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A. Mellouki, A. R. Ravishankara, M. Kanakidou, K-H. Becker,  
L. Elmaimouni and A. Dakkina 
 
Global change due to natural processes and anthropogenic activity as 
well as the natural variability of the climate system will impact all areas 
of the globe. However, the impact will not be uniform and different 
impacts of differing magnitude and nature will be felt in various regions 
of the globe. The Mediterranean region, like other regions of the world, 
will face some unique and different impacts of the climate change and 
variability on.   
 
The uniqueness and difference in the Mediterranean are to be expected 

a “sea,” a body of saline water that does not exchange very rapidly with 
the rest of the oceans on Earth. It is apparent that the meteorology and 
chemistry in this region leads to two “distinct,” but interlinked regions. 
In summer, two semi-permanent weather systems located at each end of 
the Mediterranean dominate the entire basin: at the west, the Azores 

extends from the middle-east to the whole of southwestern Asia. 
Between these two major weather systems the average air flow is 
diverted southward towards North Africa (close to the thermal equator in 
summer) via the Adriatic and Ionian seas and/or the Black sea, Agean 
Sea and the Levantine basin (

Recirculation and regional patterns are more important in the west 
Mediterranean, basin that receives more precipitation with regard to the 
East basin that is drier and its seawater is more oligotrophic. The 
Mediterranean region has gradients in emissions of dust, hydrocarbons, 
and industrial pollutants (such as SO2, NOx, and aerosols and their 
precursors). This is region that influenced by transport from such varied 
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given some special dynamical, chemical, biological, and land charac-
teristics of the region. Mediterranean is a landmass that surrounds 

102, 8811-8823,1997; Barry R.G. and Chorley R.J., Atmosphere, Weather & Climate 
Mediterranean basin in summer: results from European research projects, JGR, 

Methuen & Co Ltd, NewYork, ISBN 0-416-07142-2, 1987, pages 262-271). 

Millan M. et al., Photoxidant dynamics in the 

anticyclone and at the east, a low pressure (monsoon) system, which



landmasses as Europe, Africa, and Asia. The nature and intensities of the 
emissions from Europe are vastly different from those from Africa, 
which in itself is diverse given the change in terrain from vegetated 
regions of Central Africa to deserts of North Africa. 
 
The Mediterranean region is often exposed to multiple stresses, such as a 
simultaneous water shortage and air pollution. This is a consequence of 
its unique location and emissions. One of the common stresses in North 
Africa is water shortage and distribution amongst the seasons. Air 
pollution can often add to the water stress. Air pollution occurs due to 
emissions in the region as well as from those transported from other 
areas and can occur when there is low water availability. Multiple 
stresses are likely to grow in the future when human induced stress is 
likely to increase due to the rapid industrialization of the region.  
 
This NATO workshop was set up to discuss these issues in general, and 
the influence of chemical emissions and transformation in particular.  
This workshop was “special” because it involved a very large number of 
scientists (>75%) from the region, either from North Africa or the 
Mediterranean Europe. This participation greatly enabled infusion of key 
information about the region from the people who live in the region.   
 
Many key issues, some of which are specific to this region, were 
identified after presentation and discussions for 3 days. These key 
findings are very briefly summarized here. Details of the finding and 
suggestions can be found in the articles in this volume. 
 
Earth system science involves many highly diverse phenomena that are 
studies as processes in biology, ocean sciences, land surface changes, 

people involved in those disciplines. However, the superposition of these 
phenomena leads to additional requirements of connecting the processes 
across the regions, disciplines, and timescales. Often, the important 
issues involve phenomena occurring at the interface of these areas.  
Development of the necessary information and simultaneously 
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and atmosphere chemistry and dynamics. These phenomena are rep-
resented in models and are usually developed and sharpened by 



incorporating the differing areas are essential. Examples include 
atmospheric chemistry with biological processes and ocean chemistry 
with emissions and deposition. A strong sentiment was expressed by the 
participants for a larger emphasis on cross-discipline, interfacial, 
phenomena. Such a need is not unique to the Mediterranean region, but 
is essential for a clear understanding and predicting for this region.  
 
Often, information on the details of an individual process is on a time 
and spatial scale that is very different from those with which it is coupled 
in the atmosphere.  For example, the scale of the processes involved in 
the emissions of dust to the atmosphere are much shorter in time and 
smaller in space than the atmospheric transport and transformation of 
these particles. Therefore, including this information from in global 
climate and earth system models pose specific difficulties and 
challenges. Scaling up the information from the short time and space 
scale studies to global representation is essential and needs to be 
improved.  Similarly, the time scales for some chemical processes can be 
very different than those for atmospheric processing. The range of such 
“scaling” of information, either as parameterizations or detailed process 
representation, is important in understanding various feedbacks in the 
climate system. As noted above, one of the specific processes of 
importance to the Mediterranean region is the incorporation of dust into 
the atmosphere. 
 
The knowledge of the emissions into the atmosphere from various 
natural and human-induced sources is one of the largest uncertainties in 
climate studies as well as in the estimation of the impacts on regions and 
the globe. Inventories of the emissions are good for some sources (e.g., 
CO2 from fossil fuel combustion) than for others (e.g., black carbon from 
biomass burning). The inventories have to include the amount, type, 
nature, the mix, and the temporal evolution of emissions. Such 
information is not currently available for most regions of the globe. This 
is particularly a problem for the Mediterranean region where the type, 
diversity, and nature of emissions are large and the time evolution of 
these emissions are different. Good emission inventories, in usable 
forms, from the Mediterranean region will be of great importance to not 
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only the global representation but also for assessing the contribution of 
the Mediterranean region and impacts on this region. 
 
Deposition from the atmosphere appears to be a process that is not well 
understood, quantified, and represented in models. Currently, most 
depositions are presented in models as very simple parameterizations. 
Studies aimed at understanding the processes responsible for deposition 
are needed. When the understanding is sufficient, it will be a good idea 
to include deposition as a process, rather than a parameterization. An 
accurate representation of deposition will be essential for quantifying 
feedbacks, especially in such diverse areas as impact of land cover 
change and ocean uptake on atmospheric composition and its changes. 
 
It was believed by the participants that the Mediterranean region is 
under-sampled, much more so than many parts of the globe. The lack 
observations in the Mediterranean region has led to inaccuracies in 

atmospheric parameters and chemical composition is essential for 
understanding the contribution of this region to the globe and for 
assessing the impact of change on the unique Mediterranean region. 
 
Even though there is a lack in observations from the Mediterranean 
region, compared to other parts of the world, in the current period, there 
are a relatively large number of historic and pre-existing observations 
available from this region. A thorough compilation, quality checking, 
and interpretation of these observations would be highly beneficial to not 
only the Mediterranean region but also for the global climate studies. 
 
As noted earlier, the above are not all-inclusive, but represent a few of 
the key issues that were noted in the workshop. For full details, the 
reader is referred to other articles in this volume.  
 
The workshop was held in Hotel Kenzi-Farah in Marrakech, Morocco, 
from 23rd to 26th November 2006. 
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are needed. Further, it is clear that long-term monitoring of various

calculating emissions, atmospheric composition, and transport in and out 
of the region. Observations of processes that are unique to this region 
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GLOBAL AND REGIONAL PERSPECTIVE 
 CLIMATE AND ITS VARIABILITY:   



LONG-RANGE TRANSPORT OF POLLUTANTS ABOVE  
THE EASTERN MEDITERRANEAN: IMPLICATIONS  

FOR AIR QUALITY AND REGIONAL CLIMATE 

University of Crete, Department of Chemistry, Voutes 71003, Heraklion, 
Greece, mihalo@chemistry.uoc.gr 

Key Words: Transport parthways, Ozone, PM, aerosols, chemical composition, 

Abstract The present work provides an overview of the transport and 
transformation processes occurred above the Mediterranean with emphasis 
in the Eastern basin. It summarises the results from several campaigns 
performed since the last decade. The measurements gave evidence of a 
remarkably high level of air pollution from the surface to the top of the 
troposphere up to 15 km altitude. The strongest anthropogenic influence 
was observed in the lower 4 km by pollutants originating from both West- 
and East Europe transported by the northerly flow. The sources are industrial 
activity, traffic, forest fires, agricultural and domestic burning. Trajectory 
analysis and model results suggest also an important influence by Asian 
pollution plum near the tropopause from the east. 
   Near the surface the air pollution has several undesirable consequences. 
First, the European Union eight-hourly air quality standard for ozone is 
exceeded throughout the summer in the entire Mediterranean region. Second, 
the concentrations of aerosols are high as well, affecting human health. The 
aerosols furthermore influence the Mediterranean atmospheric energy budget 
by scattering and absorbing solar radiation. During summer, they reduce 
solar radiation absorption by the sea by about 10% and they alter the heat-
ing profile of the lower troposphere. As a consequence, evaporation and 
moisture transport, in particular to North Africa and the Middle East, are 
suppressed. 
   In the free troposphere, pollution is largely determined by intercontinental 
transport, whereas upper tropospheric pollution from Asia can reach the 
stratosphere. These “crossroads” carry large pollution loads over the Medi-
terranean, and the negative effects extend far beyond the region. Internatio-
nal efforts are called for to reduce these atmospheric environmental stresses 
and to further investigate the links between Mediterranean and global 
climate change. 

