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a b s t r a c t

Over a twelve year period from 1996 to 2007, 76 dust storm related events (as days) in Hong Kong were
selected for study, based on Aluminium and Calcium concentrations in PM10. Four of the 76 events reach
episodic levels with exceedances of the Hong Kong air quality standards. The purpose of the study is to
identify and characterize dust sources impacting Hong Kong.

Global distribution of aerosols in NASA’s daily aerosol index images from TOMS and OMI, are compared
to plots generated by NRL(US)’s Navy Aerosol Analysis and Prediction System. Possible source areas are
assigned by computing air parcel backward trajectories to Hong Kong using the NOAA HYSPLIT model.
PM10 and elemental data are analyzed for crustal mass concentrations and element mass ratios.

Our analysis reveals that 73 out of the 76 dust events (96%) involve non-East Asian sources-the
Thar, Central/West Asian, Arabian and Sahara deserts (Saharan influence is found in 63 events), which are
previously not known to affect Hong Kong. The Gobi desert is the most frequent origin of dust, affecting
68 dust events while the Taklamakan desert impacts only 30 of the dust events. The impact of the Gobi
desert in March and December is apparently associated with the northeast monsoon in East Asia.

Our results also show a seasonal pattern in dust impact from both East Asian and more remote sources,
with a maximum in March. Dust event occurrences are conspicuously absent from summer. Dust
transport to Hong Kong is commonly associated with the passage of frontal low-pressure systems.

The coarse size fraction of PM10 concentrations were, as indicated by Al, Ca and Fe concentrations,
about 4e8 times higher during dust events. The mean Ca/Al ratios of sources involving the Taklamakan
desert are notably higher than those for non-East Asian sources owing to a higher Ca content of most of
the East Asian deserts. The Fe/Al ratios follow a similar trend.

Contributions from the desert sources are grossly estimated where possible, by using the average Al
abundance of 8% in the upper continental crust to convert the Al mass in the PM10 to dust concentrations.
This is done for the six events identified with air mass purely of non-East Asian origin and the two events
related only to the Thar/Arabian/Sahara deserts. Results reveal that the average contribution from the
non-East Asian sources (including C/W Asia) is approximately 10% and, that from the Thar/Arabian/
Sahara deserts is about 8%.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

1.1. Desert dust transport

Arid and hyperarid regions, approximating the boundaries of
deserts (Fig. 1), occupy almost 20% of the earth’s surface (UNEP,
2006). Large amounts of dusts are often transported over long
distances from these regions to different parts of the world.
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According to Liu et al. (2008), about 12% of the area between 0 and
60�N is influenced by desert dust about 50% of the time. There are
concerns that the deposition of dusts not only causes air pollution,
but also heats up the atmosphere and contributes to climate change
(Han et al., 2008).

Long range transport of dusts has long been documented,
especially for sources like the Sahara desert, the Arabian desert,
both of which are prolific dust sources (Liu et al., 2008), and the
Gobi and Taklamakan deserts in East Asia. Sahara dust is not only
transported across northern Africa into Europe, westward to the
Caribbean andWest Indies, but has also been reported to be carried
eastward to Korea and Japan (Park et al., 2005; Tanaka et al., 2005;
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Fig. 1. World deserts (source:www.mapsofworld.com).
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Lee et al., 2006). The transport of dusts from East Asian deserts to
Korea (Chung and Yoon, 1996; Kim, 2008), Japan (Zhou et al., 1996)
are well reported. Researchers have shown that the Asian dusts
reached as far east as the North Pacific (Merrill et al., 1989) and
North America (Husar et al., 2001).

The occurrence of dust storms depends on the intensities of
surface cyclonic systems andmigratory anticyclones, the passage of
cold fronts and the horizontal gradients of the surface air pressure
in the cold frontal zone (Dulam, 2005). Rising warm air associated
with the passage of weather fronts and systems is believed to lift
Saharan sand to altitudes of several kilometers (Morales, 1986).
Most dust events in the desert regions in the southwestern United
States are caused by similar meteorological conditions (USEPA,
2004) associated with the passage of fronts and troughs or the
down mixing of upper level winds.

