3B2v7.51¢ Prod.Type:COM ED:MaduraiDurai
GML4.3.1 AEA : 3729 pp.1—16(col.fig.:NIL) PAGN: bkm SCAN: S.S.ARCHANA

a

21

23

25

27

29

31

33

35

37

39

41

43

45

47

49

51

53

55

ARTICLE IN PRESS

"mm__iflt
i ATMOSPHERIC
ENVIRONMENT

# ii
www.elsevier.com/locate/atmosenv

PERGAMON Atmospheric Environment I (115E) IEE-1EE

The origin of high particulate concentrations over the United
Kingdom, March 2000

D.B. Ryall**, R.G. Derwent?, A.J. Manning®, A.L. Redington?®, J. Corden®,
W. Millington®, P.G. Simmonds®, S. O’Doherty®, N. Carslaw?, G.W. Fuller®

& Public Meteorological Service Research, The Met Office, Bracknell, Berkshire RGI12 2SZ, UK
® Midlands Asthma and Allergy Research Association, Derby DEI 1FT, UK
€ School of Chemistry, University of Bristol, UK
4 Environment Department, University of York, York YO10 5DD, UK
¢ Environmental Research Group, King’s College London, London SEI 7EH, UK

Received 7 June 2001; received in revised form 28 September 2001; accepted 5 October 2001

Abstract

An episode of exceptionally high PM;y, and PM, 5 levels was observed during the night of the 2-3 March 2000
throughout England and Wales. The weather was characterised by strong westerly winds and widespread rainfall
associated with a low pressure system to the north of Scotland, conditions usually associated with relatively clean,
unpolluted air. Possible sources included volcanic ash from an eruption on 26 February 2000 in Iceland, or dust from
large sandstorms over the Sahara. A combination of atmospheric transport modelling using the Lagrangian dispersion
model NAME, an analyses of satellite imagery and observational data from Mace Head has shown that the most likely
origin of the episode was long range transport of dust from the Sahara region of North Africa. Further modelling
studies have revealed a number of previously unidentified dust episodes, and indicate that transport of dust from the
Sahara can occur several times a year. Dust episodes are of interest for a number of reasons, particulate levels can be
elevated over a wide area and in some instances can significantly exceeded current air quality standards. If a natural
source is identified over which there can be no control, there are implications for the setting of air quality standards. ©
2001 Published by Elsevier Science Ltd.

Keywords: Saharan dust; PMo; PM, 5; Long range transport; Air quality standards
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1. Introduction

There is increasing evidence that particulate matter
has an adverse effect on health, recent epidemiological
studies have shown a correlation between air pollution
and mortality (Schwartz and Marcus, 1990; Dockery
et al., 1993; Pope et al., 1995; Schwartz et al., 1996). In
the European Community (EU), concentration limits for
PM, (particles with a diameter <10um) have been
established under the new Air Quality Directive
(Directive 1999/30/EC). The Stage 1 limits to be

*Corresponding author.
E-mail address: dbryall@meto.gov.uk (D.B. Ryall).

achieved by 2005 are an annual mean value of 40 pgm ™"
with 24 h limit of 50 ugm >, not to be exceeded more
than 35 times a year. By 2010, the Stage 2 limits come
into force, where PM,, concentrations must not exceed
an annual mean value of 20 ugm ™3, or a daily mean
value of 50 ugm > on more than 7 days a year.
Particulates have a variety of natural and anthropo-
genic sources, which can be broadly separated into
primary and secondary (APEG, 1999). Primary parti-
culates are those which are emitted directly into the
atmosphere such as vehicle and industrial emissions and
wind-blown dust. Secondary particulates are formed
through chemical transformations of gas-phase species

1352-2310/01/$ - see front matter © 2001 Published by Elsevier Science Ltd.
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in the atmosphere. Much attention has been given to
man-made sources, initially to domestic coal combus-
tion and more recently to diesel vehicular traffic
(QUARG, 1996). In comparison, little attention has
been given to natural sources of airborne particles such
as wind-blown dusts and sea-salts in the United King-
dom. With the advent of continuously recording
monitoring instruments and telemetric reporting, it has
become much easier to follow the time series of
particulate matter and to observe the occurrence of
pollution episodes across the United Kingdom monitor-
ing network. Continuous monitoring of airborne parti-
cles with aerodynamic diameters <10 um, PM,, began
in 1993 and with diameters <2.5um, PM; s, in 1998.

