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T

he quality of the ambient atmospheric environment is an important consideration for sustained human health as well as for the environment. Human
induced changes in the atmosphere are currently responsible for increased
human mortality in many places in the world. In addition, emissions into
the atmosphere since the start of the industrial revolution is now almost certainly
starting have implications for regional and global scale climate.
Detailed studies of the atmospheric environment in the Middle East have been limited. Since the end of 2000 a detailed study has been conducted of the atmospheric
chemistry and microphysics over the United Arab Emirates. These studies have
been part of a larger project to evaluate the impact that natural, human and artiﬁcial
aerosols have on the cloud processes over the region.
The aim of this study was to characterise the nature and spatial distribution of aerosols and trace gases over the United Arab Emirates. In order to understand these distributions better, an attempt has also been made to classify the major regional scale
atmospheric circulation as well as the thermodynamic structure of the atmosphere
over the UAE. Airborne measurements have been made between 2001 and 2004 of
trace gases (SO2, NOx, O3) and aerosols (PM3) during the winter (January-March)
and summer (July-September) months.
This report is divided into seven sections. Section 1 provides the necessary background information related to aerosol, trace gas in general terms. Section 2 contains a description of data collection and analysis methodologies. Section 3 outlines
the results obtained from the synoptic scale circulation classiﬁcation as well as the
relative importance of each circulation type to the overall rainfall over the UAE.
Section 4 summarises the results from the thermodynamic classiﬁcation of the atmosphere over the UAE. The implications of the identiﬁed atmospheric stability
are highlighted in the next section. Section 5 presents the results of the aerosol and
trace gas measurements taken over the UAE during the four year project. The spatial and vertical distribution of atmospheric constituents are discussed in detail. The
seasonal variations observed are also highlighted and explained. Section 6 evaluates the atmospheric transport over the UAE. The importance of transboundary and
long-range transport is considered in this section. In Section 7 key ﬁndings from
the preceding sections are summarised.

VI

The following individuals have contributed in the project between 2000 and
2004
Department of Atmospheric Studies:
Abdulla Al Mandoos, Director of the Department of Atmospheric Studies
Abdulla Al Mangoosh, Former Director of the Department of Atmospheric Studies
Omar Ahmad Al Yazedi, IT Specialist
Suﬁan Khaled Farrah, Forecaster
Ahmed Habib Ibrahim, Forecaster
Refaie Ahmed Mohamed Essa, Climatologist
Maha Abdul Raheem Al-Fahim, Climatologist
Adel Ahmed Kamal, Media Unit
National Center For Atmospheric Research
Dr. Roelof Bruintjes, Scientist and Principal Investigator for the project
Ms. Tara Jensen, Associate Scientist and Forecast Modeler
Dr. Tomoko Kojima, Researcher with Arizona State University.
Dr. Li Jia, Researcher with Arizona State University.
Climatology Research Group, University Of Witwatersrand
Dr. Stuart Piketh, Climatologist with WITS in South Africa
Dr. Kristy Ross ,Cloud Physicist with WITS in South Africa
Mr. Roelof Burger, Cloud Physicist, Data Acquisition System Engineer and Opera

VII

1- INTRODUCTION.........................................................................................................................1
2- BACKGROUND INFORMATION
Position and topography of UAE...........................................................................................2
Topography of the area..............................................................................................................3
Review of the previous studies on the weather of UAE.............................................................3
Atmosphericconstituents.........................................................................................................4
Atmospheric constituents and climate change...........................................................................5
Aerosols and climate change...................................................................................................5
Water-soluble species.................................................................................................................6
Black or elemental carbon (soot)..............................................................................................7
Organic biomass burning aerosols............................................................................................8
Mineral dust...............................................................................................................................8
Atmospheric Haze and Sun Photometry...............................................................................8
Importance of Trace gases......................................................................................................9
Ozone and the oxides of nitrogen............................................................................................10
3- DATA AND METHODOLOGY
Synoptic circulation classiﬁcation........................................................................................12
Synoptic circulation patterns over the UAE.......................................................................12
Surface synoptic scale circulation...........................................................................................12
Upper Air Charts (500 hPa)....................................................................................................15
Atmospheric stability.............................................................................................................16
A climatology of absolutely stable layers................................................................................17
Atmospheric constituents......................................................................................................20
Summarised data sets..............................................................................................................23

VIII

4- SYNOPTIC SCALE CIRCULATION OVER THE UAE
Surface synoptic circulation..................................................................................................26
Siberian High (SH)..................................................................................................................28
Easterly Trough (ET)...............................................................................................................29
Thermal Low (TL)....................................................................................................................30
Easterly Trough and Siberian High (ETSH)............................................................................31
Easterly Trough and Thermal Low (ETTL).............................................................................32
Red Sea Trough (RST)..............................................................................................................33
Indian High (IH)......................................................................................................................34
Mediterranean Trough, Red Sea Trough and Easterly Trough (MT RST ET).........................35
Thermal Low and Indian High (TL IH)...................................................................................36
Red Sea trough and Easterly trough (RST ET)........................................................................37
Other........................................................................................................................................38
Annual occurrence of surface synoptic circulation............................................................39
Impact of the Indian Monsoon on synoptic circulation over the UAE.............................39
Upper Air Pressure Systems.................................................................................................41
Sub-tropical High Pressure (STH).......................................................................................43
Westerly ridge (WR)..............................................................................................................44
Westerly trough (WT)...........................................................................................................45
Easterly trough (ET)..............................................................................................................46
Zonal ﬂow (ZF)......................................................................................................................47
Westerly cut-off low (WCL)..................................................................................................48
5- THERMODYNAMIC STRUCTURE OF THE ATMOSPHERE OVER THE UAE
Surface inversions and absolute stability............................................................................54
Elevated absolutely stable layers..........................................................................................51
6- AIR CHEMISTRY OVER THE UNITED ARAB EMIRATES
Aerosols measured by the PCASP........................................................................................55
Vertical distribution of air pollutants and structure of the boundary layer.............................55
Atmospheric stability...............................................................................................................56
Trapping of emissions by absolutely stable layers over Jebel Dhanna/Ruwais......................57
Trapping of emissions by a temperature inversion over Das Island.......................................58
Multiple stable layers over Zirku Island.................................................................................59
The NOx-O3 relationship over an urban area..........................................................................62
Horizontal distribution of air pollutants.............................................................................63
Sulphur dioxide........................................................................................................................64
Ozone.......................................................................................................................................66
Nitrogen oxides........................................................................................................................67
Accumulation mode aerosols...................................................................................................70
Condensation nuclei................................................................................................................73
Seasonal variations in aerosol and trace GAS concentration............................................74

IX

Sulphur dioxide........................................................................................................................74
Ozone.......................................................................................................................................75
Nitrogen oxides........................................................................................................................75
Accumulation mode aerosols...................................................................................................76
Condensation nuclei................................................................................................................77
Case study of atmospheric pollution around Habshan......................................................78
Surface meteorology at Habshan.........................................................................................79
Spatial distribution of pollutants.........................................................................................80
Vertical Distribution of Pollutants.......................................................................................83
Atmospheric Haze..................................................................................................................85
Seasonal variability of AOT and water vapour content..........................................................85
Seasonal variations in Size Distribution..................................................................................87
7- LONG-RANGE TRANSPORT TO AND FROM THE UAE
Transport pathways of pollution to the UAE......................................................................90
Regional circulation of air around the Gulf Regions.........................................................93
Contributions of long-range transport from Asia..............................................................93
Long-range transport across North Africa and the Mediterranean Sea..........................95
Inﬂuence of transport and transformation on the sulphur budget...................................95
8- CONCLUSIONS.........................................................................................................................97
9- REFERENCES............................................................................................................................99
10- APPENDIX..............................................................................................................................104
11- LIST OF FIGURES.................................................................................................................109
12- LIST OF TABLES...................................................................................................................116

1

T

he lack of water resources in many parts of the world will be a key concern for
many countries over the next ﬁfty years. As development in the United Arab Emirates (UAE) increases, so will the demand for water, thus placing increasing pressure on an already limited natural resource in this arid environment. In an attempt
to ﬁnd ways to increase the supply of water to the UAE through precipitation a project was
initiated in 2000 to evaluate the possibilities of using weather modiﬁcation by cloud seeding.
An important component of this project was to understand the interaction between atmospheric constituents, particularly aerosols and cloud micro-physical processes.
Little information exists in the scientiﬁc literature on the characteristics of the atmospheric
composition in the Middle East. The most extensive studies that were found to have been
conducted in the Middle East concentrated on the severe Kuwait oil well ﬁres that occurred
directly after the Gulf War (1992) (Hobbs and Radke, 1992; Herring and Hobbs, 1994; Herring et al., 1996; Cahill et al., 1996). A full literature survey was undertaken by Spektor
(1998) as the emissions from the ﬁres related to health issues. Very little attention was paid to
the background atmosphere into which the emissions from the oil well ﬁres were being emitted (Hobbs, 2001). Also several studies have been conducted in both the Negev desert and at
Sede Boker (Maenhaut et al., 1997; Maenhaut et al., 1996; Ichoku et al., 1999; Formenti et
al., 2001). In these studies it has found that much of the anthropogenic material was transported from parts of the highly industrialised Europe. An interesting and important study
also found that dust particles, which constitute a signiﬁcant source of aerosols in an arid environment, could be coated by sulphate (Levin et al., 1996). Dust particles in the atmosphere,
derived from wind blow soil, are generally regarded as being a poor cloud condensation
nuclei (CCN). The possibility of having dust coated with sulphate dramatically changes the
impact that these aerosols could have on cloud microphysical processes in the region.
As part of the on going project in the UAE to evaluate weather modiﬁcation, atmospheric
measurements have been made using an airborne platform to characterise the atmospheric
chemistry. Seasonal and spatial distribution of key criteria pollutants have been established
over the UAE.These data have also been placed within the context of the synoptic scale circulation over the region and the thermodynamic structure of the atmosphere. Long-range in
the atmosphere to and from the UAE has also been evaluated. The purpose of this report is to
summarise the key ﬁndings of the above mentioned research with respect to the atmospheric
chemistry.
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Position and topography of UAE
The UAE is situated between 21.5º and 26.5º N and 51.5º and 56.5ºE and covers an area of 77, 700 km2.
It is located in the south western part of Asia and is boarded by the Arabian Gulf to the north, the Arabian
Sea and Oman to the east, Saudi Arabia to the south, and Qatar and Saudi Arabia to the West (Figure
1). The weather in this region, generally, is very hot in summer and warm in winter. The geographical
location of the UAE with respect to Arabian Gulf and the Arabian Sea plays an important controlling
on the climate of the area. Climatically, the UAE is part of the “desert” zone, covering North Africa,
and Western Asia.

Figure 1. The geographical location of the UAE with respect to the Arabian Gulf and Arabian Sea
which play an important role in inﬂuencing the climate of the region.
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Topography of the area:

Generally, UAE has two main elevations zones; the ﬁrst is a large sandy desert zone, which covers
about ninety percent of the country’s surface area, extending from the Oman Mountains in the east to
the coast line of the Arabian Gulf. The second zone are the mountain ranges themselves which extend
from north to south in the eastern part of the country with a peak of 2438 masl (Figure 2). The topography also plays a vital role determining weather over the UAE as well as on the climate of the region.
The relative position of the UAE to the coastal regions also means that it is affected by land-sea breeze
circulations from both the western and eastern side of the country. The Oman mountains also inﬂuence
the nature of these local wind phenomena.

Figure 2. The topography of UAE with the sandy desert to the east of the Oman mountain which bound
the entire western side of the country.

Review of the previous studies on the weather of UAE:

Although the UAE has a well developed infrastructure for weather prediction and forecasting, little has
been done to summarize the most important aspects of the synoptic scale circulation of the country.
The weather producing systems are distinguished by their characteristic scales and circulation patterns.
These patterns result from global energy imbalances, produce temperature, and therefore pressure variations, which are complicated in the subtropical latitudes. The UAE is centred on the tropic of cancer
which is located below the descending limb of the Hadley cell. As a result, the region is dominated by
subtropical anticyclones and thus, provides this region with a subtropical desert climate (UAE Climate,
1996; Barry and Chorley, 1982). The position of the UAE relative to the Arabian Gulf and the Indian
Ocean also exerts an important inﬂuence on the creation of the large desert zone extending from North

4

Africa to Western Asia. In addition mountain barriers can act as important forcing mechanisms on a
smaller scale (Tyson and Preston-Whyte, 2000).
In general the weather for much of the year shows a ridge of high pressure extending southward into
central Saudi Arabia with lower pressure over the eastern Gulf (Del LA Mare, 1978). Prevailing light
to moderate north westerly winds, known by their Arabic name Shamal, meaning north, are associated
with mid-latitude disturbances (Oil Companies Weather, 1976; Perrone, 1981; Ali, 1992). Along the
western coastal plain, sea breezes tend to dominate with light south to south easterlies at night being
replaced by moderate north westerlies during daytime. This pattern changes on the east coast where the
proximity of the mountains results in gusty and less predictable wind shifts. A good strong blast of the
northerly Shamal is usually preceded in the UAE by strong southerly winds, raising desert sands and
reducing visibility to a few kilometres or less (Perrone, 1981, Brower et al., 1992). The shift to northerly
winds may be quite sudden and can be accompanied by rain, thunderstorms, or dust storms. In summer,
the weather is usually inﬂuenced by a broad area of low pressure, extending from the Western Sahara,
across the Arabian Peninsula and Asia, to China. Local pressure variations in the Gulf combine with
this to create weather conditions in the UAE. Steady north-westerlies, predominating in the central and
northern regions of the Gulf, do not generally extend as far south as the UAE. When they do, sea conditions around Abu Dhabi become unsettled and rough, while the rest of UAEs’ coastal waters experience
only small swells (Naval Environmental Prediction Research Facility, 1980).

Atmospheric constituents
The atmosphere is made up of a combination of gaseous constituents and aerosol particles. Gases such
as N2, O2, Ar, He, Ne, Kr and Xe are present in the atmosphere in quasi-constant proportions up to
about 85 km. Other gases such as, CH4, O3, N2O, CO, CO2 and H2 vary slowly in the atmosphere, while
gases such as SO2, H2S, NO, NO2 and NH3 vary rapidly in time and space due to their highly reactive
nature. These gases all have sources and sinks that determine their local and regional concentrations
in the atmosphere (Pruppacher and Klett, 1980; Warneck, 1988). Investigations of trace gases in the
atmosphere are important for two reasons, health and environmental impacts and climate and global
change.
Aerosol particles are injected into the atmosphere from either natural or anthropogenic sources. Aerosols also form in the atmosphere through gas-to-particle conversion. Dry aerosol particles can be classiﬁed into three sizes categories, nucleation or Aitken mode particles (radii < 0.1 μm), large or accumulation mode particles (0.1 < radii < 1.0 μm) and giant particles (radii > 1.0 μm) (Pruppacher and Klett,
1980). Atmospheric aerosols are both signiﬁcant from a regional pollution point view as well as for a
global forcing of climate through radiative forcing. Potential forcing effects of aerosols are complex
functions of the size, chemical composition and other physical properties of the particles. Within the
climate change debate, the perturbing effects of forcing due to anthropogenic aerosols are of particular
concern (Shine et al., 1990).
Penner et al. (1994) subdivided anthropogenic aerosols into four types and gave their main source and
respective forcing mechanisms.
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Table 1. Key anthropogenic aerosol types, their main sources and the possible climate forcinging resulting from their presence in the atmosphere (Penner et al., 1994).
Anthropogenic aerosol type

Main sources

Water-soluble inorganic species Industrial fossil fuel burning, domestic
especially sulphate
fuel usage and transportation

Forcing mechanisms
a) Direct clear sky
backscattering of solar
radiation
b) Indirect effect of
CCN on cloud albedo
c) Indirect effect of
CCN on cloud lifetime

Elemental or black carbon

Industrial fossil fuel burning, domestic
fuel usage, transportation and biomass
burning

a, b and c

Organic species

Industrial fossil fuel burning, domestic
fuel usage and transportation

d) Absorption of solar
radiation

Mineral dust

Enhanced airborne mobility of soil due
to land degradation

a, b, c, d and
e) absorption and
emission of terrestrial
radiation

Atmospheric constituents and climate change:

It is now widely accepted that the changing nature of the atmosphere can and does induce measurable
changes to the climate. Climate variations are induced as a result of changing net radiation in or at
the top of the atmosphere (Houghton et al., 1996). Since the mid-nineteenth century changes in net
radiation at the top of the atmosphere are estimated to be approximately 2.45 ± 0.37 W.m-2, induced
by a well-mixed atmosphere being forced mainly by CO2, CH4, N2O and halocarbons. Additionally
tropospheric ozone is estimated to induce a further change in net radiation of between 0.2 and 0.6 W.m-2
(Houghton et al., 1996).