In other cases, when the blowing winds are strong and persis-
tent, dust from deserts can also ascend into the upper atmosphere.
In North Africa, the Saharan dust is lifted to 3000 m when the
northeasterly winds (the “Harmattan”) in winter converge with
the southwest monsoon forming a front. The tops of Saharan dust
plumes were observed or estimated to be from 1500 m to above
6000 m (Morales, 1986).

Discontinuous bands of relatively strongwesterly winds called jet
streams found just under the tropopause, are believed to play
a dominant role in the long range transport of desert dust. The
subtropical jet stream, generally found within the subtropics, has
been found tohavea strongwaveguideeffect (Watanabe, 2004;Hong
et al., 2009) through which wave activity forced in the Mediterra-
nean-Sahara region could be transmitted to East Asia. Asian dustwas
observed in Korea and Japan behind a cold front of a travelling cut-off
low associated with the upper westerly jet. Dust transport over the
NorthPacificwas alsobelieved to be related to upper level jet streams
(MoonandLee,2008). Jet streamsmaysimilarlyberesponsible for the
eastward transport of Saharan dust in an elevated layer. Jet streams
often form as a result of the meeting of two air masses of different
temperatures, causing high pressure difference. They are located
above areas of strong temperature gradients, e.g. frontal zones.
1.2. Desert dust deposition

The Gobi and Sahara desert storms have been found to have
a higher impact on dust deposition in Japan than the arid loess
region and Taklamakan desert storms (Lee et al., 2006). Amongother
studies, Kubilay et al. (2000) have shown that trajectories arriving at
the Turkish coast of the eastern Mediterranean at upper barometric
levels (700 or 500 hPa) mostly originate from Africa and dusts from
these sources contribute significantly to peak dust events. Kubilay
et al.’s study includes ground based aerosol samples and deposition
(wet)measurements. The transportedNorthAfrican andMiddle East
desert dust particles generally constitute a sizable fraction of the
annual atmospheric deposition in the eastern Mediterranean.

1.3. Seasonal variations of dust impact

The incidence of dust storms and their impact vary seasonally.
The transitional season of spring is usually the most active dust
season. Data from 18 key stations reveal that dust events around
the Taklamakan desert occur mainly in spring (53.4% of observa-
tions) and summer (34%) and in northeast China mainly in spring
(65%) and winter (22%) (Wang et al., 2004). According to Kurosaki
(2005) vegetation cover begins to suppress dust emission from
May in the Gobi Desert.

While also occurring in winter and autumn, the incidence of
dust storms in the Sahara peaks from March to May. The transport
of Saharan dust fromNorth Africa to the Eastern Mediterranean has
been found to occur predominantly in spring (Kubilay et al., 2000)
and is commonly associated with the eastward passage of
frontal low-pressure systems (Guerzoni andMolinaroli, 2005). Dust
storms over Israel are usually associated with a cold front and
a significant downward flowing jet stream (Goudie and Middleton,
2001). The passage of fronts has been considered a precursor of
a dust event in Taiwan (Liu et al., 2009), and fronts and sometimes
frontal rain are found on dust event days in Hong Kong.

Similarly, Borbély-Kiss et al. (2004) found that the seasonal
distribution of the Saharan dust related events in the Hungarian
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Table 1
Dust event dates of Hong Kong 1996e2007.

Dust eventa dates, Hong Kong 1996e2007(nil for JulyeSeptember)

Jan Feb Mar Apr May Oct Nov Dec

1996 25 10 20, 23 2, 14, 17
1997 2
1998 16, 17
1999 8 3e4, 19, 20 7, 8
2000 25e31 5, 21
2001 15 17 3e6, 9, 10 13e15 14 29
2002 23 12e13 6e8, 9 7
2003 19e20, 26
2004 2, 30 6, 7 8, 26 3, 8
2005 4 30 21e22
2006 9 16, 30, 31 21 17
2007 9, 28e30 13, 27 6, 30e31

a Aluminium � 1000 ng m�3, Calcium � 2000 ng m�3 (in PM10).
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region exhibit spring and autumn maxima around March and
November. Similar double peaked periodicity has been observed in
the atmosphere over Tel Aviv (Israel) (Ganor, 1994). Thirty-three
years of measurements in Israel indicatemore frequent transport of
desert dust in spring and autumn (Kubilay et al., 2000). However,
the most intense dust events occur between March and May.

