sources of biomass burning to the recurring smoke haze in this region. The air
trajectory analysis showed that the smoke haze episodes experienced in Singapore were influenced by transboundary air pollution,
caused by severe biomass burning events in the islands of Indonesia.

1. Introduction

Air pollution due to rapid population growth and urban-
ization in the region of Southeast Asia (SEA) has been
of considerable interest from both scientific and regula-
tory perspectives due to its impact on global atmospheric
chemistry, climate, and human health [1–3]. Among the
important air pollutants, fine particulate matter (PM

2.5
) plays

a significant role in atmospheric visibility reduction through
formation of haze, human health effects, and climate change
from the regional to global scale [4–6]. Out of possible
sources of PM

2.5
, atmospheric chemical transformations of

precursor gases such as nitrogen oxides (NO
𝑥
), sulfur dioxide

(SO
2
), and ammonia (NH

3
) into secondary inorganic aerosol

(SIA) through gas-to-particle conversions are not com-
pletely understood [7, 8].These chemical transformations are
strongly influenced by prevailing ambient air temperature,
relative humidity, solar radiation, concentrations of precursor
gases, and levels of preexisting airborne particulate matter

(PM) [9, 10]. SIA, represented by ionic species of SO
4

2− and
NO
3

−, can account for a significant mass of PM
2.5
, for exam-

ple, 31% in Beijing, China [11], and 33% in Milan, Italy [12].
The secondary acidic gases such as nitrous acid (HONO),
nitric acid (HNO

3
), and sulfuric acid (H

2
SO
4
) are produced

from natural and manmade emissions of primary gas phase
pollutants, NO

𝑥
and SO

2
, through a series of photochemical

reactions in the atmosphere [13]. Atmospheric HONO has
been studied for a long time, as it is an important source of
hydroxyl radicals (OH) in the atmosphere, especially in the
morning [14, 15].

Biomass burning (BB) in the form of forest and peat
fires in Indonesia has a significant impact on the air quality
of SEA. The frequent occurrence of forest and peat land
fires in Indonesia, caused by land clearing activities, releases
large amounts of PM with unique chemical composition
into the atmosphere. The resultant particulate emissions
undergo transboundary transportation by prevailing winds
and are transformed into regional smoke haze episodes
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affecting several neighboring countries in SEA, most notably,
Singapore, Malaysia, Indonesia, and Thailand. The frequent
occurrence of BB in SEA and the transport of the resultant
smoke haze containing a high concentration of PM

2.5
have

been of great concern because of a high population density
and the presence of sensitive ecosystems in the region [16, 17].

El Niño is a phenomenon, characterized by prolonged
warm periods that occur in the Pacific Ocean around the
equator, and results in weather changes all over the world
[18, 19]. For example, the El Niño/Southern Oscillation
(ENSO) phenomenon significantly reduced the amount of
rainfall and prolonged dry spells in SEA, resulting in longer
duration of drought during 1997-1998 [19, 20]. The drought
increased the susceptibility of some forests and rangelands
to fires and in conjunction with slash-and-burn methods of
land clearance could trigger uncontrolled forest fires [19].
In addition, during the drought period caused by ENSO in
August 1997, the biomass fires, started deliberately by oil-
palm and timber-plantation firms for land-clearing, caused
the second largest forest fire disaster in Indonesia [20, 21].

The smoke haze episode occurred in August 1997 for
several months, in which more than 1,500 biomass fires con-
sumedmore than 300,000 hectares mainly in the Kalimantan
and Sumatra islands [16, 21]. As a result, large amounts
of gaseous and particulate pollutants were emitted into the
atmosphere, which affected the environmental quality of
neighboring countries (e.g., Singapore, Malaysia, and Thai-
land) and the Indonesian Islands for several months [21].
In view of the extensive potential impacts of BB, a number
of studies were carried out to characterize the resultant
particulate pollutants in different parts of SEA such as Brunei
Darussalam [22, 23], Malaysia [24, 25], and Singapore [16,
17, 26, 27]. However, these studies did not fully address the
atmospheric behavior of acidic precursor gases (SO

2
, HONO,

and HNO
3
) and the formation of SO

4

2− and NO
3

− in PM
2.5

during the largest haze episode.
Recent studies in China revealed that SIA made a major

contribution to the PM composition during smoke haze
events and provided insights into the chemical conversion
of primary air pollutants to SIA (e.g., [28, 29]). Similar
information on the atmospheric chemistry responsible for
formation of SIA in SEA during both haze and nonhaze peri-
ods is required for chemical transport model development
and validation. To close this knowledge gap and to provide
insights into the chemistry behind the formation of SIA from
BB emissions, we analyzed the datasets collected from the
1997-1998 smoke haze episode in view of its high intensity,
long duration, and significant impact on regional air quality
in SEA.

Specifically, this work investigated the chemical char-
acterization of acidic gases and studied the formation of
particulates nitrate and sulfate through a comprehensive field
campaign during the largest haze episode in Singapore, a
representative country in SEA. In this study, we used the
annular denuder system (ADS) as an effective air sampler
to collect acidic gases and fine particles in the ambient air
from June 1997 to February 1998. The specific objectives of
the study were as follows: (1) simultaneous measurements of

acidic gases (SO
2
, HONO, andHNO

3
) and the corresponding

water-soluble acidic components of PM
2.5

(NO
3

− and SO
4

2−);
(2) investigation of their temporal as well as diurnal trends
during haze and nonhaze periods; (3) formation of particu-
latesNO

3

− and SO
4

2− during haze andnonhaze periods along
with their relationships with the prevailing meteorology; and
(4) examination of the origin of air masses received at the
receptor during the sampling period.

2. Materials and Methods

2.1. Sampling Site Location. Air sampling was carried out at
the Atmospheric Research Station located on the roof of one
of the tallest buildings at the campus of National University
of Singapore (latitude 1∘18 N and longitude 103∘46 E) from
10 June 1997 to 9 February 1998.The air sampling was done in
an interval of 24 hr on a daily basis onmost of the days during
the sampling period. Out of the 244 days of air sampling,
daytime (8:00AM to 8:00 PM) and nighttime (8:00 PM to
8:00AM) sampling were done on a 12-hour basis for 31 days
(11 days for haze period and 20 days for nonhaze period),
from 24 July 1997 to 03 October 1997. To assess the diurnal
patterns of the air pollutants, air sampling was done in an
interval of 4 hr 7:00AM to 7:00AM for four days (2 days
for hazy and 2 days for nonhazy days) during the sampling
period. The site is approximately 1.0 km away from the open
sea. The air quality at the measurement site in the absence of
regional smoke haze episodes is mainly influenced by local
emissions from chemical industries, major power plants, and
petroleum refineries located in the southwest direction and
also by urban vehicular traffic [17]. Important sources of
air pollution in Singapore can be classified into burning
of fossil fuel for heat generation in industries, electricity
generation, transportation, and burning of fuel for domestic
cooking. Transboundary air pollution has a major influence
on the local air quality of Singapore, especially during the
occurrence of BB episodes in Indonesia [16, 17]. A severe
smoke haze episode was experienced in Singapore from
August to October 1997 due to uncontrolled forest and peat
fires in Indonesia followed by another haze episode in early
1998. The biomass fires (hot spots) in Indonesia took place in
an approximate radius of 300 km to 1000 km from Singapore.

2.2. Sampling Method. The ADS sampling unit from Univer-
sity Research Glassware, USA, was employed in this study,
which consisted of a Teflon-coated aluminium cyclone, three
annular denuder tubes in series, and a two-stage filter assem-
bly. The Teflon-coated aluminium cyclone was designed to
allow entry of particles <2.5 𝜇mat an airflow rate of 10 L/min.
The denuder tube was 242mm long and had three concentric
channels with the annular width of 1.0mm. The concentric
tubes were frosted to increase the surface area available for
coating, and as a result, the capacity of the denuder was
increased. The inner glass tubes are inset 25mm from one
end of the outer Teflon-coated stainless steel tube to serve
as the flow-straightened end. The denuders were assembled
in such a way that the flow-straightened end always followed
the flush end of the previous denuder to allow the laminar
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flow conditions to be restored. Three denuders were used in
series to eliminate chemical interference during the course of
air sampling. The first denuder, coated by sodium chloride
(NaCl) methanol water solution, collected gaseous HNO

3

with an efficiency of about 97%. The other two identical
denuders, both coated with sodium carbonate (NaCO

3
)

glycerol-methanol solution, were used for the collection
of HONO in order to exclude artifacts from collection of
nitrogen dioxide and other potential nitrogen compounds,
such as peroxyacetyl nitrate. SO

2
was collected mostly on the

second denuder with a small part on the first denuder.
The denuder tube assembly was followed by a two-stage

filter pack. The filter pack consisted of a Teflon filter with
47mm diameter and 1 𝜇m porous size for collection of fine
particles, followed by a nylon filter with 47mm diameter and
1 𝜇m porous size for the collection of nitric acid formed from
the dissociation of ammonium nitrate (NH

4
NO
3
) particles

originally on the Teflon filter. Filters were supported by a
stainless steel screen and separated by a Teflon spacer. The
ADS sampler, together with the cyclone and filter pack, was
installed vertically in an insulated sampling box during the
sampling process. Temperature in the sampling box was
maintained at 2∘C above the ambient atmosphere to prevent
condensation. From the analytical results, it was observed
that NO

3

− present in nylon filters were 41.0% and 32.7%
of total NO

3

− during daytime and nighttime, respectively.
It should be noted that the values reported in this study
represent the sum of results from both Teflon and nylon
filters.

Chemically coated denuders were dried following the
coating with purified nitrogen using the drying train (URG-
2000-30I) and manifold (URG-2000-30H) in the laboratory
before being subjected to air sampling.The denuders exposed
to the ambient air were extracted using 10mL ultrapure
Milli-Q water immediately after sampling, and the aliquots
were refrigerated till the chemical analysis, which was under-
taken within a week after air sampling. During the mea-
surement period, meteorological parameters (temperature,
relative humidity, wind speed, wind direction, and rainfall)
were recorded using the Solus meteorological system (Texas
Electronics) installed on the roof of the research station with
a time resolution of 1 hr.

2.3. Chemical Analysis. The exposed denuders and filter
samples were used for chemical analysis of water-soluble
ionic species. Filters were equilibrated in a controlled dry
box with temperature of 20 ± 5∘C and relative humidity of
30 ± 2% for at least 24 hr before and after the sampling.
Field blanks (one in ten filters) were collected and analyzed
in parallel to the exposed filter papers as a part of QA/QC.
After sampling, the filters were transferred to individual filter
containers and stored at 4∘C until extraction and subse-
quent chemical analysis. The nylon filter was extracted using
10mL 1.8mMNa

2
CO
3
/1.7mMNaHCO

3
solution (anion ion

chromatograph eluent) to recover collectedHNO
3
volatilized

from the Teflon filter. The Teflon filter was extracted by
using 0.5mL iso-propanol and 10mLultrapureMilli-Qwater.
The samples extracted from Teflon and nylon filters were

ultrasonicated at a temperature of about 30∘C for 1 hr and
were filtered through a 0.22 𝜇m filter paper to remove
insoluble matter.

Chemical analyses of the extracted samples from denud-
ers, Teflon filters, and nylon filters were carried out using
High Performance Liquid Chromatography, Perkin Elmer
series 200 HPLC system together with the Altech 550 Con-
ductivity Detector, and Altech 335 Solid Phase Chemical
Suppressor. All QA/QC procedures for chemical analyses
weremaintained as per the standardmethod.The procedures
for quantification of acidic gases from the results of denuder
samples were followed as per the method by William et al.
[30]. The first denuder stage collected all sampled HNO

3
as

NO
3

−, as the diffusivity of HNO
3
was high and diffusion

to the sidewall was quick. It was assumed that the second
denuder stage collected all sampledHONO as nitrite (NO

2

−),
which can be oxidized to NO

3

−.The first and second denuder
stages together collected all SO

2
as sulfite (SO

3

2−), which
was completely oxidized to SO

4

2−. It should be noted that
50 𝜇L of 30% H

2
O
2
was added to the sample solutions to

oxidize the SO
3

2− to SO
4

2− completely and samples were
allowed to stand for 30min prior to the chromatography
analysis. The amounts of NO

2

− and NO
3

− collected on the
third denuder represent the amounts of interfering gases such
as NO

2
collected on the second denuder.

The method detection limits (MDLs) for all ions were
determined by using the results from 10 repeated analyses
of the deionized water and were calculated as three times
the standard deviation of the deionized water. MDLs for
NO
2

−, NO
3

−, and SO
4

2− were found as 4.2 𝜇g L−1, 5.0 𝜇g L−1,
and 3.4 𝜇g L−1, respectively. Ion recovery efficiencies were
determined by spiking a known quantity of ion mass, and
reproducibility testswere performedby replicate analysis, one
out of every 10 samples. The results showed that recovery
efficiencies varied between 95% and 105%, and the repro-
ducibility tests had acceptable results within ±10% for all
species analyzed. In this study, blank samples from each
denuder coating process were collected and these samples
were subjected to chromatography analysis. Similarly nylon
and Teflon filter blank samples were also analyzed.The values
reported in this study are results obtained after subtracting
the blank values from the experimental values. As the
sampling site was located near to the sea surface, we estimated
aerosol componentswhich are free from the sea salt influence.
The concentrations of non-sea-salt SO

4

2− were estimated by
using the empirical formula given by Kennish [31] and the
concentrations reported in this paper are from non-sea-salt
components.

3. Results and Discussion

3.1. Overall Results. Table 1 provides a statistical summary
of the measured 24 hr mean concentrations of air pollu-
tants and the corresponding meteorological parameters. The
ratios of the highest concentration observed to the lowest
concentration were 31.5, 9.0, 70.2, 95.8, and 33.1 for SO

2
,

HONO, HNO
3
, NO
3

−, and SO
4

2−, respectively. Such higher
variations among the pollutants imply the complexity of
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Table 1: Statistical summary of air quality (unit: 𝜇gm−3), meteorology, and PSI on a 24 hr basis.