The majority of particulate pollution episodes have
either occurred during wintertime in still, cold weather
conditions or during summertime, associated with hot,
sunny photochemical pollution conditions (Harrison
et al., 1997). A number of particulate pollution episodes
have, however, occurred in the British Isles under
weather conditions that are far removed from those
generally associated with pollution events. One possible
cause of these particulate pollution events is the
advection of air masses, heavily loaded with dust from
the Saharan region of North Africa. Long range
transport of Saharan dust across the Mediterranean
Sea into southern and central Europe (Rodriguez et al.,
2001; Schwikowski et al., 1995; Avila and Pefiuelas,
1999; Prodi and Fea, 1979; Chester et al., 1984) and
across the tropical Atlantic Ocean to the Caribbean and
both North and South America (Rajkumar and Siung
Chang, 2000; Prospero, 1999; Prospero et al., 1981;
Carlson and Prospero, 1972) is well established.
Rodriguez et al., estimate 10-23 exceedances of the
50pugm™ PM;, standard in Southern Spain and 4-7
exceedences in Northern Spain. Long range transport of
Saharan dust to the British Isles appears much less
frequent, though specific events have been identified
(Reiff et al., 1986; Stevenson, 1969) and red dust
deposits are regularly reported over the British Isles
following rainfall in air masses originating over the
Sahara.

This paper reports how long range transport of
Saharan dust led to the occurrence of elevated levels of
both PM o, and PM, 5 in urban and rural areas across
the British Isles during the early months of 2000. The
levels approached the national and internationally
accepted air quality standards and guidelines set for
the protection of human health (EPAQS, 1995; WHO,
1995). A sophisticated Lagrangian dispersion model has
been used to study the frequency of long range transport
from the Saharan region to the British Isles over a Syr
period and the likely occurrence of elevated PM;, and
PM, 5 concentrations.

2. The episode
2.1. Observations

Fig. 1 shows observed values of PM;y,, PM,s and
nitrogen oxides at a number of sites across the United
Kingdom between 1 and 4 March 2000. All the sites are
urban with the exception of Narberth (Wales) and
Rochester (East of London) which are considered rural,
and Middlesbrough (North East coast of England)
which is an industrial site. Data were retrieved from the
National Air Quality Information Archive web site
http://www.aeat.co.uk/netcen/airqual/index.html
funded by the Department of Environment, Transport
and Regions (DETR). Significant peaks in PM,, are
evident at all sites except for those in Scotland and
Northeast England, and similar peaks are seen in PM> 5
observations at London and Rochester, the only sites for
which PM; 5 data are available. No corresponding peaks
are evident in the nitrogen oxides data, which indicates
that the source was not industrial or from traffic. The
highest peak occurs in Plymouth, in the Southwest, with
a maximum mean hourly concentration of 292 ug m~,
the highest value detected in Plymouth since measure-
ments began. Maximum concentrations generally reduce
from west to east, with maximum values in eastern sites
dropping to & 100 ugm 3. The rise in PM levels occurs
some 2-3 h earlier in the west, which indicates rapid west
to east transport. In contrast the end of the episode
occurs later towards the south, resulting in longer
periods of high PMj, levels in the south and west, and
shorter periods of high PM, in the north and east. The
strong correlation between PM, and PM, 5 suggests a
common source, consisting of material with a broad size
distribution. PM, 5 concentrations are about half of
those of PM levels, indicating a higher number density
of PM, 5 particles.