A. Mellouki and A.R. Ravishankara (eds.), Regional Climate Variability and its Impacts in the 
Mediterranean Area, 1–13. 
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oxidation capacity, Eastern Mediterranean. 
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1. Introduction  

The Eastern Mediterranean is the cross road of air masses where emissions 
from pollution meet with natural ones. These emissions include trace gases 
like nitrogen oxides, carbon monoxide, volatile organic compounds, and 
particles. Pollution in the area results from industrial and traffic sources and 
domestic burning mainly from Europe, Balkans and the Black Sea. Forest 
fires and agricultural burning emissions are also affecting the area during 
the dry season. Natural emissions from the Sahara region, from the vege-
tation that surrounds the Mediterranean Sea and from the Mediterranean 
Sea itself also affect the area (Mihalopoulos et al., 1997; Lelieveld et al., 
2002). Air masses transported from the Atlantic Ocean atmosphere but also 
from Asia (via the upper troposphere) can reach the area under favourable 
air flow conditions (Lelieveld et al., 2002; Kallos et al., 1998). South winds 
from Africa carry to the Eastern Mediterranean air masses with high 
loadings of Sahara dust and low levels of NOx  and O3. This air flow is more 
frequently occurring during the transition periods in spring and fall. 
   Transport and transformation processes in the Eastern Mediterranean are 
the topic of intensive studies that aim to evaluate the intensity of these 

ecosystems.  

2. Major Air Flow Patterns in the Eastern Mediterranean 

During the MINOS campaign in July-August 2001, ground based, aircraft 
and remote sensing measurements gave evidence of a remarkably high level 
of air pollution from the surface to the top of the troposphere up to 15 km 
altitude and of the existence of 3 distinct atmospheric layers affected by 
different pollution sources (Figure 1). 
   The strongest anthropogenic influence was observed in the lower 4 km, 
originating from both West and East Europe transported by the northerly 
flow (Lelieveld et al., 2002). The sources are industrial activity, traffic, 
forest fires, agricultural and domestic burning (Gros et al., 2003). Biomass 
burning emissions in the area present large inter-annual variability, they 
maximized in 2000 when in July exceptionally intensive forest fires burnt a 
surface of more than 600 Km2 that is about twice the annual mean burnt 
area over Greece the past 10 years (Latos et al., 2006). In addition to local 
fire events, biomass burning effluents from surrounding areas affect the 
area like those observed over the region north of the Black Sea during 
summer 2001 (Lelieveld et al., 2002). 
 

and atmospheric composition change as well as on terrestrial and marine 
processes and their impact on regional air quality and visibility, climate 

N. MIHALOPOULOS
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Figure 1. Major air mass flow pathways over the East Mediterranean during summer, 
in the boundary layer (BL), the middle troposphere (MT) and the upper troposphere 

 
   At higher altitudes, above 4 km, strong contributions from long-distance 
pollution transport from North America and Asia were detected during the 
MINOS campaign, for example, for carbon monoxide (CO) (Lawrence et al., 
2002). It is quite remarkable that in summer 2001 about half of the mid-
tropospheric CO over the Mediterranean originates from Asia and 25-30% 
from North America. These transports follow the prevailing westerly winds 
that are typical for the extra-tropics. Mid-troposphere is moreover substan-
tially affected by ozone that is mixed down from the stratosphere (Roelofs 
et al., 2003). In addition, transport of anthropogenic O3 and its precursor 
gases from the USA exerts a significant influence in the free troposphere. 
   In the upper troposphere, above 8 km altitude, another distinct layer was 
distinguished, especially over the eastern Mediterranean, associated with high 
levels of reactive species such as formaldehyde (Lelieveld et al., 2002). 
This was caused by anthropogenic emissions transported from South Asia, 
following convective lifting into the upper troposphere by thunderstorms  

cels followed the easterly tropical jet and turned north over the eastern 
Mediterranean in a large upper level anticyclone. The chemical “fingerprint” 
of biomass burning, in particular by biofuel use in India as also observed 

in the Indian monsoon (Traub et al., 2003). Subsequently these air par- 

(UT) – figure adopted from Lelieveld et al. (2002) 
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during the Indian Ocean Experiment, was evident by measurements of 
enhanced levels of enhanced CH3CN, CH3Cl and C2H2 (Scheeren et al., 
2003).  
   From the upper troposphere over the eastern Mediterranean these species 
can even penetrate the lowermost stratosphere. Thus especially the middle 
troposphere in summer is influenced by stratosphere-troposphere exchange, 
leading to a stratospheric contribution to column O3 in the troposphere  
of nearly 30%. It appears that the Mediterranean region seems to be a 
preferred location for cross-tropopause exchanges, partly related to direct 
convective penetration of the lower stratosphere over southern Europe 
(Fischer et al., 2002; Galani et al., 2003). 

Experimental studies over the East Mediterranean (Zerefos et al., 2002; 
Kourtidis et al., 2002; Kouvarakis et al., 2002a) have demonstrated that the 
background conditions in O3 are high over the area and that Finokalia 
sampling station on the island of Crete is a site representative of the area for 
such monitoring. A seven year time series (1997-2004) of surface ozone at 
Finokalia, Crete, identified transport from the European continent as the 
main mechanism that controls ozone levels in the Eastern Mediterranean, 
especially during summer when ozone presents a maximum (July) of 58 ± 10 
ppbv (Gerasopoulos et al., 2005). Because the Mediterranean background 
O3 levels are so high, it is difficult to control ozone in urban and industrial 
areas. Radon-222 has been proved a useful tool for the verification of the 
continental origin of ozone. The role of local photochemistry and pollution 
becomes important under western flow and stagnant wind conditions.  
   For the whole 7-year period, a profound ozone decreasing trend was also 
observed with a decline of 1.6 ± 0.2 ppbv y–1

 (Figure 2). The sharp decline 
of ozone during the first 5 years (i.e. 3.4 ± 0.2 ppbv y–1 or 5.6% per year for 
1998-2002) has been succeeded by an abrupt increase in 2003 (to the 1999 
ozone levels), followed by a return to the “regular” ozone declining levels 
in 2004. Note that summer 2003 was a rather dry and warm summer over 
Europe with intensive photochemical activity. The rates of O3 decline were 
higher for the spring and summer concentrations. In parallel with the ozone 
decline, a shift of the maximum ozone concentrations from summer to spring, 
attributed to a continuous decrease of the summer ozone concentrations, 
was also observed, with the year 2002 presenting a clear spring maximum. 
These changes in O3 could be related (i) to the reduction of ozone precur-
sors occurred both in western/central and eastern European countries, (ii) to 
the severe weather phenomena that influenced mainly central Europe in sum-
mer 2002 (rather wet and cold summer, incessant precipitation, devastating 
floods in Central and East Europe) and (iii) to the induced meteorological  
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Figure 2. Observed surface O3 levels from summer 1997 to 2004 at Finokalia 
monitoring station, Crete, Greece. Dashed red line indicates the trend for the whole 
period whereas the continuous red line indicates the 1998-2002 trend. Figure 