1.4. Elemental mass ratios of dust

Mineral dust mainly consists of a mixture of silicates (clay
minerals, feldspar, quartz) associatedwith carbonates. Guerzoni and
Molinaroli (2005) suggest that the abundance of these minerals in
dust reflects the source composition and its evolution during
transport. Variations in the proportions of different clay minerals,
e.g. ratios of illite-to-kaolinite, derived from different source areas
have therefore been used to indicate sources. However, Silicon is not
measured in Hong Kong, so similar comparisons cannot be made.

Concentration ratios of elemental constituents have been
considered as signatures of desert areas in many transport studies.
The use of the average X/Al ratio (where X ¼ an element), for
instance, eliminates the variability owing to different mineralogical
compositions (Guieu et al., 2002). Different Ca content of dust
sources e.g. African and Asian, has made Ca/Al a good tracer.

Ti as Ti/Ca, Ti/Fe ratios (Nicolás et al., 2008; Borbély-Kiss et al.,
2004) has been used as typical marker of Saharan dust outbreaks.
Ti/Ca and Ti/Fewere found by Borbély-Kiss et al. (2004) to be a good
signature of the transport of Saharan dust to Northern Italy.
However, Ti was not analyzed for the particulate filters in Hong
Kong. On the other hand, the Al/Ca ratio has been used successfully
in tracing aerosol plumes from distant Saharan dust sources in
Illinois, U.S. (Gatz and Prospero, 1996), Eastern U.S. and Virgin
Islands (Perry et al., 1997), the Amazon Basin and Israel (Formenti
et al., 2001) while the Ca/Fe ratio has been used for tracing dust
plumes transported from Saharan and Taklamakan sources to the
U.S. and Japan (Gatz and Prospero, 1996; Makra et al., 2002).

“Episodes” in this paper involve exceedances of the Hong Kong Air
Quality Objectives found at http://www.epd-asg.gov.hk/english/
backgd/hkaqo.php. The first dust storm related episode reported in
Hong Kong occur on 10 May 1996 and has been attributed to dust
transport from the Gobi desert (Fang et al., 1999). Account on a later
twodayepisode in2000wasgivenbyLeeandHills (2003). Theepisode
on 16March 2006has not yet been documented. There are indications
that the sources of dusts in the episodes and eventsmaygo far beyond
the East Asian deserts. It is the purpose of this paper to investigate,
identify, gain insight into and characterize as far as possible the
possible sources, whether East Asian or more remote sources.

2. Methods of tracing air mass origins of dust
storm related events in Hong Kong

Altogether76dust stormrelatedevents inHongKongare included
for analysis in this paper over the period 1996e2007 (Table 1). Dust
event days, including the episode days of 10May 1996,17 April 1998,
28/29 March 2000 and 16 March 2006 with exceedance(s) of the
Hong Kong Air Quality Objectives, are selected for study based on
criteria pertaining to crustal elemental concentrations: that
Aluminium and Calcium concentrations are equal to or greater than
1000 and 2000 ng m�3 respectively. Compared with a criterion of
3000 ng m�3 Al used in other work (Liu et al., 2009), the criterion
adopted in this studyhaspermitted the inclusionof small dustevents.

2.1. Satellite images and NAAPS plots

The global distribution of aerosols is observed in NASA’s daily
aerosol index images from Earth Probe Total Ozone Mapping
Spectrometer (TOMS) from 1996 to end of 2005 and the Ozone
Monitoring Instrument (OMI) fromOctober 2004which represent the
absorbing aerosol particles as they cross the land/sea boundary. Using
these data it is possible to observe the phenomena of desert dust
transport.