Aerosols and climate change
The effects of aerosols as agents of signiﬁcant climatic perturbations have received increasing attention
over the past decade (Charlson, 1990; Penner et al., 1992). Penner et al. (1994) estimated that combined effects of anthropogenic and biomass burning aerosol emissions may cause a clear sky climatic
forcing which is nearly equal, but opposite in magnitude to the predicted greenhouse gas warming
phenomenon.
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Aerosols are thought to affect climate in two ways: directly through the scattering of incoming solar
radiation and indirectly through changes to cloud microphysical processes. Carbonaceous aerosols also
absorb solar radiation and re-radiate it as heat. This has the potential of changing the vertical thermodynamic structure of the atmosphere. The absorption properties of aerosols are linked to the surface
of the underlying surface. Absorption of solar radiation is more likely above those with high reﬂective
properties, such a cloud and snow. Twomey (1977) estimated that underlying surfaces with an albedo
of around 0.75 cause signiﬁcant absorption by aerosols.
The indirect forcing of climate through cloud processes is complex and requires further attention. An
increase in the total number concentration of particles in the accumulation mode at a given liquid water
content results in a decrease in the mean droplet radius in the cloud and a corresponding increase in
the cloud albedo. Charlson et al. (1992) calculated that a 30 % increase in the cloud droplet number
would result in a 0.02 increase in the planetary albedo and a subsequent decrease in the mean surface
temperature of approximately 1.3° C.
Aerosols also decrease precipitation efﬁciency of clouds by inhibiting warm-cloud coalescence mechanisms, thus increasing cloud liquid-water content and fractional cloud cover. This effect inﬂuences
mainly low-level cloud where scattering of incoming solar radiation is expected to dominate over the
potential of absorbing long wave radiation from the ground, resulting in a net cooling. An increase
of 4 % low cloud cover will increase the global albedo by 0.02 (Albrecht, 1989). Other inﬂuences of
increased aerosol concentrations are modiﬁcations of water and heat distribution in the atmosphere and
thus the hydrological cycle as a whole. Water vapour is an important greenhouse gas, which if changed
will have signiﬁcant climatic implications. Indirect affects of aerosols on climate are complicated and
associated with great uncertainties. At present, a concerted effort is directed to reducing these uncertainties by taking in-situ measurements of effects that aerosols and CCN concentrations and size distributions have on clouds, rainfall efﬁciencies and planetary albedo (Albrect, 1989; Hudson, 1991; Mather
et al., 1997; Menon and Saxena, 1998; Terblanche et al., 1999). These effects are also being modelled
in general circulation models to better understand their impacts and the uncertainties associated with
current understanding. Boucher et al. (1995), for example, introduced cloud microphysical processes
into a general circulation model to investigate the sensitivity of the model to cloud droplet concentrations. They found that a fourfold increase in cloud droplet concentrations would lead to a 10 % increase
in the amount of cloud water stored in the atmosphere at any given time. This is caused by a reduction
in mean cloud droplet size and thus an inability of droplets to reach the threshold size at which they will
precipitate. The model predicted a resulting 56.4 % increase in global cloud cover that in turn resulted
in a 14.4 W.m-2 global shortwave cloud radiative forcing. At the same time, in this particular model, the
amount of precipitation did not change signiﬁcantly due to these alterations in cloud microphysics
Different categories of aerosols affect clouds in different ways.

Water-soluble species:

Water-soluble aerosol particles in the atmosphere consist mostly of sulphate derived from anthropogenic activities. Anthropogenic sulphate in the atmosphere is produced mostly through gas-to-particle conversion of SO2 emitted from fossil fuel combustion and metal smelting (Charlson et al., 1992). Sulphate
and its associated cations occur in the atmosphere in the accumulation mode with a peak frequency of
occurrence between 0.2 and 0.4 μm aerodynamic diameter (Warneck, 1988; Jaenicke, 1998).
Sulphate in its various forms is a secondary pollutant in the atmosphere. Gas-to-particle conversion
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or the oxidising process can take place through many reaction mechanisms. However, only a limited
number of these reactions occur sufﬁcient rapidly to inﬂuence the atmospheric sulphate burden (Harrison, 1996; Claes et al., 1998). Reaction mechanisms are either homogeneous or heterogeneous. Homogeneous reaction mechanisms in this context refer to processes that occur in the same phase. Heterogeneous processes in contrast, occur in cloud and fog water, or aerosol droplets involving the transfer of
SO2 and oxidant species to the droplet phase with subsequent liquid phase oxidation (Warneck, 1988;
Claes et al., 1998). Although many oxidants have been proposed as being important to atmospheric
oxidation of sulphur dioxide, the rate of oxidation by the hydroxyl radical normally exceeds all other
processes by an order of magnitude. Rate of oxidation is critically dependent on the concentration of
the hydroxyl radical, which in turn is formed by photochemistry and thus occurs most abundantly during day light hours (Stockwell and Clavert, 1983; Chýlek et al., 1995). Stockwell and Clavert, (1983)
proposed the following mechanism:
SO2 + OH → HSO3
HSO3 +O2 → SO3 + HO2
SO3 + H2O → H2SO4
Mean concentration of the hydroxyl radical in the Northern Hemisphere is typically 0.3 x 106 cm-3. A
daytime maximum concentration of 5 x 106 cm-3 yields a conversion rate of 1.6 % per hour of SO2 to
sulphuric acid (Claes et al., 1998).
The homogeneous reaction is thought to be the dominant reaction over southern Africa. This is due to
the dry conditions that prevail over the subcontinent for most of the year and therefore may also apply
to the United Arab Emirates. An estimate of the conversion rate under dry conditions has been given
by Pienaar and Helas (1996) as 3-5 % per hour. This process is still poorly understood and needs to be
studied in detail.
Sulphates have the greatest potential to contribute to global aerosol forcing, due to the fact that sulphate
aerosols are smaller than dust and sea salt aerosols and thus have a longer lifetime in the atmosphere
(tens of days). Furthermore, the optical-scattering efﬁciencies of sulphates are an order of magnitude
greater than for dust. Lastly, sulphates are hygroscopic and therefore have twice the optical scattering
per unit mass concentration as dry particles (White, 1990; Charlson, 1992).

Black or elemental carbon (soot):

Black carbon is a light-absorbing aerosol produced by the incomplete combustion of fossil fuels and
is distinctly different from the non-absorbing organic carbon aerosol emitted by biomass burning
(Houghton et al., 1995; Hegg et al., 1997; Novakov et al., 1997). Black carbon is thought to have a
warming effect on the climate because it absorbs incoming solar radiation and emits terrestrial radiation
or heat (Novakov et al., 1997). Absorption of solar radiation not only acts as a warming mechanism,
it also changes the distribution of heat in the atmosphere. Solar radiation that would normally reach
the surface and heat the atmosphere from the bottom upward is now absorbed by the soot and causes
the atmosphere itself to heat. This transfer of energy changes the vertical temperature proﬁle and has
the potential to inﬂuence convection and mixing in the planetary boundary layer (Penner et al., 1994).
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In addition, it has been realised recently, from measurements taken during the Tropospheric Aerosol
Radiative Forcing Observational Experiment (TARFOX), that carbonaceous aerosols off the east coast
of the United States are as important as sulphates in the optical properties of the atmosphere. Both
Hegg et al. (1997) and Novakov et al. (1997) estimate that the role carbonaceous aerosols play at least
as important role in the atmosphere as sulphates.

Organic biomass burning aerosols:

Organic aerosols are emitted almost exclusively from biomass burning – the second largest source of atmospheric aerosols after sulphur emissions (Andreae, 1997). Smoke clouds from biomass burning are
clearly visible from satellite observations taken in visible wavelengths. These smoke plumes, however,
are not visible in infrared imagery. This indicates that smoke particles interact most readily with short
wave incoming radiation and are transparent to outgoing longwave terrestrial radiation. This leads to a
net cooling of the Earth’s surface. Energy is prevented, through scattering or absorption, from reaching
the Earth’s surface and emitted heat is not trapped in the atmosphere (Robock, 1991).

Mineral dust:

Emissions of crustal aeolian dust material, often termed mineral dust, is caused primarily by the surface
winds acting on dry soils where vegetation cover is or has become sparse (Tegen and Fung, 1994).
The term mineral dust refers to a large range of species that are highly variable in their chemical composition and include such diverse compounds as quartz, clay, calcite, gypsum, haematite and others.
Climate effects of mineral dust are complex and diverse, ranging from heating of the atmosphere in
some parts of the world to a net cooling in other parts. Presence of dust alters surface radiation budgets
that, in turn, affect surface temperatures, surface-air exchange processes, thermodynamic structure and
hence atmospheric dynamics (Tegen and Fung, 1995; Sokolik, 1999). The complexity of the radiative
effects of mineral dust on climate is determined by the uneven distribution of sources and sinks and
the relatively short atmospheric life time of mineral dust (up to a few weeks) which lead to a complex
spatial and temporal pattern (Guerzoni and Chester, 1996; Sokolik, 1999). Radiative properties of dust
need to be investigated in detail in the future at many sites around the world to reduce uncertainties of
the climatic effects of mineral dust aerosols in the atmosphere (Guerzoni and Chester, 1996; Sokolik,
1999).

Atmospheric Haze and Sun Photometry
The atmosphere greatly changes the way sunlight reaches the surface of Earth. Most visible light comes
directly from the Sun, although some is scattered around the sky by molecules of air (Rayleigh scattering) and by the myriad of tiny particles or aerosols drifting in the air (Mie scattering). These particles
include all of aerosol types mentioned in the previous section. Rayleigh and Mie scattering control the
way the sky appears. Since molecules of air are about the size of a wavelength of blue light, blue light
is scattered very efﬁciently by the earth’s atmosphere. This is why the sky is often blue, especially on a
clear day after the passage of a trough or frontal system.
Aerosols and particles are much larger than molecules and therefore efﬁciently scatter all wavelengths
of sunlight. The consequence of this is that an aerosol-laden atmosphere appears pale blue or even
milky white. A milky white haze may be caused by the emission of gases from trees that react with
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sunlight, however in the barren environment of the United Arab Emirates this type of haze is much more
likely to be caused by sulphates emitted by local industrial sources. In addition pollution from gasoline
engines, which are mostly nitrogen oxides, absorbs blue light and thus causes the formation of a brown
haze. Dust particles generated from the vast sand dunes over the UAE, are mostly in the coarse fraction
of the aerosol size range. These aerosols will thus scatter light in the longer wave bands causing red
light to be scattered most efﬁciently.
A Sun photometer is an instrument that measures the intensity of sunlight arriving directly from the
Sun. The sun photometer is designed to be pointed directly at the Sun, a Sun photometer measures only
direct sunlight, not the diffuse light scattered from the sky, haze and clouds. Since haze blocks some direct sunlight, a Sun photometer is an ideal instrument for measuring haze. By comparing the measured
amount of sunlight at different wavelengths to the expected sunlight intensity at different wavelengths,
it is possible to calculate the number of aerosols that would cause there to be a difference. This difference is expressed typically as the aerosol optical thickness at a site for a given period.
Sun photometer data has been collected on the Arabian Peninsula previously at Bahrain by the NASA
AERONET group. The information from these data that were collected for a one-year period (July
1998 - July 1999) provided the ﬁrst information of the complex nature of the atmospheric aerosol burden in region. Mean monthly aerosol optical thickness (500 nm) (AOT) values range from 0.49 (July)
to ~0.21 (December) (Smirnov et al., 2002).

Importance of Trace gases
Emissions of greenhouse-effect-enhancing trace gases into the atmosphere by anthropogenic sources
have been recognised over the past two decades as being the main source of human-induced climate
change (Houghton, 1995). The relative importance of any trace gas in inducing climate change is critically dependent on their pattern of spectral absorption, concentration in the atmosphere, rate of change
in concentration above pre-industrial levels, and residence time in the atmosphere (Scholes and van der
Merwe, 1996). Carbon dioxide (CO2), methane (CH4) and nitrous oxide (N2O) account for approximately 80 % of the total present-day anthropogenic climate forcing. Synthetic man-made gases, Chloroﬂuoro carbon compounds (CFCs) contribute about 4 % of the “enhanced greenhouse effect”. This is
offset to a certain extent by the destruction of ozone (O3) (also a greenhouse gas) in the troposphere by
CFCs (Shine et al., 1990; Moore and Schimel, 1992; Scholes and van der Merwe, 1996). Several other
trace gases emitted by industry and biomass burning are important to the atmospheric chemical system.
These gases include carbon monoxide (CO), ozone (O3) and sulphur dioxide (SO2).
The role of O3 is crucial in tropospheric chemistry and it is primarily responsible for the oxidation of
pollutant molecules (Pienaar and Helas, 1996). The production of O3 by photolysis produces electronically excited oxygen atoms, which react with water vapour forming hydroxyl (OH) radicals. Reaction
with the hydroxyl radical is the major removal pathway for CO, methane and nitrogen oxides (Pienaar
and Helas, 1996).
In addition, elevated levels of tropospheric O3 are hazardous to biological life, contribute to the green-
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house effect due to pressure broadening of the infrared absorption lines (Pearman, 1988) and contribute
to the formation of photochemical smog. An increase in tropospheric O3, particularly in the tropical
upper troposphere, may exert signiﬁcant forcing upon regional climate (Fishman et al., 1979; Ramanathan et al., 1987). Ozone has a short life span in the atmosphere (~ 1 week) and hence exhibits high
variability (Jacob et al., 1995). This variance is a consequence of variations in the generation of precursor gases (NOx, CO, hydrocarbons and water vapour), rates of photochemical production, stratospheric
injections, changing conditions of horizontal transport and the occasional disruption of the stable stratiﬁcation allowing vertical mixing (Tyson et al., 1997a). Around the world health standards have been
set for acceptable levels of O3. Recently the United States of America revised the health standard for
Ozone from an hourly average of 120 ppb to an eighty hourly average of 80 ppb. Values that range
between 20 and 40 ppb are considered to be normal concentrations of ozone in remote or background
regions of the world.
Carbon monoxide is a major sink for hydroxyl radicals (OH), so that changes in the emissions of this
gas may affect the removal rate of other species from the atmosphere (Novelli et al., 1994). Furthermore, the oxidation of CO and hydrocarbons initiated by OH provides a chemical source for O3 in the
presence of sufﬁcient oxides of nitrogen (NOx). Conversely, O3 is removed from the atmosphere to
form carbon dioxide (CO2) during the oxidation of these compounds when concentrations of NOx are
very low (Cicerone, 1988). Determination of CO concentrations is also important as it acts as an empirical estimate of OH concentration and therefore the oxidative capacity of the atmosphere (Cicerone,
1988). Thus, CO and its photochemistry exert control over tropospheric O3 and OH.
Carbon monoxide has a long atmospheric lifetime (~ 2 months) and thus may be transported long distances from its source (Connors et al., 1996). Novelli et al. (1994) suggest a global decline over time in
CO with current spatially averaged values ranging from 45 ppb in the austral summer to 230 ppb in the
boreal winter. Low tropospheric values of CO are generally below 60 ppb while moderate values are
considered to be between 70 and 135 ppb (Seinfeld and Pandis, 1998).
Sulphur dioxide is emitted into the atmosphere from four primary sources, volcanoes, fossil fuel burning, and biomass burning. Volcanoes and fossil fuel burning account for 96 % of the total SO2 emitted
into the atmosphere. SO2 is a non-stable gas in the atmosphere and after being emitted will convert
through oxidation to sulphate. In remote marine environments SO2 concentrations are mostly below 1
ppb. In areas of the world where large scales burning of fossil fuels occur for the generation of electricity or in the petrochemical industry, levels of sulphur dioxide typically range from 2 to 20 ppb. These
are not values recorded within plumes but in a well-mixed atmosphere. In the United States the national
ambient air quality standard for SO2 are no more than 35 ppb for one year and an average of less than 145
ppb within any 24 hour period.

Ozone and the oxides of nitrogen:

Tropospheric ozone and the oxides of nitrogen are linked through the NO2 photolytic cycle, which is
central to all atmospheric chemistry. In the presence of ultraviolet radiation, nitrogen dioxide NO2 dissociates to form nitrogen oxide NO and atomic oxygen O. The oxygen atom then reacts with molecular
oxygen O2 to form ozone:
UV radiation

NO2 → NO + O

O + O2 → O3
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Air chemistry over the United Arab Emirates (UAE)
Ozone is broken down when it reacts with NO to form NO2:
NO + O3 → NO2 + O2
Since the production of ozone requires ultraviolet radiation, ozone is usually manufactured during the
day. At night, ozone is destroyed through its reaction with NO. This results in a diurnal variation in
ozone, with highest concentrations typically found in the afternoon, and lowest concentrations found
before sunset.
The photolytic cycle results in no net production of ozone. However, it may be unbalanced by the
conversion of NO to NO2 without consuming ozone. This occurs, for example, if hydrocarbons are
oxidised to form organic radicals which react with NO to form NO2:
HCO3* + NO → HCO2* + NO2
Since large concentrations of hydrocarbons are probably released through oil-related activities in the
UAE, it is likely that they are upsetting the NO2 photolytic cycle, resulting in a net production of
ozone.