Species 𝑁 Mean S.D. Min Max
SO2 239 17.9 10.8 1.7 54.9
HONO 239 3.1 1.8 0.9 8.2
HNO3 239 0.6 0.5 0.1 3.5
SO4
2−∗ 239 5.3 4.7 1.1 34.8

NO
3

− 239 1.0 1.2 0.1 9.6
𝑇 (∘C) 239 27.2 1.1 24.5 29.6
RH (%) 239 81.2 5.8 73.3 97.8
WS (m s−1) 239 2.8 1.1 0.6 5.3
WD (∘) 239 162.7 46.6 64.7 316.3
PSI 239 55 18 18 139
∗The concentrations are reported for non-sea-salt particles;𝑁: number of valid 24 hr observations; S.D.: standard deviation; Min: minimum; Max: maximum;
𝑇: temperature; RH: relative humidity; WS: wind speed; WD: wind direction; PSI: Pollutant Standards Index.

the atmospheric chemical reactions that depend on many
factors including their origins and chemical and/or physical
behaviors in the atmosphere under different meteorologi-
cal conditions. The influence of the El Nino phenomenon
and the resultant smoke haze experienced between August
and November 1997 in SEA is discussed in a subsequent
section.

Compared to SO
2
andH

2
SO
4
, the atmospheric chemistry

of HNO
3
and HONO has not been widely studied because

of the difficulty involved in their air sampling. HNO
3
and

HONO together with their precursors, nitric oxide (NO),
nitrogen dioxide (NO

2
), nitrate radical (NO

3
), and nitro-

gen pentoxide (N
2
O
5
), are important trace constituents of

the troposphere that have a wide range of atmospheric
effects. For example, it has been reported by Shaw Jr. et
al. [32] and Hering et al. [33] that NO

𝑥
is essential for the

photochemical production of tropospheric ozone, which is
considered as one of the main secondary air pollutants in
polluted air masses. Both HNO

3
and HONO represent the

oxidized products of NO
𝑥
through a series of photochemical

reactions in the atmosphere. They have high vapor pressure
and therefore exist mainly in the gaseous phase. However,
HNO

3
and HONO are quite different in their formations,

transformation, and removal mechanism in the atmosphere
[34, 35].

Pollutant Standards Index (PSI) is an index developed
by the United States Environmental Protection Agency
(USEPA) which indicates the prevailing status of ambient
air quality in terms of good (0 to 49), moderate (50
to 99), and unhealthy (>100) for the general public
(http://app2.nea.gov.sg/index.aspx). The PSI is estimated
from the levels of criteria air pollutants through two stages:
(i) individual subindex for each of the six categories, namely,
24 hr PM

10
(particles with diameter less than 10 𝜇m), 24 hr

SO
2
, TSP × SO

2
, 8 hr CO, 1 hr O

3
, and 1 hr NO

2
, is calculated,

and (ii) once the subindex is obtained for each pollutant,
the maximum of all the subindices is considered as the
overall PSI for the day. The smoke haze episode experienced
in SEA between August and November 1997 made a
substantial contribution to the average concentration of all

the pollutants collected during the sampling period. It was
found that all the air pollutants listed in Table 1 had higher
concentrations during the smoke haze (months August
through November) than those collected before and after the
haze. More information about the air quality during haze
and nonhaze periods is provided in a subsequent section.

The results obtained from this study on levels of HNO
3
,

NO
3

−, and SO
4

2− are comparable to those from other studies
of the world, for example, Nara, Japan [36], and Bangkok,
Thailand [37]. However, in comparison to the previous
studies accomplished in Western Europe and the United
States, it can be seen that HONO concentrations collected in
Singapore were somewhat higher than those observed in the
Europe area, for example, Sjodin and Ferm [38] in Sweden
as 0.1–1.3 𝜇gm−3 and Allegrini et al. [39] in Italy as 0.4–
1.7 𝜇gm−3.

High temperature and moisture contents are the typical
climatic features of the tropical region which could make a
positive influence on the production and transportation of
the nitrogen family including NH

3
, NO
𝑥
, N
2
O, and NH

4

+.
Although we do not have data for these species in the gas
phase during the sampling, comparatively high concentra-
tions of NH

4

+ in the rain water have been observed in the
same site [16]. Additionally, observations of similar increases
in the soil systemwere reported byWetselaar [40]. Increase in
the concentration of these nitrogen-containing components
could lead to an increase of NO and NO

2
which are the main

precursors of HONO in the atmosphere.
Although it is difficult to get the sufficient precise quan-

tification of the production of NO
𝑥
from the lightning, earlier

studies showed that it is potentially the largest natural source
and its magnitude may be equivalent to that of man-made
emissions [41]. As thunderstorm occurs quite frequently in
this region, it might have a significant contribution to the
atmospheric concentration of NO

𝑥
and therefore the sec-

ondary pollutant HONO. Due to the location of the sampling
site near to the highway, it was likely to be impacted by the
vehicular traffic. Earlier study by Perner et al. [42] had also
reported the primary emissions of HONO in motor vehicles.
In addition, more HNO

3
and HONO can be produced from
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their precursors NO
𝑥
, as traffic is one of the main sources of

anthropogenic sources of NO
𝑥
in the atmosphere.

On the other hand, the relatively high rainfall intensity
in this region cannot lead to a significant removal of HONO
in the atmosphere due to its extremely low water solubility.
Resulting from the high formation and low removal rate,
the HONO concentration measured was relatively higher
than most data collected in Europe. It should be noted that
former studies conducted by the European and American
researchers have revealed that in most cases HONO had
higher concentrations than HNO

3
. Sjodin and Ferm [38]

even reported that high concentrations of HONO were only
observed in the highly polluted area such as Los Angeles.

3.2. Levels during Haze and Nonhaze Episodes. To elucidate
the influence of the smoke haze, caused by BB, on the ambient
air quality, we have classified the measurement periods into
three groups: (i) prehaze episode (10 June 1997 to 22 August
1997), (ii) haze episode (23August 1997 to 12November 1997),
and (iii) posthaze episode (14 November 1997 to 9 February
1998). In this section, we discuss the effects of smoke haze on
the air quality on a basis of 24-hour observations.

Figure 1 shows the time-series plots of daily concentra-
tions of pollutants along with PSI values during prehaze,
haze, and posthaze episodes. In comparison to PSI, SO

2
did

not show a proportionate increase during the haze period.
This indicates that higher PSI during the haze period can
be attributed to more dominant contributions of PM

10
over

other criteria pollutants. The slight increase in SO
2
levels

during the haze period may be due to the phenomena of
temperature inversion that resulted in reduced vertical mix-
ing of SO

2
and reduced visibility for a favorable conversion

of SO
2
into (NH

4
)
2
SO
4
. An earlier study by Kaiser and

Qian [43] had reported that the atmospheric aerosol loading
during haze episodes decreased the duration and intensity
of sunshine in the region of southeastern China. Therefore,
it could be inferred that the levels of SO

2
measured during

the sampling period were probably due to the local emission
effects. In addition, several studies in the past have reported
that SO

2
is converted into SO

4

2− particles in the few hours of
its emission, perhaps through in-cloud oxidation by H

2
O
2
,

and SO
4

2− particles are stable compounds with lower vapor
pressure [44]. As a result, once SO

4

2− particles are formed in
the atmosphere, there is no possibility for the final products to
get back to the original reactants through reversible reaction.
However, in the case of NO

3

− particles, these particles are
semivolatile in nature and can undergo reversible reactions
under favorable thermodynamics. Hence, it is difficult to
identify the sources of its precursors from local or long-range
transportation. In this study, the levels of HONO, HNO

3
,

NO
3

−, and SO
4

2− showed a significant increase during the
haze period in comparison to those during prehaze and
posthaze periods. The reason might be due to long-range
transport of pollutants from BB in the neighboring countries.
This possibility for the influence of BB over the levels of these
pollutants is examined in a subsequent section.

Figure 2 shows overall results of 24 hr average values of
pollutants along with PSI in three different episodes. The

10

8

6

4

2

0

N
O

3
−

(𝜇
g/

m
3
)

Particulate NO3
−

Particulate SO4
2−

PSI

HNO3

HONO

SO2

PS
I r

ea
di

ng
H

N
O

3
(𝜇

g/
m

3
)

H
O

N
O

 (𝜇
g/

m
3
)

SO
2

(𝜇
g/

m
3
)

SO
4
2
−

(𝜇
g/

m
3
)

Prehaze
period

Haze
period

Posthaze
period

40
35
30
25
20
15
10
5
0

160
140
120
100
80
60
40
20
0

4

3

2

1

0

10

8

6

4

2

0

60
50
40
30
20
10
0

1
0

Ju
ne

9
7

2
9

Ju
ne

9
7

1
8

Ju
ly
9
7

0
7

Au
g.
9
7

2
6

Au
g.
9
7

1
5

Se
p.
9
7

0
4

O
ct

.9
7

2
3

O
ct

.9
7

1
2

N
ov

.9
7

0
1

D
ec

.9
7

2
0

D
ec

.9
7

1
2

Ja
n.

9
7

3
1

Ja
n.

9
7

Figure 1: Time-series plots of daily concentrations of air pollutants
along with PSI values during prehaze, haze, and posthaze periods.

following observations were made during these periods: (i)
SO
2
level during haze period was 1.22 and 1.18 times of

prehaze and posthaze episodes, respectively, (ii) HONO level
during haze period was 1.73 and 1.87 times of prehaze and
posthaze episodes, respectively, (iii) HNO

3
level during the

haze period was 2.57 and 1.67 times of prehaze and posthaze
episodes, respectively, (iv) SO

4

2− level during the haze period
was 2.32 and 3.72 times of prehaze and posthaze episodes,
respectively, (v) NO

3

− level during the haze period was 4.12
and 4.19 times of prehaze and posthaze episodes, respectively,
and (vi) PSI levels during haze periodwere 1.48 and 2.39 times
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Table 2: Daytime and nighttime levels of air pollutants (unit: 𝜇gm−3) and meteorological parameters based on 12 hr average.

Parameters
Haze perioda Nonhaze periodb

Daytimec Nighttimec D/Nd Daytimec Nighttimec D/Nd

Mean SD Mean SD Mean SD Mean SD
SO2 10.5 3.4 13.0 8.7 0.8 11.1 3.7 13.9 7.5 0.8
HONO 5.6 1.9 5.7 2.0 1.0 2.8 1.3 4.4 2.7 0.6e

HNO3 0.6 0.5 0.2 0.1 3.0e 0.4 0.2 0.2 0.1 2.0e

SO
4

2− 10.5 4.2 8.9 3.6 1.2 5.9 2.1 5.2 1.5 1.1
NO
3

− 1.6 0.8 1.4 0.9 1.1 0.8 0.2 0.7 0.2 1.1
𝑇 (∘C) 29.3 1.9 25.3 0.4 1.2e 29.7 1.7 25.7 0.5 1.2e

RH (%) 75.0 6.2 86.6 5.3 0.9 75.3 6.4 86.9 5.5 0.9e

WS (m s−1) 3.9 0.9 2.9 0.5 1.3e 4.7 0.7 3.2 0.7 1.5e

WD (∘) 155.2 34.4 135.7 21.1 1.1 165.2 21.8 143.4 17.8 1.2e
aHaze period from 23 August 1997 through 03 October 1997 for 11 no days; bnonhaze period from 24 July 1997 through 22 August for 20 no days; c12 hr
average for both daytime and nighttime; dD/N = (mean concentration during daytime)/(mean concentration during nighttime); ethe ratio that has exhibited
a significant diurnal variation at 𝑃 < 0.05.
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Figure 2: Daily mean concentrations of air pollutants and PSI
during different time periods: (a) HONO, HNO

3
, SO
4

2−, and NO
3

−

and (b) SO
2
and PSI.

of prehaze and posthaze episodes, respectively. So, it can be
confirmed that except for SO

2
, all other parameters showed

a significant variability between haze and nonhaze periods.
Hence, the existing level of SO

2
was most likely controlled by

local emission levels.
The smoke haze that resulted from the forest fires from

Indonesia had affected the concentrations of pollutants.
Certain amounts of HONO, HNO

3
, and SO

2
and substantial

amounts of particulates NO
3

− and SO
4

2− may have been
emitted directly from the forest fires. During the forest fires,
NO and NO

2
, the precursors of HONO and HNO

3
would

be emitted from the burning of the N containing substances.
Additionally, as airborne particulate is an important medium
for all the atmospheric reactions, haze would therefore
enhance these reactions. For example, the heterogeneous
formation of HONO in the atmosphere could be enhanced
during the smoke haze, as the haze particles could provide
more reactive surfaces. Due to less intensive sunlight during
the haze, the removal rate of HONO by the photolysis under
sunlight radiation presumably decreased. During the smoke
haze, some HNO

3
may be produced from the dissociation

of high concentrations of particulate NO
3

− which could
be directly emitted from the forest fires or formed in the
atmosphere from its precursors.

3.3. Daytime and Nighttime Observations. Table 2 presents
the concentration of the measured species during daytime
and nighttime. To assess the overall difference between
daytime and nighttime levels of air pollutants and meteoro-
logical parameters, we performed a paired 𝑡-test with unequal
variance for both haze and nonhaze periods.The results of the
𝑡-test showed that HNO

3
during the haze period and HONO

andHNO
3
during the nonhaze period had showed significant

diurnal variations at 95% confidence level (𝑃 < 0.05).
For meteorological parameters, temperature and wind speed
during the haze period and temperature, relative humidity
(RH), wind speed, and wind direction showed significant
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diurnal variations at 95% confidence level (𝑃 < 0.05). Overall,
HNO

3
and HONO had much larger variations than SO

2
and

particulates NO
3

− and SO
4

2−, as they are photochemically
reactive and therefore were affected to a great extent by the
solar radiation.

Although SO
2
did not show a significant daytime and

nighttime variation, the nighttime concentration of SO
2
was

slightly higher than the value during the daytime (Table 2).
The possible reasons for the observations could be due to
the existence of relatively lower temperature and a lack of
photochemical activities during the night that hindered the
rate of transfer of SO

2
from gas phase to particle phase

(SO
4

2−). In addition, wind speed at night was usually smaller
than that during the daytime (Table 2) that resulted in lower
dispersion of SO

2
during nighttime.