2.2. Meteorology

The synoptic chart for 00Z 3 March in Fig. 2 shows a
low pressure centred to the Northeast of Scotland,
bringing strong west to northwesterly winds across the
whole of the United Kingdom. An associated frontal
system is evident, with a warm front clearing the south
of the country by midnight, and a strong cold front
trailing across central parts of the United Kingdom at
midnight, moving rapidly south and clearing the south
coast by midday on the 3 March. Extensive precipitation
was associated with the passage of the cold front.

Detailed analyses of the timing of the pollution
episodes reveals that high particulate levels occurred
after the passage of the warm front, and that particulate
levels fell to background levels with the passage of the
cold front. Elevated particle levels were not observed
either before or after the passage of the warm sector.
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Fig. 1. Observed PM;o, PM, 5 and NO, concentrations (PM, s in black, PM in red and NO, in blue). Plots on the left represent
westerly locations, and plots on the right represent easterly locations.
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Source (TIFF-Files): ftp://weather.ncaa.gov

F

This shows that the episode is associated with the warm
sector of the low pressure system, suggesting a southerly
origin. The sharp fall in concentrations with the passage
of the cold front suggests minimal mixing between the
warm and cold sectors.

No correlation is evident between the timing of the
pollution peaks and precipitation. Elevated pollution
levels are evident several hours before the onset of
precipitation at several locations, with high levels
continuing during periods of high rainfall. For example
Fig. 3 shows radar derived rainfall at 00Z on the 3
March, clearly showing a band of sometimes intense
precipitation associated with the cold front lying across
central parts of the UK. At this time high particulate
concentrations were being measured at all sites south of
the front, which include sites well ahead of the rain band
as well as sites within the rain band.

2.3. Possible sources

The evidence clearly suggests that the episode was of
natural origin. Had the episode been due to industrial or
traffic emissions, similar peaks should have been
observed in a range of other pollutants such as nitrogen

CEDSTROPHIC WIND SCALE
X KNOTS TR EORS AL U8 PTTRUALS
PR STIREOGVPHE: PROCETIH

Fig. 3. Radar derived rainfall at 00Z 3 March 2000.

oxides or sulphur dioxide. In fact, observations of all
other routinely monitored pollutants remained at low
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levels throughout the period, consistent with relatively
clean air associated with strong westerly winds.

Initially the plume was thought to be volcanic ash
originating from Mount Hekla in Iceland, which erupted
during the evening of the 26 February, some 5 days
before the episode. Earlier in the week the Met Office
had been issuing volcanic ash forecasts which indicated
ash might reach the United Kingdom during the 2 and 3
March. Back trajectories (not shown) for midday on the
2 and 3 March also indicated a source to the north west
of the UK. However back trajectories for the morning of
the 3 March show a more southerly source, suggesting
air over southern parts of the UK originated in the mid
Atlantic to the west of Africa. Coincidentally there had
been press reports of a large sandstorm observed by
satellite moving west from the Sahara into the Atlantic,
covering the Canary Islands. Given the level of interest
in the episode, with enquiries originating from local and
central government departments and the public, further
modelling work using the Met Office’s dispersion model
NAME was undertaken to identify the most likely
origin.

3. Name model

The Met Office’s dispersion model NAME (Nuclear
Accident ModE]l) is a Lagrangian particle model used to
predict the transport of airborne pollutants over ranges
of a few kilometres to many 1000s of kilometres (Ryall
and Maryon, 1998). It utilises three dimensional wind
fields from the Met Office’s numerical weather predic-
tion model, the Unified Model (Cullen, 1993). Pollutants
are represented by large numbers of particles which are
released into the model atmosphere and then advected
by the local mean wind, with various random walk
techniques used to represent turbulent diffusion pro-
cesses. Parametrisations are available for entrainment
between the boundary layer and the free troposphere,
for mixing by deep convection and for wet and dry
deposition processes. Originally developed for emer-
gency response purposes, NAME is implemented
operationally for generating forecasts in the event of
major atmospheric releases, such as from a nuclear
accidents or volcanic eruptions. NAME has also been
applied to a range of air quality problems, such as
understanding PMo transport to the UK (Malcolm
et al., 2000) and interpreting Mace Head observations
(Derwent et al., 1998a, b; Ryall et al., 2001).