The TOMS aerosol index images are compared with plots gener-
ated by the US Naval Research Laboratory (NRL)’s Navy Aerosol
Analysis and Prediction System (NAAPS), a global aerosol model
using global meteorological fields from the Navy Operational Global
Atmospheric Prediction System (NOGAPS). It analyzes and forecasts
on a 1� � 1� grid, at 6-h intervals and 24 vertical levels (beginning
September 2002) reaching 100 mb. The model has presumed eight
dust-producing categories, including low sparse grassland, bare
desert, sand desert, semi-desert shrubs, semi-desert sage, polar and
alpine desert, salt playas, sparse dunes and ridges. The source regions
in the Sahara, Middle East, Arabia, and Australia have been further
refined by NRL in June, 2000 using an analysis of TOMS AI data.
2.2. Backward trajectories generated by HYSPLIT

The HYSPLIT (HYbrid Single-Particle Lagrangian Integrated
Trajectory) model of the US National Oceanic and Atmospheric
Administration (NOAA) is used to assign possible source areas. Air
parcel backward trajectories to Hong Kong at 00 UTC are computed
for altitudes at 500 m intervals up to 6.5 km, and for up to 315 h.
The Windows-based version 4.9 of the model is used. Vertical
motion is provided by the meteorological model’s vertical velocity
fields. The National Centers for Environmental Prediction (NCEP)
reanalysis data is used as model input (Draxler and Rolph, 2003).

The slope of the vertical component of trajectories shown in the
lower panel of the backward trajectory plots, provides information
on prevailing meteorological conditions during the transport.
2.3. Analysis of chemical species of PM10

The PM10 and elemental datawere obtained from the Hong Kong
Environmental Protection Department (EPD). PM10 is known to be
collected by the Graseby Andersen PM10 high-volume sampler for
24 h for chemical analysis of the quartz filters. Concentrations of
PM10 andPM2.5 and crustal specieswhich are abundant in the earth’s
crust, are analyzed and elementmass ratios computed. Analysis is by
the multi-element Inductively Coupled Plasma Atomic Emission
Spectroscopy (ICP) with minimum detection limits at 13.5, 22.7 and
7.5 ng m�3 for Al, Ca and Fe respectively (USEPA, 1999). Elemental
data for PM2.5, however, is not yet available from the EPD.
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2.4. Aerosol size distribution

A PREDE POM-01 sun-sky radiometer installed on the main
campus of the City University of Hong Kong (Kowloon) is used
to measure direct and scattered solar radiation. By applying an
inversion algorithm, columnar aerosol optical properties such as
size distribution can be obtained (Yang and Wenig, 2009).
3. Dust sources identification

Results of the analysis using the methods outlined in 2.1 and 2.2
reveal the following origins of desert dust for the episodes/events.
Very different origins of the air masses arrive at Hong Kong at
different barometric levels in the multilayered transport. The
trajectories at lower altitudes (900 hPa) usually identify air masses
coming from North China as shown in Fig. 2 while the trajectories
arriving at higher barometric levels (700 or 500 hPa) indicate
origins of the Sahara, which is also evident from Fig. 2.
Fig. 2. HYSPLIT trajectories and TOMS aerosol images of dust episode days in Hong Kong,
3.1. The Gobi and Taklamakan deserts

Apparently the Gobi desert is themost frequent origin of airmass
(see Fig. 3), affecting as many as 68 of the total of 76 dust events. On
two days, Gobi’s influence coincides with that of the Taklamakan
desert with no other sources. Notably on only one day is the impact
coming solely from Gobi. Actually for most of the time Gobi influ-
ences Hong Kong concurrently with non-East Asia sources, with or
without the Taklamakan. It is interesting to note the smaller influ-
ence of the Taklamakan desert on Hong Kong as compared with the
Gobi desert. Taklamakan affects Hong Kong in 30 of the dust events.

The significant impact of the Gobi desert in March and
December is believed to be associated with the winter monsoon
path in East Asia as Hong Kong is downwind of the Gobi desert in
this season. Interactions between the northeast monsoon and the
mid-latitudewesterly jet are likely. On the other hand, troughs may
occasionally move through the Tibetan Plateau and initiate cold
surges over southern China and cause cold air (which may carry
dust) to reach Hong Kong in 12e24 h (Cheng, 1988). Anticyclones
1998e2007 (The 10 May 1996 episode is not shown as no TOMS image is available).