During the nonhaze period, a significantly higher level of
HONO concentration during nighttime (daytime/nighttime
(𝐷/𝑁) = 0.6, 𝑃 = 0.018) can be explained by its hetero-
geneous formation and nighttime accumulation. HONO can
be formed by a heterogeneous reaction of NO

2
with H

2
O,

which can take place on wet surfaces, such as ground and
aerosol particles [45, 46]. The overall daytime and nighttime
observations during nonhaze period for HONOwere similar
to the observations in other studies, such as in PRD, China
[47], and Beijing, China [46].

In contrast to the observation of HONO during the
nonhaze period, the differences between the nighttime and
daytime values for HONO became less pronounced during
the haze period.This is due to the decreased solar intensity in
the daytime making the photolysis of HONO a much slower
process. Earlier studies have shown that the diurnal change of
HONO was less pronounced in the winter season due to the
less intensity of the solar radiation [36].

HNO
3
showed higher concentrations during the daytime

and lower concentrations at nighttime for both haze and
nonhaze periods, with𝐷/𝑁 = 3.0 and 𝑃 = 0.014,𝐷/𝑁 = 2.0
and𝑃 = 3.1×10−6 for haze and nonhaze periods, respectively.
The higher HNO

3
during the daytime could be attributed to

higher temperature,more solar radiation, and dry conditions,
which favor formation of HNO

3
through reactions between

NO
2
and OH radical (Hoek et al. 1996 [48]). In addition, due

to semivolatile nature of NH
4
NO
3
salt, the reverse reaction

could be enhanced to produce more HNO
3
due to higher

temperature of the daytime [49]. This diurnal pattern was
consistent and the observation of this study was similar to the
observations reported in earlier studies [45, 46].

Although SO
4

2− did not show statistically significant
difference between daytime and nighttime observations,
however the overall level of SO

4

2− during the daytime was
slightly higher than nighttime levels for both haze and
nonhaze periods. The higher levels of SO

4

2− during daytime
could be explained through enhanced conversion of NH

3

and H
2
SO
4
into (NH

4
)
2
SO
4
in the presence of higher solar

radiation that causes more levels of OH radicals [50].
In case of NO

3

−, we observed slightly higher levels during
the daytime than the nighttime for both haze and nonhaze
periods. The reason for such observations could be due to

the humid conditions always prevailing in the atmosphere
being in the tropical region. By comparing our results with
the latest studies done in other regions of the world, our
results were different (e.g., Sharma et al. [51] at Kanpur, India;
Hu et al. [47] at Pearl River Delta, China; Poulain et al. [52]
at Leipzig, Germany). These studies had observed that the
formation of NH

4
NO
3
in the ambient air was more favorable

during the nighttime than the daytime due to higher RH in
the night. To find the reason for such different observations in
Singapore in this study, we had estimated the deliquescence
relative humidity (DRH) of NH

4
NO
3
during the daytime

and nighttime by using the empirical relations between
temperature and DRH from Stelson and Seinfeld [53]. The
24 hr average RH during the measurement period was 81.2%
and the DRH estimated was 63.2% for NH

4
NO
3
. These

observations onDRH imply that existing humid conditions of
the atmosphere in Singapore during themeasurement period
always favoured the formation ofNH

4
NO
3
. In addition,more

levels of HNO
3
during the daytime had increased the extent

for formation of NO
3

− particles.

3.4. Diurnal Variations of Pollutants. Figure 3 shows the
diurnal variations of SO

2
, HONO, HNO

3
, SO
4

2−, and NO
3

−

during hazy and nonhazy days.The purpose of measurement
for 2 hazy days and 2nonhazy dayswas to assess the variations
of these pollutants during different time intervals of the day
and to get insights into the peaks of observations.Thepossible
reasons for variations of these pollutants on the basis of day
and night have been described in Section 3.2. The maximum
of 4-hour concentrations of SO

2
occurred from 7:00 PM to

11:00 PM during both hazy and nonhazy days. The reason
for such high levels of SO

2
can be explained through peak

hours of the pollution activities and the local meteorological
conditions causing less dispersion of the pollutant. The
concentration of SO

4

2− increased from the morning and
peaked during 3:00 PM to 7:00 PM during both hazy and
nonhazy days. The reason for the highest concentration of
SO
4

2− could be due to more solar radiation and temperature
during 3:00 PM to 7:00 PM compared to other hours of the
day that enhanced the production of OH radicals.

The maximum HNO
3

concentration occurred from
11:00AM to 3:00 PMduring both hazy and nonhazy days.The
reason for the highest HNO

3
concentration can be attributed

to a high temperature and low RH compared to other hours
of the day that favour the formation of HNO

3
through the

reaction of NO
2
and OH radical [48]. The peak of NO

3

−

that occurred from 7:00AM to 3:00AM during the haze
and nonhaze periods could be attributed to peak hours of
vehicular activities combined with lower RH that enhanced
the formation NO

3

− particles.
The diurnal variations of pollutants revealed that the

patterns were almost the same during hazy and nonhazy days
for SO

2
, HNO

3
, SO
4

2−, andNO
3

−. However, the behaviour of
HONO levels was different during haze and nonhaze periods.
During nonhazy days, HONO showed clear and distinct peak
from 11:00 PM to 3:00AM and nighttime levels were more
than daytime levels. In contrast, during hazy days,HONOdid
not show any clear and no pronounced difference between
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Figure 3: Diurnal variations of SO
2
, HONO, HNO

3
, SO
4

2−, and
NO
3

− during (a) hazy day and (b) nonhazy day.

daytime and nighttime levels was observed.The reason can be
due to the fact that the smoke haze affected the solar radiation
intensity to a great extent as explained in Section 3.2.

3.5. Origin of Sources during Measurement Period. As
explained in Section 3.2, the pollution levels were high during
the haze period compared to prehaze and posthaze periods.
To identify the origin of sources responsible for additional
pollution during the haze period, we constructed air mass
trajectories reaching Singapore for different days using the
HYSPLIT 4model of the Air Resources Laboratory of NOAA
[54]. We considered every measurement day to compute a
48 hr (2 days) back trajectory at 14:00 local time with the
option of 1000m above the starting point, located at ground
level and estimating new trajectory at every 6 hr. We used the
computed archives trajectories with input options of meteo-
rology and starting location as REANALYSIS (global, 1948-
Present). The model gave the outputs having coordinates of

(a)

(b)

(c)

Figure 4: Representative days of backward air trajectories for three
cases: (a) a prehazy day (14 June 1997); (b) a hazy day (29 August
1997); and (c) a posthazy day (05 December 1997).

the air parcel with respect to a set of latitudes and longitudes
and having an outline map of the neighboring regions.
We have classified all day-wise model outputs for three
time periods (prehaze, haze, and posthaze). Figure 4 shows
representatives of air mass trajectories for the measurement
period.

Based on the frequency of occurrence of the air mass
trajectories, the percentage of air masses from different
directions was estimated for the entire measurement period.
Figure 5 shows the distribution of 2-day backward air
trajectories ending at Singapore during (a) prehaze period,
(b) haze period, and (c) posthaze period. For the prehaze
period, the air mass trajectories originated from south (S):



Advances in Meteorology 9

100E 104E 108E 112E 116E
4N

102E

Eq

2N

114E110E106E

2S

4S

6S

8S

Singapore

Kalimantan
(Indonesia)

Trajectory from SE
direction = 59%Trajectory from S

direction = 36%

Trajectory from E
direction = 5%

Java(Indonesia)

(Indonesia)
Sumatra

(a)

100E 104E 108E 112E 116E
4N

102E

Eq

2N

114E110E106E

2S

4S

6S

8S

Singapore

Kalimantan
(Indonesia)

Trajectory from SE
direction = 39%Trajectory from S

direction = 23%

Java(Indonesia)

(Indonesia)
Sumatra

Trajectory from E
direction = 17%

Trajectory from SW
direction = 9%

Trajectory from W
direction = 8%

Trajectory from NE
direction = 4%

(b)

100E 104E 108E 112E 116E
4N

102E

Eq

2N

114E110E106E

2S

4S

6S

8S

Singapore

Kalimantan
(Indonesia)

direction = 60%

Java(Indonesia)

(Indonesia)
Sumatra

Trajectory from E
direction = 13%

direction = 19%

Trajectory from N

Trajectory from SE
direction = 8%

Trajectory from NE

(c)

Figure 5: Distributions of 2-day back trajectories ending at Singapore during (a) prehaze, (b) haze, and (c) posthaze periods.

36%; southeast (SE): 59%; and east (E): 5%. Similarly, the
corresponding values for the haze period were S: 23%;
SE: 39%; E: 17%; northeast (NE): 4%; west (W): 8%; and
southwest (SW): 9%. For posthaze period, the values were
SE: 8%; E: 13%; NE: 60%; and north (N): 19%. With these
statistical data, the origin of air pollution sources during the
haze episode was further examined.

Kadowaki [55] and Khoder [56] estimated the sulfur
conversion ratio (𝐹

𝑠
) and the nitrogen conversion ratio (𝐹

𝑛
)

with the following expressions:

Sulfur conversion ratio (𝐹
𝑠
) =

SO
4

2−

SO
2
+ SO
4

2−
(1)

Nitrogen conversion ratio (𝐹
𝑛
)=

PNO
3

−+ GNO
3

−

NO
2
+ PNO

3

− + GNO
3

−
.

(2)

The terminologies in the above equations have been
defined as follows: SO

4

2− is the concentration in 𝜇gm−3,
PNO
3

− is the particulate nitrate concentration in 𝜇gm−3,

GNO
3

− is the gaseous NO
3

− concentration, that is, HNO
3
in

𝜇gm−3, and NO
2
is the gas phase concentration in 𝜇gm−3.

Higher values of 𝐹
𝑠
and 𝐹

𝑛
indicate higher oxidation of

gaseous species into SIA through secondary transformation
processes. Wang et al. [57] had estimated these conversion
ratios with the same approach for 𝐹

𝑠
as illustrated by Kad-

owaki [55] and Khoder [56]. However, there was a slight
modification in 𝐹

𝑛
by removing the term GNO

3

− from (2).
In this study, we have adapted (1) for estimation of 𝐹

𝑠
and due

to limitation of data of NO
2
concentrations; 𝐹

𝑛
was estimated

with the following expression:

Nitrogen conversion ratio (𝐹
𝑛
) =

PNO
3

−

PNO
3

− + GNO
3

−
. (3)

The purpose of estimating these parameters was to assess
the origin of sources of these pollutants and to check whether
the prevailing atmospheric conditions favor formation of
secondary particulates NO

3

− and SO
4

2−. Table 3 presents
certain parameters that were estimated during prehaze, haze,
and posthaze periods. Both 𝐹

𝑠
and 𝐹

𝑛
were observed to
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be higher during the haze period than during prehaze and
posthaze periods. It simply indicates that the hazy conditions
were more favorable for formation of particulates SO

4

2− and
NO
3

−.
To verify this observation, the correlations of 𝐹

𝑠
and

𝐹
𝑛
with meteorology (temperature and RH) were estimated.
𝐹
𝑛
showed significant correlation with RH having 𝑅2 =
0.82, 0.91, and 0.78 during prehaze, haze, and posthaze
periods, respectively, with 𝑃 < 0.001. These consistent results
suggested that the humid conditions favor the formation of
particulate NO

3

−. The ratio of HNO
3
to NO

3

− was lower
during the haze period (0.4± 0.4) which supported the above
observation; that is, haze conditions favored the formation
of NO

3

−. Some earlier studies have also reported similar
observations (e.g., [56, 58]).

In the case of particulate SO
4

2−, 𝐹
𝑠
showed significant

correlations with temperature with 𝑅2 = 0.89 and 0.81
during prehaze and posthaze periods, respectively, with 𝑃 <
0.001. However, during the haze period, 𝐹

𝑠
did not show any

significant correlation with temperature with 𝑅2 = 0.37 and
with 𝑃 > 0.05. These inconsistent results suggested that hazy
conditions did not favor the formation of particulate SO

4

2−.
Several studies in the past (e.g., [46, 57, 59]) reported that
the formation of particulate SO

4

2− is more favorable during
higher temperature and solar radiation. In Section 3.3, we
explained that the diurnal variation of HONO did not follow
usual trends during the haze period due to less intensity
of solar radiation. Therefore, enhancement of the secondary
formation of particulate SO

4

2− during the haze period may
not be the reason for the existing higher levels of particulate
SO
4

2−. As a result, other sources such as BB might be
responsible for particulate SO

4

2−.
From Table 3, it could be observed that the ratio of SO

2

to SO
4

2− during the haze period was about less than half of
the values during prehaze and posthaze periods. These con-
tradictory observations of particulate SO

4

2− confirmed that
hazy conditions cannot favor formation of SO

4

2−, especially
below the haze layer. Hence, the sources of particulate SO

4

2−

could be local transformation and/or transported particulate
SO
4

2− from the BB region. In addition, particulate SO
4

2− is
a stable compound that can be transported to long distances
after it is formed in the atmosphere [46].

K is a well-known indicator of the influence of biomass-
induced smoke haze events on the ambient air quality in
urban environments [60, 61]. Although we did not measure
the levels of particulate-bound K in the current study, we
observed a huge spike in its concentration in rainwater along
with those of Cl−, NO

3

−, SO
4

2−, HCOO−, CH
3
COO−, Ca2+,

and NH
4

+ during the smoke haze period [16]. In addition,
large amounts of grey to black particles were noted in HDPE
buckets used for rainwater collection and on Gelman AE
filters following sample filtration during the biomass burning
period, characterized by reduced atmospheric visibility. In
our other biomass burning studies at the same sampling
location as reported by See et al. [62] and Betha et al. [63], we
observed the levels of particulate-boundK increased by about
3- to 10-fold during smoke haze events compared to nonhaze

periods in 2001 and 2013, respectively [62, 63]. Thus, the
relatively high concentrations of acidic gases and particulates
SO
4

2− and NO
3

− observed during the burning period can
be attributed to a long residence time of air masses, leading
to progressive gas-to-particle conversion of biomass burning
emissions in Indonesia.