The eruption from Mount Hekla is assumed to have
started at 1800Z on 26 February, lasting for 3 h with the
plume extending from the surface to 45,000 ft (13700 m),
as reported by pilots following the eruption. A nominal
release rate of 1gs~' was used. For Saharan dust an
area source covering the region 15W-5E, 15-25N was

assumed, also with a nominal emission rate of 1gs’1.

Material was released continuously between the surface
and 1000 m above ground. A surface release could have
been used, letting the model handle vertical mixing in the
boundary layer, but it was felt that a deeper release was
appropriate to ensure a reasonable depth of dust near
the surface. In practice the dust sources are likely to be
localised, depending on the nature of the soil, rainfall
history and boundary layer wind profiles. However, the
aim here was not to replicate the detailed nature of the
dust, rather to look at the broad scale transport to the
UK.

Fig. 4 shows the predicted plume from both Mt.
Hekla and the Sahara between the 2 and 4 March. Note
that quantitative comparisons of predicted and observed
concentrations are inappropriate as nominal release
rates were used in absence of known emission rates.
These simulations suggest that volcanic ash from Mount
Hekla would have reached northern parts of Scotland in
the boundary layer on the 28 February, before slowly
moving south and clearing the South coast by 12Z on
the 2 March, prior to the start of the PM 4 and PM, 5
episode. As particulate levels remained low during this
period it is likely that the ash plume from Hekla was too
dilute to be detected. In contrast material originating
from the Sahara is predicted to rapidly cross the UK
from the Atlantic late on 2 March, covering most of
Ireland, England and Wales but not Scotland. The
plume is then predicted to move south across England
and Wales, clearing the south coast by 12Z on the 3
March. These predictions match the observed pattern of
high PM, and PM> 5 concentrations very well, suggest-
ing that dust from the Sahara is the most likely source.
Extensive rain associated with the cold front would have
resulted in dust being washed out, causing widespread
deposits. As the plume moved east the rain will have
depleted the plume significantly, which may in part
explain why lower air concentrations were observed in
eastern areas.

3.1. Comparison with AUN measurements

Spatially averaged observations of PM,s, PMj,
nitrogen oxides and sulphur dioxide from Automatic
Urban Network (AUN) sites are plotted in Fig. 5. For
PM, 5 data are averaged over just three sites, whilst for
the remaining species observations were averaged over
more than 30 sites spread across England and Wales.
Averaging observations over a number of sites helps
emphasise periods of elevated concentrations that occur
over a broad area from a common and distant source. In
addition NAME predicted concentrations of Saharan
dust and volcanic ash from Mount Hekla are shown
averaged over Birmingham and London.

The spatially averaged observations clearly show the
episode of the 2-3 March with a peak in both PMq and
PM, 5, but no corresponding increase in nitrogen oxides
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Hekla Sahara
0000UTC 02/03/2000 0000UTC 02/03/2000

oo,
%"*-"{sc -

Particle Height (H.

0.00 . . . 4 X .00 231,

Particle Height (FL)

0.00 . X i i X .00 231,

Fig. 4. NAME model predictions for volcanic ash from Mount Hekla (left) and Saharan dust (right). The plumes are coloured
according to their height, Flight Levels (100s feet above sea level) for volcanic ash, metres above ground for Sahara dust.

and sulphur dioxide. In fact concentrations of both in a clean airmass, unpolluted by industrial emissions.
nitrogen oxides and sulphur dioxide appear particularly The timing of the episode corresponds well with the
low during the episode, confirming that the dust arrived timing of the NAME predicted peak for Saharan dust.
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NAME predicted Saharan dust (average of Birmingham and London)
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Fig. 5. NAME model predicted air concentrations for Saharan dust and volcanic ash, network averaged concentrations of PM, s,
PM, nitrogen oxides and sulphur dioxide over England and Wales, and dust measurements from Derby. Units are pgm > for PMj,
and PM, s, ppb for SO, and NO,.
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3.2. Further episodes