Sulphur dioxide:

Sulphur dioxide is produced mainly through the combustion of fossil fuels. It is a relatively short-lived
trace gas, with a lifetime of less than one day. In the presence of water vapour, sulphur dioxide oxidises
to form sulphate particles:
SO2+ OH+ + O2 = HO+2 + SO3
SO3 + H2O = H2SO4 Sulphates are highly soluble, and generally in the accumulation aerosol mode.
They are therefore highly efﬁcient CCN.
A study during the winter (January- March 2001) and summer (June – September 2001) has been
conducted over the United Arab Emirates. The campaign has had two components, investigate cloud
radiative and microphysical properties and the impacts on rainfall potential and to evaluate the status
of the atmospheric chemistry and pollution. The most important aim of the air chemistry campaign
was to evaluate the distribution of atmospheric pollutants in and around the UAE. The air chemistry study can be divided in to trace gas data (all measured on the airborne platform) and aerosols
(particles) measured both on the aircraft and with a ground based remote sensing sun photometer.
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Synoptic circulation classiﬁcation
Surface and upper air (500 hPa) synoptic charts have been obtained from the Weather Ofﬁce at Abu
Dhabi International Airport for a period of seven years (1995-2001). Abu Dhabi International Airport
has the largest data record in the UAE as well as having the most experienced forecasting ofﬁce in the
country. Synoptic charts were provided in hard copy form and scanned and archived in electronic form.
The synoptic charts are produced each day in the forecast ofﬁce at the airport at 0000 GMT and 12h00
GMT and representative of the atmospheric circulations at the surface and at 500 hPa. Data used to
compile the information were obtained from ground based monitoring stations as well as Radiosonde
ascents.
The upper air data have been obtained from 0000 and 12h00 GMT Radiosonde ascents at Abu Dhabi
International Airport. These data have been analyzed for the period from 1995-2001. The Radiosonde
data is assumed to be representative of upper air condition for the entire country. These data have been
re-formatted so that they can easily be input into the NCAR SUDS Software package, which generates
Tephigram plots for further analysis.
Each of the above mentioned data sets have been analyzed in order to achieve the objectives of this study
outlined in Chapter 1. In most instances an attempt has been made to collect sufﬁciently long data sets to be
able to infer climatological trends. The procedures used to summarize and analyze the respective data are
outlined in detail below.

Synoptic circulation patterns over the UAE
Surface synoptic scale circulation:

The prevailing surface synoptic circulations have been classiﬁed into twelve possible circulation patterns impacting the UAE region. The classiﬁcation was based on the surface pressure ﬁelds that covered
an area extending between 51º and 57ºN, 22.5º and 27.5ºE (Figure 3). The twelve possible categories
of surface synoptic circulation are provided in (Table 2). The synoptic circulation for every day over
a period of seven years has been classiﬁed into one of the categories. The frequency of occurrence of
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each category has been calculated over the study period (1995-2001). In addition the seasonal variation
of each circulation type has also been determined as a percentage of days of occurrence. From these
data, it is possible to evaluate the seasonal variability and importance of each category to the overall
circulations. An average circulation category pressure ﬁeld has been constructed and represented schematically for each system. An example is shown in (Figure 4).

Figure 3. Map showing the Middle East including the region of interest.
The box represents the region for which synoptic circulations have been classiﬁed.
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Table 2. Different surface pressure systems identiﬁed as affecting the circulation over the UAE.
Surface pressure systems

Abbreviation

Siberian high

SH

Red Sea trough

RST

Mediterranean trough

MT

Siberian high Indian high

SH IH

Easterly trough

ET

Indian Ocean high

IH

Thermal low

TL

Easterly trough/Siberian high

ET SH

Red Sea/Mediterranean troughs

RSTMT

Red Sea/Easterly trough

RST ET

Indian high/Thermal low

TLIH

Easterly trough/Thermal low

ET TL

Figure 4. Examples of (a) easterly trough with thermal low circulation, and (b) Siberian high pressure
circulation at the surface over the UAE.
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Upper Air Charts (500 hPa):

Synoptic circulation charts at 500 hPa have also been evaluated and classiﬁed into different categories
for the period 1995-2001. Each pressure system in the upper atmosphere was assigned to a category
according to the location of the system and the air mass associated with the system. Also, the classiﬁcation used in this study for the upper air systems was conducted according Tyson et al., (1996). (Table
3) shows the classiﬁcations and assigned codes for the different upper pressure systems. An example
is shown in (Figure 5).
The surface and the upper air pressure systems were combined for seven years period and were related
to the rain events that occurred during different synoptic situations.
Table 3. Categories of upper air synoptic circulation patterns identiﬁed for this study with respective
codes of occurrence, which have been used throughout the study.
Upper pressure systems

Classiﬁcation Code

Westerly trough

WT

Westerly ridge

WR

Easterly trough

ET

Subtropical high

SH

Zonal ﬂow

ZF

Westerly cut-off low

WCL

Figure 5. Examples of (a) subtropical high pressure circulation (b) and westerly ridge circulation at
500hPa over the UAE.
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Atmospheric stability
The thermodynamic structure of the atmosphere is an important consideration for all meteorological
studies. In the middle latitudes the prevalence of high pressure systems, leads to the extreme and constant atmospheric stability that inhibits vertical mixing in the atmosphere. The UAE’s position in the
northern hemisphere determines that it is widely affected by predominantly high pressure systems with
a net downward vertical ﬂow. These conditions are ideal for the formation of extensive subsidence inversion layers in the atmosphere. There are important degrees of atmospheric stability. Inversion layers
represent the most extreme stability conditions. Absolute stability is a more conservative measure of atmospheric stability and is deﬁned in the atmosphere where the environmental lapse rate is less than the
saturated adiabatic lapse rate (Figure 6). An attempt has been made in this study to explore the nature
of atmospheric stability will be explored over the United Arab Emirates. A climatology of atmospheric
absolutely stability derived from seven years Radiosonde soundings over Abu Dhabi Airport has been
developed. Radiosonde soundings are conducted at Abu Dhabi airport at midday and midnight GMT
(0900 and 2100 local time respectively).

Figure 6. The dry adiabatic - Γdry (turquoise) and wet adiabatic - Γwet (yellow) lapse rate are used to
stratify the atmospheric lapse rate into absolutely unstable (blue), conditional unstable (green), absolutely stable (orange) and inversion (red). When the environmental lapse rate is equal to the adiabatic
lapse rate, it will be neutral.
Atmospheric stable layers form in the atmosphere as a result of several factors, surface radiation cooling, katabatic ﬂow of cold air into valleys or low points of irregular terrain or advection of cold air
under less dense warmer air and adiabatic heating of air as it descends in the atmosphere (Tyson and
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Preston-Whyte, 2002 and Oke, 1987). The ﬁrst two mechanisms mentioned above are associated with
surface inversions or stability. The air close to the surface is colder than the layers above causing an
inversion. Studies of atmospheric stability over the UAE have not been studied previously in any detail.
Absolutely stable layers have been shown to be signiﬁcant over southern Africa. It has been shown that
absolutely stable layers in this environment have a profound impact on convective activity, long-range
transport of atmospheric constituents and pollution, the severity of local air pollution and the transport
of water vapour over the southern African subcontinent (Garstang et al.,1996; Cosijn and Tyson, 1996;
Swap and Tyson, 1999 and D’Abreton and Tyson, 1999). The main ﬁeld of interest for this analysis was
the environmental temperature lapse rate with height as measured by the radiosonde balloons.
Dry adiabatic lapse rate describes the temperature changes that a parcel of air will experience when
undergoing vertical motion in an adiabatic environment (not exchanging heat with its environment).
-[dT/dz] = g/Cp = Γdry
expresses the dry adiabatic lapse rate in terms of the ﬁrst law of thermodynamics. This has a constant
value of about 9.8 ºC km-1.
-[dT/dz] = g/Cp = Γdry
where, T – temperature; z – height; g – gravitation; Cp – speciﬁc heat of air at constant temperature
When no condensation is taking place, the dry adiabatic lapse rate can be used to describe vertical motions in the atmosphere. However, the latent heat release associated with condensation will alter the
lapse rate depending on the variation of the saturated humidity mixing ratio with height. This lapse rate
is known as the saturated or wet adiabatic lapse rate, Γwet
-[dT/dz] = Γdry + L/Cp · [dxs/dz] = Γwet
where, T – temperature; z – height; g – gravitation; Cp – speciﬁc heat of air at constant temperature;
L – latent heat; xs – saturated mixing ration
(Figure 6) is a graphic presentation of the temperature lapse rate with height. The turquoise line illustrates the dry adiabatic lapse rate. The yellow line illustrates the wet adiabatic lapse rate. The equilibrium or stability of the atmosphere can be described in reference to the dry and wet adiabatic lapse
rates.

A climatology of absolutely stable layers:

Vertical sounding or Radiosonde data have been obtained for a period of seven years from Abu Dhabi
Airport (1997-2002). Abu Dhabi was selected as the most appropriate site as a result of the fairly longterm reliable data set available forth is site. Radiosonde data are available at other sites in the UAE,
Aldhfra and Dubai. Missing data from these two sites was perceived to be a problem at the aforementioned upper air stations.
Daily soundings at both midnight (0000) and midday (1200) have been analysed by hand on Skewed-T
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graphs to identify all absolutely stable layers present in the atmosphere. Approximately 5000 vertical
soundings were analysed for the study period. Absolute stability as mentioned above, is been deﬁned
as all regions in the atmosphere where the recorded environmental lapse is less than the gradient of the
saturated adiabatic lapse rate. The Radiosonde data were plotted on skewed tephigrams for analysis
purposes. The identiﬁed layers were recorded for each day for the two soundings. Layers above 300
hPa were not considered for this study. (Figure 7) gives an example of a skewed-T plot on 18 June
1999. These data were downloaded from the University of Wyoming web page (http://www.weather.
uwyo.edu/upperair/sounding.html). An initial analysis of one year’s data showed that six possible absolutely layers could form in the atmosphere over the UAE at the surface, 850, 700, 500, 400 and 300
hPa. Absolutely stable layers identiﬁed in each temperature proﬁle over Abu Dhabi were classiﬁed in
one of these six layers. The bottom and top pressure surface of each of these layers was recorded. The
details of each layer has been characterised in detail for summer (May to October) and winter (November to April) respectively.

Figure 7. A Skewed-T graph of vertical dry bulb (right line) and dew point Td (left line) temperature
against pressure (hPa) for 18 June 1999 at Abu Dhabi Airport. The blueshaded areas show the absolutely
stable layers for this day at midnight below 300 hPa.
The long term data sets of thermodynamic proﬁles have also been used to calculate automatically the
atmospheric stability at Abu Dhabi (station code 41217) and Muscat (station code 41256) for the period
1989 to 2002. The purpose of the additional analysis was to conﬁrm the aforementioned results. Periods of atmospheric stability were identiﬁed according to the above mentioned criteria as described in
(Figure 6). An example the results obtained from automatic analysis in shown in (Figure 8).
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Figure 8. An example of the environmental lapse rate that is stratiﬁed according to the colour scheme
explained in Figure 6.

Atmospheric constituents
Trace gas and aerosol instruments were mounted in three different aircraft over the period 2001-2003.
Atmospheric ambient air was drawn into the cabin via an inlet mounted on the top front of the aircraft.
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A list of the instruments utilised during the project for the collection of the air chemistry relevant components is given in Table 4.
Table 4.Instrumentation mounted in the aircraft used to evaluate air chemistry and pollution over the
UAE during 2001.
Instrument

Parameter

Range

Owners

Dasibi/TECO 48C TL

Ozone

0-500 ppb

WITS

TECO 43C TL

Sulphur Dioxide

0-500 ppb

WITS

TECO 42C TL

Nitrous Oxide
Nitrogen dioxide

0-200 ppb
0-200 ppb

NCAR

Airborne Streaker Sampler

Aerosol chemistry and
morphology

WITS

Passive Cavity Aerosol Spectrometer Probe Accumulation mode
(PCASP100x)
aerosols

0.1 – 3.0 micron
(μm)

WITS

Condensation nuclei
counter (CNC)

0.011 – 3.0 (μm)

WITS/
NCAR*

TSI 3011 and TSI 3076*

Cimel Polarised Sun Photometer

Cloud condensation nuclei counter
(CCNC100A)

Aerosol optical thick- 1020, 879, 670, 500,
ness (AOT)
440, 380, 340 nm
Cloud condensation
nuclei (CCN)

WITS

NCAR

Air-chemistry data were collected on all of the ﬂights shown in (Figure 9). Data were excluded from
the analysis were the aircraft were ﬂying in clouds. The impact that the precipitable water has on the
individual trace gas and aerosol measurements is unknown. A summary of each of the ﬂights is given
in (Table 5). A total of 26 and 19 ﬂights were undertaken in the winter and summer experimental cam-
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paigns respectively, speciﬁcally to characterise the atmospheric chemistry components being monitored
onboard the aircraft. The ﬂight conducted during the winter and summer cover large portions of the
UAE and the data therefore are expected to be representative of the region (Figure 1 and 2).

Figure 9. Typical ﬂights conducted over the UAE during the study period 2001-2003
Instruments were mounted inside the Piper Cheyenne or under the wings in pod mounts. Atmospheric
ambient air was drawn into the pressurised aircraft through a branch manifold in which the pressure,
temperature, and ﬂow are constantly monitored. The inlet is mass ﬂow controlled with a separate pump
to ensure that a steady ﬂow to all the trace gas instruments is maintained. Pressure and ﬂow problems
do start to affect the quality of the trace gas data above 14 000 feet. All the data were stored on the
Weather Modiﬁcation Inc Airborne Data Acquisition System (ADAS) every second during ﬂight. The
data have been quality checked and any relevant corrections applied post the ﬁeld campaign with software written by Roelof Burger at the South African Weather Services.
The sampling strategy was to ﬂy over the entire UAE region to obtain spatial and vertical distributions
of the measured trace gases and aerosols. Vertical distributions of parameters were determined by either
ﬂying in a spiral pattern above a particular site or ﬂying vertical proﬁles along a ﬂight transect (Figure
10). An attempt was made to map plumes from signiﬁcant sources over the UAE (Figure 11).
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Figure 10. Schematic diagram showing the general ﬂight startegy for investigating the spatial distribution of trace gases and aerosols over the UAE during winter and summer 2001.

Figure 11. Schematic diagram showing the general ﬂight strategy for investigating the spatial distribution individual plumes at identiﬁed sources of trace gases and aerosols over the UAE during winter nd
summer 2001.