To assess the contribution of BB towards the existing
pollution during haze periods in Singapore, we chose SO

4

2−

as the indicator of long-range transport of BB-impacted air
masses. We assumed that the average ratio of SO

2
into SO

4

2−

during prehaze and posthaze would remain constant during
the haze period if the local atmospheric phenomenon were
solely responsible for secondary particulate formation.There-
fore, the difference in the concentration of SO

4

2− between
haze and nonhaze periods represents a rough estimate of the
relative amount of SO

4

2− derived from the long-range trans-
port. As an illustrative example, the average ratio of SO

2
to

SO
4

2− during prehaze and posthaze periods was 4.9 (Table 3).
We assumed that this average ratiowill be the same during the
haze period. That means if the average concentration of SO

2

in the haze periodwas 20.63 𝜇gm−3 (Figure 2(b)), then SO
4

2−

concentration from local transformation sources would be
20.63/4.9 = 4.2 𝜇gm−3 and the remaining concentration
(Figure 2(a)), that is, 10.7 − 4.2 = 6.5 𝜇gm−3, would be from
the long-range transport mostly from the source of BB in
Indonesia.

With the constant ratio of SO
2
to SO

4

2− (4.9), we esti-
mated that long-transported SO

4

2− component during haze
periods was 6.5 ± 3.6 𝜇gm−3. In the next step, the percentage
of particulate sulfate coming from different directions was
assessed based on the results of backward trajectories during
the haze period. It was estimated that the average amount
of particulate SO

4

2− came from SE, S, E, and SW directions
as 2.5 𝜇gm−3, 1.5 𝜇gm−3, 1.1 𝜇gm−3, and 0.6 𝜇gm−3, respec-
tively, during the hazy periods in Singapore. Overall, it can
be concluded that up to 60% of particulate SO

4

2− could have
been transported from the BB occurring in Indonesia to
Singapore.

4. Conclusions

A severe smoke haze episode was experienced in Singapore
from August to October 1997 due to transboundary air
pollution caused by uncontrolled forest and peat fires in
Indonesia. An annular denuder system (ADS) was used for
this study as an effective air sampler to collect acidic gases and
fine particles in the ambient air from June 1997 to February
1998 to examine both temporal and diurnal variations of these
pollutants during prehaze, haze, and posthaze episodes in
the study area. The results revealed that the 24 hr average
concentrations of ambient SO

2
, HONO, HNO

3
, SO
4

2−, and
NO
3

− during the haze episodes had increased by a factor
ranging from 1.2 to 4.2 compared to those during the prehaze
and posthaze episodes. It was interestingly observed that
SO
2
did not proportionately increase during the haze period

compared to SO
4

2−, which indicated that the transboundary
particulate pollution originated from biomass burning in the



Advances in Meteorology 11

Table 3: Indicators for formation of secondary formation during three episodes.

Particulars of parameters Prehaze period (mean ± SD) Haze period (mean ± SD) Posthaze period (mean ± SD)
Sulfur conversion ratio (𝐹

𝑠
) (%) 21.5 ± 9.6 34.1 ± 13.7 14.1 ± 9.3

Nitrogen conversion ratio (𝐹
𝑛
) (%) 62.8 ± 12.4 72.9 ± 15.8 51.8 ± 15.7

Ratio of SO2 to SO4
2− 3.6 ± 2.4 1.9 ± 1.5 6.1 ± 4.6

Ratio of HNO3 to NO3
− 0.6 ± 0.6 0.4 ± 0.4 0.9 ± 0.9

SD: standard deviation.

neighboring regions. The study of atmospheric chemistry
during the measurement period showed that the smoke
haze period was more conducive for the formation of NO

3

−

particles in the local atmosphere. The diurnal trends of SO
2
,

HNO
3
, SO
4

2−, andNO
3

− were the same during prehaze, haze,
and posthaze periods. However, HONO showed different
trends in haze and nonhaze periods. The daytime/nighttime
concentration values of HONO were 0.6 and 1.0 during
nonhaze and haze periods, respectively. The reason for such
diurnal trends of HONO during the haze period could be
due to the decreased solar intensity in the daytime making
the photolysis of HONO a much slower process. From the
results of backward air trajectory analysis, it can be concluded
that the smoke haze episodes in Singapore that occurred
due to transboundary air pollution caused by severe biomass
burning in the islands of Indonesia had a major influence on
the chemistry of the regional atmosphere in SEA and thus the
regional air quality.
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[9] N. Pérez, J. Pey,M. Cusack et al., “Variability of particle number,
black carbon, and PM

10
, PM
2.5
, and PM

1
levels and speciation:

influence of road traffic emissions on urban air quality,” Aerosol
Science and Technology, vol. 44, no. 7, pp. 487–499, 2010.

[10] C. Reche, X. Querol, A. Alastuey et al., “New considerations
for PM, black Carbon and particle number concentration
for air quality monitoring across different European cities,”
Atmospheric Chemistry and Physics, vol. 11, no. 13, pp. 6207–
6227, 2011.

[11] Y. Song, Y. Zhang, S. Xie et al., “Source apportionment of
PM
2.5

in Beijing by positive matrix factorization,” Atmospheric
Environment, vol. 40, no. 8, pp. 1526–1537, 2006.

[12] G. Lonati, M. Giugliano, and S. Ozgen, “Primary and secondary
components of PM

2.5
in Milan (Italy),” Environment Interna-

tional, vol. 34, no. 5, pp. 665–670, 2008.
[13] R. Derwent, C.Witham, A. Redington et al., “Particulate matter

at a rural location in southern England during 2006: model
sensitivities to precursor emissions,” Atmospheric Environment,
vol. 43, no. 3, pp. 689–696, 2009.

[14] G. Lammel and D. Perner, “The atmospheric aerosol as a source
of nitrous acid in the polluted atmosphere,” Journal of Aerosol
Science, vol. 19, no. 7, pp. 1199–1202, 1988.

[15] R.M. Harrison and A. G. Allen, “Measurements of atmospheric
HNO

3
, HCl and associated species on a small network in

eastern England,” Atmospheric Environment A: General Topics,
vol. 24, no. 2, pp. 369–376, 1990.

[16] R. Balasubramanian, T. Victor, and R. Begum, “Impact of
biomass burning on rainwater acidity and composition in
Singapore,” Journal of Geophysical Research D: Atmospheres, vol.
104, no. 21, pp. 26881–26890, 1999.

[17] R. Balasubramanian, W.-B. Qian, S. Decesari, M. C. Fac-
chini, and S. Fuzzi, “Comprehensive characterization of PM

2.5

aerosols in Singapore,” Journal of Geophysical Research D:
Atmospheres, vol. 108, no. 16, 2003.

[18] R. S. Kovats, “El Niño and human health,” Bulletin of the World
Health Organization, vol. 78, no. 9, pp. 1127–1135, 2000.



12 Advances in Meteorology

[19] C. Y. Jim, “The forest fires in Indonesia 1997-98: possible causes
and pervasive consequences,”Geography, vol. 84, no. 3, pp. 251–
260, 1999.

[20] S. R. Aiken, “Runaway fires, smoke-haze pollution, and unnat-
ural disasters in Indonesia,” Geographical Review, vol. 94, no. 1,
pp. 55–79, 2004.

[21] O. Kunii, S. Kanagawa, I. Yajima et al., “The 1997 haze disaster
in Indonesia: Its air quality and health effects,” Archives of
Environmental Health, vol. 57, no. 1, pp. 16–22, 2002.

[22] M. Radojevic andH. Hassan, “Air quality in Brunei Darussalam
during the 1998 haze episode,” Atmospheric Environment, vol.
33, no. 22, pp. 3651–3658, 1999.

[23] T. R.Muraleedharan andM.Radojevic, “Personal particle expo-
sure monitoring using nephelometry during haze in Brunei,”
Atmospheric Environment, vol. 34, no. 17, pp. 2733–2738, 2000.

[24] M. Radzi Bin Abas, D. R. Oros, and B. R. T. Simoneit, “Biomass
burning as themain source of organic aerosol particulatematter
in Malaysia during haze episodes,” Chemosphere, vol. 55, no. 8,
pp. 1089–1095, 2004.

[25] M. R. B. Abas, N. A. Rahman, N. Y. M. J. Omar et al., “Organic
composition of aerosol particulatematter during a haze episode
in Kuala Lumpur, Malaysia,” Atmospheric Environment, vol. 38,
no. 25, pp. 4223–4241, 2004.

[26] K. K. Chee, M. K. Wong, and H. K. Lee, “Microwave-assisted
solvent extraction of air particulates for the determination of
PAHs,” Environmental Monitoring and Assessment, vol. 44, no.
1–3, pp. 391–403, 1997.
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The Rocky Mountain Atmospheric Nitrogen and Sulfur (RoMANS II) study with field operations during November 2008 through
November 2009 was designed to evaluate the composition and sources of reactive nitrogen in Rocky Mountain National Park,
Colorado, USA. As part of RoMANS II, a mesoscale meteorological model was utilized to provide input for back trajectory and
chemical transport models. Evaluation of the model’s ability to capture important transport patterns in this region of complex
terrain is discussed. Previous source-receptor studies of nitrogen in this region are also reviewed. Finally, results of several back
trajectory analyses for RoMANS II are presented. The trajectory mass balance (TrMB) model, a receptor-based linear regression
technique, was used to estimate mean source attributions of airborne ammonia concentrations during RoMANS II. Though
ammonia concentrations are usually higher when there is transport from the east, the TrMB model estimates that, on average,
areas to the west contribute a larger mean fraction of the ammonia. Possible reasons for this are discussed and include the greater
frequency of westerly versus easterly winds, the possibility that ammonia is transported long distances as ammonium nitrate, and
the difficulty of correctly modeling the transport winds in this area.

1. Introduction

Atmospheric deposition of reactive nitrogen in RockyMoun-
tain National Park, Colorado (RMNP), and surrounding
areas of the RockyMountains has been the subject of research
for 30 years (e.g., [1]). During this time, scientists have
endeavored to understand the levels and chemical compo-
sition of depositednitrogen [2, 3], the spatial and temporal
trends [4, 5], the chemical and physicalmechanisms bywhich
nitrogen enters aquatic and ecological systems [6, 7], effects
on biota [8, 9] and the dominant sources [10], emission rates
[8, 11], and geographical and meteorological conditions (e.g.,
[11–16]) that cause deposition in sensitive alpine areas. This
paper focuses on the meteorological and source attribution
aspects.

Concentration and deposition measurements for the
Rocky Mountain Nitrogen and Sulfur II (RoMANS II) study

were conducted during November 2008 through November
2009. Others [2, 3, 17] have described these measurements
in detail. The year-long RoMANS II was a follow-up to
RoMANS I [11, 15, 16, 18], in which data were collected at
the same location for two 6-week periods during the spring
and summer of 2006. RMNP is in North Central Colorado,
straddling the Continental Divide. The most detailed mea-
surements for both studies were at the “core site,” 40.38 degN,
105.546 degW, and 2750 meters above mean sea level (MSL),
on the eastern slope of the park as shown in Figure 1. To
the east, the terrain drops rapidly to the relatively flat high
plains, where elevations are 1500–1800 meters MSL, while
some peaks to the west reach 4300 meters MSL. The most
densely populated region of Colorado, including the city
of Denver (1610 meters MSL), is the Front Range urban
corridor, which runs north-south through the center of the

Hindawi Publishing Corporation
Advances in Meteorology
Volume 2014, Article ID 414015, 19 pages
http://dx.doi.org/10.1155/2014/414015

http://dx.doi.org/10.1155/2014/414015


2 Advances in Meteorology

(a) (b)

Figure 1: Views of the RoMANS core site and meteorological measurement sites in Estes Park, CO (yellow pins), generated with Google
Earth. Both views are looking north. Panel (a) shows RMNP boundaries in heavy green, Colorado county boundaries in pale green, and
major highways in yellow. The North Platte River valley is the dark green area mostly along Highway 34. Panel (b) shows the orientation of
the local valleys and surrounding terrain. The core site and the profiler are approximately 12 km apart. The profiler and the RAWS sites are
about 3.4 km apart. On the larger map, Cheyenne, WY, and Denver, CO, are approximately 162 km apart.

state from Southern Wyoming to Southern Colorado along
the transition between foothills and plains. The predominant
agricultural activities are in Northeastern Colorado, with
many along the North Platte River valley, including some in
and near the Front Range urban corridor.

The relatively small-scale spatial inhomogeneity arising
from the transition between high plains, foothills, and alpine
peaks presents a challenge for meteorological models. The
prevailing wind direction is westerly in most locations, but
easterly upslope winds occur due to either diurnal mountain
valley circulations with winds near the surface blowing up
valley during the day and reversing at night or synoptic
weather patterns including low-pressure (counterclockwise
circulation) to the south or west or high pressure (clockwise
circulation) to the north [19].

1.1. Studies of Nitrogen Source Attribution in Northern Col-
orado. Estimates of source attribution of nitrogen at RMNP
and surrounding areas have been of interest for approxi-
mately 30 years. The earliest studies based hypotheses about
the origins of nitrogen on spatial and temporal patterns in
measured concentrations, deposition, and meteorology. As
computing power increased, these valuable analyses contin-
ued, while the use of air mass trajectories and, more recently,
mesoscale chemical transportmodels, were added to the tools
available. Since the 1980s, the population, energy use, andmix
of sources in Colorado and the Western United States have
evolved, so currently significant sourcesmay be different than
in previous decades.

Lewis et al. [1] examined deposition of major cations,
anions, particulate matter, and hydrogen ions at 42 sites in
Colorado from May 1982 to May 1983. They inferred sources
by examining spatial gradients and prevailing wind patterns.
The greatest acidity was along the Continental Divide of the
northern and southern thirds of the state, which they stated

was because strong acids were more effectively neutralized by
carbonates at lower elevations. Dominant sources of oxidized
nitrogenwere hypothesized to be power plants to thewest and
urban areas to the east of the mountains. Reduced nitrogen
compounds were not measured.

Parrish [12]measured airborneNOandNO
2
at a high ele-

vation site during the 1980s.They stated that though the Front
Range is usually downwind, NO

𝑥
emissions from there were

the predominant sources responsible for enhanced acidic
deposition. They also hypothesized that the mountain-valley
flow might be a mechanism to transport anthropogenic air
pollutants from the boundary layer to the free troposphere.

Baron and Denning [13] determined that during the
1980s, strong acid anions, acidity, ammonium, and high salt
concentrations in precipitation originated east of RMNP and
were transported up valley by funneling winds or convective
instability and that these winds influenced a lower elevation
(2500 meters) site throughout the year and a high elevation
(3200 meters) site most strongly during the summer.