 
disturbance in 2002 that caused the prevalence of NW winds instead of the 
dominant NE flow (Gerasopoulos et al., 2005). 
   This dataset has been further analyzed in conjunction with simultaneously 
measured chemical and meteorological parameters (i) to investigate the factors 
that control the diurnal variability of ozone, and (ii) to evaluate the seasonally 
distributed ozone production/destruction rates in the area. The diurnal varia-
bility of ozone is small (~10%). The observed diurnal evolution of related 
chemical/physical parameters indicates that ozone morning built-up is driven 
by photochemistry while during summer the entrainment from the free tro-
posphere is the dominant process in the afternoon. This was further suppor-
ted by the observed similar behaviour of ozone maxima and Radon-222 
minima. Ozone night time depletion has been mainly attributed to deposi-
tion and to a lesser extent to chemical reactions. On an annual basis the role 
of local photochemistry is found to be limited (–1 to 1.7 ppbv d–1) contribu-
ting by less than 4% to the observed ozone levels. During summer the enhan-
ced ozone destruction via deposition and chemistry are almost balanced by 
the chemical production and the entrainment of ozone rich air masses from 
the free troposphere that maximizes in summer (4-6% of the observed ozone 
levels). Chemical box model simulations also indicate low net chemical 
production in the area throughout the year that results from high chemical 
production and destruction terms. Especially during summer photochemical 
ozone depletion over the area is revealed both by model results and obser-
vations (0.5-1.0 ppbv d–1) (Gerasopoulos et al., 2006a). 
   Observations over the East Mediterranean also show high concentrations 
of aerosols that can affect human health. The fine aerosol fraction (<1.µm) 
is mainly composed of sulfate (35-40%), organics (30-35%), ammonium 

adopted from Gerasopoulos et al. (2005)  
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(10-15%) and black carbon (5-10%), mostly from fossil fuel and biomass 
combustion (Lelieveld et al., 2002; Bardouki et al., 2003).  
   High sulfate loadings in the area are mostly attributed to long range 
transport of pollution sources as also observed from space (SO2 observa-
tions from space- Figure 3, see also in Eisinger and Burrows, 1998, Zerefos 
et al., 2000). Indeed, four-year aerosol observations performed by Amiridis 
et al. (2005) with a Raman lidar at Thessaloniki, Greece, in the framework 
of European Aerosol Research Lidar Network (EARLINET) indicate higher 
aerosol optical depth values and extinction to backscatter ratio mostly corres-
ponding to air masses originating from the northeast Balkans and eastern 
Europe. Only about 20% of the non-sea-salt sulfate in the area is attribu 
ted to the oxidation of dimethylsulfide of marine origin (Kouvarakis and 
Mihalopoulos, 2002). 
 

Figure 3. SO2 column observations by GOME in 1996 (available at http://www. 

 
   In addition to the particles of anthropogenic origin, significant amounts of 
naturally emitted airborn particles are present in the area. Large dust outbreaks 
from the Northern African continent are affecting the Mediterranean and to 
a lesser extend Central Europe (Figure 4). Dust reaches Europe either via 
vertically extended transport (VET) arriving over Crete simultaneously in 
the lower-free troposphere and inside the boundary layer, or via Free Tro-
posphere Transport (FTT) arriving over Crete initially into the free tropo-
sphere with the heavier particles gradually being scavenged inside the 
boundary layer (Kalivitis et al., 2006). An analysis of southerly air masses 
arriving over Crete over a five year period (2000-2005), showed that both 
pathways present significant seasonal variations, but on an annual basis con-
tribute almost equally to the dust transport in the area. 

awi-potsdam.de/www-pot/atmo/gome/gome.html) 

N. MIHALOPOULOS



7 

 
   Multiyear surface PM10 (airborn particles of diameter smaller than 10 um) 
measurements performed on Crete Island, Greece, have been analysed in 
conjunction with satellite (Total Ozone Mapping Spectrometer; TOMS) and 
ground-based remote sensing measurements (Aerosol Robotic Network; 
AERONET) (Kalivitis et al., 2006). They indicate that the majority of PM10 
exceedences in the area seems to be related with mineral dust events that 
occur episodically over the Eastern Mediterranean. The EU limit of 50 μgm–3 
is exceeded at Heraklion, one in 4 days, during winter and spring (50% due 
to transported dust) and half of the days during summer and fall (pollution). 
At Finokalia exceedences are observed in winter and spring during one in 5 
days, 80-100% of which are associated with dust events. A significant covari-
ance between PM10 and AOT was observed during VET indicating that aerosol 
optical thickness (AOT) levels from AERONET may be estimated by PM10 
levels at the surface. During VET the Aerosol Index (AI) derived from 
TOMS (indicative of absorbing aerosol particles (airborne microscopic 
dust/smoke) was significantly correlated with surface PM10, and in general 
AI was found to be adequate for the characterization of dust loadings over 
the Eastern Mediterranean on a climatological basis. The AI derived from 
TOMS was found to be adequate for the characterization of dust loading 
over the Eastern Mediterranean despite the fact that 20-30% of the dust 
related spikes in the PM10 time series that do not correspond to AI spikes. 
AI peaks are more frequent in spring indicating that the presence of dust 
can be detected to a certain extent by TOMS.  
   Simultaneous measurements of AOT at two distinct wavelengths, for 
instance 870 nm and 440 nm, can be used to distinguish the coarse (mainly 

Oct 2002) 
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natural) form the fine (mainly anthropogenic) particles contribution. AOT 
in the near-infrared (870 nm), is more sensitive to coarse particles, and can 
be used to represent the seasonality of dust and sea-salt aerosols, while 
AOT in the near-ultraviolet (440 nm) shows the influence of anthropogenic 
sources. AOT at 870 nm maximizes primarily in spring and to a lesser 
extend in fall, whereas an extreme dust event has been observed on 27th of 
January 2005. AOT (at 440 nm) additionally exhibits a plateau in summer, 
probably related to the accumulation of fine anthropogenic particles due to 
the meteorological conditions. The difference in the covariance of the AOT 
at these two wavelengths attributed to either local or transported pollution, 
maximizes in summer Figure 5. These areas are confined to summer when 
pollution is shown to contribute significantly to the PM10 levels over the 
area (Gerasopoulos et al., 2006b). However, it remains an open question the 
involvement of volatile organic compounds in the formation of secondary 
organic particulate matter over the area. 

Figure 5. Monthly means of AOT at 440 and 870 nm over Crete during the period 
2003-2005. Vertical bars are the standard deviation of the monthly means. The 
shaded areas indicate pollution aerosols (adopted from Kalivitis et al., 2006 where 

4. Interactions Between Transported Pollution and Natural Emissions 

A significant part of aerosols in the area is chemically formed in the atmo-
sphere. In particular the Mediterranean atmosphere is a photochemical reactor 
with high levels of oxidants and particularly hydroxyl radicals that have been 
measured to reach mid-day maxima of approximately 2 × 107 molecules cm–3 
(Berresheim et al., 2003). These oxidants initiate reactions that form acids 
including sulphuric and nitric acids. Hydroxyl radicals are efficient cleaning 
agents of the atmosphere and major removal pathway for persistent organics 
from the troposphere (Mandalakis et al., 2003; Mandalakis and Stephanou, 
2002). 

more explanations are provided) 
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   Nitrate radical (NO3) measurements performed on the island of Crete for 
more than two years analysed together with ancillary measurements of 
chemical compounds and meteorological parameters show that night-time 
production of nitric acid (HNO3) plus nitrate ions (NO3

–), as initiated by 
NO3 radicals, accounts for about 50-65% of the total production rate 
depending on season. The remainder is produced by the hydroxyl radical 
(OH) reaction with nitrogen dioxide during daytime. On a yearly mean 
basis, about 17% of the HNO3 plus NO3

– formation results from the reaction 
3

3
deposition to the sea (Vrekoussis et al., 2006, 2007). 
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Figure 6. Percent contribution of the different pathways to the production of the 
sum of HNO3 and NO3

– (diel mean results). N2O5het_NO3p refers to the hetero-
geneous reaction of N2O5 on particles; HETNO3 refers to heterogeneous reactions 