Summarised data sets:

It is useful to summarise the aircraft in-situ data so that the sum of the individual ﬂights can give an idea
of the distribution of measured species in three-dimensional space. The data will be presented in two
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formats. The ﬁrst depicts the data in order to get an idea of the horizontal spatial distribution of measured constituents. This information was derived by dividing the study region of the United Arab Emirates into approximately 25 by 25 km grids. The aircraft data were then categorised into each of these
grids and each parameter averaged to give a spatial representation of the data. In addition, eight regions
of interest were delimited around the UAE (Table 5). Data collected within these eight regions have
been summarised by descriptive statistical analysis. The analysis has been taken to be representative of
concentrations of the aerosol and trace gasses measured in each region. Details of the eight regions are
summarised in and depicted on a map as red boxes in ( Figure 12). Each Area was of interest because
of the types of sources located in that region.
An attempt has also been made to evaluate the vertical distribution of the data over the entire region.
Thirteen regions of interest were delimited for this purpose and each measured component investigated
as a function of height above the surface.
Table 5. Details of the eight areas identiﬁed over the UAE for summarising aerosol and trace gas data

Area

Name

Lat min

Lat max

Lon min

Lon max

No. of
ﬂights

Area I

Abu Dhabi

23.75

24.6

54.0

55.0

50

Area II

Dubai/
Jebel Ali

25.0

25.75

54.75

55.75

10

Area III

Al Ain

24.0

24.75

55.25

56.0

11

Area IV

Habshan/Bu Hasa

22.8

24.2

53.2

54.0

15

Area V

Jebel Dhanna/
Ruwais

23.8

24.5

52.4

53.2

8

Area VI

Das/Zirku Island

24.6

25.8

52.7

54.25

17

Area VII

Fujairah

24.9

25.5

56.2

56.7

4

Area VIII

RAK/Rams

25.6

26.4

55.75

56.4

2
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Figure 12. A map of the UAE depicting the boundaries of each of the deﬁned areas deﬁned for characterising measured parameters.
The ground based instrument, a Cimel Sun photometer CE318-2, was installed on the roof of the weather
ofﬁce at Al Dhafra Air Force Base. The Sun photometer makes two important solar extinction measurements, direct sun and diffuse sky radiance. The direct Sun radiance measurements are made every 15
minutes in eight spectral channels 440, 670, 870 and 1020 nm (nominal wavelengths) and perceptible
water is derived from a 940 nm channel. It also measures polarisation in the atmosphere at 870nm. Sun
radiance’s are acquired in approximately 10 s across the eight spectral bands. A sequence of three such
eight band measurements are taken 30 s apart to yield triplet observations in each wavelength [Holben
et al., 1998]. These solar extinction values are then further used to compute aerosol optical thickness
(AOT) at each wavelength. The uncertainties related to these measurements have been estimated to be
approximately 0.01-0.02 [Eck, et al., 1999]. The 940 nm channel is used to retrieve total precipitable
water. Sky radiance almucantar measurements at 440, 675, 870 and 1020 nm in conjunction with the
direct sun measured AOT at the same wavelengths were used to retrieve aerosol size distributions following the methodology of Dubovik and King [2000]. An almucantar is a series of measurements taken
at the elevation angle of the Sun for speciﬁed azimuth angles relative to the position of the Sun [Holben
et al., 1998]. The data presented here have been quality- and cloud-screened following the methodology
of Smirnov et al. [2000]. (Figure 13) shows the CIMEL on the roof of the Meteorological Department
at Al Dhafra Air base.
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Figure 13. Photograph of the CIMEL sun photometer operated during the winter and summer 2001 at
the Al Dhafra Air base in the UAE.
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Surface synoptic circulation
Synoptic charts of the region surrounding the UAE have been analyzed on a day to day basis to quantify
the frequency of the occurrence of each pressure systems and the effects on the weather of the UAE.
The synoptic circulations that govern weather and climate in the UAE are complicated and difﬁcult
to identify unambiguously. Frequently the weather patterns result from a combination of pressure
changes, and dynamic air movements that vary both horizontally and vertically in time.
The analysis of the surface pressure charts between 1995 to 2001 show that the region around the UAE
is affected by the following surface pressure systems: Siberian High (SH), Red Sea Trough (RST),
Easterly Trough (ET), Indian Ocean High (IH), Thermal Low (TL). The other systems that effect the
weather over the area are combinations of the aforementioned systems such as: Easterly Trough and
Siberian High (ETSH), Red Sea Trough and Easterly Trough (RSTET), the Mediterranean Trough, Red
Sea Trough and Easterly Trough (MTRSTET), Thermal Low and Indian High (TLIH), Siberian High
and Indian High (SH IH), Easterly Trough and Indian High (ET IH), and Easterly Trough and Thermal
Low (ET TL).
A strong seasonal signal is evident in the occurrence of synoptic circulation patterns over the UAE.
During winter months the Siberian high pressure system is the most dominant over the region occurring
up to 48 % of the time in January. During the summer months the centre of the high pressure systems
shift towards the north and a combination of the easterly trough and a thermal low is evident (up to
44 %) (Table 6). Each identiﬁed category of synoptic scale circulation will be discussed in detail.
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Table 6. The average of the total frequency of occurrence (%) of each surface pressure systems at each
month of the year between 1995 and 2001.
RST
ET

TL IH

0.0

5.5

0.0

4.6

0.0

0.0

19.4

0.0

14.3

0.0

0.5

0.0

0.0

Month

SH

ET

TL

RST

IH

January

48.4 11.1

0.0

6.0

1.4

23.5

9.7

0.0

12.2

3.6

February 41.3

ETSH ET TL

MT
ET
SH IH
RSTET
IH

March

33.2

6.0

0.0

6.5

2.8

22.6

0.0

24.0

0.0

4.1

0.0

0.0

April

30.0 14.8

0.0

3.8

4.3

24.7

0.5

19.0

0.0

2.4

1.9

0.3

May

12.4 31.8 11.5

0.9

1.8

29.5

5.5

6.5

0.0

0.0

0.0

0.9

June

1.9

32.9 22.4

0.0

3.3

11.9

27.1

0.5

0.0

0.0

0.0

0.0

July

0.0

18.9 27.2

0.0

1.4

1.4

44.2

0.0

6.9

0.0

0.0

0.3

August

0.0

17.1 28.1

0.5

0.9

3.2

41.0

0.9

7.7

0.0

0.0

0.0

September

2.9

18.1 24.8

1.4

0.5

5.2

22.9

3.8

20.5

0.0

0.3

0.3

October 16.1 20.3 11.5

4.1

2.3

26.3

6.0

7.4

3.7

0.0

2.3

0.0

Novem26.7 22.4
ber

2.4

7.6

1.4

33.8

0.5

3.3

0.0

0.3

1.0

0.3

December 32.7 15.7

0.0

4.6

1.4

32.3

0.0

9.2

0.0

0.3

0.0

0.3
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Siberian high (SH):

In winter the dominant system over the region is the Siberian high pressure system (SH) which is centred over Iran (Figure 14) (Browe Jr, 1992). It starts to appear at the beginning of November (27%)
and it reaches its maximum impact during January (48%), then decreases again in April to (30%). The
atmospheric conditions associated with the SH are fresh cold and dry with dominant northerly to northwesterly winds.

Figure 14. An average surface synoptic chart associated with the Siberian high (SH) pressure over the
UAE region.
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Easterly Trough (ET):

The Easterly Trough persists over the region throughout the year. The ET is an extension of the Indian
Monsoon Low, and is often associated with the advection of warm, moist air over the UAE (Figure
15). Rain occurs as a result of the formation and development of cumuliform clouds over the mountain
areas. The highest frequency of occurrence occurs in the months of May (32%) and June (33%) respectively. This synoptic situation results from the extension of depressions from the east and depends on
the ridging of the SH at the end of the winter season and a decline in the thermal depressions at the end
of the summer season. The wind associated with these depressions is easterly to south easterly or north
easterly depending on the location of the depression in relation to the UAE.

Figure 15. An average surface synoptic chart associated with the Easterly trough (ET) pressure over
the UAE region.
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Thermal Low (TL):

This type of depressions develops due to the high insulation of the solar radiation over the interior
parts of the Arabian Peninsular. The Thermal low (TL) depression is mostly centred over the Arabian
Peninsula (Figure 16). During the summer months starting from June to September, the thermal low is
a common feature and occurs on approximately 28 % of all days. The wind associated with this system
is usually southerly and is normally hot and dry. Under the inﬂuence of the TL ambient temperatures
over the central UAE can rise to as high as 50ºC.

Figure 16. An average surface synoptic chart associated with the Thermal low (TL) pressure over the
UAE region.
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Easterly Trough and Siberian High (ETSH):

The combination between the Easterly trough and the Siberian high has the highest frequency of occurrence throughout the year although it doe decrease somewhat in the summer. The combination of
circulation patterns interacting with one another often causes in cloudy weather and precipitation. This
is a result of the interface between the cold air and moist air (Figure 17).

Figure 17. An average surface synoptic chart associated with the Easterly Trough and Siberian High
(ETSH) pressure over the UAE region.

32

Easterly Trough and Thermal Low (ETTL):

The combination of an ET and a TL over the study region constitutes a further pattern of circulation
(Figure 18). This combined system represents an extension of the TL which is centred over the interior
of the Arabian Peninsula with an extension of the ET centred over the Arabian Gulf. The combination
of the two systems can cause convective clouds and thunder storms over the mountains as a result of the
on shore ﬂow from the Arabian Sea and the unstable atmospheric conditions. It has been found that the
frequency of this system increases at the beginning of the summer season which starts in the month of
June (27%). This frequency increases throughout the months of July and August (up to 44 %)

Figure 18. An average surface synoptic chart associated with the Easterly Trough and Thermal Low
(ETTL) pressure over the UAE region.
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Red Sea Trough (RST):

The Red Sea trough (RST) is an extension of the Tropical Sudan Monsoon Low over the Red Sea that
reaches towards the Arabian Gulf regions (Figure 19). The effect of this type of depression over the
UAE region is noticeable in winter season and the two transitional periods with the highest frequency of
occurrence in February (12%). Unstable weather conditions usually associated with this type of depressions brings warm and moist air from the south or from the south west to the UAE.

Figure 19. An average surface synoptic chart associated with the Red Sea trough (RST) pressure over
the UAE region.
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Indian High (IH):

The region of the Arabian Gulf including the UAE is occasionally affected by the ridge of the Indian
High Pressure (Figure 20). This high pressure usually dominates over the Indian Ocean throughout the
year while the effect of its extension to the region occurs mostly during the summer and the two transitional periods, April and October respectively. Usually this system brings moist air from the Indian
Ocean to the area which helps to form clouds, especially over the mountainous terrain in the eastern part
of the UAE. The wind associated with this system is mostly south or the south westerly.

Figure 20. An average surface synoptic chart associated with the Indian Ocean high (IH) pressure over
the UAE region.
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Mediterranean Trough, Red Sea Trough and Easterly Trough (MT RST ET):

The complex relationship of synoptic circulation associated with the Mediterranean trough, Red Sea
trough and Easterly rough (MT RST ET) synoptic governs and affect the UAE weather over the infrequently (Figure 21). The interaction of these depressions is characterized by heavy rainfall over the
area when associated with upper air trough.

Figure 21. An average surface synoptic chart associated with the Mediterranean trough, Red Sea trough
and Easterly trough (MT RST ET) pressure over the UAE region.
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Thermal Low and Indian High (TL IH):

The Indian High pressure system centred over the Indian Ocean in the summer season can combine with
the Thermal low over the central parts of the Arabian Peninsula (Figure 22). This affects the weather
by advecting moisture from the Arabian Sea over the Peninsula. The advection of moisture over the
mountains results in topographically induced convection over the eastern parts of the UAE and Oman.
The highest frequency of occurrence for this synoptic circulation is in the summer (September 20.5%).
Surface wind is mostly easterly to south easterly over the UAE.

Figure 22. An average surface synoptic chart associated with the Thermal low trough and Indian high
(TL IH) pressure over the UAE region.
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Red Sea trough and Easterly trough (RST ET):

In synoptic circulation scenario an extension of the Tropical Red sea depression moves towards the east
and interfaces with an Easterly trough coming from the east (Figure 23). This combination of systems
may cause unstable weather conditions over the area. This circulation pattern is most likely to occur in
the system two transitional periods and in to a lesser extent during the winter

Figure 23. An average surface synoptic chart associated with the Red Sea Trough and Easterly Trough
(RST ET) pressure over the UAE region.
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Other:

The combinations between of circulation patterns between the Siberian High with the extension of Indian High centred over the Indian Ocean (Figure 24) and Easterly Trough accompanied with the Indian
High (Figure 25) have a very small impact on the weather of the UAE and surrounding region. They
have been included in the classiﬁcation for completeness only. Their occurrence over the study region
is associated with the advection of moisture to the mountains. Both synoptic circulation patterns mentioned above occur most frequently in the summer and the two transitional periods of the year.

Figure 24. An average surface synoptic chart associated with the Siberian High and Indian High (SH
IH) pressure over the UAE region.

Figure 25.An average surface synoptic chart associated with the Easterly Trough Indian High (ET IH)
pressure over the UAE region.
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Annual occurrence of surface synoptic circulation
The SH occurs most frequently over the study region (74.3 days per annum) followed by the ETSH (71
days per year). This clearly indicates that the SH is by far the most prevalent and important pattern of
atmospheric ﬂow. Six basic circulation types can be said to effectively summarise the synoptic circulation over the UAE (Figure 26). These include the aforementioned systems and the ET, ETTL, TL and
the RS/ET. Together these systems account for 326 days of the year on average.

Figure 26. The average number of days that each category of synoptic circulation identiﬁed in this
study occurred through a year (1995-2001)

Impact of the Indian Monsoon on synoptic circulation over the UAE
The Indian Monsoon is an important system affecting the weather of the UAE. As mentioned earlier the
ET is considered to be an extension of the Indian Monsoon to the study area. This is a seasonal oscillation and supports the formation of convective clouds and precipitation in the summer season months.
In a true monsoon climate, seasonal wind shifts typically cause a drastic change in the general precipitation and temperature patterns. The prime cause of monsoon circulation is the thermally induced cell to
pressure system resulting from surface temperature differences (Figure 27). This type of circulation can
only become well established in approximately barotropic conditions and where there is a favourable
distribution of land and sea. The movement and oscillation of the Indian monsoon is well documented
and represented in (Figure 28). A westward extension of the Indian low occurs in April. It deepens
and extends westward from May to September, the maximum deepening occurring July over the UAE.
The maximum temperature and moisture associated with the movement and oscillation of the Indian
monsoon occurs in July and August over the Gulf area including the UAE.
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Figure 27. Idealised representation of the monsoon circulations. The islands in the Figure represent the
tropical continents in the summer hemisphere. Solid lines represent isobars or geopotential height contours near 1000 hPa (lower plane) and 14 km or~ 200 hPa (upper plane). Short solid arrows indicate the
cross-isobaric ﬂow. Vertical arrows indicate the sense of the vertical motions in the Middle troposphere.
(After Wallace and Hobbs, 1977).

Figure 28. The monsoon region: the area of monsoon climate differ depending on whether the area is
deﬁned by surface-based observations or by consideration of the atmospheric circulation pattern.
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Upper Air Pressure Systems
The analysis of the synoptic charts at 500 hPa level shows that the pressure systems affecting the weather of the UAE in the upper atmosphere are as follows : Westerly trough (WT), Westerly ridge (WR),
Easterly trough (ET), Subtropical high (STH), Zonal ﬂow (ZF) and a Westerly cut-off low (WCL).
These systems will be deﬁned discussed in this section.
The analysis of the upper atmospheric circulation shows a strong seasonal variation between the winter
and summer months. STH pressure systems completely dominate the upper atmosphere over the UAE
during the summer months (May-September) (Figure 29 and Table 7). During the winter the inﬂuence
of the STH diminishes signiﬁcantly reaching a minimum during January. The inﬂuence of the STH is
increased with the northward displacement of the general circulation during the summer months. This
is highlighted by the fact that the ET is only detected over the UAE region during the summer months.
During winter the WT and WR circulation dominate with some inﬂuence from ZF over the UAE (Figure 29).

Figure 29. The average monthly frequency of occurrence (%) for each of the identiﬁed circulation categories that inﬂuence the upper atmosphere over the UAE region between 1995-2001.
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Table 7. The monthly frequency of the average of the 500 hPa pressure systems for the period 1995-2001.
SYSTEM
% Month
January
February
March
April
May
June
July
August
September
October
November
December

STH

WR

WT

ZF

ET

WCL

1.0
5.0
8.3
26.7
57.6
74.3
64.1
79.7
60.4
14.7
15.2
22.6

34.8
41.6
33.2
31.0
21.4
4.8
0.9
0.0
1.9
33.6
34.8
34.6

37.1
30.1
38.2
28.6
11.9
6.2
3.2
0.5
2.9
25.8
26.7
32.7

29.0
22.1
18.9
8.6
6.7
0.5
0.0
0.0
0.0
16.1
16.7
21.7

0.0
0.0
0.5
1.4
4.3
12.4
30.3
19.0
16.7
3.7
3.8
2.8

1.4
0.5
0.9
3.8
1.4
1.9
1.4
0.1
1.0
2.8
2.9
1.8

On an annual basis the STH has the highest total number of occurrences (143 days per annum) over
the study period (Figure 30). WR and WT occur approximately an equal number of times on average
through the year (81 and 73 days per annum respectively). The WCL occurs only 7 days per annum.
The importance of this circulation patter is its persistence over the region associated with signiﬁcant
surface upper air convergence and uplift.

Figure 30. The average of the total frequency of the dominant upper airpressure systems during the
period 1995-2001.
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Sub-tropical High Pressure (STH)
The STH is an upper air high pressure system that in general extends from the south west over the region causing subsidence over the UAE (Figure 31). The dominant nature of this circulation pattern is
responsible for the overall stable atmospheric conditions that characterise the atmospheric conditions
over the UAE. The STH in the upper atmosphere is also frequently associated with the Siberian high at
the surface. Under these conditions the formation of surface inversions and elevated absolutely stable
layers will be maximum.

Figure 31. An average upper air isobaric chart indicating the dominance of the Sub-tropical high pressure (STH) system over the UAE and surrounding regions.
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Westerly ridge (WR)
This system is characterized by north westerly ﬂow at 500 hPa and plays an important role to in stabilising the weather in the region associated when combined with a high pressure at the surface (Figure 32).
Sometimes this situation is conducive to the formation of mist or fog. It has been noticed that the WR
affects the area mostly in winter season and during the two transitional periods. It does not inhibit rainfall when associated with favourable conditions at the surface. The effect decreases during the summer
due to the sub-tropical high pressure which dominates at this time of the year. The highest frequency of
occurrence was recorded in the month of February (42%).