Neff [33] describes the regionally complex meteorology
and air quality modeling associated with the 1987-1988
Denver Brown Cloud study. He discusses the influence of
northeasterly winds bringing ammonia from rural areas and
the mixing of those emissions with NO

𝑥
and SO

𝑥
from

the urbanized Front Range. He modeled a few days with a
chemical transport model, but the model failed to resolve
important mesoscale meteorological structures, especially
boundary layer and moist processes at the 8 km horizontal
resolution. He suggested that data assimilationwas necessary.
He also pointed out that emissions may fluctuate in response
to meteorological conditions in ways not accounted for in
modeled emissions, for example, less auto traffic but more
wood burning during snow fall.

Sievering et al. [34] concluded that during 1991–1994
emissions from the Front Range had little impact at a high
altitude (3540 meters) site in the alpine tundra, but that
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diurnal upslope flows brought these emissions to a lower site
(3020 meters) in the subalpine forest, especially during the
summer and during midday. They argued that the higher
site was usually impacted by westerly winds in the free
troposphere. Isentropic trajectories indicated that the alpine
site was most often influenced by sources in Southern Cali-
fornia and Northwestern Mexico on days with high nitrogen
concentrations. They also found that Front Range emissions
can be mixed with emissions from the west. High sulfate
and nitrate concentrations in precipitation at the subalpine
site were highly correlated with trajectories from the west,
including the Four Corners region, Southern California, and
parts of Northern Mexico.

Losleben et al. [14] examined 1984–1997 wet deposition
data at two sites, a high alpine site and one lower and closer
to the Front Range. Precipitation at the higher site was more
acidic and had higher conductivity than the lower site. They
hypothesized that chemical loading from western sources
might be greater than previously thought because westerly
winds predominate at the higher site. They concluded that
the Front Range was an important source of pollutants in
precipitation especially during winter precipitation events,
but that the much higher frequency of westerly flow meant
that sources to the west were cumulatively important. The
most- and least-acidic episodes were associated with south-
westerly and northwesterly flows, respectively. They also
discussed meteorological differences between winter and
summer precipitation events at the two sites, the influence
of terrain, and the importance of accounting for duration
and amount of precipitation when estimating sources of wet-
deposited pollutants.

Heuer et al. [35] examined spatial and seasonal patterns in
wet deposition and snow pack data in Colorado during 1992–
1997 to infer sources of nitrogen and sulfur compounds.They
found that high elevation sites were influenced by sources
both east and west of the divide, with sources to the west
having greater influence during the winter, while those to the
east have more influence during summer. They concluded
that, overall, sources to the east have greater influence on
precipitation chemistry in the Colorado Rockies because
summertime concentrations were significantly higher than
winter.

Ingersoll et al. [36] examined back trajectories associated
with snow events on the east side of RMNP during the 1998-
1999 winters. They observed that concentrations of nitrate
and sulfate in snow samples were the lowest in storms from
the north and east and elevated for air masses from the west.
The highest concentrations were in storms from the south,
including metropolitan Denver.

Sievering et al. [37] stated that the probability of upslope
flow occurring on any single day at a subalpine forest site was
40–60% during 1999, with the peak in August and minimum
in May.

In a 2003 review of nitrogen deposition in Colorado
and Southern Wyoming, Burns [4] concluded that evidence
up to that point supported a significant eastern source for
atmospheric nitrogen deposition and that this was consistent
with population growth and energy use trends.

As part of the RoMANS I study, Rodriguez et al. [11]
described chemical transport modeling for two multiweek
periods during spring and summer 2006. The model was
unable to adequately reproduce observed concentrations of
nitrogen compounds, probably mostly due to uncertainty in
emissions and deposition velocities. They noted that upslope
easterly flow on the east side of RMNP is more common
during precipitation than during dry hours for all seasons and
all hours of the day. They also noted that the vertical depth,
but not the frequency, of easterly flow was greater during
summer than during spring.

Also as part of RoMANS I, Gebhart et al. [16] employed
a regression technique using back trajectories to apportion
concentrations of nitrogen and sulfur species measured on
the east side of RMNP to selected source regions. The
highest measured concentrations were usually associated
with transport from the east. However, the model estimated
that the season-longmean attributions for all nitrogen species
for both seasons were greater for regions to the west. Again,
this was thought to be due to the much greater frequency of
westerly winds. The receptor model performed much better
for spring than summer, indicating that the meteorological
model had more difficulty in reproducing summer trans-
port patterns. Larger fractions of nitrogen compounds were
attributed to sources east of the park during the summer than
during the spring.

Beem et al. [18], Day et al. [38], and Benedict et al.
[3] examined spatial patterns in nitrogen concentrations
measured in Northern Colorado during 2006, 2008, and
2009, respectively. Day et al. described patterns in ammo-
nia concentrations in Northeastern Colorado, finding large
gradients near sources such as confined animal feeding
operations, likely due to dilution and a high dry deposition
rate as material moves downwind. Ammonia concentrations
in agricultural and urban areas in Colorado east of RMNP
were 1-2 orders of magnitude greater than those in the park.
The highest ammonia concentrations were in the summer,
but mean winter concentrations were higher than spring or
fall, likely due to lower mixing heights and wind speeds
during the winter. Beem et al. and Benedict et al. found
that deposition and airborne concentrations of key reactive
nitrogen species were much higher east of the Continental
Divide than west and that the highest values measured on
the east side of RMNP were associated with easterly flow.
Diurnal patterns also showed peak concentrations during the
day when easterly upslope flow is most frequent.

Malm et al. [17] described a hybrid deterministic-receptor
approach to apportion ammonia measured at RMNP in 2009
duringRoMANS II. An inert tracerwas simulated by tracking
ammonia emissions from 107 source regions with a chemical
transport model without deposition or chemistry. Source
regions were combined into common transport pathways,
and a regression model apportioned the ammonia. On an
annual average, about half the ammonia was attributed to
sources within Colorado. Of the half from outside the state,
the largest fractions were from west rather than east of
Colorado, with the largest contributors being California,
Utah, and the Snake River valley in Idaho.They hypothesized
that diurnal patterns in wind directions and concentrations
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provide evidence that the mesoscale meteorological model is
not adequately capturing the upslope flow at RMNP.

Several themes emerge from this earlier work.The earliest
studies focused on oxidized rather than reduced nitrogen,
and their respective sources are likely to differ. It is clear
that when upslope easterly winds occur on the east side of
the Rocky Mountains, they bring emissions from the Front
Range and from agricultural areas in Eastern Colorado. So
far, despite relatively high ammonia emissions in bordering
states to the east, there is no evidence that sources in
those states are large contributors to reactive nitrogen in
RMNP. The influence of sources to the west is not as well
understood. Westerly winds predominate, but easterly winds
aremore commonduring precipitation events that lead towet
deposition. Also, the diurnal and seasonal cycle of mountain-
valley winds that could bring air pollutants from sources
in Central and Eastern Colorado is highly correlated with
measured concentrations at RMNP. However, back trajectory
analyses indicate that the frequent long-term dribble of
emissions from the west may be very important on average,
and some studies have hypothesized that the geography of
the region is conducive to mixing of emissions from both
east and west.The relatively shallow diurnal mountain-valley
flow has also proved to be difficult to model, leading to
potential overestimation of the influence of sources to the
west. Therefore, to accurately determine the influence of
sources of nitrogen deposition in RMNP, it is important to
be able to accurately model the easterly wind flow when it
occurs.

This paper describes the mesoscale meteorological mod-
eling conducted for RoMANS II, including some evalua-
tion of those results and gives details of a back-trajectory-
based source apportionment of ammonia concentrations for
RoMANS II. The source apportionment technique described
in this paper extends the RoMANS I trajectory-based source
attribution to include a full year and examines the possibility
that virtually moving the modeled receptor site slightly in
either space or time might improve the correlation between
measured andmodeled concentrations by accounting for bias
in the modeled wind field.

2. Methodology

2.1. Mesoscale Meteorological Modeling. Gridded meteoro-
logical fields for RoMANS II were generated with the weather
research and forecasting (WRF) model [39, 40]. The model
was run more than dozen times using different physics
options, observational meteorological data, observational
nudging coefficients, and radii of influence for observational
data in an attempt to get the best possible match between
model output and observed meteorology. The first runs were
with WRF version 3.2, while later runs used version 3.3.1.
There were no discernible differences in output attributed to
the different versions of the model.

Many model settings were common to all WRF cases.
These include the three nested horizontal domains of 36,
12, and 4 km grid sizes identical to those used for the 2006
RoMANS I study [11]. The outer domain, known as the

Western Regional Air Partnership (WRAP) domain, covered
most of North America. The 12 km domain covered parts
of several western states, while the 4 km grid encompassed
most of Colorado. North American Regional Reanalysis
(NARR) data [41, 42] were used for boundary conditions,
initial conditions, and 3-hour analysis nudging on the 36
km domain. Reanalysis rather than higher resolution forecast
data were chosen to maximize the observational data in the
input. The model top was 100 hPa to match the top of NARR,
and there were 34 vertical layers for all runs. Initially, levels
were chosen automatically by WRF, but, in later cases, layers
were selected manually to increase the resolution near the
surface, to match layers used in previousmodeling [11] and to
correspond to emissions data used for the chemical transport
model. Increasing the number of layers near the surface
necessitated a factor of 3 reduction in time step (from 180 to
60 seconds) for some days. WRF was run for multiple 3.5-
day (84 hours) time periods with overlapping 12-hour spin up
times, in part based on the findings of Colle et al. [43], who
found that the best precipitation forecasts were 18–36 hours
after initialization but that at least 12–18 hours are needed for
spin up.

Physics options for initial WRF cases were chosen for
simplicity. These are discussed later, but the switch to more
carefully considered options did not substantially change the
model outcomes. Final choices for the major physics options
and reasons for their use are summarized in Table 1.

The largest differences in modeled output were due to
changing the details of the observational nudging on the 4 km
domain, including the input data, the nudging coefficients,
and the radii of influence. Observational data for nudging
on the 4 km domain always included hourly data from
a 10-meter tower at the core site and from April 10 to
December 27, 2009, from a radar wind profiler in Estes Park,
Colorado, approximately 12 km to the NNE of the core site
(described in [16] and shown in Figure 1). Early WRF cases
also used observational data from the National Center for
Atmospheric Research datasets DS461.0 [44] and DS351.0
[45], for surface and upper air data, respectively. Later, data
from the Meteorological Assimilation Data Ingest System
(MADIS) [46] were used instead becauseMADIS has amuch
denser network of observations, particularly along the Front
Range. However, as discussed in the following section on
model assessment, more data did not always prove to be
better. Figure 2 shows the locations of the meteorological
observations in the NCAR and MADIS datasets. Panel (b) of
Figure 1 also shows the site of a Remote Automated Weather
Station (RAWS) in Estes Park. Data from this site are included
in the MADIS, but not the NCAR, observational data.

3. Assessment of WRF Wind Fields

3.1. Means by Modeling Cases: Surface Wind Example. One
method to assess WRF’s reproduction of key meteorological
variables was to generate many graphs similar to those
shown in Figure 3 in which means of modeled and observed
values are compared for various spatial and temporal scales.
This particularly interesting example shows the east-west
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Table 1: Major physics choices for most WRF model runs, plus reasons. The values in parentheses are the WRF option names in column 1
and the WRF codes for the chosen options in column 2.

Parameterization (WRF namelist
variable) Choice (WRF code) Reasons

Longwave radiation (ra lw physics) Rapid radiative transfer model (RRTM) (1) [20]
Accurate, fast, accounts for multiple
bands, trace gases, and microphysics,
commonly used, used in RoMANS I

Shortwave radiation (ra sw physics)
Goddard, 2-stream multi-band scheme with
ozone from climatology and cloud effects (2)
[21, 22]

Recommended in WRF manual for
similar scenarios

Surface layer physics
(sf sfclay physics)

Monin-Obukhov similarity theory provides
exchange coefficients to surface scheme. (1)
[23, 24]

Compatible with PBL scheme below,
WRF manual often recommends, used in
RoMANS I

Land surface physics
(sf surface physics)

Noah land surface model, unified
NCEP/NCAR/AFWA scheme with soil temp
and moisture in 4 layers, fractional snow cover
and frozen soil physics. New features in WRF
3.1 for processes over ice and snow. (2) [25]

Used in NARR and RoMANS I, used
operationally at NCEP, compatible with
option for PBL scheme below

Planetary boundary layer (PBL)
physics (bl pbl physics)

Yonsei University scheme, non-local K scheme
with explicit entrainment layer and parabolic K
profile in unstable mixed layer (1) [26–28]

Used another scheme in RoMANS I that
is now an “older scheme”

Findings of Hu et al. (2010) [28] that this
had low biases, commonly used

Microphysics (mp physics) WRF single-moment 5-class scheme, has
mixed-phase and super-cooled water (4) [29]

Relatively cheap, includes super cooled
water, snow melt, ice sedimentation, and
time-split fall terms, suitable for
mesoscale grid sizes

Cumulus clouds (cu physics)

Kain-Fritsch, deep and shallow convection
subgrid scheme with mass flux approach,
downdrafts and CAPE removal time scale, not
used on 4-km domain (1) [30, 31]

Recommendation of WRF manual,
commonly used scheme

1
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Figure 2: Colorado (450 km north-south by 610 km east-west) with county boundaries and sites of meteorological observations. Panel (a)
shows sites in NCAR’s DS461.0 dataset. The red hatched area is RMNP. Site 40 on the eastern edge of RMNP is the RoMANS core site. The
remaining sites were grouped as shown for WRF model assessment. Panel (b) shows locations of some MADIS data including locations of
the NOAA profiler network (NPN), radiosonde observations (RAOB) and hourly surface (METAR) data.
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Figure 3: Mean values of U, the east-west component of the wind vector, for several WRF cases, by month, by hour, and by site. The sites are
shown in Figure 2(a). The colored lines in the key represent results from different WRF cases from the earliest and simplest at the end to the
final at the beginning. The black line is the observed data.

component of the wind vector, U, as observed and asmodeled
from several different cases ofWRF. In all cases,WRFwas run
fromNovember 2008 toNovember 2009.The toppanel shows
averages by month for the 45 sites shown in Figure 2(a). The
bottom left of Figure 3 has means by hour of day for these 45
sites, and the bottom right shows means by site for all times.
In each panel, observed values are in black and modeled
values have colored symbols. Results from the first simplest
case (red circles) have no observational nudging and mostly
default physics options. Blue diamonds show results from the
next case, identical to the first, except observational nudging
that was added to the 4 km domain using the NCAR data
discussed above. Green triangles are from the next attempt,
in which the physics options were changed from mostly
default values to those shown inTable 1.Magenta triangles are
from a case identical to that shown in green, except satellite
wind data were removed from the NCAR dataset (discussed
below); cyan x-filled squares are from the first case to use
MADIS data rather than NCAR for observational nudging,
and, finally, the brown squares show results from the final run
also using MADIS data but without aircraft observations and
with the final observational nudging coefficients.