Fig. 2. (continued).
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developing over the Tibetan Plateau are not common and usually
happen in the first half of winter (Thompson, 1951).

3.2. The Thar, Central/West Asia, Arabian and Sahara deserts

Backward trajectories plotted for higher altitudes in Fig. 2 illus-
trate the three dust storm related dust episodes in Hong Kong that
involve dusts from non-East Asian sources, a fact which has been
unknown before our study. These sources include the Sahara (West,
North, Central and East) as well as the Arabian desert, Central/West
Asia and the Thar desert in India and Pakistan. It is interesting to note
that the 2006 March 16 episode may have a contribution from
the continental scale Sahara dust outbreak of 5e9 March in 2006
(Kerkmann, 2006). As many as 73 of the total dust events, or 96%,
involve contributions from non-East Asian sources.

In respect of the frequency of impact, the Thar desert affects as
many as 65 of the dust events, followed by the Sahara desert and the
Arabian desert impacting 63 and 62 events respectively. The number
of days which are also expressed as percentages of the total number
of dust events, are shown in Fig. 3. Trajectory analysis indicate that
six of the dusty days in Hong Kong solely involve non-East Asian
sources, withmaximumAl and Ca concentrations reaching 1300 and
3500 ng m�3. Backward trajectory and the TOMS aerosol index
image for a similar day affected by non-East Asian sources but with
lower Al and Ca concentrations are shown in Fig. 4.

4. Seasonality of dust impact

The annual distribution of dust events in Hong Kong from 1996 to
2007 is shown in Fig. 5. The monthly influence of the individual
sources is also shown.March records 21 out of a total of 76 events. All
dust storm related episodes in Hong Kong have occurred in spring i.e.
March, April andMay. December comes second afterMarch in regard
to the number of dust events. Then they come in the order of January,
February, April, and November. By contrast, only a small number of
events occur inMay andOctober. Dust events are prominently absent
from summer, and September. Dust impact from both the East Asian
deserts of Gobi and Taklamakan, as well as the Thar, Central Asian,
Arabian and Sahara deserts seem to follow a similar seasonal pattern.

As reported for other places (see Section 1.3), dust transport
from non-East Asian sources is commonly associated with such
meteorological events as the passage of frontal low-pressure



Fig. 2. (continued).
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systems (with warm air ahead of the front being lifted up and
over). The vertical component of the trajectories indicates
temporal variations of the altitudes of the air masses. Dusts are
entrained into the cut-off low (of uplifted warm air). Synoptic
scale high and low-pressure systems are known to alternate in
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Fig. 3. Impact of various dust sources on Hong Kong (as number of days affected by
each source and percentage of total number of dust event days), 1996e2007.
spring in East Asia. As an illustration, the vertical component of
the trajectories plotted for 16 March 2006 show the air mass with
Saharan dust travelling at 3000e6000 m. It appears to be brought
down by frontal systems in Hong Kong at about 4000 m after
about 10 days’ travel.

Evaluating the synoptic weather charts together with the
precipitation data for the events can be useful. Trace amount of
rainfall, believed to be frontal rain, was found on the episode day of
16 March 2006.
5. Characterization of dust storm related events

5.1. Mineral dust composition

PM10 concentrations during the dust episode were higher than
those before, as shown in Fig. 6 (i) for the month of March 2006, in
which the major dust episode of 16 March 2006 occurred. It
appears that a slightly more pronounced increase is found in the



Fig. 4. HYSPLIT trajectory and TOMS aerosol image on 2 March 2004: Hong Kong affected by only non-East Asian sources (Al, Ca & Fe concentrations are lower than the “dust event”
criteria. This day is selected to show impact on the south China region).
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coarse size fraction for the background site of Tap Mun than for the
urban site of Tsuen Wan.