Figure 32. An average upper air isobaric chart indicating the dominance of the Westerly ridge (WR)
system over the UAE and surrounding regions.
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Westerly trough (WT)
This system acts on the region throughout the year but with different frequency of occurrence (Figure
33). The WT circulation plays an important role in precipitation during the winter. Unstable conditions
associated with reasonable atmospheric moisture that result in cyclo-genesis at the surface bring precipitation. Cyclo-genesis accelerates the surface wind and the WT is always associated with a jet steam.

Figure 33. An average upper air isobaric chart indicating the dominance of the Westerly trough (WT)
system over the UAE and surrounding regions.
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Easterly trough (ET)
This system extends from the east at 500 hPa and is frequently associated with easterly jet stream (Figure 34) which acts as an engine for the development of the convective clouds and unstable weather
condition, especially over the high mountainous terrain. It is noticed that this type of system occurs
most frequently in summer.

Figure 34. An average upper air isobaric chart indicating the dominance of the Easterly Trough (ET)
system over the UAE and surrounding regions.
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Zonal ﬂow (ZF)
Zonal ﬂow in the upper atmosphere is common during the winter (January 29%) (Figure 35). This type
of circulation usually proceeds or follows the other two westerly ﬂow patterns. ZF does not exert an
important inﬂuence on the weather of the UAE irrespective of the circulation occurring at the surface.

Figure 35. An average upper air isobaric chart indicating the dominance of the Zonal ﬂow (ZF) system
over the UAE and surrounding regions.
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Westerly cut-off low (WCL)
The WCL could occur during any time of the year but occurs infrequently. The system always follows
a preceding WT in the upper atmosphere. The WT becomes isolated from the westerlies and stay fairly
stationary over the region (Figure 36). Surface winds are usually highly variable and gusty. The highest frequency of occurrence for this system is in the transitional periods such as November and April.
This system can cause unstable weather conditions and is usually associated with a corresponding surface depression. Due to the fact that there is convergence in the throughout the atmosphere up to 500
hPa this circulation is often associated with heavy rainfall over the UAE.

Figure 36. An average upper air isobaric chart indicating the dominance of the Westerly cut-off Low
(WCL) system over the UAE and surrounding regions.
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Surface inversions and absolute stability
At any time over the UAE it is possible to observe as many as six absolutely stable layers in the atmosphere. The ﬁrst layer represents a surface inversion that forms almost every night over the UAE. The
average height of the surface inversion extends up to approximately the 950 hPa (~ 525 masl) level in
the atmosphere (Figure 37). It is a dominant feature of the UAE atmosphere throughout the years occurring in more than 60% of all soundings analysed (Figure 38).
The surface inversion layer plays an important role in controlling moisture availability over the region
liberated from the Arabian Gulf as well as from the Gulf of Oman and Arabian Sea. The height and
strength of the inversion is slightly reduced during the summer months. The surface inversion forms as
a result of surface cooling over land during the evening. It can be expected to reach maximum intensities under conditions of anticyclonic circulation over the UAE, usually associated with the Siberian
high pressure system. The surface inversion will start to break down over the region soon after sunrise.
It will typically be completely eroded from the surface by 1000 local time.

Figure 37. Absolutely stable layers identiﬁed over the UAE for the period 1995-2002 during the winter.
The box and whisper plots give the median minimum and maximum pressure surface of each layer as
well as one and two standard deviations. The empty circles indicateoutliers of in each layer. The width
of the box indicates the persistence of each layer.
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Figure 38. Frequency of occurrence (%) of the surface inversion layer at Abu Dhabi between 1995 and 2001.
The surface inversion is clearly detectable in both the midday and midnight soundings taken from Abu
Dhabi International Airport. A comparison between the frequency of occurrence at midnight and midday reveals a sharp decline in the presence of the surface inversion by 1600 local time (46 %). The
surface inversion was found to occur over the UAE 78 % of the time at midnight on average. In both
the midnight and midday data a slight increase in the frequency of occurrence of the surface absolutely
stable layer is detected during the summer months. This coincides with a deepening of the layer during
the summer at midnight (Figure 39).

Figure 39. Average height above the ground of the surface inversion at midnight and midday over Abu
Dhabi between 1995 and 2001.
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The deepest midday inversions are found during the winter months. The development of the surface
inversions is seemingly related mostly to the ability of the atmosphere to loose energy during the night.
The fact that the height of the midday inversion is highest during the winter may be related to the stable
conditions associated with the SH which dominates in those months. The nature of the development of
the surface inversion during the summer should be studied in more detail in the future.

Elevated absolutely stable layers
Multiple stable layers have been identiﬁed in the atmosphere over the UAE. At any given time a total
of six layers are possible to identify simultaneously from the Radiosonde data from Abu Dhabi Airport
soundings (Figure 38 and Figure 39). Elevated layers of absolute stability and inversions are caused
as a result of atmospheric subsidence in the upper atmosphere. The result is that descending air heats
adiabatically in the atmosphere and as a result causes the formation of layers of stability. These elevated layers of absolute stability are important thermodynamic barriers in the atmosphere.
The elevated absolutely stable layers occur throughout the year over the UAE. It is clear from the composite box and whisker plots in (Figure 38 and Figure 39). that the most prominent absolutely stable
layers over the UAE occur at the surface and at 600 hPa. Key to the development of elevated absolutely
stable layers is the presence of anticyclonic ﬂow in the atmosphere (particularly the upper atmosphere)
which promotes descending air. From the previous Chapter it was established that the Siberian high
(SH) at the surface and the Subtropical high (STH) in the upper atmosphere occur frequently throughout
the year. If these two systems occur simultaneously over the UAE, the atmosphere will be highly stable
and it is under these conditions that as many as ﬁve elevated absolutely stable layers are identiﬁed over
the region. These two layers will also be shown to exercise the most control of vertical movement in
the atmosphere. None of the identiﬁed absolutely stable layers occur less frequently than 40 % of the
time (Figure 40).
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Figure 40. Frequency of occurrence of absolutely stable layers in the Atmosphere over the UAE between 1995 and 2001
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The strong seasonal signature identiﬁed in the surface inversion layer is also distinguishable in the layers occurring at 850 and 700 hPa, however, the maximum frequency of occurrence for these two layers
occurs during the winter months and not the summer time as is the case for the surface inversion layer
(Figure 41). The seasonal pattern of occurrence is the same as observed for the SH pressure system
inﬂuence over the UAE. The mechanism for the development of the 850 and 750 hPa absolutely stable
layers may therefore be linked to the subsidence in the atmosphere caused by the presence of anticyclonic circulation at the surface which reaches its maximum intensity during the winter months on the
northern hemisphere. The increase in the number of surface inversions during the summer does not
coincide with this observation. The development of surface inversions is mostly not associated with
atmospheric subsidence, but is more a function of the loss of surface radiation under clear sky conditions. This requires more detailed investigation on the future.

Figure 41. Seasonal variation of the occurrence of absolutely stable layers that occur at 850 (layer 2)
and 750 hPa (layer 3) at midnight and midday between 1995 and 2001.
The variation in the frequency of occurrence of absolutely stable layers in the upper atmosphere over
the UAE indicates little or no seasonal signature (Figure 42). The most frequently occurring absolutely
stable layer in the upper atmosphere occurs at 600 hPa. This layer is present in the atmosphere up to
68 % of the time. It never occurs less frequently than 50 % of the time. The upper air absolutely stable
layers are purely a function of the dominant upper atmospheric anticyclonic circulation, the STH. The
absolutely stable layer at 600 hPa acts as an important thermodynamic barrier in the atmosphere over
the UAE. During aircraft measurements in summer and winter, atmospheric constituents, were seen to
be trapped below this layer on all ﬂying days. During the winter the 700 hPa layer may exert similar
inﬂuence reducing the height of the mixing layer slightly.

53

Figure 42. Seasonal variation of the occurrence of absolutely stable layers that occur at 600 (layer 4),
400 hPa (layer 5) and 300 hPa (layer 6) at midnight and midday between 1995 and 2001.
The nature of the atmospheric stability over the UAE for a ten year automated analysis of atmospheric
stability is shown in (Figure 43). The atmospheric stability is indicated where the environmental lapse
(Γ) rate is approximately equal to the saturated lapse rate (Γs) (yellow, orange and red in (Figure 43).
Although it is more difﬁcult to discern the six layers identiﬁed in the previous analysis, the important
features of the atmospheric stability is clearly evident in this analysis. The surface inversion layer is
most prominent during the summer months in the midnight soundings. Atmospheric stability is greatly
increased during the winter time (evident from the predominance of yellow in the plots (Figure 43)
between November and April. Throughout the year a thermodynamic barrier exists in the atmosphere
at about 600 hPa. During the summer months the atmosphere can be unstable beneath this layer; however, the anticyclonic circulation in the upper atmosphere creates an entirely stable upper atmosphere.
From these analysis the 300 hPa layer seems to be more prominent than is indicated from the tephigram
analysis.
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Figure 43. Atmospheric stability analysis for midnight (top) and midday (bottom) radiosonde data for
ten years (1993-2002) at Abu Dhabi International airport. The data set was downloaded from the University of Wyoming web data base.
As was mentioned previously the prominent nature of the stability at approximately 600 hPa creates
a thermodynamic barrier to atmospheric constituents. This is clearly visible in the photograph taken
over the UAE during a research ﬂight in 2001. The haze, and therefore aerosols, are clearly unable to
mix above this stable layer (Figure 45).
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Aerosols measured by the PCASP
Aerosols measured with the PCASP (Particle Cavity Spectrometer Probe) range in diameter between
0.1 and 3.0μm, and are mainly in the accumulation mode. Accumulation mode aerosols are most signiﬁcant for atmospheric processes. They have the longest lifetimes (on the order of a week), and are of
the right size to interact with incoming solar radiation, and thus scatter light and affect the earth’s energy
balance. Most CCN are also aerosols in the accumulation mode.

Vertical distribution of air pollutants and structure of the boundary layer:

The vertical distribution of aerosols and trace gases has implications for the atmospheric transport of
pollutants, and the degree to which anthropogenic emissions affect cloud properties. Average vertical
proﬁles of aerosols and trace gases collected over thirteen regions of the UAE (Figure 44) are included
in Appendix1. Measurements are averaged over 200 m intervals. The mean is indicated by the red line,
the standard deviation by the black lines, the minimum values by dark blue dots and the maximum values by light blue dots. In this section, several cases are discussed which provide insight into the nature
of emissions at a site or how the thermodynamic proﬁle of the atmosphere inﬂuences the dispersion and
transport of the pollutants.
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Figure 44. Regions over the UAE in which average vertical proﬁles were created

Atmospheric stability:

Vertical motion is inhibited by stable layers, in which the environmental lapse rate (the rate at which
temperature increases with height) is less than the adiabatic lapse rate (the rate at which air cools/warms
when lifted/pushed down without sensible heat being added or removed). In such layers, a parcel of air
that is displaced either upwards or downwards will return to its original position as soon as the force
causing the air parcel to move is removed. Layers in which the environmental lapse rate is less that the
wet adiabatic lapse rate (the rate at which a saturated parcel of air cools when lifted) are called absolutely stable layers. A temperature inversion, where temperature increases with height, is an extreme
case of an absolutely stable layer. In the following section, it will be seen that the thermodynamic proﬁle of the atmosphere and stable layers play a key role in controlling the vertical dispersion of aerosols
and trace gases in the UAE.
Due to the location of the United Arab Emirates in the subtropics of the northern Hemisphere, at the descending limb of the Hadley cell, atmospheric circulation is dominated by anticyclonic conditions and
associated subsidence. Elevated stable layers and inversions in such an environment are common.
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Trapping of emissions by absolutely stable layers over Jebel Dhanna/Ruwais:

Over Jebel Dhanna and Ruwais in the summer, absolutely stable layers were recorded at ~1 200 m and
at ~4 000 m (Figure 46). The discontinuities in the boundary layer are also clearly reﬂected in the dew
point temperature proﬁle. Aerosols, SO2, O3, and NOx , which are presumably mainly derived from local
industrial activities at Ruwais, are considerably elevated in the surface mixing layer. Their vertical dispersion is inhibited by the stable layer, and concentrations of the aerosols and trace gases drop sharply
above 1 200 m. This phenomena was not only visible from the collected data. On most ﬂight days it
was clearly visible by eye and is shown in (Figure 45).

Figure 45. Photograph of haze layer persistently present over the UAE and clearly trapped below an
elevated inversion during the winter campaign of 2001.
The inﬂuence of the sea breeze is evident in the dew point temperature proﬁle. At low levels, the air is
humid and the dew point temperature exceeds 20°C due to the onshore ﬂow of moist air from over the
Arabian Gulf. Towards the top of the surface-mixing layer, the dew point temperature is much lower
due to the offshore ﬂow of dry air from over the land in the counter-current aloft. The sea breeze determines the direction in which the emissions from Ruwais are transported. During the daytime, surface
emissions are advected inland in the onshore ﬂow. Although sampling has not been conducted at night,
it is possible that the direction of ﬂow reverses at night due to the onset of a land breeze, and pollutants
from Ruwais are transported offshore.
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Figure 46. Vertical proﬁles of condensation nuclei, accumulation mode aerosols, sulphur dioxide,
ozone, NO, NOy concentrations, temperature and dew point temperature over Jebel Dhanna and Ruwais
during summer 2001.

Trapping of emissions by a temperature inversion over Das Island:

A temperature inversion over 7°C in magnitude at 1 000 m over Das Island in winter 2001 trapped
emissions from the reﬁnery in the lowest kilometre of the atmosphere (Figure 47). Concentrations of
aerosols and trace gases were considerably elevated below the inversion. The only exception is ozone,
which peaks above the inversion at ~1 200 m. It appears that an inversion situated at ~1 000 m is a
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fairly common feature during the day over the Gulf, due to the water being relatively cooler than the
surrounding land. Emissions from oil-related activities are thus frequently trapped, and concentrations
of pollutants at the surface are elevated.

Figure 47. Vertical proﬁles over Das Island during winter 2001

Multiple stable layers over Zirku Island:

At the time of sampling over Zirku Island during summer 2001, there was a surface temperature inversion extending to 400 m, a discontinuity at ~1 500 m, and an absolutely stable layer at ~3 600 m
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(Figure 48). The surface inversion was due to the inﬂuence of the relatively cooler water at the surface, and is probably a common feature over the Arabian Gulf. The surface mixing layer extended to
~1 500 m, while the absolutely stable layer at ~3 600 m is subsidence-induced. High concentrations
of aerosols, sulphur dioxide and ozone were found below 600 m, due to emissions from Zirku Island.
Aerosol concentrations exceeded 3 500 cm-3, SO2 concentrations exceeded 120 ppb and O3 concentrations exceeded 70 ppb. Aerosol, ozone and sulphur dioxide levels dropped sharply above 600 m, but
remain elevated up to ~1 500 m.

Figure 48. Average vertical proﬁles over Zirku Island during summer 2001.
Five temperature inversions, centred at 800 m, 1 400 m, 1 800 m, 2 800 m and 3 700 m, were evident
over Zirku Island during winter 2001 (Figure 49). Layering of aerosols and trace gases is related to discontinuities in the thermodynamic proﬁle. It is hypothesised that the most emissions from the reﬁnery
on Zirku Island are trapped below the ~800 m inversion. Aerosols and trace gases were able to disperse
up to the ~1 400 m inversion, perhaps because the 800 m inversion broke down at an earlier stage.
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Figure 49. Vertical proﬁles of condensation nuclei, aerosol sulphur dioxide and ozone concentrations
and temperature and dew point temperature over Zirku Island during winter 2001.
Layers of elevated CN concentrations were recorded below the 2 800 m inversion and below the
1 400 m inversion, in addition to at the surface. The layer of increased CN concentrations between
3 000 m and 4 000 m is not reﬂected in aerosol concentrations as measured by the PCASP. Most of
the particles are thus in the nucleation mode (diameter <1 μm), and were probably formed in-situ by
gas-to-particle conversion. Elevated CN concentrations at higher altitudes may have implications for
cloud formation if they are ingested into clouds. Accumulation mode aerosol concentrations, however,
are not highly stratiﬁed. Aerosol concentrations are highest above the surface, and decrease sharply to
1 100 m. Aerosol concentrations then drop abruptly at ~1 800 m, which coincides with the height of
the third inversion. Sulphur dioxide is highly elevated below 800 m, as is ozone. Ozone concentrations also peak just below to 1 400 m inversion. However, there is a decrease in ozone concentrations
between 3 000 and 4 000 m, at the level where CN concentrations increase.
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The NOx-O3 relationship over an urban area:

The inﬂuence of urban emissions on pollution levels is seen in the atmosphere over Abu Dhabi up to
the absolutely stable layer at ~1 600 m (Figure 50). Two distinct layers are observed below the stable
layer. Below the large temperature inversion at ~600 m, concentrations of NO are slightly elevated
above background levels, NOy concentrations are high (well over 30 ppb), and ozone concentrations are
elevated (between 45 and 50 ppb). The high concentrations of NOx are primarily due to emissions from
car exhausts. Above the inversion, ozone concentrations drop by about 10 ppb. The ozone deﬁcit is
due to its destruction in the photolytic reaction with NO, which forms NO2. Above the absolutely stable
layer, ozone concentrations increase sharply by over 10 ppb as NOx levels return to background values.
Sulphur dioxide concentrations increase by ~10 ppb above the stable layer. SO2 is thus not produced in
signiﬁcant quantities in Abu Dhabi. Elevated concentrations above 1 600 m are probably derived from
oil-related activities in the Gulf.