The NAME model also predicts three further episodes
of Saharan dust transport, on the 7-8, 10-11 and 13-14
of March. On the morning of the 14 March the Met
Office received a number of calls from the public who
reported that significant dust deposits had appeared on
surfaces such as cars and windows overnight. These
deposits, variously described as grey or yellow/red in
colour were observed over a wide area, including
Cumbria, Cornwall, Wales, Dorset and Sussex. This
supports the conclusion that dust transport from the
Sahara was again the source of the reported deposits. A
small increase in particulate concentrations was evident
during this period, but as nitrogen oxide concentrations
were also elevated it is not possible to attribute elevated
particulate concentrations to Saharan dust, either
wholly or in part.

Sahara
0000UTC 03/03/2000

On both other occasions there were corresponding
increases in measured PM, s without associated peaks in
nitrogen oxides or sulphur dioxide. On the 7 March
there is also a small but significant increase in average
PM, levels. These observations suggest that there were
two more episodes of dust transport from the Sahara. As
there was no precipitation on these dates, very little dust
would have been deposited, resulting in less visible
evidence. The NAME predictions shown in Fig. 6 show
that the dust plume reaching the United Kingdom on
the 3 March took =~1 week to reach the United
Kingdom, whilst the plume in the subsequent three
episodes took 2 weeks or more to reach the United
Kingdom. This may explain why high PM, values were
only observed in the first episode. Larger particles will
be lost more rapidly due to gravitational settling, leaving
a progressively larger proportion of smaller particles as
the plume ages.

% i
v o
el = S

Sahara
0000UTC 11/03/2000

) Particle Age (days
000 133 267 X'fm. ; . : 67 13, 2 : .00

Sahara
0600UTC 07/03/2000

ozl

Particle Age (days
000 133 267 AW ; : ; 67 12, 5 g .00

Sahara
0000UTC 14/03/2000

i i Particle Age (days)
000 133 267 ﬁ'jm. 2 . : 67 12, ; : .00

Particle Age (da
000 133 267 “him. x . s 67 12, : .07 10,00

Fig. 6. NAME predicted plumes from the Sahara for 3, 7, 11 and 14 March 2000. Plume colours indicate time since release.
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4. Supporting observations
4.1. Satellite imagery

Concentrating on the 2-3 March episode a range of
satellite imagery and observational data have been
studied to identify those products that best reveal the
presence of significant dust clouds. The clearest images
come from the SeaWifs project http://seawifs.gsfc.nasa.-
gov/SEAWIFS.html. These true colour, visible images
taken from low earth orbit clearly show widespread
areas of dust to the west of Africa on the days before the
2 March episode. In Fig. 7 a plume of dust can clearly be
seen extending towards the Southwest of the UK.

Fig. 7. SeaWifs image from the 2 March 2000. Areas of dust
can clearly be seen to the west of Africa and Spain, extending
towards the UK.

Another satellite product that shows an aerosol cloud
reaching the UK from Africa is the TOMS derived
aerosol index (http://jwocky.gsfc.nasa.gov/) shown in
Fig. 8. These images, which are generated from mea-
surements of ultraviolet radiation backscatter (Torres
et al., 1998), provide estimates of the aerosol content of
the atmosphere. The pattern of transport is consistent
between the two products and agrees well with the
NAME model predictions. Visible products from polar
orbiting satellites also revealed the dust cloud, especially
at low sun angles. Whilst many satellite products can
help track dust clouds, they do not tell the whole story.
Observations are generally qualitative rather than
quantitative, and give limited detail about the vertical
distribution of material. In particular it is not possible to
determine if the plume extends to the surface, where it
may pose a risk to health.