Aluminium and Calcium are known indicators of mineral dust or
crustal weathering. Their concentrations (Al, Ca, Fe), like the PM10
concentrations, significantly increase on event days as shown in
Fig. 6 (ii) for the monthly distribution and Fig. 7 for the episode
days. Increment factors for Al, Ca, Fe comparing event day
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Fig. 5. Annual distribution of frequency of dust sources for dust events in Hong Kong,
1996e2007.
concentration and the pre-event 10 day mean (Al and Ca concen-
trations <800, 1000 ng m�3 respectively) vary from 4 to 8 times.
5.2. Volume particle size distribution

An aerosol event on 6 and 7 March 2004 shown by backward
trajectories to be affected by air masses from the Gobi desert, is
studied in greater detail. The mean aerosol size distributions before
(4, 5 March), during (6, 7 March) and after (8, 9 March) the dust
event are shown in Fig. 8. The mean distributions are found to be
within the interval of 0.01e20 mm with a typical bimodal size
distribution. The finemode has a radius ranging from 0.01 to 0.6 mm
while the coarse mode ranges from 0.6 to 20 mm.

The columnar aerosol concentrations obtained by integrating the
size distribution, are 0.179, 0.129, 0.156 mm3 mm�2 respectively for
the fine mode aerosol for the periods before, during and after the
dust event. The corresponding coarse mode aerosol concentrations
for the same three periods are 0.208, 0.255, 0.209 mm3 mm�2. The
concentration fractions of coarse to fine aerosol are hence 1.17, 1.96,
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1.39. About 79% of the mass concentration of PM10 dust is due to the
presence of the coarser fraction (2.5e10 mm). Therefore the size
distribution evolution clearly indicates that the coarsemode aerosol
is enhanced during the dust period, despite likely scavenging of
coarse particles by frontal rain. The size distribution generally
depends on the point of origin, and on how the dust is picked up. It is
probably modified in the initial stages of transport, but after injec-
tion into the upper atmosphere, it is not much changed (Murdin,
1986). Annual variations of desert dust size distribution are likely
(Israelevich et al., 2003).

5.3. Element mass ratios

Sandy soils in the arid part of China, especially the Taklamakan,
have high Calcium content (Carmichael et al.,1998) while soils in the
southern part of China has a higher percentage of Aluminium, an
indicator for aluminosilicatemineral particles (Uematsu et al., 1983).

Element mass ratios are known to differ according to source
regions. To make use of these source markers of mineral dust, Ca/Al
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and Ca/Fe are calculated for the different air mass origins as iden-
tified by the backward trajectories. They are (i) non-East Asian
sources (ii) Gobi and Taklamakan, (iii) Gobi þ non-East Asian
sources (iv) Gobi þ Taklamakan þ non-East Asian sources respec-
tively. No ratio computation is performed for the Gobi desert as no
Fig. 8. Aerosol size distribution for the dust event of 6, 7 March 2004, Hong Kong.
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Table 2
Ca/Al, Fe/Al ratios for different dust sources 1996e2007.

Non-East
Asian

Gobi þ Takla Gobi þ non-E
Asian

Takla þ non-E
Asian

Gobi þ Takla þ non-E
Asian

UCCa Gobi soilb

(<100 mm)
China
loessc PM10

Ca/Al 1.5 2 1.5 2.2 1.9 0.37 1.17 1.08
Fe/Al 0.7 1.6 1 1.3 1.2 0.4 0.4 0.5

The þ sign means plus (other sources).
Takla ¼ Taklamakan.

a UCC : Upper continental crust (Wu et al., 2009; Taylor and McLennan, 1995).
b Ta et al. (2003).
c Cao et al. (2008) (China Loess Plateau is south of the Gobi desert).
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chemical species data is available for the one event solely under
Gobi influence. Elemental concentrations and deduced element
ratios represent near-ground level conditions.

The difference in X/Al (where X¼ an element) is shown in Fig. 9
for crustal as well as other elements for the episode day of 16March
2006 for two sites in Hong Kong (Yuen Long and Tsuen Wan). It is
apparent that the X/Al ratios for the crustal elements Al, Fe and Ca
are ten times or more higher than ratios for the non crustal species.
Mean mass ratios calculated for the marker elements Ca/Al and Fe/
Al for the different dust sources are shown in Table 2. The Ca/Al
ratios for the Taklamakan desert are apparently higher than those
for non-East Asian sources. According to Cao et al. (2008) the Ca/Al
ratios in source regions of Asian dust (0.74e2.7) are one order of
magnitude higher than those in African dust (0.15e0.38). Sandy
soils in arid parts of China, especially the Taklamakan (Makra et al.,
2002) and the loess plateau (south of the Gobi desert) have high Ca
content of about 17% on average. However, Ca/Al ratios in Hong
Kong may be slightly altered owing to reactions between dust and
other pollutant aerosols and the depletion of Ca during the
transport.