Figure 50. Vertical proﬁles of SO2, O3, NO, NOy, temperature and dew point temperature over Abu
Dhabi during summer 2001.
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Horizontal distribution of air pollutants
The horizontal distribution of aerosols and trace gases over the UAE is shown using contour plots.
The plots presented below have been compiled by averaging all measurements collected between 50
and 3 000 m above sea level over a 0.25 by 0.25° grid. Plots showing the maximum concentrations
recorded are included in Appendix 1. These plots provide a good indication of the magnitude of major
pollution sources. Average and maximum plots have also been compiled of all measurements collected
between 50 and 1 000 m above sea level. These plots provide a better idea of pollution levels at the
surface, and whether health guidelines are in danger of being exceeded. Pollutants considered to be of
consequence at each of the source regions are indicated in (Table 8).
The distribution of aerosols and trace gases over the United Arab Emirates is similar in summer and
winter. Seasonal differences depicted in the plots that follow are usually due to different ﬂight paths or
a source being un-operational at the time of sampling, rather than to any difference in source strength or
distribution or atmospheric transport. The oil reﬁneries on Das and Zirku Islands emit the highest levels
of almost all pollutants. Inland reﬁneries at Habshan, and to a lesser extent Bu Hasa, also emit signiﬁcant levels of pollution. Several pollution sources were detected in the Gulf oilﬁelds; these seem to be
highly variable and are probably related to oil drilling and extraction. Industrial areas at Ruwais, Jebel
Ali and Rams are smaller sources of pollution. Pollution levels are generally highest in a band along
the coast, and over the reﬁneries and oilﬁelds in the Arabian Gulf. Lower concentrations are found in
the interior of the country on the border with Saudi Arabia. Prevailing north-westerly winds in both
seasons result in elevated aerosol and trace gas concentrations to the south-east of sources.
Table 8. Pollutants emitted by major sources in the United Arab Emirates

CN

Accum mode
aerosols

X

X

X

(X)

X

X

X

X

Source

SO2

O3

Zirku Island

X

Das Island

X

Ruwais/
Jebel Dhanna

NO

NOy

Bu Hasa

(X)

Habshan
Mussafah/
Al Dhafra
Jebel Ali

X

Gulf Oilﬁelds

X

RAMS

X
X

X

X

X

X

X

X

X

X

X
X

X

X

X

X

Dubai

X

X

Abu Dhabi

(X)
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Sulphur dioxide:

Elevated SO2 concentrations are associated with oil-related activities (Figure 51) and (Figure 52).
Reﬁneries at Habshan, Zirku Island, Das Island and another unknown source in the Arabian Gulf northeast of Das Island are the major sources of sulphur dioxide in the UAE. Industries at Ruwais emit lower
levels of SO2. SO2 levels are elevated in a north-south band across the UAE and the Arabian Gulf,
which incorporates the major reﬁneries. SO2 levels are low over the rest of the country. Concentrations of sulphur dioxide of the United Arab Emirates range over two orders of magnitude. Large spatial
gradients arise because sulphur dioxide has a relatively short lifetime in the atmosphere (less than one
day). As sulphur dioxide is transported, it is oxidised to form sulphate particles. The rate of oxidation is
much higher if clouds are present, and oxidation occurs through aqueous-phase reactions. The average
concentrations were generally higher during the summer months.
The World Health Organisation (WHO) one-year air quality guideline for SO2 of 17.5 ppb was exceeded in average concentrations near Habshan and over the Gulf near Zirku and Das Islands in summer
and winter. SO2 maxima exceed the WHO 10-minute guideline of 175 ppb over Das and Zirku Islands,
and exceed the 1-day guideline of 44 ppb over Habshan and over a larger area of the Gulf. Maximum
SO2 concentrations were recorded in the plumes, and it is impossible to ascertain from this data set what
the ground-level concentrations are. However, it is highly likely that SO2 levels are dangerously high,
and have adverse health impacts, in the vicinity of Das and Zirku Islands, and possibly in the immediate vicinity of the Habshan reﬁnery. Exposure to high levels of SO2 affects the respiratory system, and
causes wheezing and shortness of breath. Asthmatics are particularly vulnerable to the effects of high
SO2 levels.

Figure 51. Average concentrations of SO2 over the UAE during the winter (left) and the summer (right)
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Figure 52. Average sulphur dioxide concentrations (between 50 and 3 000 m) during (upper) winter
and (lower) summer 2001
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Ozone:

Elevated ozone concentrations were recorded downwind of most of the major pollution sources, including Das and Zirku Islands, Habshan and Bu Hasa, Ruwais and Rams (Figure 53) and (Figure 54).
Generally, ozone itself is not emitted by industrial/reﬁnery activity, but it is produced in the atmosphere
by photochemical reactions with hydrocarbons and other precursors emitted by the source. The WHO
8-hour air quality guideline for ozone of 60 ppb is not endanger of being exceeded in average concentrations, except in a small zone immediately downwind of Zirku Island. However, ozone maxima (see
Appendix) exceed the guideline value in a broad band along the coast from Jebel Dhanna to Ras Al
Khaimah, and including the inland and offshore reﬁneries.
Average ozone concentrations were higher in winter than in summer. The reason for this seasonal difference is not clear, but is addressed in the following section. There is a less steep gradient in ozone
concentration between sources and surrounding areas than is the case for sulphur dioxide because ozone
is a longer-lived trace gas.

Figure 53. Average ozone concentrations (between 50 and 3 000 m above sea level) during winter 2001.
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Figure 54. Average ozone concentrations (between 50 and 3 000 m above sea level) during summer 2001.

Nitrogen oxides:

Airborne measurements collected during the summer and winter 2001 projects indicate that NO and
NOy levels were low across the country (Figure 55 and Figure 56). At present, there is no danger of
exceeding WHO guideline values. However, it should be noted that car exhausts are a major source of
NOx, and NOx concentrations are expected to be signiﬁcantly elevated in cities at street level, measurements are unable to be made with aircraft. This has been found to be the case in the city of Riyadh,
Saudi Arabia, for example, where the concentrations in the late 1980’s were extremely high. The cause
of these high levels of nitrogen oxides was thought to be the motor vehicle trafﬁc on the city. Highest
NOy concentrations were recorded over and downwind of Abu Dhabi. Urban NOx emissions were not
investigated extensively because of ﬂight restrictions near built-up areas.
Jebel Ali, Mussafah, and possibly Rams are the only sources of NO found in the UAE. Highest NOy
concentrations were also recorded downwind of Jebel Ali, Mussafah and Rams, although elevated concentrations were also recorded downwind of Dubai and in the vicinity of Das Island. NOy concentrations were found to be higher in summer than in winter. It is not known to what degree this seasonal
difference is due to differences in instrument calibration and ﬂight paths, and how much it reﬂects a true
feature of the atmosphere.
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Figure 55. Average NO concentrations between ground level and 3 000 m during (upper) winter, and
(lower) summer
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Figure 56. Average NOy concentrations recorded between ground level and 3 000 m during (upper)
winter and (lower) summer
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Accumulation mode aerosols:

Signiﬁcant sources of accumulation mode aerosols are at Das Island, Zirku Island, Habshan, Bu Hasa
and Al/Al Dhafra (Figure 57 and Figure 58). In the winter, a further source was apparent on the coast
directly south of Zirku Island (east of Jebel Dhanna). During the summer, there was no evidence of this
source, possibly because it is difﬁcult to ﬂy in the restricted area. Dubai and Jebel Dhanna are minor
aerosol sources. Aerosol concentrations vary over an order of magnitude across the UAE. Because of
their relatively short lifetime, concentrations decrease rapidly with distance from the source. Aerosol
variations over the region are primarily related to anthropogenic sources, rather than to natural dust
sources that are more ubiquitous.
It should be noted that the plots show average aerosol concentrations in the atmosphere between 50
and 1000/3000 m above sea level. Since smaller accumulation mode and nucleation mode aerosols
have longer lifetimes and are able to be transported further than coarser aerosols, it is the accumulation
mode aerosols that are depicted in the plots. Coarser dust particles are probably found in much higher
concentrations near the ground.

Figure 57. Average number concentrations of accumulation mode aerosols as measured with the PCASP
during the summer 2001.
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Figure 58. Average number concentrations of accumulation mode aerosols as measured with the
PCASP during the winter 2001.
It is interesting to note that the number concentrations are higher during the winter period in all eight
the delimited regions (Figure 59). As was pointed out previously, these represent accumulation mode
aerosols and would be a combination of locally sources aerosols as well as possible import of aerosols
from other regions. The relative increase in the aerosol numbers below 3 micron aerodynamic diameter
over the entire region, suggests that the overall background concentrations become elevated during the
winter. The changing nature of the aerosol load will have implications for both cloud processes and
the scattering properties of the atmosphere which relate to direct radiative forcing processes. It will be
shown in (Section 7) that the total atmospheric load is highest during the summer period. Many of the
aerosols suspended in the atmosphere in the summer are in the coarse mode, thus probably from wind
blown dust. The apparent discrepancy between the seasonal nature of atmospheric aerosol loading
should be investigated in more detail.
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Figure 59. Accumulation mode aerosol number counts (#/cc) in the eight deﬁned regions over the UAE
during the winter (upper) and summer (lower) 2001.

Condensation nuclei:

Condensation nuclei are all particles between 0.01 μm and 10 μm. The instrument is somewhat erratic,
so averages may not be very accurate. However, CN maxima give a good indication of sources (Figure 60). Almost all pollution sources emit condensation nuclei or gases which nucleate to form CN.
Sources of CN are located at Jebel Dhanna/Ruwais, Das Island, Zirku Island, Habshan, Bu Hasa, Al/Al
Dhafra, Jebel Ali, Dubai and Rams.
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Differences between the CN and PCASP plots give insight into the nature of the aerosols found over the
country. In the vicinity of Dubai and Jebel Ali, and around Jebel Dhanna, CN concentrations are highly
elevated, while concentrations measured by the PCASP are only marginally elevated, if indeed they
are elevated at all. Near the industrial regions, then, nucleation mode aerosols with diameter less than
0.1 μm dominate aerosols numbers. These particles are probably formed by gas-to-particle conversion
from gases emitted by the industries. Near reﬁneries, however, the atmospheric aerosol consists of a
high number of accumulation mode aerosols, which are probably emitted by the reﬁneries.

Figure 60. Maximum condensation nuclei concentrations between ground level and 3000 m during
(upper) winter and (lower) summer

74

Seasonal Variations in Aerosol and Trace Gas Concenteration
While it has been shown above that the horizontal distribution of aerosols and trace gases over the
UAE is similar during the summer and the winter, seasonal differences in concentrations of air pollutants were not easily seen in the contour plots. Bar graphs of the average and maximum concentrations
of each of the measured parameters averaged in the vicinity of particular source regions and cities are
shown in the following section.

Sulphur dioxide:

There is no seasonal pattern in SO2 levels (Figure 61). SO2 concentrations at Rams were signiﬁcantly
higher in summer than in winter because the source was not operational at the time of sampling during
the winter campaign. Average SO2 concentrations vary over an order of magnitude across the country
(from ~5 ppb over Abu Dhabi, Al Ain, Fujairah and Dubai/Jebel Ali to ~50 ppb over the Arabian Gulf
near Das and Zirku Islands). SO2 levels are highly dependent on proximity to a source. Sulphur dioxide
has a relatively short residence time.

Figure 61. Seasonal differences in average (left) and maximum (right) sulphur dioxide concentrations
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Ozone:

Ozone concentrations were higher across the UAE in the winter than in the summer, except over Jebel
Ali/Dubai (Figure 62). This result is somewhat unexpected, since ozone is mainly formed through photochemical reactions, and requires ultraviolet radiation in order for the reaction to take place. Intense
solar radiation and longer sunshine duration is usually associated with enhanced photochemical activity
and peak ozone concentrations. In Europe, for example, there is an ozone maximum in spring/summer
and a minimum in winter. However, there is abundant sunshine even in the winter in the UAE. Furthermore, the production of ozone precursors (volatile organic compounds, hydrocarbons and nitrogen
oxides) is probably fairly constant throughout the year.
It is likely that the seasonal difference in ozone concentration is related either to atmospheric circulation patterns and the long-range transport of ozone and precursors, or to the NO2 photolytic cycle, as
discussed in the next section. There is more zonal transport in the summer and air circulates in from the
east over the Indian Ocean. During the winter, ﬂow seems to be more meridional, allowing pollutants
to be carried down from Europe. This should be investigated further using long-range trajectory analysis. Extremely high humidity near the surface in the summer may also play a role in the break-down of
ozone/hinder the production of ozone/aid the removal of ozone.

Figure 62. Seasonal differences in average (left) and maximum (right) ozone concentrations Although
the variation in ozone concentrations across the UAE is relatively low, highest ozone concentrations
are recorded near the oil reﬁneries on Zirku and Das Islands and at Habshan. Maximum concentrations
exceed 100 ppb near the plumes from Zirku and Das Islands. Ozone concentrations are lowest over Al
Ain and Fujairah, further away from major industrial and reﬁnery activity.

Nitrogen oxides:

Concentrations of NO and NOy are greater at all locations in summer than in winter (Figure 63). Part
of this seasonal difference is due to the summer data set being more extensive and probably more accurate than the winter data set. Nevertheless, higher NOy concentrations during summer are consistent
with the lower ozone concentrations recorded in this season. Ozone is destroyed when NO2 is created
through the reaction:
NO + O3 →

NO2 + O2
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It is not known why NO2 formation is favoured in the summer more than in the winter.
Rams is the only signiﬁcant source of NO. Highest maximum NOy concentrations were recorded over
Abu Dhabi and Dubai/Jebel Ali.

Figure 63. Seasonal differences in (upper left) NO average concentration, (upper right) NO maximum
concentration, (lower left) NOy average concentration, (lower left) NOy maximum concentration

Accumulation mode aerosols:

Average concentrations of accumulation mode aerosols (diameter between 0.1 and 3.0 μm, as measured
by the PCASP) were generally higher in the winter than in the summer (Figure 64). Again, the only
exception is over Rams, because the plant was not operational at the time of sampling during the winter
campaign. Since the anthropogenic aerosol input is expected to be constant throughout the year, seasonal differences can probably be attributed to changing atmospheric circulation patterns.
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Figure 64. Seasonal differences in (left) average and (right) maximum aerosol concentrations, as measured with the PCASP

Condensation nuclei:

Average condensation nuclei are generally higher in summer than in winter (Figure 65). This contradicts the PCASP measurements, which showed higher concentrations in winter than in summer.
However, the high water vapour content in the lower atmosphere in the summer, particularly over the
Gulf and near the coast, may facilitate gas-to-particle conversion, in particular the nucleation of sulphur
dioxide to form sulphates.
Maximum CN concentrations exceeded 9000 cm-3 (the maximum concentrations able to be measured
with the CN counter) over Abu Dhabi, Dubai/Jebel Ali, Habshan, Rams and Das and Zirku Islands.
Average CN concentrations are lowest over Al Ain, the site of most convective rainfall during the summer, since Al Ain is furthest from major pollution sources. It thus appears that pollution produced in the
UAE will only have a limited effect on convective rainfall in the summer months.

Figure 65. Seasonal differences in (left) average and (right) maximum condensation nuclei condensations
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Case study of atmospheric pollution around Habshan
During the winter of 2003, three research ﬂights were undertaken over the Habshan area. During these
ﬂights aerosol load and size spectrum, NO, NO2, O3 and SO2 were measured on the aircraft. The ﬂight
tracks of the three ﬂights are shown in (Figure 67).
A clear understanding of the complex causes of ozone pollution will help to identify cost-effective
ways to control smog and protect public health. control ozone have focused on limiting emissions of
precursor chemicals such nitrogen oxides (NOx) and/or volatile organic compounds (VOCs), which are
emitted from automobiles, power plants, and other industrial sources and form ozone when they react
with sunlight in Earth’s atmosphere.
On all ﬂights, ozone concentration exceeded the 120 ppb federal standard set by the Environmental
Protection Agency (EPA) to protect human health.