3

5. Impacts 

Near the surface the air pollution has several undesirable consequences. 
First, the European Union eight-hourly air quality standard for ozone 
(53 nmol/mol) is exceeded throughout the summer in the entire Medi-
terranean region. High ozone concentrations are harmful for human health 
and ecosystems, and they also cause agricultural crop loss.  
   The aerosols affect human health, visibility and furthermore influence the 
Mediterranean atmospheric energy budget by scattering and absorbing solar 
radiation (Figure 7). They reduce solar radiation absorption by the sea by 
about 10% and they alter the heating profile of the lower troposphere 
(Lelieveld et al., 2002; Markowicz et al., 2002; Vrekoussis et al., 2005). As 
a consequence, evaporation and moisture transport, in particular to North  
 

(nitrogen oxides and NO  radicals) compounds contributing to nutrient

of NO  on aerosols 

HNO   plus N O   production pathways % contribution 
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of NO  radicals with dimethylsulfide of marine origin (Figure 6). This shows 
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Figure 7. Radiative forcing at the Top Of the Atmosphere (RF(TOA)) induced by 
aerosols over sea (blue) and over land (yellow) during the 4 seasons as derived 
from aerosol observations and annual mean value (green) and comparison with the 
heating effect from the Greenhouse gases (red); figure adopted from Vrekoussis  

 
Africa and the Middle East, are suppressed. Furthermore, Rosenfeld (2000) 
studied satellite observations, indicating important perturbations of the cloud 
microstructure and convection by aerosols, probably decreasing precipitation.  
   The radiative forcing by aerosols (Figure 7) also influences the energy 
budget of the Mediterranean Sea, of which the consequences are yet poorly 
understood. Changing energy budget and anomalous winds are expected to 
influence the ocean circulation (Tragou and Lascaratos, 2003).  
   Therefore, aerosols may affect several components of the East Mediter-
ranean atmosphere-ocean system including the regional water cycle. These 
effects by aerosols are substantial today, even though sulfate from Europe 
has actually decreased in the past two decades through the abatement of 
acidification.  
   Finally, during summer the persistent northerly winds carry large pollution 
loads from Europe that can deposit onto the Mediterranean Sea, for instance 
nitrate and phosphorus containing aerosols, which affect the water quality 
and could contribute to eutrophication (Kouvarakis et al., 2001).  

6. Highlights–Conclusion Remarks  

•  Both observations and chemistry/transport models suggest that the tropo-
sphere of the Eastern Mediterranean is strongly polluted. Long range 
transport of European emissions is playing a key role in the built up of 

et al. (2005)  
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oxidants and secondary aerosols that is also enhanced by the favourable 
weather conditions. 

•  Ozone and aerosol air quality limits are often exceeded over the entire 
Mediterranean in particular during summer. The contribution of natural 
emissions to these exceedences remains to be determined. 

•  Middle tropospheric CO can be strongly affected by Asian and N-
American pollution under favorable air circulation patterns like those 
observed during summer 2001. 

•  Ozone increase is warming the atmosphere whereas aerosols cause strong 
surface radiative forcing and perturbation of the water cycle in the area. 

•  It remains an open question how is the climate changing due to the 
anthropogenic forcings to the East Mediterranean environment.  
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Abstract Mineral dust is a major aerosol component over many regions of 
the world, especially arid areas. In satellite images dust is the most persis-
tently visible aerosol component over the oceans. There is increased interest 
in dust because of its impact on climate and also because iron associated 
with dust is an essential micronutrient that can serve to enhance ocean 
primary productivity and, thus, impact the global carbon cycle. Africa is the 
world’s largest dust source. Great quantities of African dust are transported 
over large areas of the North Atlantic and the Mediterranean. In this report I 
review recent research on African dust transport and discuss some of the 
possible impacts that dust might have. A major concern is the future trend 
in African dust transport under climate change conditions. It is very difficult 
to predict future trends because of our lack of understanding of the factors 
that affect the activity of dust sources. North Africa can serve as the ideal 
laboratory in which to study these important processes.  

1. Introduction 

Aerosols play an important role in climate. They can modify the Earth’s radi-
ative properties directly by scattering and absorbing radiation and indirectly  
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by affecting the microphysical properties of clouds. Until recently research 
efforts have tended to focus on pollution aerosols such as sulfate particles. 
However, it is now recognized that mineral dust is an important aerosol 
component over large areas of the world. Indeed dust plumes are the most 
prominent, persistent, and widespread aerosol features visible in satellite 
images over the continents and the oceans. Dust also plays a role in ocean 
biogeochemistry. In many remote ocean regions, iron associated with dust 
particles is the only source of this element which is an important, and often 
limiting, micronutrient. Thus, to the extent that dust-Fe impacts on ocean 
primary productivity, dust could play a major role in the global carbon 
cycle (Jickells et al., 2005; Mahowald et al., 2005; Parekh et al., 2005) 
which, in turn, plays a role in climate. For this reason there is great interest 
in dust transport and its deposition to the oceans (Duce et al., 1991; 
Prospero, 1996). 
   Here I present an overview of the temporal and spatial distribution of dust 
over the global ocean. I place special emphasis on North African dust pro-
cesses because this region is without a doubt the strongest source in the 
world. Great quantities of African dust are carried great distances because 
of the huge expanse of arid lands and because of the meteorological setting 
which acts as a uniquely-efficient mechanism for pumping dust into the 
large-scale wind systems. Winds routinely carry dust across the Atlantic to 
the Caribbean and to the southern and eastern United States. African dust is 
frequently carried across the Mediterranean to southern Europe, and into the 
Middle East. The deposition of this dust to the ocean and in particular to the 
Mediterranean can have a large impact on biogeochemical processes in 
these waters. 
   Our studies show large changes in dust concentration on daily, seasonal 
and interannual time scales. In some cases these changes can be linked to 
weather and climate variability. This variability demonstrates the extraordi-
nary sensitivity of dust mobilization to changes in regional climate and also 
to human impacts. Of particular note is the great increase in dust transport 
out of North Africa in the past several decades because of the widespread 
and prolonged drought conditions. In my presentation I will identify some of 
the more critical processes that we must understand in order to improve our 
ability to model dust-weather-climate interactions.   

2. Global Dust Transport and Dust Sources 

There are many satellites that provide us with data on the distribution of 
aerosols over the ocean (Kaufman et al., 2002, 2005). An example is AVHRR  
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(Advanced Very High Resolution Radiometer) which measures the radi-
ation backscattered to space by aerosols over the oceans; these data are  
converted to aerosol optical thickness (AOT) which is a measure of the 
column-integrated aerosol loading (Husar et al., 1997). Figure 1 shows the 
global average distribution of oceanic AOT in the four seasons. Clear tem-
poral and spatial patterns are evident. First, the highest values of AOT (and, 
hence, the greatest column concentrations of aerosols) are found in regions 
close to the continents. This distribution affirms the fact that in most ocean 
regions the aerosol character is defined to a large extent by the transport of 
materials by winds from the continents. Second, there are large seasonal 
differences in aerosol concentrations - compare, for example, the December-
January distributions with June-August in Figure 1. These differences are 
due to a variety of factors including the seasonal variability of source emis-
sions and meteorology. Third, some continents emit more aerosols than others 
which suggests large differences in source and transport conditions. 
   A notable feature in the AVHRR product and other aerosol satellite 
products is the dominance of mineral dust. Mineral dust plumes are the 
most prominent aerosol feature in satellite images. Dust plumes yield the 
highest values of AOT over the largest ocean areas. Especially notable is 
that large plume of dust that extends over the tropical Atlantic from the 
coast of Africa to South America (in boreal winter) and to the Caribbean (in 
summer). The large region of high AOT over the Arabian Sea in summer is 
due to dust carried from Africa and the Middle East. During  spring (Figure 
1b) winds carry large quantities of dust out of Asia and over large areas of 
the North Pacific (Prospero et al., 1989) in some cases penetrating deep into 
North America (Husar et al., 2001; VanCuren, 2003). 
   Pollution aerosols are also prominent in satellite imagery - for example 
over the North Atlantic in summer due to transport from sources in North 
America and Europe and along the coast of Asia during most seasons. Also, 
plumes from biomass burning are visible - e.g., along the west coast of 
southern Africa during most seasons. But, in general, dust is the most pro-
minent and persistent feature on a global scale. 
   Because aerosol transport varies so greatly from season-to-season we 
would expect that any impacts that aerosol transport might have on ocean 
processes should also show a large seasonal and spatial variability. Espe-
cially notable is the large seasonal migration of the African dust plume. The 
seasonal oscillation is consistent with the very large seasonal cycle of dust 
concentrations measured in South Florida, and Barbados, West Indies 
(Husar et al., 1997; Prospero, 1999; Prospero and Lamb, 2003). Indeed, 
 