Mineral dust from the Sahara desert is known to have low Ca
content, averaging about 2% (Krueger et al., 2005). However, coastal
Saudi dust, usually has large amounts of Ca (average w15%)
compared with inland dust (Kumar et al., 2008) owing to the
mixing in of sea salt aerosols. Both the Saharan and the China loess
dusts contain approximately similar amounts of Al of about 15e17%
(Krueger et al., 2005).
Table 3
Estimated mean contributions of (i) non-East Asian (ii) Thar/Arabian/Sahara deserts
to PM10, 1996e2007 (limited samples).

Sources of dust Mean Al
(ng m�3)

Mean dust
conc (mg m�3)
derived from Al

Mean PM10

(mg m�3)
% of
PM10

Non-East Asian (6 days) 1116.7 14 143 9.8
Thar/Arabian/Sahara (2 days) 1100 13.75 166 8.3
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Fig. 10. Mean contributions of (i) non-East Asian deserts (ii) Thar/Arabian/Sahara to
PM10, 1996e2007 (limited samples).
Regarding Fe/Al, the non China Fe/Al ratios (see Table 2) are
significantly lower than those for the Gobi and the Taklamakan
deserts. This is despite the fact that inland dust from Saudi Arabia
has been reported to have high Fe content. Ca/Al and Fe/Al ratios for
the upper continental crust (UCC) (Wu et al., 2009; Taylor and
McLennan, 1995) are listed in Table 2 for comparison.

Air masses may touch different dust or pollution sources along
the transport path. Contribution by different sources along the
trajectory will vary and depend on such factors as transport
time, meteorological conditions, chemical processes and nature of
emission sources touched along the path. Thus element mass ratio
for air mass from the same origin, for instance from the Sahara, may
differ to a varying extent at different places of arrival, e.g. Tel Aviv
and Hong Kong. For dust transport involving multiple sources, as in
most cases of Hong Kong, it is even more difficult to differentiate
the individual sources.
6. An estimation of contributions by non-East Asian sources

Use is made of the six (out of a total of 76) dusty days identified
with air mass of non-East Asian origin and the two days entirely
under the influence of the Thar/Arabian/Sahara deserts. A gross
estimate of contributions from the non-East Asian sources has been
performed based on method used by Liu et al. (2009).

Aluminium is released to the environment mainly by natural
processes with some anthropogenic contributions. On the
assumption that crustal influence dominates on dusty days, an
average Al abundance of 8% (Taylor, 1964; The encyclopedia of
earth) in the upper continental crust is used to convert Al mass in
the PM10 to dust concentrations. 8% tends to be on the low side
when compared with Krueger et al.’s estimate (2005) that both the
Saharan and the China loess dusts contain 15e17% Al. On the basis
of the average of 8%, results of the estimation are given in Table 3
and Fig. 10. While the average contribution from non-East Asian
dust sources (including C/WAsia) is about 10%, that from the “Thar,
Arabian and Sahara deserts” is 8.3%.

For the purpose of comparison, the average daily Al concen-
trations for summer which is the non dusty season, is 113 ng m�3

(mean of 2006 and 2007) fromwhich the calculated Al derived dust
concentration is only 1.4 mg m�3. Al concentration is lowest in June,
74, 69 ngm�3 in 2006 and 2007 respectively. Under the influence of
southwesterlies in June Al contribution in Hong Kong is low.
7. Conclusions

A total of 76 dust storm related events in Hong Kong over the
period 1996e2007 have been selected for source identification and
characterization in this paper, on the basis of crustal elemental
concentrations of Aluminium and Calcium in PM10 being equal to or
greater than 1000 and 2000 ng m�3 respectively. The episode days
of 1996 May 10, 1998 April 17, 2000 March 28/29, and 2006 March
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16 with exceedance(s) of the Hong Kong Air Quality Objectives, are
included in our study.