4.2. Spore traps

The Midlands Asthma and Allergy Research Associa-
tion (MAARA) in Derby has been operating volumetric
spore traps (Hirst, 1952) since 1968 with the aim of
monitoring and quantifying pollen and spore contents at
hourly resolution. These traps are sited 10m above
ground level, on a roof site at the University of Derby’s
Mickleover site, ~4 km south-west of the city centre. In
addition to pollen and spores, the traps will capture any
other particulate matter present in the atmosphere,
including dust particles. Over the years elevated dust
levels have been observed on a number of occasions, but
levels during the 2-3 March were exceptionally high.

Earth Probe Aerosol Index for 03/02,/00

= o o =~ I
o ~ R ~ it

* #
[¥] N b

b o o
~ s ~

Aerosaol Index

Fig. 8. TOMS derived aerosol index for 2 March 2000.
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For comparison with model predictions and other
observations a detailed visual inspection was made of
the dust deposited in the spore traps between 2 and 17
March 2000. Dust levels were reported as trace, low,
moderate, high or very high at hourly intervals and are
plotted in Fig. 5. The correlation for the 2-3 March is
excellent, with very high dust levels observed during the
episode. Good correlation is also found with the three
subsequent episodes predicted by NAME. The observed
particles on the 2-3 March were different in nature to
the dust observed on later days, containing mainly clear
or ochre particles with significant amounts of red, brown
and yellow particles and a greater proportion of larger
particles. This is consistent with the 2-3 March episode
being of an exceptional nature, with very high particle
concentrations with a broad particle size distribution.
Transport to the UK was fairly rapid, which would have
allowed many of the larger particles to remain in
suspension.

It is interesting to note that a small number of
particles found in samples from 2 to 3 March were
considered to be of volcanic in origin, suggesting some
of the dust may have originated from Hekla. The
NAME model predictions show volcanic ash transport
from Hekla to the UK both before and after the passage
of the dust. There are three possible explanations for
volcanic ash being present in some of the samples
containing Saharan dust: (i) particles deposited before
the passage of the warm front may have been
resuspended by rain or strong winds; (ii) some mixing
may have occurred between the air masses; or (iii)
precipitation may have washed out ash particles from
higher levels.

4.3. Mace head data

Since 1994, high frequency (40 min interval) real-time
gas chromatographic measurements of the principal
halocarbons and radiatively active trace gases have been
made as part of the Global Gases Experiment (GAGE/
AGAGE) at Mace Head, Co. Galway, Ireland (Sim-
monds et al., 1996a; Cunnold et al., 1997). In addition a
fully automated gas chromatograph-mass spectrometer
(GC-MS) has been used to monitor a range of additional
species, typically at 4 hourly resolution, including many
HCFCs and HFCs (Simmonds et al., 1996b). In recent
years the NAME model has been used to help interpret
measurements from Mace Head, identifying source
regions and strengths for many of the monitored species
(Ryall et al., 1998, 2001; Derwent et al., 1998a,b). The
site is situated on the West Coast of Ireland, with few
local man-made pollution sources.

Previous studies (Simmonds et al., 1997; O’Doherty
et al., 2001) have shown that transport from southerly
latitudes in tropical maritime air masses result in
observed concentrations dropping below baseline levels

for a number of species, including carbon monoxide,
methane, methyl chloroform and chloroform. This is
due to air being transported from near equatorial
regions, which are characterised by lower atmospheric
concentrations. In Fig.9 NAME model predicted
concentrations of Saharan dust at Mace Head are
plotted together with PM;q observations from Lough
Navar, and Mace Head observations for carbon
monoxide, methane, chloroform and methyl chloro-
form. Lough Navar is a rural monitoring site in
Northern Ireland some 180 km to the northeast of Mace
Head, and is part of the AUN with hourly PM,, data
available.

The PM,, data clearly show a peak reaching
100pgm > during the afternoon of the 2 March,
coinciding with the NAME predicted peak. Each of
the four species monitored at Mace Head show a
corresponding drop in concentrations, showing that the
dust plume was associated with air originating in
tropical latitudes. Reduced concentrations of these
species have not been observed in air masses reaching
Mace Head from west or northwesterly directions. It is
not clear whether the dust was generated within air of
tropical maritime origin, or if the plume was mixed with
tropical maritime air during transport to the UK.
Further trajectory or transport modelling would be
required to determine the history of the air in which the
dust was first suspended.