18 

Figure 1. Aerosol distributions over the oceans derived from the National Oceanic 
and Atmospheric Administration (NOAA) advanced very high resolution radio-
meter (AVHRR) satellite (Husar et al., 1997). Distributions are shown in units of 
aerosol optical thickness (AOT) which is derived from measurements of visible-
spectrum solar radiation reflected from aerosols back to space. Distributions are 
shown for each of the four seasons: top left, December-February; bottom left, March-
May; top right, June-August; bottom right, September-November. Figure based on 
that in Husar et al., 1997 

during the summer months African dust has been measured over the eastern 
United States as far north as the New England states (Perry et al., 1997; 
Kallos et al., 2006). 
   The TOMS (Total Ozone Mapping Spectrometer) provides information 
on the distribution of absorbing aerosols - predominantly mineral dust and 
smoke (Herman et al., 1997). The TOMS product is especially useful because 
(in contrast to AVHRR and many other satellites) TOMS can detect aerosols 
over land as well as over water surfaces. In many cases the distributions over 
land show a clearly defined geometry that can be matched to topographical 
features and geology. In Figure 2 (Prospero et al., 2002), TOMS absorbing 
aerosol data has been filtered to show the frequency of occurrence of 
intense dust events over the entire Earth. The dust sources in Figure 2 have 
several common characteristics: they are located in topographical lows or 
adjacent to highlands; they are located in arid regions; and they were flooded 
during the Pleistocene or Holocene (Prospero et al., 2002). Thus these  
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Figure 2. The global distribution of major dust sources and dust transport paths 
based on the Total Ozone Mapping Satellite (TOMS) aerosol product (Prospero  
et al., 2002). The darker gray tones show those regions were substantial concen-
trations of dust are lifted into the air more than 50% of the time during the dusty 
seasons of the year. The arrows show the main transport paths over the oceans. The 
arrow size is not indicative of the magnitude of the transport nor the distance that 
dust is carried. The hatched area in northeastern China identifies an intense dust 
source region that is not clearly identified in TOMS 

terrains contain large deposits of fine-grained alluvial soils which can be 
readily mobilized by winds during arid phases (Engelstaedter et al., 2006). 
   It is clear, based on Figures 1 and 2, that the most active dust source 
regions lie in the Northern Hemisphere. Most notable is the broad band of 
active dust sources that extends from the west coast of North Africa, 
through the Middle East, and across Asia to the Pacific coast. Of these, 
North Africa is by far the most intense. In contrast there are only a few 
scattered sources in the southern hemisphere and these are rather weak 
producers of dust. 
   The emission of pollutants is also much greater in the Northern Hemisphere 
relative to the Southern. The combined effects of pollution and mineral dust 
has important implications both from the standpoint of climate issues and 
also the impact of aerosol transport on ocean biogeochemical processes. 
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3. 

Many dust studies have focused on the North Atlantic because of the heavy 
transport of African dust to the region. The University of Miami aerosol 
group has carried out extensive studies in the region with some measure-
ments beginning in the mid-1960s. In the 1980s, an extensive aerosol 
network was established in the Atlantic (Figure 3). 
   The transport of dust across the region varies greatly on time scales 
ranging from days to decades. The short term variability is displayed in 
Figure 4 which shows daily dust concentrations measured at two sites during 
the summer of 1998: Izaña Observatory on Tenerife, Canary Islands; and at 
Barbados, West Indies. The sharp dust spikes are attributed to the passage 
of large dust outbreaks over the region. Dust outbreaks are associated with 
disturbances that cross the coast of Africa during the summer. The main 
transport occurs at higher altitudes in a layer (the Saharan air layer - SAL) 
that typically reaches to several kilometers and often to 5-6 km (Karyampudi 
et al., 1999). Concentrations aloft are usually several times greater than in 
the marine boundary layer (Reid et al., 2003). Because of the unusually  
 

 
Figure 3. The University of Miami North Atlantic aerosol sampling network. 
African aerosol studies began on Barbados in 1965 and in Miami in 1974. The 
network expanded to other islands in the 1980s as a part of the Atmosphere-Ocean 
Chemistry Experiment (AEROCE) 

the North Atlantic 
The Annual Cycle of African Dust Transport Over 
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high temperature and low relative humidity of the SAL, it can be identified 
in routine meteorological soundings as far west as the Caribbean (Reid  
et al., 2003) and over the Amazon basin in eastern Brazil (Swap et al., 1992).  
   It requires about 5-7 days for a dust outbreak to transit the Atlantic from 
the coast of Africa to the eastern Caribbean. The transit time can be computed 
from the data in Figure 4. A very large dust peak was observed at Izaña, 
Tenerife, on 22 June 1998, one of the largest measured during a 12 years of 
operations. The dust cloud reached Barbados on 28 June, 6 days later. Many 
coincident peaks are seen in Figure 4, but this is due to the fact that the 
transit time across the Atlantic is about the same as the time interval between 
dust outbreaks along the coast of Africa, typically about 5 days. Satellite 
imagery can also be used to track dust outbreaks across the Atlantic. Figure 
5 shows a TOMS image obtained during the great dust storm in June 1998. 
The image on 23 June shows a plume of dust (coded in red, yellow, and 
green colors) extending across the central Atlantic to the Caribbean and  
 

 
Figure 4. The transit of a dust outbreak across the tropical North Atlantic. The dust 
measurements carried out at Izaña Observatory, Tenerife, shows the beginning of a 
massive dust outbreak on 20 June 1998 and which reached a maximum on 22-23 
June, yielding a dust concentration of 750 µg m–3, one of the highest ever observed 
at this site. The dust cloud reached Barbados on 28 June (178 µg m–3) and 
continued through 29-30 June (224 µg m–3). The elapsed time to transit the tropical 
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over the Bahamas east of Florida. The region of heavy dust (shown in red) 
is attributed to the large dust outbreak that passed Tenerife on 22 June as 
seen in Figure 4. The TOMS image also shows continued and intense dust 
activity (in red coding) over West Africa. 
   The monthly mean dust concentrations measured in the North Atlantic 
network depicted in Figure 3 is shown in Figure 6. A number of features 
stand out. First of all, the highest dust concentrations are in the eastern 
tropical Atlantic (Sal Island and Izaña). The annual mean concentration at 
Sal Island (46 µg m–3) is 60 times greater than that over the eastern North 
Atlantic as measured at Mace Head, Ireland. Second, there is a pronounced 
seasonal cycle in dust transport to the western Atlantic as seen in the seasonal  
distributions measured at Cayenne, Barbados, Miami, and Bermuda. This 
annual cycle matches that observed in AVHRR AOT, as shown in Figure 1. 
In late winter and in spring, African dust is carried to South America 
(Prospero et al., 1981) where African dust plays an important role in the 
nutrient balance in the soils of the Amazon Basin (Swap et al., 1992). 
Barbados experiences the longest annual cycle; substantial amounts of dust 
are present in most months of the year, with greatest concentrations in the 
summer and the least in winter (Prospero and Lamb, 2003). Miami (Prospero, 
1999) and Bermuda (Arimoto et al., 2003; Savoie et al., 2002) are impacted 
by African dust every year in the summer. Indeed the entire central and 
eastern United States experiences African dust during the summer months, 
etc. (Perry et al., 1997). 
   The large scale synoptic character of African dust transport is clearly 
evident in Figure 7 which shows the monthly mean dust concentrations 
measured at Barbados, Miami, and Bermuda over the period 1989 to 1998.  
 