Figure 66. Photo of the Habshan industrial complex.
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Figure 67. Research ﬂights conducted over the Habshan area during

Surface meteorology at Habshan
Surface wind observations in the vicinity of Habshan were made at Tareef (to the north of Habshan) and
in Madinat Zayed (more inland to the south). The observations for Tareef are shown in Figure 68 and
those for Madinat Zayed in (Figure 69).

Figure 68. Wind roses for Tareef just north of Habshan during February (left) and April (right).

80

February conditions are shown in the left roses and April conditions on the right side. In both these areas
the dominant surface winds are from the north western and south eastern directions. This also reﬂects
the land-sea breeze that dominates the diurnal mesoscale conditions. Predominant surface wind speeds
range from 1 to 14 m.s-1.

Figure 69. Wind speeds at Madinat Zayed just south of Habshan during February (left) and April (right).
Wintertime meteorological conditions at Habshan will consistently result in poor dispersion potential.
Although the background conditions in the south western UAE is relatively unpolluted, the diurnal
land-sea breeze effect can lead to considerable recirculation of pollutants. The low night time inversion
or stable layer will also increase ground level concentrations.

Spatial distribution of pollutants
The maximum NO2 concentration measured in each grid box was triangulated into a surface (Figure
70). The surface plot shows NO2 concentrations between 10 and 100 ppb although maximum NO2
concentration well over 100ppb was measured. The well deﬁned plume stretches in a north westerly
direction. The measurements were made around noon, when the sea breeze had not yet developed. Very
high NO2 concentrations were measured close to Habshan. The actual dispersion of the plume from
the Habshan complex can be clearly seen from the ﬂight data. Concentrations remain elevated in the
central core of the plume and decrease steadily towards the edges. This plume identiﬁed by the aircraft
is almost exactly Gaussian in nature. These data would provide ideal veriﬁcation measurements for
disperiosion modelling from this source.

81

Figure 70. Maximum NO2 distribution over the Habshan area.
(Figure 71) shows the maximum O3 surface plot. O3 is a secondary pollutant, formed from precursor
chemicals such as nitrogen oxides (NOx) and/or volatile organic compounds (VOCS), which are emitted
from automobiles and industrial sources.

Figure 71. Maximum O3 distribution over the Habshan area.
Although background O3 levels were relatively low, very high peak concentrations were measured. The
peak O3 concentrations do not correspond with the NO2. This is a result of the delayed formation of O3
from NOx. It is also clear that the ozone concentrations do not follow the plume structure. This clearly
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indicates secondary production in the atmosphere which is the result of complex set of chemical and
photochemical reactions.

Figure 72. Maximum SO2 distribution over the Habshan area.
The Maximum SO2 concentrations are shown in (Figure72). A secondary source is apparent to the
north east of Habshan. High SO2 values quickly drop off to background values away from the source.
This can be prescribed to dispersion and transformations to sulphate. It is not clear what the additional
source of SO2 could be. The concentrations up to 50 km away from the site remain elevated and cause
for concern for health implications.

Figure 73. Maximum aerosol concentration over the Habshan area.
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High aerosol concentrations are apparent at the Habshan complex (Figure 73). The concentrations
drop off dramatically from the source region and soon merge into the general background aerosol
loading. The dramatic decline of aerosol concentrations is difﬁcult to explain and would need further
investigation. In general this is typical of coarse mode aerosols, however the instrumentation utilised
to measure aerosol only counted the ﬁne mode aerosols.

Vertical Distribution of Pollutants
Pollutants were found to be highly stratiﬁed in the vertical. The criteria gaseous pollutants and ozone
as well as the aerosols distributions are very similar. The highest concentration of all pollutants was
detected at approximately 500 m above the surface (Figure 74, Figure 75, Figure 76). Above the peak
are several other elevated peak layers that indicate the contribution to the atmosphere of several pollution sources or subsequently on subsequent time periods. The highest concentrations of SO2 indicate
the centre of the plume emitted from the Habshan complex. Ozone concentrations in the vertical proﬁle
also showed that the highest concentrations were within the plume close to the stacks. From the horizontal distribution it is apparent that the ozone values do not stay consistent with other pollutants. Critically important in understanding the impact of the emissions from these stacks is to estimate where and
when these high concentrations impact on regions that are inhabited by human beings. The best manner
in which to do this would be to conduct detailed dispersion modelling over for the Habshan complex.

Figure 74.Vertical distribution of aerosol over Habshan.
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Figure 75. Vertical distribution of SO2 over Habshan.

Figure 76. Vertical distribution of O3 over Habshan.
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Atmospheric Haze
As described in the methodology section, the aerosol loading (haze) over the UAE was measured during
the winter and summer campaign using a CIMEL sun sky radiometer. The atmospheric aerosol optical
conditions are described by two parameters following Smirnov et al (2001), aerosol optical depth at a
wavelength of 870 nm, and the Angstrom parameter. The aerosol optical depth/thickness is a measure
of the total aerosol loading of the atmospheric column. The Angstrom parameter is an indication of the
relative importance of ﬁne aerosols and coarse aerosols. The Angstrom parameter was calculated using
870 and 450 nm respectively.

Seasonal variability of AOT and water vapour content:

A clear seasonal trend in the atmospheric aerosol loading was detected in the UAE (Figure 77). Average AOT (870nm) values are higher during the summer (0.35) than the winter period (0.11). During the
winter the AOT remains fairly low with daily average values always being below 0.3. The highest AOT
values, and therefore turbidity, were measured in mid July (AOT up to 1.2). These results conﬁrm the
data collected in Bahrain, where the highest AOT values were recorded in July and August, where the
change was found to be an increase of approximately 50 % (Smirnov et al., 2002).

Figure 77. Daily average AOT (870nm) thickness at Al Dhafra during the winter and summer campaigns of 2001.
It is evident from the sun photometer data that not only is there a shift in the total aerosol load over the
region from winter to summer, but that the nature of the aerosols also changes signiﬁcantly. During
the winter months there is a prevalence of ﬁne mode aerosols. Coarse mode aerosols or dust become
more important during the summer time. This is evident in the distinct shift towards lower Angstrom
parameter values during the summer (Figure 78).
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Figure 78. The frequency of occurrence of Angstrom parameter classes derived from sun photometer
data collected at Al Dhafra during the winter and summer 2001.
During the summer time the water vapour content (WVC) of the atmosphere is approximately twice as
high as values derived for the winter (Figure 79). This is consistent with climatological data for the
region. The relative humidity measured at Al Dhafra ranges between 10 % and 70 % during winter and
summer respectively. Despite the dramatic increase in the WVC during the summer, there is a poor
relationship with the AE. In general the correlation between AOT and WVC is good (r2=0.68). This
result is also similar to those found in Bahrain by Smirnov et al., 2002. It is therefore possible to estimate the turbidity of the atmosphere with a good knowledge of WVC or relative humidity. It is noted
that currently the forecasters at Abu Dhabi International Airport do predict Hazy condition when the
humidity is expected to be high.

Figure 79. Time series of water vapour content in the atmosphere over Al Dhafra during the winter and
summer 2001.
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Seasonal variations in Size Distribution:

An important characteristic of atmospheric aerosols in size distribution, as it determines the radiative
properties of the atmosphere as well as, important for this project, the impact that on clouds. One of
the underlying principles of cloud seeding hinges on the fact that adding highly hygroscopic aerosols
to the clouds in the larger (above 1 micron aerodynamic diameter) size fraction will accelerate coalescence. As described earlier it is possible to derive the size distribution of aerosols from the multiple
wavelength data from the CIMEL sun photometer. Average size distributions have been derived for
the atmosphere above Al Dhafra Air Base for the summer and winter 2001 (Figure 80). There is a
distinct shift in the size distribution from small accumulation mode aerosols dominating slightly in the
winter period, to coarse fraction aerosol domination during the summer. This was also indicated from
the Angstrom parameter given in (Figure 80). The difference in the seasons relates to the amount of
suspended dust generated from the desert surface. A striking result is the prevalence of the accumulation mode aerosols (max at 0.15 μm) in this region during the winter. The small fraction aerosols are
derived from oxidation processes in the atmosphere and will probably be mostly ammonium sulphate
((NH4)SO42-)(due to the high concentrations of SO2 that have been recorded in the region). Another
interesting observation is the shift during the summer in the accumulation mode aerosols to nucleation
modes sizes (> 0.1 μm). The cause of this shift is not clear at present.

Figure 80. Average aerosol size distributions derived from the multiple wavelength sun photometry
data set at Al Dhafra for winter and summer 2001. The error bars represent one standard deviation from
the mean.
The accumulation modes aerosol data recorded over Al Dhafra (to within 50 km) of the Air Base, have
been summarised to evaluate a shift in this size distribution (Figure 81). The analysis does show that
during the winter, aerosols numbers were slightly enhanced between 0.2 and 0.3 μm, especially below
half a kilometre. Distinct inﬂections in the contoured data indicate distinct layering in the atmosphere
of the aerosols. These data also do not show distinctly different number of airborne aerosols between
the two seasons. The marked increase in the number of aerosols during the summer was noted in the
size range 0.6 μm – 10 μm, with the vast majority of the increase been in the coarse mode (> 2.5 μm)
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The overlap with the PCASP instrument is between 0.6 μm and 3 μm, probably explaining most of the
conﬂict between the two data sets. A vertical proﬁle of average aerosol concentrations over Al Dhafra
shows the overall difference between the two seasons were fairly small with respect to the PCASP instrument (Figure 82). Future analysis should include direct comparisons between the PCASP data and
the ground base sunphotometer. It is also possible to conclude that at least during the winter campaign
most of the aerosol mass observed by the sunphotometer at least in the accumulation mode occurred
below 1 km.

igure 81. Aerosol number concentrations with height over Al Dhafra Air Base for the winter (top) and
summer (bottom) as a function of size distribution measured with the PCASP 100x.
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Figure 82.Aerosol concentrations of accumulation mode aerosols over AL Dhafra as measured by the
PCASP 100x during winter (red line) and summer 2001 (blue).
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Transport pathways of pollution to the UAE
It is important to identify the source regions of the airﬂow into the UAE, as this may determine the
nature and effects of the pollutants transported in the air chemistry of the UAE. A location map (Figure
83) showing the source regions of pollution to the UAE is provided. The problem with deﬁning these
regions as the actual sites of emission is that aerosols can travel thousand of kilometres over short time
periods. For this study, backward trajectories were calculated for three day periods and the emissions
could have been transported into the areas deﬁned as ‘source regions’. Therefore, the pathways along
which the pollution travels also needs to be considered.

Figure 83. A location map of the source regions of pollution to the UAE
The trajectories of the winter and summer seasons of 2001 reveal distinct circulation patterns at the different levels of 1000hPa, 700hPa and 500hPa (Figure 84). During winter 2001, the highest frequency
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of occurrence of airﬂow into the UAE came from Iran (42,7%) whereas in summer it was from Iraq
(33,8%). The circulation near the surface in winter is focused around the Gulf region with the inﬂow of
air from Saudi Arabia (20,9%) and Iraq (13,7%). This circulation is possibly determined by the presence of the Siberian High which dominants at the surface during winter. The change in the summer
circulation is possibly a result of the weakening of this high-pressure system and the inﬂuence of the
Indian Ocean High that is situated over the Indian Ocean and advects air from the southwest. As a result
air ﬂows in from the southwest from Somalia and across the Gulf of Aden.
At 700hPa Saudi Arabia, Iran and the Arabian Gulf still have a signiﬁcant effect (39,6% in winter and
71% in summer) but air also ﬂows in from Egypt (8,9%), Sudan (24,2%) and Ethiopia (4%) and across
the Mediterranean Sea (4,8%) in winter and from Pakistan (7,3%) and Afghanistan (4,0%) in summer.
At 500hPa the airﬂow into the UAE is almost completely westerly across North Africa (37,1%) and
the Mediterranean Sea (17,1%) during winter. There are some inﬂuences from Europe, notably France
(0,8%) and Italy (3,2%), which may in part support the MINOS suggestion that the Middle East may
be a receptor region for pollution from Europe. The transport pattern appears to follow the path of the
westerly trough that dominates the upper atmosphere circulation over the UAE. In contrast the summer
airﬂow is mostly easterly from India, Pakistan and Afghanistan although Iran (34,7%) is again a major
source region at this level.

Figure 84. Schematic diagrams of the most important pathways to the UAE for winter and summer
2001 at 1000hPa, 700hPa and 500hPa.

92

The trajectories for 2002 show very similar trends to those in 2001 for the winter and summer seasons
(Figure 85).

Figure 85. Schematic diagrams of the most important pathways of pollution to the UAE for winter and
summer 2002 at 1000hPa, 700hPa and 500hPa.
At the surface air circulates around the Gulf in winter with some contribution from the Indian sub-continent. In summer the air ﬂows in from Somalia in the south. At 700 hPa, the ﬂow is westerly in winter
with the source regions in North Africa such as Egypt and Libya. In summer the ﬂow is northwesterly
across the Middle East and from Saudi Arabia. At 500hpa, the winter ﬂow pattern is predominantly
across North Africa and the Mediterranean Sea, whereas in summer air also ﬂows in from Pakistan and
Afghanistan.
Distinct pathways of air pollution to the UAE can be identiﬁed from the trajectory analysis. These
pathways can be distinguished as:
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- the circulation of air around the Gulf regions
- across North Africa and the Mediterranean Sea
- from Asia
Pollution coming from each of these regions may impact on the air chemistry of the UAE in different
ways depending on the source of the pollution emissions and the types of pollutants released into the
atmosphere at the source.

Regional circulation of air around the Gulf Regions
The trajectory analysis revealed that the main sources of airﬂow into the UAE come from the Middle
East regions of Iran, Iraq and Saudi Arabia. These sources were noted as affecting all four of the research regions at the 3 levels computed.
The proximity of these regions to the UAE is an obvious factor but the presence of the Siberian Anticyclone plays a major part in the circulation of air around the Gulf regions. The Siberian Anticyclone
dominates over the region in winter and is centred over Iran. The subsiding air of the anticyclone
creates an inversion that would trap pollution near the surface in winter. The emissions from the Gulf
Regions would be high in SO2 as a result of the large number of oil reﬁneries found in the region.

Contributions of long-range transport from Asia
The signiﬁcant contribution to the UAE from Asia comes from Pakistan, India and Afghanistan. The
Easterly trough that persists over the area throughout the year is responsible for the airﬂow from the
Asian subcontinent towards the UAE. The inﬂuence of the trough depends on the weakening of the
Siberian High at the end of the summer season. The easterly winds associated with these depressions
carry pollution from the Indian subcontinent over the Arabian Sea to the UAE.
Lawrence (2004) suggests that emissions from India are characteristic of inefﬁcient combustion processes, especially from burning biomass, bio-fuel and fossil fuels. The rapid growth in population and
energy consumption leads to large emissions of pollutants such as CO, organic gases and particulate
matter comprised of soot, sulphate and organic compounds. The emission of SO2 from the Indian
subcontinent presently accounts for only 3% of the global average. This value is expected to increase
signiﬁcantly over time (Figure 86) in comparison to the reduction estimated for other developed nations (Lawrence, 2004).
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Figure 86. Estimated range of likely relative changes in emissions of several trace gases between 2000
and 2020 in Asia and the OECD countries (Lawrence, 2004)
Lelieveld et al. (2002) suggested that pollutants are carried into the ITCZ and then transported great
distances away from the source of the emission. The changing position of the ITCZ could drive pollution from Asia towards the UAE. The ITCZ passes through the UAE during the summer months,
making this a receptor region for pollutants carried along its path. It is then important to the UAE to
monitor not only the present effects of these pollutants but also the long-term effect of the rapid increase
in emissions over time.