Reduced concentrations also coincide with some of
the subsequent transport events during March 2000,
however on the 10 March levels remain at baseline
levels. Either the dust was well mixed with mid-latitude
air during transport to the UK, or the air into which the
dust was incorporated over the Sahara was not of
southerly or tropical origin. So while the Mace Head
data can confirm that the air during a given episode is of
southerly origin, absence of southerly transport does not
exclude dust transport from the Sahara.

5. Frequency of episodes

Having established that an episode of Saharan dust
transport has resulted in air quality standards being
exceeded over many parts of the UK, it is important to
establish whether this is a one-off event or whether
Saharan dust transport is a more frequent event than
currently thought. Whilst the unusual nature of the 2-3
March episode could be readily identified, the situation
is not usually so obvious. A wide range of source types
with high temporal and spatial variability contribute to
particulate concentrations, and the chemistry behind the
production of secondary particulates is far from
complete (APEG, 1999; Malcolm et al., 1999). Simply
attempting to isolate PMo peaks which do not have
corresponding peaks in other ‘industrial’ pollutants such
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Fig. 9. NAME model predictions for Mace Head (top), PM;, obseravtions at Lough Navar and carbon monoxide, methane,

chloroform and methyl chloroform at Mace Head.

as carbon monoxide or nitrogen oxides is generally
inconclusive. Such events may also be due to other
natural sources, including sea salt, volcanic ash or other
poorly understood natural sources.

In order to identify the periods most likely to be
associated with Saharan dust events, and to assess how
frequently air from the Sahara might reach the UK, an
extended five and a half year NAME simulation of an
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idealised continuous Saharan dust source has been
carried out. An area source covering the region 10W—
20E, 15-30N was used, with a tracer species being
released continuously at 1 gs~' between the surface and
500m above ground level. Fig. 10 shows the predicted
concentrations at London from January 1995 to July

2000. These results show that transport of near-surface
air from the Sahara to the UK is relatively common,
with more events during the spring and fewer events
during the summer months. Over the whole period the
model predicts that air from the Sahara reaches south-
ern UK ~10% of the time, with transport predicted
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Fig. 10. NAME predicted concentrations at London due to an idealised dust source over the Sahara.
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during nearly 1 in 7 days. Individual transport events
range in duration from an hour up to several days.
Whether air reaching the UK from the Sahara contains
significant dust will depend on a number of factors.
Sufficient dust concentrations need to be generated at
source, then subsequent transport must occur without

excessive losses from wet and dry deposition processes,
or by mixing with clean air. In addition larger particles
will also be rapidly lost due to sedimentation.

In an attempt to isolate further dust transport events
the NAME model predictions were again compared with
Lough Navar observations of PM,,, and Mace Head
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Fig. 11. NAME predicted dust at Mace Head, PM;, observations at Lough Navar, and carbon monoxide, methyl chloroform and

chloroform at Mace Head.
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observations of carbon monoxide, methyl chloroform
and chloroform, a period of three months from this data
is shown in Fig. 11. Unfortunately NO, is not mon-
itored at Lough Navar, so we use carbon monoxide as
an indicator of industrial pollution. As discussed in
Section 4 low concentrations of carbon monoxide,
methyl chloroform and chloroform are good indicators
of southerly transport, and chloroform is useful in
eliminating events due to local sources. O’Doherty et al.
(2001) have identified widespread natural sources of
chloroform at Mace Head, which result in elevated
chloroform concentrations during periods of low wind
and stable conditions. This can help identify periods of
high particulate concentrations that are due to local
sources such as fires or peat burning, that might
otherwise have the characteristics of a dust event.