Figure 5. The great dust storm of June 1998 as recorded in the TOMS Absorbing 
aerosol product. The TOMS image on 23 June shows high concentrations of dust 
(red) extending to the central Atlantic which is attributed to the large dust outbreak 
associated with the peak at Izaña shown in Figure 4. (TOMS data obtained at 
http://jwocky.gsfc.nasa.gov/aerosols/aerosols.html) 

 

J. M. PROSPERO



23 

months. The major differences among the sites are that dust concentrations 
are usually substantially greater at Barbados than those at Miami and Bermuda 
and the dust season is much longer. The effects of changes in transport 
meteorology are also evident in Figure 7. In some years, the relatively 
narrow dust peaks at Miami and Barbados are centered on the broad peak at 
Barbados (e.g., 1997) while in other years they are more asymmetrically 
located (e.g., 1998). These apparent differences are due more to changes in 
the timing and duration of the Barbados dust transport season than to 
changes in the higher latitudes where the dust peak is relatively stably  
 

 
Figure 6. Monthly mean mineral dust concentrations measured at seven locations in 
the North Atlantic: Bermuda; Mace Head, Ireland; Miami, Florida; Izaña Obser-
vatory, Tenerife, Canary Islands; Barbados, West Indies; Sal Island, Cape Verde 
Islands; Cayenne, French Guiana. The figures are stacked according to latitude with 
the more northerly stations at the top; the stations in the eastern Atlantic are placed 
on the right and the western on the left. The ordinate is dust concentration: units, µg 
m–3. Note the difference in the ordinate scales for each station. These data are based 
on daily measurements made over differing time periods; in all cases, at least one 
year of data are shown 
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centered on June-July. Another major difference between these dust records 
is that at Barbados in some years there is a substantial transport of dust 
during the winter months while none is ever seen at the more northerly 
sites. 
   Over the eastern Atlantic, the synoptics of dust transport are more compli-
cated. This is reflected in the distinct difference between the annual cycle at 
Sal Island compared to that at Izaña (Figure 6). This difference is linked to 
two factors: the meteorology of individual dust outbreaks (Karyampudi  
et al., 1999) and how it changes with season; the altitude of the sampling 
sites - Sal Island is located in the marine boundary layer and Izaña at an 
altitude of 2360 m which place it in the free troposphere at night. During 
the winter months along the coast of Africa dust transport takes place 
largely at lower altitudes. It is at this time of year that one sees dramatic 
satellite imagery of dust storms sweeping out of the coastal areas of 
Morocco and Mauritania and enveloping the Canary Islands and the Cape 
Verde Islands. Often the higher elevations on the islands can be clearly seen 
rising above the dense dust layer that obscures the lower elevations; also 
clear-air “wakes” can be seen downwind of the islands. In contrast during 
the summer months, as stated above, dust transport takes place in a very deep 
elevated layer, often extending to 5-6 km. Consequently at Sal Island the 
major dust peak occurs early in the year while in the summer months the 
major transport takes place above the island although there are very substantial 
concentrations during the summer as well, a fact not readily seen in Figure 6  

 

 
Figure 7. Large-scale temporal coherence of dust transport across the North 
Atlantic as reflected in the monthly mean mineral dust concentrations measured at 
Barbados, Miami, and Bermuda, 1989 to 1998 
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because of the scale. On the other hand at Izaña the annual dust cycle is 
bimodal with a peak early in the year, reflecting the winter transport, and a 
peak during the summer season when dense dust hazes envelope the site 
and extend far above it. 

4. Long-term Trends in African Dust Transport  
and the Link to Climate 

Aerosol measurements began on Barbados in 1965 and continue to the present 
(Prospero and Lamb, 2003), making it the longest continuous aerosol data 
set available. The monthly mean dust concentrations for the period 1965 to 
2004 are shown in Figure 8. The previously noted annual cycle stands out 
clearly across the entire record with summer maxima and winter minima. 
But there are large year-to-year changes. It is particularly notable that dust 
concentrations were much lower early in the record. They increased shar 
ply in the early 1970s and they have remained high, albeit with large fluctua-
tions. Particularly large dust peaks are noted in some years. These appear to 
be linked to El Niño events as indicated by arrows in the figure (Prospero 
and Lamb, 2003). The major peaks generally appear to lag the onset of El 
Niño by one year.  
   The monthly mean minimum concentrations occur during the boreal winter 
months. It is notable that there has been a great change in winter dust concen-
trations over the record. In the early years, concentrations were vanishingly  
 

 
Figure 8. Barbados monthly mean mineral dust concentrations, 1965-2004. The 
abscissa scale marks January of each year. Arrows mark major El Niño events: 
1972-73, 1982-83, 1986-87, 1991-92, 1997-98 [NOAA-CIRES Climate Diagno-
stics Center Multivariate ENSO Index web site: http://www.cdc.noaa.gov/~kew/ 
MEI/mei.html]  
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small but beginning in the late 1970s winter concentrations increased mark-
edly. Indeed, during the El Niño winter of 1983-1984 dust concentrations 
peaked at a higher value than those of the preceding summer! This had 
never before been seen in our studies and it has not occurred since. 
   Previous studies suggest that during an El Niño phase there is a decrease 
in rainfall in the Soudano-Sahel region of Africa, an area that is a major 
dust source as shown in Figure 2. Indeed, Prospero and Lamb (2003) show 
that dust concentrations in Barbados were highly correlated with rainfall 
deficits in this region (Figure 9) with a one year lag. The sharp increase in 
dust transport in the early 1970s is linked to the onset of prolonged drought 
in North Africa. The periods of intense transport (e.g., 1972-1973, 1983-
1984, etc.) were associated with particularly severe drought phases. 
   The monthly mean minimum concentrations occur during the boreal 
winter months. It is notable that there has been a great change in winter dust 
concentrations over the record. In the early years, concentrations were 
vanishingly small but beginning in the late 1970s winter concentrations 
increased markedly. Indeed, during the El Niño winter of 1983-1984 dust 
concentrations peaked at a higher value than those of the preceding 
summer! This had never before been seen in our studies and it has not 
occurred since. 
   Winter dust activity over North African and its transport over the Atlantic 
are linked to the strength of the North Atlantic Oscillation - NAO (Figure 
10, Ginoux et al., 2004). The NAO index (NAOI) is defined as the 
difference between the normalized sea-level atmospheric pressures at Lisbon, 
Portugal, and at Stykkisholmur, Iceland (Hurrell, 1995). Winters with high 
NAOI are characterized by a deepening of the Icelandic low and a stronger 
Azores anticyclone. This results in higher surface pressure, stronger winds, 
and drier conditions over Northern Africa. In contrast during low NAOI con-
ditions, there is an increase of precipitation over the Mediterranean and North 
Africa. Figure 10 shows the year-to-year variability of the NAO winter index 
values (http://www.cgd.ucar.edu/~jhurrell/nao.html) and the GOCART model 
simulated concentrations at Barbados in winter (January–March) (Ginoux  
et al., 2001). In contrast, the NAOI does not seem to have any significant 
impact on summer dust transport intensity mainly because the summer  
pressure difference between Iceland and Portugal is much weaker along 
with the consequent meteorological effects. It is notable that the dust activity 
most highly correlated with the NAOI is that over the Bodele depression in 
Chad (Ginoux et al., 2004). The Bodele is without doubt the most active 
dust source on Earth (Prospero et al., 2002, Washington et al., 2006). The 
Bodele stands out in Figure 2 as the large dark spot in central North Africa. 
 

J. M. PROSPERO



27 

 
Figure 9. Barbados annual mean dust concentrations plotted against the prior-year 
Lamb Soudano-Sahel normalized rainfall index (in standard deviations from mean) 
over the period 1965-1998. The solid line shows the linear regression. For details 

 

 
Figure 10. Comparison between NAO index (bold black line), the observed winter 
dust surface concentration at Barbados (diamonds and gray dashed line), from 1981 
to 1996, and the GOCART model-derived dust concentrations (solid gray line) in 
units of µg m3. (Ginoux et al., 2004) 
 
 
 

see Prospero and Lamb, 2003 
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   In general, the year-to-year variability of dust concentrations in winter 
seems to be correlated with the NAO over much of the North Atlantic and 
the western part of North Africa. In a later section I show that the NAOI 
also seems to modulate dust activity over the Mediterranean. 