95

Long-range transport across North Africa and the Mediterranean Sea
The inﬂow of air from the west passes over North Africa, from Algeria, Libya and Egypt, with some
inﬂow from the south from Somalia and Sudan. Piketh and Walton (2004) suggest that in a simplistic
model, it is possible to divide Africa into emission regions in which one particular source dominates the
emissions to the atmosphere. The North African regions, determined by the trajectory analysis, fall into
the aeolian dust emissions type, whereas Sudan and Somalia fall into the biomass-burning sector.
North Africa is the largest contributor of aeolian dust particles in the world (Piketh and Walton, 2004).
Dust is a regional scale climatic forcing agent. The presence of dust in the atmosphere alters the
surface radiation budgets that affect surface temperatures, surface-air exchange processes, thermodynamic structures and therefore the atmospheric dynamics (Piketh and Walton, 2004). When mineral
dust transported into the UAE co-exists with sulphates produced locally, the dust particles can become
coated with sulphates, making them more active as CCN (NCAR, 2002). The transport of the dust occurs in the upper atmosphere at the 500hPa, which may be signiﬁcant in affecting the formation of cloud
and the resultant rainfall over the UAE. The particles usually form highly continental clouds that have a
low rainfall potential. It should be noted that the UAE is also a major source of dust which contributes
to the aerosol loading in the atmosphere.
The MINOS study concluded that air pollution crossing the Mediterranean has its source in Europe.
The trajectory analysis revealed Italy and France as source regions in Europe. Although the frequency
of occurrence from the regions was small (Italy - 3,2% and France - 0,8%), it is a key indicator that
Europe does affect the UAE. The major source of anthropogenic emissions in Europe is the combustion
of fossils fuels and the main source of SO2 is the burning of sulphur-containing coal in power plants
(Huntriese and Schlager, 2004). The emissions in Europe have been relatively constant over the last
decade. However, the economic collapse in many eastern European countries has led to signiﬁcant
emission reductions in this region. Sulphur emissions have decreased by about 25% from 1990-1993,
although sulphur emissions from Europe account for 19% of the total global emissions (Huntriese and
Schlager, 2004). This has important implications for the UAE as the concentrations of sulphates coming into the region is still signiﬁcant.

Inﬂuence of transport and transformation on the sulphur budget
The concentrations of sulphur dioxide and sulphates are assumed to be the sum of contributions from
both distant sources and local industrial activity. The former is expected to show a strong directional
dependence whereas the latter could be directionally independent (Bari et al., 2003). It is important to
understand the effect of transport on the sulphur compounds to determine the signiﬁcance of long-range
transport to the UAE. Georgii (1978) suggests that SO2 and sulphate measurements showed an effect
from a large industrial area at a distance of about 200 km. At distances more than 300 km downwind of
the source area, the vertical distribution of SO2 did not reveal any signiﬁcant deviations caused by the
industrial SO2 emissions. In contrast, the distribution of sulphate concentrations was only weakly inﬂuenced by the SO2 sources. Georgii (1978) also suggested that the sulphate distribution is much more
conservative, with very little spatial variation. As the distance from the source area of SO2 increases,
the transformation of SO2 to sulphate aerosols becomes less signiﬁcant. However, sulphates generated
from SO2 may be transported at least hundreds of kilometres and may cause air pollution episodes far
from the source of the pollution (Wilson, 1978).
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The lifetime of primary atmospheric pollutants (i.e. directly emitted) depends on the efﬁciency of the
sink process (often reactions with OH radicals). The loss rate itself is controlled by meteorological
parameters and the concentration of other trace gas compounds (Schultz and Bey, 2004). Assuming,
that the source regions produce large amounts of SO2, the conversion to sulphates along the transport
routes could mean an increase in sulphate concentrations over the UAE as the receptor region. These
high sulphate concentrations could have a negative effect on the health of the population; it may cause
acid rain, which is damaging to the environment; and more importantly, change the cloud dynamics and
rainfall potential over the region.
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T

he distribution of aerosols and trace gases over the UAE and adjacent Arabian
Gulf is similar in summer and winter. The oil reﬁneries at Zirku Island, Das
Island and Habshan are the most proliﬁc sources of aerosols and trace gases.
Industrial complexes at Ruwais, Jebel Ali and Rams also emit substantial amounts
of pollutants. Urban areas, especially Dubai and Abu Dhabi, are less signiﬁcant, although pollution levels at street level may be signiﬁcant and should be investigated
with ground level instrumentation.
Aerosols and trace gases over the UAE are strongly inﬂuenced by atmospheric stability. Distinctive layers of polluted air have been identiﬁed in all the deﬁned study
regions. The impact of the accumulation of aerosols at the top of the boundary layer is
not unique to the UAE. In mid-latitude regions inﬂuenced by upper air subsidence absolutely stability limits the vertical extent of the boundary layer. Possible inﬂuences
of these layers on developing convective cells drawing CCN from these layers should
be studied in the future. In addition the concentrated nature of the chemistry in the
lower atmosphere caused by the stability combined with abundant radiative energy,
provides for an environment conducive for photochemical reactions.
Sunphotometer data collected during the winter and summer 2001 showed higher
aerosol loading during the summer. In addition, the atmosphere contained signiﬁcantly higher levels of water vapour during the summer. Seasonal variation in the
aerosol size distribution was also evident with much higher loading of coarse fraction
aerosols probably derived from wind blown dust during the summer. The ﬁne fraction
aerosol was an important component during both seasons despite the relative decrease
in overall contribution during the summer.
Detailed studies of major pollutants over the UAE have been conducted between 2001
and 2003. Airborne measurements of aerosols, SO2, NOx and Ozone have provided
important insights into the extent of pollution of the UAE both industrial and natural.
Atmospheric conditions over the UAE have been found to be highly stable for most of
the year. A seven year climatology of atmospheric stability shows that the dispersion
potential of pollutants emitted into the atmosphere is poor over the UAE. In many
cases, the speciﬁc measurements on particular days are cause for concern.
The UAE has been subdivided into eight important pollution zones for the purposes
of this study. Seasonal variations of pollutants in each zone has been well deﬁned.
Aerosol loadings seem to be most variable through the year. Peak concentrations of
pollutants such as SO2 and Ozone have been found close to the major point sources
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and cities. Although these data are not directly comparable to health standards (based
on ground based measurements), the airborne data does raise cause for concern. High
concentrations of Ozone and SO2 need to be evaluated with ground based monitoring
stations to evaluate the health impacts for speciﬁc sites and populations. An important
gap in the data at present is baseline measurements of Volatile Organic Carbon (VOC)
compounds. As part of the on going effort in the UAE VOC measurements will be
made at Taweelah for one month, between August and September 2004.
An important component of understanding air quality in a region is to be able to model
the atmospheric chemistry. This is important for health studies as well as climate
change implications of emissions from a region. In order to achieve this it is important to monitor the atmosphere and measure all important atmospheric constituents.
Constituents of importance over the UAE would include, SO2, H2S, NOx, Ozone, CO,
CO2, Methane, N2O, Volatile organic carbon compounds (VOC’s). Aerosols are also
important to measure and due to the complex mix of wind blown dust and industrial
aerosols it would be informative to measure black and organic carbon, PM2.5 and
PM10, sulphate and nitrate concentrations in the mobile units.
It is recommended from these studies that the DAS invest in fully equipped mobile
monitoring stations that can be moved around the UAE to measure air quality at various places and areas of concern. The mobile units should be fully equipped to measure all criteria and other pollutants mentioned above.
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Table 9.Summarised data set for the winter campaign (January-March 2001) for
eight regions delimited over the UAE.

Maximum

Mini- Standard
Mean
mum deviation

Median 25-%tile 75-%tile

No. of
obs

Sulphur Dioxide
Area I
Area II
Area III
Area IV
Area V
Area VI
Area VII
Area VIII

64.7
25.0
12.4
112.4
34.1
244.7
7.5
34.0

0.1
1.1
0.5
0.5
0.7
0.2
2.7
1.5

4.8
2.9
2.1
19.9
8.1
28.8
1.0
4.7

5.0
5.1
4.8
14.8
11.0
15.1
4.3
6.4

3.5
4.4
4.5
6.9
7.6
4.7
4.1
5.4

2.2
3.5
3.6
2.7
4.9
2.7
3.7
3.9

6.0
5.6
5.5
16.6
17.4
14.7
4.6
6.6

5147
1441
941
2664
724
3475
174
331

40.8
48.5
46.0
52.2
48.8
45.8
47.4
51.8

31.0
29.7
32.5
34.7
43.7
29.1
24.6
48.1

51.9
56.9
51.0
59.8
53.4
54.7
51.0
54.8

6209
1581
1813
3374
905
4303
379
331

Ozone
Area I
Area II
Area III
Area IV
Area V
Area VI
Area VII
Area VIII

130.2
72.7
75.0
82.1
127.3
113.9
75.1
65.6

1.3
22.7
14.0
8.6
1.4
7.4
15.7
20.7

15.2
13.6
11.8
16.3
8.7
16.9
14.2
7.0

41.4
45.1
43.1
47.8
47.9
44.1
41.0
51.5
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NO
Area I
Area II
Area III
Area IV
Area V
Area VI
Area VII
Area VIII

71.2
25.6
33.2
1.6
7.9
52.5
39.4
24.6

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

2.0
2.0
1.7
0.2
0.9
1.3
2.3
4.2

0.3
0.6
0.4
0.1
0.2
0.1
0.2
2.0

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.4

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

0.0
0.2
0.2
0.2
0.1
0.0
0.0
1.5

4071
625
970
1288
420
1983
298
125

0.0
2.8
1.2
1.8
2.1
0.8
0.2
6.3

0.0
0.0
1.0
0.0
1.4
0.0
0.0
3.8

2.1
4.6
1.5
2.8
2.4
1.6
1.0
10.0

4062
669
928
1296
420
1983
298
125

202.3
747.3
438.7
375.9
1710.1
335.8
482.5
3653.1

1215.6
3555.2
3316.2
3298.0
3362.5
2440.7
1672.4
6206.6

9170
1593
1984
3700
816
4556
455
331

201.8
293.8
402.5
385.3
1710.1
265.6
104.2
806.9

754.4
1115.5
1037.2
1892.8
3362.5
1767.2
962.6
1464.6

9170
1832
1984
3749
816
4690
472
331

NOy
Area I
Area II
Area III
Area IV
Area V
Area VI
Area VII
Area VIII

123.4
78.0
33.4
22.7
10.3
81.1
51.7
63.7

0.0
0.0
0.0
0.0
0.0
0.0
0.0
2.9

4.6
8.5
1.6
1.8
1.4
2.4
3.0
12.2

1.6
5.0
1.3
1.7
2.1
1.2
0.7
10.7

CN (aerosols 0.011 to 3 micron)
Area I
Area II
Area III
Area IV
Area V
Area VI
Area VII
Area VIII

11923.5
12050.2
11590.4
11340.1
11858.1
11574.8
9165.9
12551.3

0.0
0.1
0.0
0.0
0.2
0.0
5.9
0.2

1695.5
2629.8
1781.2
2105.2
1737.2
1654.0
2413.9
2345.4

1121.5
2763.9
2084.2
2161.3
2708.7
1626.8
2007.3
5152.9

458.0
1817.5
1710.5
1790.3
2704.3
1070.7
1176.1
4833.4

PCASP (aerosols 0.1 to 3 micron)
Area I
5410.1
Area II
2966.6
Area III
2325.8
Area IV
4639.8
Area V 11858.1
Area VI
9731.0
Area VII 2575.5
Area VIII 2420.0

1.0
22.2
17.5
7.3
0.2
3.4
6.2
501.7

628.3
501.5
404.6
963.0
1737.2
1216.1
469.6
429.1

599.2
758.0
754.3
1187.8
2708.7
1051.5
529.7
1180.6

398.5
705.6
830.3
892.3
2704.3
484.2
407.0
1177.8
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Cloud Condensation Nuclei
Area I

2098.2

0.0

486.8

592.2

461.9

262.6

826.1

4845

Area II

2799.9

0.9

474.4

827.7

771.1

459.6

1162.7

1364

Area III

2353.0

0.0

450.3

662.5

763.2

318.8

954.8

779

Area IV

2389.7

0.6

675.3

733.4

516.5

262.6

1106.1

2611

Area V

2351.9

0.9

674.3

740.3

766.7

0.9

1217.5

712

Area VI

3341.9

0.0

637.8

501.1

246.9

0.9

758.6

3420

Area VII

1742.5

0.9

499.9

807.9

884.5

586.1

1136.5

155

Area VIII

1974.6

232.7

382.2

1166.5

1141.8

878.3

1464.6

328

Table 10.Summarised data set for the winter campaign (June - September 2001)
for eight regions delimited over the UAE.

Maximum

Mini- Standard
No. of
Mean Median 25-%tile 75-%tile
mum deviation
obs
Sulphur Dioxide

Area I
Area II
Area III
Area IV
Area V
Area VI
Area VII
Area VIII

0.0
1.1
0.0
0.6
0.5
1.0
1.0
0.0

2.8
4.2
4.2
3.7
4.2
4.2
3.6
4.3

4.7
5.8
6.7
7.2
7.8
6.8
5.2
7.3

8.1
8.3
9.7
10.9
13.9
12.4
10.3
11.8

36.6
19.5
25.4
215.0
45.4
241.6
111.4
205.5

5.9
6.7
7.3
10.7
9.2
15.8
8.1
12.7

4.0
3.3
4.2
14.2
6.3
29.1
8.6
22.4

60003
12356
54456
23312
6753
18614
6864
4820

149.6
73.2
75.0
88.2
130.4
113.9
75.2
66.0

29.7
39.4
39.6
43.0
47.9
40.4
33.4
51.4

23.2
20.1
16.9
21.1
8.8
20.2
21.0
7.0

90577
17517
18800
37483
9013
46880
4527
3307

Ozone
Area I
Area II
Area III
Area IV
Area V
Area VI
Area VII
Area VIII

0.0
0.0
0.0
0.0
1.4
0.0
0.0
20.7

2.0
27.0
27.7
29.7
43.8
25.8
20.5
47.9

32.6
43.8
45.8
50.8
48.8
43.7
45.9
51.8

47.8
56.0
50.9
59.0
53.0
52.9
49.8
54.9
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NO
Area I
Area II
Area III
Area IV
Area V
Area VI
Area VII
Area VIII

0.4
0.6
0.5
0.5
0.5
0.5
0.7
0.6

0.7
0.9
0.6
0.7
0.7
1.0
1.0
0.9

1.0
1.2
0.7
1.3
1.4
1.1
1.0
1.2

1.5
1.6
1.2
1.4
1.5
1.4
1.2
2.0

5.7
22.0
3.7
2.1
2.5
9.4
1.6

1.2
1.3
0.9
1.2
1.2
1.2
1.1

0.7
1.1
0.4
0.4
0.4
0.5
0.2

60412
12316
53945
23316
6753
18705
6792

148.8
114.5
44.0
32.6
36.6
50.4
33.2
106.5

13.8
12.4
6.8
10.4
10.0
10.9
7.7
15.5

15.0
9.4
6.6
5.4
7.8
6.8
5.3
12.5

60412
12316
53945
23316
6753
18705
6792
4826

1578.8
2203.4
1147.5
1757.8
2348.1
1392.0
1164.2
2933.6

2018.2
2876.5
1201.8
1988.9
2287.9
2208.9
1379.1
2733.6

60412
12316
53945
23316
6753
18705
6792
4826

458.6
400.9
132.0
525.7
524.4
1053.9
416.8
950.0

60003
12356
54456
23312
6753
18614
6864
4820

43.9

2.3

4.1

4826

NOy
Area I
Area II
Area III
Area IV
Area V
Area VI
Area VII
Area VIII

0.0
2.6
0.0
0.2
0.9
0.1
3.1
1.5

2.8
7.5
2.0
7.3
2.7
4.9
4.5
7.7

9.1
10.1
4.5
10.7
9.3
9.4
5.4
14.2

17.8
14.7
10.3
13.7
12.7
15.7
8.7
20.3

CN (aerosols 0.011 to 3 micron)
Area I
Area II
Area III
Area IV
Area V
Area VI
Area VII
Area VIII

0.0
0.0
0.0
0.6
417.0
0.0
0.0
375.4

430.9
481.0
400.6
439.6
1178.6
473.2
474.1
751.2

765.2
682.7
758.4
1120.3
1491.9
662.3
640.1
1866.5

1794.3
2811.7
1477.1
2161.6
2126.5
871.2
1280.0
4091.6

9590.7
9563.0
8957.2
9378.9
10179.2
9707.5
11562.3
9643.6

PCASP (aerosols 0.1 to 3 micron)
Area I
Area II
Area III
Area IV
Area V
Area VI
Area VII
Area VIII

0.0
0.0
0.0
0.0
0.0
0.0
0.0
97.5

0.0
180.4
0.0
118.1
192.9
149.6
133.3
407.6

104.8
333.3
0.0
196.2
302.0
394.4
209.3
768.1

283.1
620.1
49.1
375.0
518.0
953.7
366.3
1345.7

9115.6
3242.6
2056.0
8104.5
3873.9
8904.1
7469.3
8591.3

235.8
453.4
57.3
385.1
497.0
777.9
345.5
1020.9
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Cloud Condensation Nuclei
Area I
Area II
Area III
Area IV
Area V
Area VI
Area VII
Area VIII

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

0.0
39.1
0.0
0.0
132.1
0.0
0.0
0.0

141.3
200.8
140.4
221.1
606.0
0.0
0.0
0.0

6040.2
2008.9
6040.2
1603.8
1832.4
2585.9
1961.3
1095.1

184.5
134.8
248.1
173.7
388.3
121.2
98.5
93.9

597.6
207.0
855.8
296.6
534.8
350.0
316.6
238.8

60412
12316
53945
23316
6753
18705
6792
4826
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