On many occasions where NAME predicts possible
Saharan transport PMj, levels remain low, showing
minimal dust transport. On many other occasions PM g
is elevated, but so are the Mace Head concentrations
suggesting the presence of man-made pollutants due to
transport over populated regions. In these situations
dust transport cannot be eliminated or confirmed. In a
limited number of cases NAME predicted transport
events correlate well with a PM ;o peak and southerly
transport, suggesting Saharan dust. A good example can
be seen in Fig. 11 on the 6 February 1997, when
observed PM , levels reached 40 pgm 3. A total of eight
such events could be identified during the five and a half
year period, with PM,, concentrations rising at least
20pgm 2. With the exception of the 2-3 March 2000
episode none of these transport events resulted in air
quality standards being exceeded. Whilst all the events
detected occurred between January and June, insuffi-
cient events have been identified to determine any
seasonal patterns.

6. Discussion and conclusions

The episode of 2-3 March has been demonstrated to
originate from the Saharan region of North Africa.
NAME model predictions correlate well with observa-
tions, including ground based PM ;o and PM, 5 observa-
tions, dust analyses and satellite imagery. Analyses of
Mace Head data also shows that the dust episode was
associated with southerly transport from tropical
latitudes. Three further transport events, albeit at much
reduced dust levels, were identified in the 3 weeks
following the episode, also by a combination of
modelling and observational analyses.

A 5yr NAME simulation has shown that transport of
air from the Sahara is relatively common, with air
originating over the Sahara reaching the UK some 10%
of the time. On most of these occasions dust transport is
minimal, as PM, levels remain low. However analyses

of PM o measurements at the rural site of Lough Navar,
together with Mace Head observations has revealed a
number of significant episodes between 1995 and 2000
resulting in elevated PMjo concentrations. On many
other occasions dust may have contributed to observed
levels, but positive attribution is not possible. This is
likely to be due to possible contamination with particles
from other sources both natural and man-made.
Compared to southern European countries Saharan
dust transport to the UK is much less common. We
predict just one or two events per year over the UK, with
daily mean concentrations rarely exceeding 50 pgm>.
In contrast Rodriguez et al. (1997) identify up to 23
events resulting in daily mean concentrations in excess of
50 pgm >,

Prior to the availability of continuous particulate and
pollution measurements and high resolution satellite
imagery, the primary evidence for Saharan dust trans-
port to the UK was deposited dust, washed out from the
atmosphere by precipitation. For example on the 14
March 2000 dust transport was readily identified
through deposits on windows and vehicles, but concen-
trations were too low to be seen in particulate
measurements. This could be one reason why so few
episodes have been reported over the years, as many
transport events are likely to have occurred during
periods of no rain.

The coarser fraction of PM;, will undergo significant
loss due to sedimentation under gravity, reducing
concentrations over long range transport of a few days
or more. In contrast the PM,s fraction will stay
suspended for much longer periods. This is evident on
the 7 and 11 March 2000, where dust is more easily
identified in the PM; 5 data shown in Fig. 5. It is possible
that the contribution of Saharan dust to particulate
concentrations over the UK is more significant for
PM2A5 than for PMIO-

Whilst some specific events have been identified, and
show that dust transport is relatively common, it is not
possible at this stage to quantify the dust proportion of
observed PM;q or PM,, 5 at a particular location. There
is perhaps a need to analyse particulate samples over an
extended period of a few years to better characterise and
quantify natural dust components. As well as Saharan
dust there may also be contributions from mainland
Europe, especially after prolonged dry weather, or from
local sources in the UK. Significant dust storms are
occasionally observed during spring in the Fens region
of East Anglia, and are sufficiently well known to have a
local name—the Fen Blow.

Major dust events may cause exceedances on a small
number of occasions, but in contrast to southern
European countries the overall impact on air quality
standards as they currently stand is thought to be
minimal. The impact of increased desertification and
climate change are not easy to assess, given the complex
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nature of dust transport, though it is possible that the
frequency and strength of future events could increase
over the next few decades. As air quality standards
become tighter, and standards for PM; 5 are introduced,
a better understanding of natural dust sources is
required.

7. Uncited references
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