Examining the data in this way provides insight into
potential model bias. From the means by month in the

top panel, it is apparent that all WRF cases reproduced
the mean seasonal pattern, but for most attempts the mean
modeled wind speeds were too high or too westerly for all
months. Second, the small differences between the values in
blue and those in green on all panels show that changing
physics options, on average, had much less impact than
changing the input data and other parameters associated with
observational nudging. The bottom right panel shows that U
is much better modeled at some sites than at others and that
site 40, the RoMANS core site, has the poorest reproduction.
It is also apparent that while, on average, U is usually over
estimated, this is not true for all sites.

The most obvious features in the lower left panel are the
odd periodic spikes occurring every 6 hours for two cases.
They occur only with observational nudging using NCAR
data and are from cases with two different sets of physics
options, so it was apparent that the spikes were due to either
the observational data or the preprocessing of that data. The
only 6-hour data in the NCAR datasets are winds derived
from satellites.When these data were removed, the result was
the case shown by the magenta triangles. The initial switch
from NCAR to MADIS data surprisingly resulted in values
shown by the x-filled cyan squares, clearly the worst results.
Based on the experience with satellite winds, MADIS aircraft
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Table 2: Final observational nudging parameters for WRF. Most values are the default values.

Parameter Value
Domains 4-km only
Variables Winds, temperature, moisture
Variables nudged in planetary boundary layer Winds, temperature, moisture
Nudging coefficient for winds 3 × 10−3 1/sec (default is 6 × 10−4)
Nudging coefficient for temperature and moisture 6 × 10−4 1/sec
Horizontal radius of influence 60 km (default is 200)
Vertical radius of influence 0.1 eta coordinates

Observational data
10-meter tower at core site, radar wind profiler in Estes Park during
Apr–Dec 2009, MADIS (NPN, RAOB, METAR only)

Error max/buddy check

True/True
Temperature: 10/8 K
Horizontal Wind: 13/8m/sec
RH: 50/40 percent
Sea Level Pressure: 600/800 Pa

Vertical consistency/convective adjustment False/False
Smoothing None

Objective analysis scheme Cressman (Ellipse and Banana variations applied by WRF as warranted).
Four passes with default 5, 4, 3, 2 grid cell radii.

data were eliminated, resulting in the final WRF output used
for all further RoMANS II modeling and analyses and shown
by the brown squares. There were additional experiments in
which the nudging coefficients and radii of influence were
varied, but most were for only a single month and for clarity
are not shown. Table 2 summarizes the final observational
nudging options used in WRF. Other likely options that may
have influenced the observational nudging results include the
use of the error max and buddy check switches that remove
observations when they differ too greatly from the model
first-guess field and from neighboring observations. It is
possible that in complex terrain toomany useful observations
are removed by these checks. In this study they were left on,
as is the default.

Clearly, the WRF results were sensitive to the data used
for observational nudging. Initially, it was not clear why
aircraft and satellite wind data caused unrealistic increases
in wind speeds, but recently Wee et al. [47] showed that
bias in the WRF model related to the vertical coordinate
system may cause problems when assimilating height-based
observations. The graphical analyses do confirm, however,
that, in general, observational nudging is beneficial. Mean
values of U from the final case are the closest to the observed
values on average.

Further spatial and temporal analyses of the modeled
winds, for example, contours of wind speed, U and V (the
north-south component of the wind vector), and maps of
mean observed and modeled wind vectors for different time
periods and sites, led to the observation that WRF could
correctly generate the diurnal easterly upslope flow over
broad areas of Colorado when it occurred but that the
modeled easterly winds often did not extend far enough
to the west to reach the core site. During time periods

1m/s

Figure 4: Mean observed (black) and modeled (red) wind vectors
in Colorado for June–August 2009 at 3 : 00 pm local time. Internal
lines are county boundaries. The hatched area is Rocky Mountain
National Park. Colorado is 450 by 610 km, bounded by 37 and 41
degrees north latitude and by 109 and 102 degrees west longitude.

when easterly winds were observed there, WRF often had
westerly winds at that site but easterly winds in areas farther
to the east. Furthermore, as might be expected, WRF’s
reproduction of the observed winds was better in areas of less
complex terrain, such as the high plains of Eastern Colorado.
For example, Figure 4 shows the mean midafternoon wind
vectors observed and modeled during June–August 2009.
Note the convergence of easterly andwesterly winds along the
Front Range and the high wind speeds along the Continental
Divide. These wind patterns give strength to the hypothesis
that this is likely a region where emissions from sources on
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both sides of the mountains often converge and so have the
potential to react.

3.2. Wind Roses of Observed and Final Modeled Winds.
Wind roses generated using the Openair Library [48] for R
statistical software [49] for the study year for observed and
modeled winds from the final WRF run for seven regions
in Colorado are shown in Figure 5 (see in Figure 2(a) for a
map of the regions). In general, the directional frequency
patterns are broadly reproduced by WRF, though the level
of accuracy varies by region. As expected, modeled and
observed wind directions are most similar in the North-
eastern and Southeastern Plains, where the terrain is rela-
tively flat, and perhaps more unexpectedly, also reproduced
well in the Southern Mountains. Directional frequencies
are most poorly reproduced in the Northern Mountains
and the Southwest. The predominant wind direction in the
Northern Hemisphere midlatitudes is generally westerly, but,
in Colorado, channeling and blocking by terrain make this
generality less true in some areas. For example, note the
high frequency of north-south winds in the Northern and
Southern Front Range, due to channeling along the eastern
edge of the Rocky Mountains.

Accuracy in the distributions of wind speeds also varies
by region. For example, in the Northern Front Range and
Northern Mountains, the frequencies of higher-speed winds
are underestimated, while frequencies of lower speed winds
are overestimated. The reverse is true in the Southwest,
while in the Northeast Plains and Southern Mountains the
observed wind speed frequencies are more accurate than in
other regions.

While, on average, WRF reproduces the winds with rea-
sonable accuracy, at the core site, this was less true. Figure 6
showswind roses of observed andmodeled 10-meter winds at
three sites in close proximity to one another: the core site, the
radar wind profiler site in Estes Park, and at the RAWS site in
Estes Park. These are all for May–November 2009 when the
radar wind profiler was operating (see Figure 1 for locations).
The observed winds at the core site are channeled by the
terrain and arrive most frequently from the northwest with
upslope winds mostly from the southeast rather than from
due east. In contrast, the modeled output fromWRF is much
too frequently from the west at this site.

At the profiler site, 12 km to the north-northeast, the
observed winds are on average rotated about 30 degrees
counterclockwise from those at the core site, arriving more
frequently from due west and due east, rather than from
northwest and southeast. WRF captures this westerly flow
fairly accurately but underestimates the frequency of easterly
winds. In the adjacent 4 km grid cell, observed winds at a
RAWS site also do not have the high frequency of winds
from due east that are observed at the profiler. The RAWS
site is approximately 3.7 km west of the profiler and about
91 meters higher in elevation. The observed winds at these
two locations are quite different, with the RAWS site having
predominantly southwesterly rather than westerly flow and
with its easterly winds tending to be from the east-northeast
rather than the due easterly winds observed at the profiler.

As might be expected from adjacent grid cells, the modeled
winds for these two locations are similar. Neither of the grid
cells has a high enough modeled frequency of easterly winds.

These results led to speculation that, due to the complex
terrain, themodeled winds in a nearby grid cell or at a slightly
different time might match the true winds at the core site
better than those in the spatially correct grid cell. Figure 7
shows wind roses of the modeled winds at the core site and
at sites located one 12 km grid cell in each of the cardinal
directions. Note that the modeled winds in the grid cell
12 km east are a much better match to the measured winds
at the core site (Figure 6) than are the modeled winds in the
corresponding WRF grid cell.

4. Back Trajectories

To further investigate transport of emissions to the core site,
hourly ensemble back trajectories with a maximum length
of 7 days were generated using version 4.9 revision 346 of
the Hybrid Single-Particle Lagrangian Integrated Trajectory
(HYSPLIT) model [50]. In ensemble mode, HYSPLIT gener-
ates 27 trajectories for each start time by using start points
at the specified start location, as well as a layer above and
a layer below and eight surrounding grid cells. Two sets of
HYSPLIT output were generated, one with input from the
WRF model discussed above and another using output from
the North American mesoscale model at 12 km grid spacing
(NAM12) [51, 52] as input. HYSPLIT was started from five
locations, the core site and from 12 km north, south, east,
and west. Figure 8 shows an example of the 27 ensemble
trajectories started from the core site during a single hour.
Note that the categorization of an hour into either easterly or
westerly flow is not always straightforward. Figure 8(a) shows
the horizontal pathways within Colorado, where within the
first 1-2 days most ensemble members passed over areas in
NortheasternColorado.However, as Figure 8(b), showing the
same trajectories, illustrates, when traced for a longer time,
it is evident that these trajectories originated in areas to the
west that also have high ammonia emissions, including the
Snake River valley in Southern Idaho and agricultural areas
in Northern Utah. Figure 8(c) shows the trajectory heights by
time. The dashed line is the top of the mixed layer for the
central member of the ensemble. Trajectories truncate when
reaching the edge of all input data domains. In this example,
some ensemble members reached the western edge of the
WRF 36 km domain within 4-5 days.

Figure 9 shows three related analyses generated from the
WRF back trajectories started from the core site at 10m.
Statistics in each panel are generated from approximately
256,000 individual trajectories. Figure 9(a) is the overall
residence time for the study year. Each endpoint represents
an hour of time in a grid cell. It shows where air masses most
frequently resided before arriving at the receptor. Westerly
flow that tends to bifurcate into either northwesterly or
southwesterly predominates. However, there is also easterly
transport that can bring emissions from Front Range cities
and agricultural areas in eastern Colorado and from states to
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Figure 5: Wind roses for observed and modeled winds in each of seven regions in Colorado from November 2008 to November 2009. Each
light gray circle represents 5% frequency. Region locations are shown in Figure 2(a).
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Figure 6: Wind roses showing the percent of winds from each of 12 directional bins for 10-meter winds during May–Nov 2009 as observed
and as modeled by WRF at the core site, at the Estes Park radar wind profiler site and at the Estes Park RAWS site. Each light gray circle
represents 5% frequency.

the east. Figure 9(b) shows themean concentration of ammo-
nia at the core site when air masses arrived from each grid
cell. It is calculated by assigning each trajectory endpoint the
value of the measured concentration at the receptor for the
trajectory arrival time.The value for each grid cell is themean
of the arrival concentrations for endpoints associated with
trajectories that passed through that cell.This panel illustrates
that when air masses arrive from the east the concentration
at the receptor is higher than when air masses arrive from
the west. However, it does not take into account transport
frequency. By combining the information contained in both
top panels, it can be seen that transport from the west is
common, but air masses from this direction tend to arrive
with relatively lower ammonia concentrations. The inverse is

true for air masses from the east; they are less frequent but
on average arrive with higher concentrations. These statistics
are combined to generate the map in Figure 9(c), which is
generated by multiplying the results of the first two panels to
create concentration-weighted residence times. These results
take into account the mean concentration as well as the
transport frequency and can be thought of as an indication
of the cumulative impact of a region.The pattern is similar to
the residence time panel, with some subtle differences. Areas
to the east are weighted relatively higher in Figure 9(c) than
in Figure 9(a). For example, the high average concentrations
during times when trajectories arrived from Eastern Texas
cause values in that region to be higher in the concentration-
weighted residence time than in the simple residence time.
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Figure 8: Hysplit ensemble back trajectories generated with WRF input for 10 May 2009, at 6 : 00 pmMST.The heaviest line is the trajectory
started from the core site. The lighter lines are the remaining 26 ensemble members. In panel (c), the dashed line is the height of the top of
the mixed layer for core site trajectory. There is a dot after each day on all panels. Colorado is approximately 610 km across. On panel (a), the
distance from the Pacific Coast on the west to the eastern edge of the map is approximately 3200 km.

The color break points were chosen to best illustrate the
regional differences in each statistic. Note from the geometric
scales on Figures 9(a) and 9(c) compared to the linear scale
on Figure 9(b) that differences in transport frequency are
much larger than differences in mean concentration and so
dominate the results in Figure 9(c).These results indicate that
sources to both the east and west are important contributors
to ammonia in RMNP.

5. Measured Concentrations

The measured concentrations obtained as part of RoMANS
II are described in detail in Malm et al. [17] and Benedict
et al. [2, 3]. The 24-hour data from the URG denuder are
considered the most reliable ammonia measurement and are
the data used for TrMBmodeling. Figure 10 shows a timeline
of these concentrations observed at the core site. In general,
concentrations are higher during the warmer months of the
year. Values above the 90th percentile occurred during all
months fromMarch to September.

6. Trajectory Mass Balance Model

The trajectory mass balance model (TrMB) has been pre-
viously described in detail (e.g., [16, 53, 54]). It is a linear-
regression-based receptor model with measured concentra-
tions at the receptor as the dependent variable and counts
of back trajectory endpoints in selected source regions

as independent variables. Trajectory endpoint counts are
interpreted as time spent in the source region prior to
arrival at the receptor. Regression coefficients account for
mean emissions, dispersion, chemistry, and deposition. The
coefficient multiplied by the endpoints is an estimate of the
mean contribution from a source region over the time period
of the observations.

TrMB was used to estimate the mean seasonal contri-
butions from each of the source regions shown in Figure 11
to the measured ammonia concentrations at the core site.
In addition, tests of the sensitivity to the timing and spatial
accuracy of the winds were conducted in which trajectories
from the preceding and following day and from trajectory
start points in grid cells 12 km east, north, west, and south
were compared to results from using trajectories started in
the correct grid cell and on the correct day.