The methods of study include:

� Observation of the global distribution of aerosols in NASA’s
daily aerosol index images from Earth Probe Total Ozone
Mapping Spectrometer (TOMS) and the Ozone Monitoring
Instrument (OMI). The TOMS images are compared with plots
generated by NRL’s global aerosol model of Navy Aerosol
Analysis and Prediction System (NAAPS) regarding aerosol
coverage and concentrations.

� Assigning possible source areas by using the HYSPLIT model of
the NOAA. Air parcel backward trajectories to Hong Kong are
computed for selected altitudes up to 6.5 km, and for up to 315 h.

� The PM10 and elemental data obtained from the Hong Kong
Environmental Protection Department are analyzed for crustal
mass concentrations and element mass ratios.

� Aerosol size distribution for a dust event is obtained by using
a PREDE POM-01 sun-sky radiometer installed in the main
campus of the City University of Hong Kong (Kowloon). Columnar
aerosol concentrations are obtained to verify coarse mode levels.

Results of the analysis reveal remote origins of desert dust for
the events in Hong Kong, other than East Asian deserts. Trajectories
of the multilayered transport at lower altitudes (900 hPa) usually
identify air masses coming from North China while the trajectories
arriving at higher barometric levels (700 or 500 hPa) indicate
origins of the Sahara. During three of the four dust episodes in
Hong Kong during the study period, the Thar, Central/West Asian,
Arabian and Sahara deserts also contribute, in addition to dusts
from the East Asian deserts. This non-East Asian influence is
prevalent, and is found in 73, or 96% of all dust events.

The Gobi desert is found to be the most frequent origin of dust
for Hong Kong, affecting 68 dust event days. For a small number of
events (2), Gobi’s influence coincides with that of the Taklamakan
desert, and only in one event is the impact coming solely fromGobi.
As a matter of fact, Gobi influences Hong Kong mostly concurrently
with non-East Asian sources. The Taklamakan desert affects Hong
Kong on only 30 of the dust event days. The significant impact of
the Gobi desert in March and December is apparently associated
with the winter monsoon in East Asia. In regard to the frequency of
impact, the Thar, Sahara and Arabian deserts affect 65, 63 and 62
dust events respectively.

A seasonal pattern is found in the dust impact from both East
Asian and non-East Asian sources for the study period.March records
21 events out of a total of 76. Dust storm related episodes have
occurred in March, April and May in Hong Kong. Contrary to expec-
tation, December comes second after March in terms of the number
of dust events. Then come January, February, April, November, May
andOctober. Dust events are conspicuously absent fromsummer, and
September. The East Asian deserts of Gobi and Taklamakan, aswell as
the Thar, Central/West Asia, Arabian and Sahara deserts seem to
followa similar seasonal pattern. Dust transport from remote sources
to Hong Kong is commonly associated with meteorological events
such as the passage of frontal low-pressure systems.

The concentrations of PM10 during the dust episode were
much more elevated than those before, particularly for the coarse
size fraction. Increment factors for the crustal elements Al, Ca and
Fe vary from about 4 to 8 times. The mass ratios of Ca and Al are
known to differ according to source regions. Owing to the higher Ca
content of the deserts of China, the mean Ca/Al ratios related to the
Taklamakan desert are higher than those for non-East Asian sour-
ces. The Fe/Al ratios follow a similar trend.

A gross estimate of contributions from the non-East Asian
sources (including C/W Asia) and the Thar/Arabian/Sahara deserts
is made based on concentrations of the crustal marker Al. Use is
made of the six events identified with air mass of non-East Asian
origin and two events with influence coming from the Thar/
Arabian/Sahara deserts. The average Al abundance of 8% in the
upper continental crust is used to convert the Al mass in the PM10
to dust concentrations. Results indicate that the average contribu-
tion from the non-East Asian sources is approximately 10% and
about 8% from the Thar/Arabian/Sahara deserts.
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