5. Atmospheric Dust Transport and Deposition  
to the North Atlantic Ocean 

One of the major motivations in studying dust transport phenomena is to 
estimate the impact of dust deposition on the biogeochemistry of the oceans 
and to assess the possible impact of climate change in coming decades. 
Given the dearth or total absence of dust measurements over many ocean 
regions, it is necessary to use atmospheric transport models to this end. 
   Over the past decade a major effort has focused on dust model develop-
ment. In a recent comparison of chemical transport models (Textor et al., 
2005), there were 13 models that included dust. There are many difficulties 
in developing such models. Dust generation is a highly nonlinear processes 
that depends on many factors, especially wind speed, soil moisture, soil 
composition, vegetation cover, topography, and the state of the soil surface 
(especially soil disturbances such as those resulting from grazing and agri-
culture). While experimental studies can characterize the effect of one or 
perhaps several of these factors in isolation, extrapolating to the larger 
world is very difficult. In general models have difficulties in reproducing the 
spatial and temporal pattern of dust emissions. Model development is severely 
limited by the general lack of information of soil and terrain properties, 
especially land use. The spatial quality of wind data sets is also highly variable. 
(Luo et al., 2003), for example, show that the use of two different meteoro-
logical data sets (NCEP/NCAR and NASA DAO) in their dust model resulted 
in very large differences in their global dust emission estimates; the differ-
ences between the models was greater than the differences within the models 
where they were attempting to assess the impact of variables such as land use. 
   Nonetheless models are capable of producing dust distributions that compare 
well with satellite products. Figure 11 is an example from one model which 
shows total column dust load for each of the four seasons (Cakmur et al., 
2006). Note that the seasonal migration of the African dust plume compares 
well with that from AVHRR in Figure 1. In boreal spring (Figure 11b) there 
is, in effect, a global band of dust that extends over much of the mid- and  
low-latitude northern hemisphere. Although the model might exaggerate the 
magnitude of dust transport especially in the mid latitudes, it nonetheless is 
correct in showing that dust is carried great distances. For example, dust 
from Asia is believed to be a major component in the soil particles found in 
snow and ice cores from Greenland (Bory et al., 2003) and in some cases in 
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the Alps (Grousset et al., 2003). In contrast Figure 11 shows relatively little 
dust in the Southern Hemisphere. 
   A typical model estimate of dust deposition rates to the oceans is shown 
in Figure 12 (Jickells et al., 2005). In the tropical North Atlantic rates 
typically range between 2 to 10 g m–2 y–1; over the Arabian Sea they are as 
high as 20 g m–2 y–1. Over much of the North Pacific, rates are in the range 
0.5 to 1 g m–2 y–1, increasing to 1 to 2 g m–2 y–1 closer to the coast of Asia. 
Deposition to the Mediterranean Sea is also very high, comparable to that 
over the Tropical Atlantic; rates in the eastern region are higher (5-10  
g m–2 y–1) than in the western region (2-5 g m–2 y–1). Dust deposition rates  
in Figure 12 tend to mirror the aerosol distributions shown in Figure 1 which, 
as previously stated, is largely linked to the presence of dust and, in some 
regions, smoke from biomass burning. High rates are also consistent with 
the model dust column concentrations shown in Figure 11. 

 

 
Figure 11. Seasonal global column dust load: units, mg m–2: (a) DJF, (b) MAM,  
(c) JJA, and (d) SON. (Cakmur et al., 2006). Dust aerosol is calculated using the 

 
   Table 1 shows estimates of deposition rates to the major ocean basins 
obtained from eight commonly-used models (Engelstaedter et al., 2006). 
There is considerable agreement for the North Atlantic because models are 
generally tuned to African sources. In contrast there is a substantial spread 
in the estimates for other regions especially the Indian Ocean and South 

AGCM model of the NASA Goddard Institute for Space Studies 
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Pacific.  Despite these differences, current models yield a reasonable, albeit 
broad, match with sediment trap measurements in the oceans (Mahowald  
et al., 2005).  
   Attempts have been made to estimate the quantities of dust mobilized 
through human activities. This is a difficult task. Estimates range from 0% 
to 50% (Mahowald et al., 2005). The wide range is a reflection of the uncer-
tainties involved in these analyses and the dearth of data needed to better 
quantify anthropogenic contributions to dust mobilization. 
   The model studies summarized in Table 1 emphasize the point that North 
Africa is the World’s most active dust source followed by the Middle East 
and Central Asia. In effect, these combine to form a global dust belt that domi-
nates transport to the oceans. These sources account for the much greater 
deposition rates to the Northern Oceans compared with Southern Oceans. 
Nonetheless there are a few substantial and important dust sources in the 
Southern Hemisphere in Australia, southern Africa, and southern South 
America. There is evidence that many of these currently weak sources were 
much more active under previous climate regimes, e.g., the last glacial 
(Harrison et al., 2001). 
 

 Annual Dust Deposition Rate (1012g y1)* 
References# NAO SAO NPO SPO NIO SIO GO 
Duce et al. (1991) 220 24 480 39 100 44 910 
Prospero (1996) 220 5 96 8 20 9 358 
Ginoux et al. (2001) 184 20 92 28 154  478 
Zender et al. (2003) 178 29 31 8 36 12 314 
Luo et al. (2003) 230 30 35 20 113  428 
Ginoux et al. (2004) 161 20 117 28 164 15 505 
Tegen et al. (2005) 259 35 56 11 61  422 
Kaufman et al. (2005) 140       

*Abbreviations: North Atlantic Ocean (NAO), South Atlantic Ocean (SAO), North Pacific 
Ocean (NPO), South Pacific Ocean (SPO), North Indian Ocean (NIO), South Indian Ocean 
(SIO), global oceans (GO) 
#Adapted from Engelstaedter et al., 2006 

6. Dust Transport to the Mediterranean Basin 

Large quantities of aerosol are transported over the Mediterranean during 
much of the year. Aerosol concentrations, as measured by AVHRR (Figure 1), 
SeaWiFS (Antoine and Nobileau, 2006), and TOMS (Kubilay et al., 2005; 