For collinear source regions, the endpoint counts were
summed to create one combined, rather than two individual,
regions.The testwas iterative so that combined source regions
were retested against the remaining regions until no collinear
areas remained. The attributions of the regions were then
reapportioned back to the original smaller regions using
a weighting factor of mean emissions/mean distance. The
definition of collinear is arbitrary; for this study, trials using
70%, 80%, and 90% correlation were used as the limits for
collinearity. The number of collinear source regions varied
depending on this cutoff value, as well as the distributions
of the endpoints between the regions, which depended on
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Figure 9: Three analyses of WRF back trajectories for 24-hour measured ammonia at the core site for the study year shown on maps of the
Western United States with state boundaries. (a) Overall residence time or likelihood of an air mass arriving from each grid cell. (b) Mean
ammonia concentration at the receptor when air mass arrived from each grid cell. (c) Concentration-weighted residence time. The distance
from the Pacific Coast to the eastern edge of each map is approximately 2500 km.
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Figure 10: Observed 24-hour average concentrations of ammonia at
the core site fromNovember 2008 toNovember 2009.Thehorizontal
lines are the 10th, 50th, and 90th percentiles. Many peak values are
labeled with month/day.

season, input meteorology, start location, and so forth. Of the
35 source regions, the median numbers of collinear regions
for cutoff values of 70%, 80%, and 90% are 13 (range 2–23), 7
(0–17), and 2 (0–12), respectively.

For each of the four seasons, winter (December, January,
and February), spring (March, April, and May), summer
(June, July, and August), and fall (September, October, and
November), 1080 sensitivity trials of the TrMB model were
run by varying four maximum trajectory heights (1000
meters, 3000 meters, top of the mixed layer, and no limit),
three trajectory lengths (3, 5, and 7 days), three concentration
times (as reported, one day early, and one day late), two
meteorological input data sets (WRF and NAM12), five start
locations (core site, 12 km east, west, north, and south), and
three collinearity limits (70%, 80%, and 90%).

7. Results

One measure of model performance is to examine how
well TrMB is able to match the temporal characteristics in
the observed data. A better match, as signified by a higher
coefficient of variation (𝑅2) between modeled and measured
concentrations, does not ensure an accurate model, but a
poorer match gives lower confidence in the results. The
median 𝑅2 values for varying subsets of TrMB trials are



14 Advances in Meteorology

13
1415

16
17

18

19
20

21

22

23

24

25

26

2728

29

30

31

32

33 34

35

10,000
30,000
90,000
270,000
810,000
2,430,000
7,290,000
21,870,000
65,610,000
196,830,000

1

2

3

4

5

6
7

8
9

10

1112

10,000
20,000
40,000
80,000
160,000
320,000
640,000
1,280,000
2,560,000
5,120,000

(M
/s

/ (
3
6

km
2
))

(M
/s

/ (
4

km
2
))

Figure 11: Source areas used for TrMB modeling and ammonia emissions [32] used for RoMANS II chemical transport modeling on the 36
km (a) and 4 km domains (b). The distance from the eastern edge of the map to the Pacific Coast in panel (a) is approximately 4000 km. In
panel (b), Colorado is approximately 610 km from east to west.

shown in Table 3. The two biggest determinants of 𝑅2 for
the RoMANS II ammonia concentrations are season and the
cutoff value for collinearity. Seasonally, the highest median
𝑅2 (0.54) is for fall and the lowest (0.39) is for summer. Spring
(0.40)was only slightly better than summer, andwinter (0.49)
was almost as good as fall. The higher the correlation cutoff
for collinearity is, the higher the median 𝑅2 value is. This is
because the more the source regions are combined, the lower
the degrees of freedom in the regression are. There is a small
effect on 𝑅2 frommoving the receptor 12 km in any direction.
The best fit was for 12 km east (0.52) and the worst was for
12 km west (0.44). This is another indication that the easterly
winds at the core sitemay be underestimated. Concentrations
on the correct day or a day early had similar median 𝑅2,
but moving the concentrations to a day late improved the
performance for unknown reasons. Trajectory duration had
little effect on𝑅2, indicating thatmost source areas are usually
less than 5 days transport time from RMNP. In general, the
higher themaximum trajectory endpoint height is, the higher
the𝑅2is, but this effect was also small. Contrary towhatmight
be expected due to the difference in grid size, use of NAM12
rather thanWRF as input to HYSPLIT resulted in a better fit.
This is consistent with results from RoMANS I [16].

Table 3 also shows median source attribution results for
all of Colorado and for Northeast Colorado (sources 6, 7, and
11 in Figure 11) for variations in input. These regions were
chosen to facilitate examining sensitivity of apportionment
to source areas that were close versus far and to the east
versus west.Themedian attributions for the sum of all source

regions within the state are quite stable. No matter which
parameter is varied, it remains in the 42–53% range. By
season, the greatest attribution to Colorado was 52% in the
summer, with the remaining seasons all having median attri-
butions of 44–47%. As expected, restricting the trajectories
to shorter durations or lower heights somewhat increases the
attributions to in-state sources because these changes cause
relatively fewer endpoints to reside in distant source regions.
Reducing the correlation cutoff for collinearity also increases
the attribution to in-state sources. This is due to the distance
weighting usedwhen splitting the combined sources apart for
the final attribution.

The final sensitivity test, used to test the impact of easterly
flow, was attributions to Northeast Colorado. Median values
range from 5% to 17%.The largest differences were, by season,
ranging from 5% in the winter to 17% in the fall. Attributions
for summer (median 16%) were more similar to fall, and
spring (9%) was more similar to winter. Moving the start
point 12 km west gave a lower median attribution at 8% than
moving it east, which resulted in a 17%attribution. Restricting
the trajectories in length made no difference in attribution
to Northeast Colorado, while restricting the height gives
slightly higher attributions to this region because the number
of endpoints in more distant regions is reduced, but the
differences are very small.

Table 4 and Figure 12 give the final TrMB source attri-
bution results using concentrations only at the correct time
but allowing all other input parameters discussed above to
vary. Table 4 has seasonal results for aggregated regions and
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Table 3: Median values of 𝑅2, percent of ammonia attributed to Colorado and percent attributed to Northeast Colorado for all TrMB trials.
Total number of trials is 4320, so trials/row is 4320 divided by the number of categories. For example there are four seasons, so trials/season
is 4320/4 = 1080.

Category 𝑅2 % from Colorado % from NE Colorado

By season

Winter 0.49 47 5
Spring 0.40 44 9
Summer 0.39 52 16
Fall 0.54 46 17

By start location

Core site 0.45 48 13
12 km east 0.52 48 17
12 km west 0.44 48 8
12 km north 0.47 47 12
12 km south 0.49 47 11

By maximum trajectory length
3 days 0.42 52 12
5 days 0.45 45 12
7 days 0.44 44 12

By maximum endpoint height allowed

1 km 0.41 52 13
Top of MH 0.43 52 13

3 km 0.44 44 11
No limit 0.46 42 11

By input meteorology WRF 0.41 46 10
NAM12 0.46 48 14

By concentration timing
Correct time 0.42 48 14
1 day early 0.40 46 10
1 day late 0.48 49 11

By R cutoff for collinearity
0.7 0.36 53 11
0.8 0.44 48 13
0.9 0.50 43 12

Table 4: Mean measured 24-hour ammonia concentrations by season in the far right column and percent attributions ± standard deviations
byTrMBanalysis for the 2006RoMANS I (italic font) and 2009RoMANS II studies.The values in the bottom row (bold font) are concentration
weighted means of the four 2008/09 seasons.The RoMANS II results are composite results from 360 TrMB trials for each season using
concentrations for the correct time, but allowing all other parameters shown in Table 3 to vary. See Table 5 and Figure 11 for locations.

Season NE Colorado
(%)

SE Colorado
(%)

CO
Front
Range
(%)

Western
Colorado

(%)

Total
Colorado (%)

Eastern
U S
(%)

Western
U S
(%)

URG 24-hr
Conc

(𝜇g/m3)

RoMANS I spring 2006 7 ± 1 NA 9 ± 3 39 ± 4 56 ± 5 8 ± 2 35 ± 4 0.14
RoMANS I summer 2006 9 ± 5 NA 15 ± 4 24 ± 5 50 ± 7 21 ± 3 29 ± 5 0.35
RoMANS II winter 2008/09 11 ± 9 0 ± 2 7 ± 6 34 ± 14 52 ± 12 5 ± 6 44 ± 12 0.09
RoMANS II spring 2009 10 ± 7 3 ± 4 4 ± 3 27 ± 10 43 ± 12 12 ± 10 45 ± 12 0.32
RoMANS II summer 2009 20 ± 6 0 ± 1 2 ± 3 30 ± 12 53 ± 12 8 ± 7 39 ± 9 0.31
RoMANS II fall 2008/09 17 ± 11 4 ± 7 8 ± 5 18 ± 9 47 ± 12 6 ± 7 47 ± 13 0.23
RoMANS II overall 2008/09 15 ± 8 2 ± 4 5 ± 4 26 ± 11 48 ± 12 9 ± 8 43 ± 11 0.24

for comparison also shows results from the 2006 RoMANS
I study [16], which included only spring and summer mea-
surement campaigns. See Table 5 and Figure 11 for the source
areas in each region. Annual concentration-weighted means
of the seasonal attributions are also shown in the bottom
row of Table 4 and, for the individual source areas, in the
numerators of the numbers in Figure 12. The denominators
in Figure 12 are the annual mean percent of back trajectory

endpoints in each area rounded to the nearest whole percent.
It is interesting to compare the source attributions to the
percent of endpoints for the various regions. For most source
areas within Colorado, the attribution is the same or greater
than the percent of endpoints. The exceptions are two areas
in Northwestern Colorado from which there is frequent
transport, but emissions are relatively low. TrMB results are
thus consistent with the expectation that, due to deposition,
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Table 5: Individual source areas included in each of the regions in
Table 4. See Figure 11 for a map of the regions.

Region Source areas in Figure 11
Northeast Colorado 6, 7, 11
Southeast Colorado 10
Colorado Front Range 3, 5
Western Colorado 1, 2, 4, 8, 9, 12
Eastern Colorado 3, 5, 6, 7, 10, 11
All Colorado 1–12
Eastern U S 22–27, 34, 35
Western U S 13–21, 28–33

chemical reaction, and dispersion, closer sources contribute
more per endpoint than domore distant regions. Also, source
area 6, the area just to the east of the receptor, contributes
muchmore per endpoint than any other regions.This area has
high emissions of ammonia due to confined animal feeding
operations and other agricultural activities.The TrMBmodel
does not explicitly include emissions data as input (except
as a weighting factor in the case of collinear regions), yet
the results do reflect the higher emissions in that region. For
sources outside of Colorado, with a few exceptions, source
areas to the east of the state have a higher percent attribution
of ammonia than percent of trajectory endpoints, while the
reverse is usually true for areas to the west.This again reflects
the higher emissions in areas to the east. The higher mean
attributions for sources to the west are due to the much
greater frequency of transport from those regions.

TrMB estimates that approximately half of the ammonia
at the core site is from sources within Colorado, though
winter and summer contribute higher percentages than
spring and fall. Areas to the west contribute more on average
than areas to the east. Western Colorado contributes more
than Eastern Colorado except during the fall, and Western
United States contributes much more than Eastern United
States during all seasons. Of areas within Colorado, Western
Colorado contributes 18–34% on average, depending on
season; Northeast Colorado adds 10–17%, the Front Range
adds 2–8%, and Southeast Colorado adds 0–3%. For areas
outside the state, Western United States contributes 39–47%,
while states to the east add only 5–12%.The 2008-2009 results
vary from those for spring and summer 2006, but there are
a few consistent patterns. Sources in Western United States
and Northeast Colorado contributed more in both seasons of
2009,while sources in EasternUnited States and theColorado
Front Range contributed more in both seasons of 2006. The
measured mean concentrations were similar during the two
summers, but the mean spring concentration was higher by
about a factor of 2 during 2009 as in 2006.

8. Discussion and Conclusions

Previous studies of sources of nitrogen in Rocky Moun-
tain National Park and surrounding areas have shown that
concentrations and deposition are generally higher when
there are upslope easterly winds and that easterly winds are

more likely during precipitation events (wet deposition) than
during dry weather.There are also indications from this study
and previous work that this is a convergence zone where
emissions from both east and west of the Continental Divide
meet and thus can potentially react. Also, simplemaps of back
trajectories show that categorizing times into purely easterly
or westerly flow is too simplistic because curvature in the
transport pathways can simultaneously bring emissions from
both directions.

The complex terrain in the mountains makes meteo-
rological modeling more difficult than in areas of flatter
terrain. Small-scale valley and slope winds are not adequately
modeled at the 4 km grid scale within and near RMNPwhere
mean observed wind directions vary substantially within a
few kilometers. Observational nudging improved the WRF
model performance, but only when satellite winds and air-
craft observations were removed from the observational data.
WRF-modeled winds were more sensitive to observational
nudging options than to physics options.

Statistical analyses of back trajectories for the 2008-2009
RoMANS II study corroborate earlier studies that show that
transport from the west predominates, but when there is flow
from the eastern half of the state, ammonia concentrations
are higher than that when the transport pathway is more
purely from the west. Despite high ammonia emissions in
states east of Colorado, simulated transport from these states
is infrequent, and on average they were found to have small
contributions to the measured ammonia concentrations at
RMNP.

Use of the TrMBmodel to estimate source attributions for
24-hour ammonia concentrations measured at RMNP was
completed for the RoMANS II study. Experiments conducted
to determine if the model was sensitive to moving the
receptor location slightly were prompted by the observation
that easterly winds were not generated by the WRF model
as frequently as they were observed at the core site and
that modeled winds 12 km east of the core site matched the
observations better thanmodeledwinds at the actual site.The
TrMB source attribution results were often not very sensitive
to moving the start location or start time, especially for areas
outside of Colorado. Moving the trajectory start point to
the east results in attributions to source regions in Eastern
Colorado that are a few percentage points higher, and the
ability of the model to reproduce the temporal patterns in the
measured concentrations is also slightly better than when the
trajectory is started from the actual measurement site. TrMB
results show that about half the ammonia measured at the
core site is from sources within the state and that, on average,
sources to the west contribute more than sources to the east.
This was true for all seasons. Ammonia deposits rapidly and
is readily absorbed by cloud and rain drops, so the typical
atmospheric lifetime is several hours to a few days [55].
If sources as distant as Idaho and California contribute to
observed gaseous ammonia concentrations at RMNP, either
the ammonia was lofted high enough to have little interaction
with the surface during transport or it converted to a related
compound such as ammonium nitrate, which has a much
slower deposition velocity and then back to ammonia when
close to the measurement location.
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Figure 12: Source areas for TrMB modeling of ammonia. Top left is the Western US; the inset on the lower right is Colorado. County
boundaries and the receptor site are shown in the inset. The numbers are the annual mean TrMB percent ammonia attribution in the
numerator calculated as in the bottom row of Table 4 and the percent of back trajectory endpoints in the denominator. Values are rounded
to the nearest integer; all areas had at least a fraction of a percent of the total endpoints.

TrMB is only one piece of several source attribution
techniques employed for RoMANS II.

Malm et al. [17] reported the results from a hybrid
deterministic-receptor technique. On an annual average,
this technique also apportioned about half the ammonia
to sources within Colorado. Of the half from outside the
state, the largest fractions were from west rather than east of
Colorado.However, comparisonwithTrMB results is difficult
due to different source region definitions.

Results from chemical transport modeling have not yet
been published and reconciliation of the various source
attribution methodologies is ongoing.
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In arid and semiarid regions, dust storms are common during windy seasons. Strong wind can blow loose sand from the dry
surface. The rising sand and dust is then transported to other places depending on the wind conditions (speed and direction)
at different levels of the atmosphere. Considering dust as a moving object in space and time, trajectory calculation then can be
used to determine the path it will follow. Trajectory calculation is used as a forecast supporting tool for both operational and
research activities. Predefined dust sources can be identified and the trajectories can be precalculated from the Numerical Weather
Prediction (NWP) forecast. In case of long distance transported dust, the tool should allow the operational forecaster to perform
online trajectory calculation. This paper presents a case study for using trajectory calculation based on NWP models as a forecast
supporting tool in Oman Meteorological Service during some dust storm events. Case study validation results showed a good
agreement between the calculated trajectories and the real transport path of the dust storms and hence trajectory calculation can
be used at operational centers for warning purposes.

1. Introduction

Dust storms, a type of dust events, are in most cases the
result of turbulent winds, including convective haboobs,
which raise large quantities of dust from desert surfaces and
reduce visibility to less than 1 km [1]. Dust storms directly
affect visibility and impact daily commercial, transport, and
military operations near desert regions [2]. Due to their
effects on human health and activities, several aspects of
dust storms have been recently investigated. These include
dust characteristic, dust sources, transport process, and dust
forecast. In addition, some studies tried to link the increase
of the dust storm frequency with the climate change. Dust
sampled over the north of theArabian Peninsula for 2009 and
pre-2009 was compared in [3]. It was concluded that there
was a major change in the characteristic of the transformed
dust which indicates a possible role for climate change.

Wind condition plays a major role in the generation
and transport of dust storm. In [4], dust storm data was

correlated with the monthly extreme wind velocity. The
results demonstrate that the wind regime (strength and
variability) is a key control on the sand and dust deposition
during dust storm. Therefore, the better the forecast of the
wind condition, the better the forecast of the dust storm
generation and transport. Several dust forecasting models
were developed for operational and research use at server
institutes. Examples of such models are presented in [5–
7]. An evaluation of the Community Aerosol and Radiation
Model for Atmospheres (CARMA) [8] developed by the
United States Air Force Weather Agency was presented in
[2] over Sahara region. CARMA is initialized by assimilating
the meteorological forecast data from the MM5 numerical
weather prediction model [2]. The model also incorporates
the global dust source database developed by Ginoux in [9].
Themodel uses 10 particle size bins which cover dust particles
with radii from 0.5𝜇m to 10.0 𝜇m. In CARMA, dust aerosols
are lofted by vertical advection and diffusion. The vertical
diffusion is calculated using theMM5 inputmeteorology.The
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Figure 1: Dust sources surrounding the Arabian Peninsula.

Calculate trajectory
Trajectory config. 
predefined locations
interval 
level (1000, 950, 900, 8
50, 800)

NWP model

Wind forecasts 

If scenario 
trajectory

Operational 
forecaster

Recalculate 
trajectory

Dust RGP 
satellite images

Modified trajectory 
config.

new locations

Modified dust 
trajectory

(1h)

(3 days)

Figure 2: Data flow diagram of the system.

model calculates the vertical potential temperature, sensible
heat flux,Monin-Obukhov length, and friction velocity using
theMM5meteorological profile at each grid point.Themodel
then calculates the vertical diffusion for each vertical level
following themethod developed byZhang andAnthes in [10].

In this paper, a dust storm forecast supporting tool is
proposed using forward trajectory calculation. Considering
dust as a moving object in space and time, forward trajectory
calculation then can be used to determine the path it will
follow. The position of each trajectory is given by [11]

𝑥
𝑖
(𝑡 + Δ𝑡) = 𝑥

𝑖
(𝑡) + V

𝑖
(𝑡) Δ𝑡,

V
𝑖
= V−
𝑖
+ V
𝑖
.

(1)

The velocity V
𝑖
is composed of the grid scale velocity V−

𝑖

and the turbulent fluctuation V
𝑖
, which is computed by

solving the Langevin diffusion equation using aMarkov chain
formulation [12]. The trajectories are calculated from 3D
wind fields and surface pressure of the numerical weather
perdition (NWP) model. The trajectory equations are solved
numerically at high numerical accuracy of the second order.

The interpolation of the NWP fields to the trajectory location
is linear in time, but cubic in 3D space (different constant
pressure levels). In this paper, a forecast supporting tool
was developed at Oman National Meteorological Service
using trajectory calculation. Predefined dust sources were
identified and the trajectories were calculated after each run
of the NWP model over those sources. On the other hand,
operational forecaster can adjust the start location of the
trajectories to match the exact location of the dust storm.
Finally, this paper presents a case study for using trajectory
calculation. The system utilized NWP data from the high
resolution (7 km) Oman regional model. Two dust storm
events during March 2012 are presented. The rest of the
paper is organized as follow. Section 2 presents the applied
methodology. Case study results are presented on Section 3.
Finally, Section 4 concludes the paper.

2. Methodology

According to [13], four main dust sources were identified in
the area, namely, Tigris and Euphrates rivers basin, Sistan
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Table 1: COSMOmodel configuration.

Details Configuration
Model domain 35.0E–78E (ie = 769), 7.0N–35.25N (je = 453), 40 vertical layers

Model equations Nonhydrostatic, full compressible hydrothermodynamical equations in advection form. Subtraction
of a hydrostatic base state at rest

Prognostic variables
Horizontal and vertical Cartesian wind components, pressure perturbation, temperature, specific
humidity, and cloud water content. Optionally: cloud ice content, turbulent kinetic energy, specific
water content of rain, snow, and graupel

Coordinate system Generalized terrain-following height coordinate with rotated geographical coordinates and user
defined grid stretching in the vertical

Initial conditions Global German model analysis at 00, 12UTC
Boundary conditions Global German model (20 km); 60 vertical layers
Surface layer parameterization Turbulent kinetic energy
Convection parameterization Tiedtke mass-flux convection

and Baloushistan basin, East of Alhejaz Mountains basin,
and Southwest Alhajar Mountains basin. The sources are
marked in Figure 1. The proposed trajectory dust forecast
supporting system is implemented to work in two different
modes. The first mode is called “if scenario” mode. The
second mode is called “real time” mode. In the “if scenario”
mode, the dust trajectory is calculated for each dust source
after each NWP model run and for different time horizons.
This mode is used to answer the question “what are the
possible paths if a dust storm is generated from one of
the sources?” This mode provides the operational forecaster
with a set of possible scenarios for different altitudes of the
atmosphere. The “real time” mode is used by the operational
forecaster once the dust storm is detected using satellite RBG
composite. Operational forecaster can modify the location
of the dust storm according to the latest observations and
then the trajectory pathswill be recalculated accordingly.This
mode is used to adjust the first guess of the “if scenario”mode.

Figure 2 shows the data flow diagram of the system.
The proposed system is loosely coupled with the operational
NWP model. Therefore, the output (hourly wind forecast) of
any NWP model is used as input to the trajectory calcula-
tion system. The system requires some basic configuration
including the predefined starting locations, output interval,
and the required levels. At this stage, the system will provide
trajectory calculation forecast of the “what if ” scenario. The
operational forecaster who is monitoring the dust raising
using the dust satellite RGB can modify the starting location
of the trajectory based on his observations from the satellite
images. Then the trajectory calculation system will rerun the
trajectory based on the updated real time information.

Figure 3 shows an example of the “if scenario” output
of the system at March, 17, 2012. It can be seen from the
RBG composite satellite image that there was no dust storm
detected at this time. For each dust source, two sets of
trajectories are calculated to capture the spatial structure of
the expected dust storm. Trajectories for different altitude,
namely, 1000 hPa, 950 hPa, 900 hPa, 850 hPa, and 800 hPa,
are calculated for each source. From this “if scenario” output
of the system, operational forecasters need to keep an eye
on any dust storm development over Tigris and Euphrates

1000 hPa
950hPa

850hPa

900hPa
800 hPa

Figure 3: “If scenario” output of the system based on the NWP
model run at 17/3/2012 00 UTC.

rivers basin because it may be transported to the area.
The “if scenario” of this case predicts that any dust storm
development over Sistan Basin and Baloushistan or East of
Alhejaz Mountains will not be transported to Oman.

For the trajectory calculation, Oman regional model is
used to generate the required wind field data. Oman weather
service is running Consortium for small-scale modeling
(COSMO)mode [14]. Omanweather service runs COSMOat
7 km resolution. Table 1 summarizes the main configurations
used in COSMOmodel.

3. Case Study Results

Synoptically, on March 17, 2012, at 08UTC, a dust storm was
developed as a result of winter Shamal wind crossing Iraq
towards Arabian Gulf. The dust storm affected all Arabian
Gulf countries and the visibility was reduced to less than



4 Advances in Meteorology

(a) (b)

1000 hPa
950hPa
900hPa

850hPa
800 hPa

(c)

1000 hPa
950hPa
900hPa

850hPa
800 hPa

(d)

Figure 4: System out for the dust storm event over Tigris and Euphrates rivers basin starting fromMarch 17, 2012.

800m.The upper air profile of Iraq desert (taken from NWP
models) showed that the northwesterly wind was extended
up to 700 hPa level due to high pressure system over Arabian
Peninsula that extended from Siberian high. After a trough
of low pressure system at 500 hPa level passed over Iraq
desert, the northwesterly wind at surface was intensified.The
intensified northwesterly wind causes dust to rise from Iraq
desert area and move in a southeasterly direction affecting
Iraq, Kuwait, Bahrain, Qatar, KSA, UAE, and reached Oman
and Yemen. Normally, the northwesterly wind persists for
more than one day.

On March 18, 2012, 1200UTC another dust storm formed
over Iran desert and moved southerly towards Sultanate of
Oman and reduced the visibility to less than 500m with
maximum wind speed of 25 knots sometimes gusting to
35Knots. The system of high pressure located over Iran
desert as extension of Siberian high reached up to 700 hPa
resulting in an increase in the wind speed aloft. A 500 hPa
trough (which crossed Iraq before) passed Iran desert, the
high pressure intensified, and the surface northerly wind
strengthened and blew the dust towards the south to Oman
sea coasts.

3.1. System Validation. When the dust storm was detected
over the Tigris and Euphrates rivers basin at March 17,
2012, 08UTC, the trajectories were calculated based on the
NWP model run at March 17, 2012, 00UTC. Results showed
that the storm will move southeasterly across the Arabian
Gulf and then will make a turn to the west as shown in
Figure 4(a). Figure 4(b) shows the storm 24 h later (March
18, 2013, 08UTC). It can be seen that the trajectories which
were generated in the previous day were able to predict the
movement of the storm.

On March 18, 2012, 00UTC, the center of the dust storm
moved southeasterly overKuwait.Therefore, trajectorieswere
recalculated starting from the new location and using the
latest NWP model data as shown in Figure 4(c). Figure 4(d)
shows the storm 12 h later (March 19, 2012, 12UTC). It can be
seen that the trajectories were able to simulate the movement
of the storm.

While the dust storm was still crossing the Arabian
Peninsula, a new dust storm was detected over Sistan and
Baloushistan basin at March 18, 2012, 12UTC. Based on the
model run of 00UTC of the same day, trajectories were
calculated for this storm. It was forecasted that part of
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Figure 5: System out for the dust storm event over Sistan and Baloushistan basin starting fromMarch 18, 2012.

the storm will cross the Strait of Hormuz to the Arabian Gulf
and the other part will move to Oman Sea and then toMuscat
as shown in Figure 5(a).

The top right part of Figure 5(b) shows the location of the
dust storm at March 19, 2012, 12UTC (24 h later) with high
agreement with the predicted trajectories. OnMarch 19, 2012,
00 UTC, new trajectories were generated based on the latest
model run and starting from the new location of the storm as
shown in Figure 5(c).This model run was validated using the
satellite pictures from March 30, 2012, 00UTC (24 h later). It
can be seen, from Figure 5(d), that the trajectories were able
to simulate the extent of the storm along the Omani coasts
and over Masirah island.

4. Conclusion

This paper presented a dust storm forecast supporting system
using trajectory calculation from numerical weather pre-
diction models. The system was developed at Oman Mete-
orological Service and validated using the high resolution
(7 km) Oman regional model. The system was implemented
to run after each NWPmodel run and generate “if scenarios”
for each time horizon forecast and over four surrounding

dust sources. Users can correct the location of the dust
storm based on the satellite observation and recalculate the
trajectories accordingly. The paper also presented a system
validation using two cases of dust storm during March 2012.
The validation results showed a good agreement between
the calculated trajectories and the real transport path of the
dust storms emphasizing the usefulness of such trajectories
for warning purposes. It is important to mention that the
quality trajectory calculation is a function of the quality of
the used NWP model forecast. The higher the quality of the
NWPmodel wind forecast the higher the accuracy of the dust
trajectory transport paths.
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