various ocean basins 
TABLE 1. Estimates of mean annual dust deposition to the global ocean and to 
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Kalivitis et al., 2007), are greatest in the spring and summer months but 
decrease in the fall. The high aerosol loadings are attributable to two funda-
mentally different components: pollution, largely derived from Europe, and 
dust carried from North Africa (Lelieveld et al., 2002). The major sources 
of Mediterranean dust (Figure 2) are located in Tunisia, Algeria, Mali, and 
Libya and, to a lesser extent, Egypt (Engelstaedter et al., 2006). 
   Engelstaedter et al. (2006) discuss the meteorology of Mediterranean dust 
outbreaks and the linkage to sources areas. Dust transport typically takes 
place in conjunction with strong low pressure systems that travel across 
North Africa and the Mediterranean. As the systems move rapidly to the 
east, typically 7°-8° per day, they generate strong surges of dust which are 
swept in a northerly direction across the Mediterranean and into Europe as 
far north as England and Scandinavia (Engelstaedter et al., 2006) and 
Iceland (Sodermann et al., 2006). In the later stages, the cyclones carry dust 
into the eastern Mediterranean and the Middle East (Barkan et al., 2005). 
Dust is carried over the Mediterranean at altitudes ranging from the surface 
(Kalivitis et al., 2007) to as high as 8 km (Alpert et al., 2004). High altitude 
transport is quite common as evidenced by the frequent presence of African 
dust in snows in the high Alps (Maggi et al., 2006; Sodermann et al., 2006). 
   While the northward flow on the eastern side of the cyclones carries dust 
to Europe, the southward flow behind the systems carries pollutants to North 
Africa. Thus every passage of a cyclone results in a massive exchange of 
aerosols across the region. This was noted in the context of the distribution 
AOT in AVHRR in Figure 1. In actual satellite images (e.g., MODIS, 
SeaWiFS), there is a distinct difference in the color of the aerosol plumes: 
the dust has a red-yellow coloration while the pollution is typically blue-
gray. The mixing of European pollutants with suspended dust over the 
Mediterranean and North Africa has a number of implications including the 
role that they might play in changing cloud properties and, possibly, 
precipitation over the region (Levin et al., 1996; Rosenfeld et al., 2001). 
   Pollutant aerosols are carried deep into North Africa (Lelieveld et al., 2002) 
and over the tropical Atlantic to the Caribbean. On Barbados, European pollu-
tants are measured along with African dust. Measurements of Pb isotopes in 
Barbados dust during the 1980s (Hamelin et al., 1989), when leaded gasoline 
was still in use, yielded a Pb isotopic signature that suggested a European 
origin. On Barbados about half of the nss-sulfate and nitrate are attributed 
to anthropogenic sources which are believed to be largely in Europe (Savoie 
et al., 2002). Nonetheless over the Mediterranean a large fraction of the 
column aerosol loading is clearly linked to dust transport (Figures 1 and 
11). The periodic incursions of dust into Europe complicates the task of 
characterizing aerosols with regard to compliance with European air quality 
standards (Rodriguez et al., 2002, 2003). 
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   The sporadic transport and deposition of African dust could play an 
important role in the chemistry of rainwater and in the biogeochemistry of 
Mediterranean waters (Guerzoni et al., 1999; Kubilay et al., 2000). Studies 
in the Laggo Maggiore watershed carried out since 1975 show increasing 
pH values in precipitation over the past 15-20 years. This trend is attributed 
in part to the increase in alkaline events attributed to Saharan dust (easily 
distinguished by the visible presence of red deposits). The deposition of 
African dust may explain why there are many low-alkalinity lakes in the 
Alps and the Pyrenees that did not become acidic in recent decades whereas 
lakes in areas which are rarely influenced by dust depositions (e.g., in 
Scandinavia) have acidified (Psenner, 1999). Similar effects are noted in 
high mountain lakes in Spain (Morales-Baquero et al., 2006). 
   Given the large quantities of dust transported over the Mediterranean, it is 
not surprising that substantial amounts are deposited to these waters (Guerzoni 
et al., 1999). As previously noted, the model-estimated deposition rates 
(Jickells et al., 2005) are quite high, 2 to 5 g m–2 y–1 over the western region 
and 5 to 10 g m–2 y–1 over the eastern region (see Figure 12). These estimates 
are comparable to actual measurements at island and coastal measurement 
sites around the basin (Guerzoni et al., 1999). In the western Mediterranean, 
the dissolution of Fe from African dust accounts for the relatively high 
concentration of Fe measured in surface waters and demonstrates the impor-
tance of dust as a source of Fe to this basin (Guieu et al., 2002). The dust-
associated deposition of Fe and other dust-nutrients apparently has an 
impact on primary production. Herut et al. (2002) carried out a series of on- 
board microcosm experiments to track the response of Eastern Mediter-
ranean surface seawaters to the addition of fresh Saharan dust. The dust 
triggered an increase in phytopigments and primary production. In addition 
to Fe, Saharan dust is a good source of P, also an important nutrient (Carbo 
et al., 2005; Ridame and Guieu, 2002) although the solubility of dust-P 
appears to be rather low. 
   There has been a trend of increasing dust transport to the Mediterranean 
similar to that noted in the transport across the Atlantic. Although there are 
no long-term aerosol measurements comparable to those on Barbados, there 
are various proxy measurements that provide evidence of trends. The concen-
tration of African dust in snow and ice cores from the Alps shows an increa-
sed frequency of large dust events starting in the 1970s, the time period 
when transport to Barbados was observed (De Angelis and Gaudichet, 1991; 
Maggi et al., 2006). Similarly the increase in rainfall pH in northwest Italy 
since 1975 is attributed in part to an increase in African dust. (Rogora et al., 
2004). The interannual trends of dust transport over the Mediterranean 
appear to be correlated with the NAO index, similar to what was found with 
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Figure 12. Dust deposition to the world oceans: units, g m–2 y–1). Deposition values 
are a composite of three models: Ginoux et al., 2001; Mahowald and Luo, 2003; 
Tegen et al., 2004. Total atmospheric dust inputs to the oceans: 450 Tg y–1. 
Percentage inputs to ocean basins based on this model are as follows: North 
Atlantic, 43%; South Atlantic, 4%; North Pacific, 15%; South Pacific, 6%; Indian, 
25%; and Southern Ocean, 6%. (Jickells et al., 2005) 

the winter dust transport to Barbados. This conclusion is based on satellite 
estimates of AOT (Meteosat and SeaWiFS) over the period 1984 to 2004 
(Antoine and Nobileau, 2006).  

7. Discussion and Conclusions 

North Africa is clearly one of the most active dust sources on Earth. Over 
recent decades there appears to have been a substantial increase in the gene-
ration and transport of dust out of Africa. This change has been most 
thoroughly documented over the Atlantic by measurements which began in 
1965. But there is considerable evidence that transport to the Mediterranean 
and to Europe has also increased over this period. This increase has a number 
of implications regarding climate and the biogeochemistry of Mediterranean 
waters. It also has implications for air quality and public health. A substan-
tial fraction of African dust in the size range below 2.5 µm diameter (Prospero, 
1999) and, consequently, these particles can readily penetrate the human 
respiratory system. Although there is little data to suggest that African dust 
is specifically a health hazard, it is generally acknowledged that the inha-
lation of aerosol particles of any type can be a threat to some degree. Thus, 
efforts are underway to better characterize the concentrations of respirable 
dust and their health effects. 
   A major issue not addressed here is the relative importance of “anthro-
pogenic” dust, generally thought of as soil dust liberated through land- 
use impacts. It has been estimated that as much as 50% of the present-day 
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suspended dust mass is due to such impacts although other estimates are much 
smaller, approaching zero. But there is another source of “anthropogenic” 
dust - that is dust generated as a result of climate change brought on by the 
effects of green-house gases. As discussed herein, studies show that the 
increase in African dust since the late 1960s is linked to drought in North 
Africa. However recent studies suggest that the drought was to a conside-
rable extent linked to climate change (Held et al., 2005). Thus, to the degree 
that this is true, the increased dust of recent decades can be considered to be 
“anthropogenic”. 
   There have been a number of efforts to assess what impact global warming 
will have on dust emissions in the future (Harrison et al., 2001). This is a 
difficult task. There is much that we do not understand about dust source 
processes. Until we have a better understanding of the distribution and char-
acteristics of global dust sources and how these sources respond to changes 
in weather and climate, we will not be able to satisfactorily assess the effects 
that climate change will have on future dust loads. Where is dust generated, 
under what conditions, in what quantities, and where is it transported? 
Africa, being such a rich source of dust, is an excellent laboratory for the 
study of such processes. African dust is both a challenge and an opportunity 
for researchers in this field. 
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Abstract The radiative and physiological effects of doubled atmospheric 
carbon dioxide concentration (CO2) on climate are described using climate 
simulations. When CO2 was increased for vegetation only assuming no 
radiative effect, the response was a decrease in stomatal conductance 
followed by a temperature increase. This temperature increase was stronger 
when the vegetation physiological “down-regulation” was allowed in the 
model. The radiative forcing alone did not affect the global mean photo-
synthesis, however, some stimulation was observed in cold places. The 
interactions between the physiological and the radiative effects of doubled 
CO2 are not linearly “additive” and when acting together they tend to reduce 
the warming in the Mediterranean region. 

1. Background 

Climate change and variability occur because of changes in natural forcing 
such as volcanic eruption, or anthropogenic forcing such as greenhouse 
gases and aerosols. Variations in atmospheric concentration of greenhouse 
gases and aerosols, solar radiation and land surface properties affect the 
climate system by altering its energy budget. It is widely expected that over 
next couple of centuries, the human forcing of climate will exceed the 
natural forcing.  
   Carbon dioxide (CO2), a long lasting greenhouse gas exerts the largest 
radiative effect on the climate system of about 1.66 Wm–2 (IPCC 2007)  
and remains the most studied impact of human activity on climate change. 
The radiative effect of increased atmospheric CO2 concentration has been 
extensively described (e.g., Henderson-Sellers et al., 1995, Sellers et al., 
1996, Bounoua et al., 1999, and references therein). A recent assessment of 
the responses generated by several climate models to an increase in atmos-
pheric CO2 shows that, relative to a 1980-1999 baseline, the global average  
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surface air temperature could increase from 1.8oC to 4.0oC by the end of the 
century-2090-2099 (IPCC 2007). For an equilibrium doubling of CO2, 
which measures the amplitude of the model’s climate response to a 
continuous 2 × CO2 forcing, the report indicates a temperature increase 
between 2 and 4.5oC. It is recognized, however, that water vapor and clouds 
feedbacks represent the largest sources of uncertainties in these best estimates. 
   Feedbacks and internal interactions are often difficult to distinguish at 
smaller scales because at these scales the local variability is higher than the 
large scale forcing and therefore masks the signal. It is a fair assessment to 
state that according to current state of the art in climate modeling, a large 
part of the warming due to greenhouse gases will arise from internal feed-
back mechanisms rather than form direct effects, and that a substantial part 
of the uncertainty in the projected results is due to our limited knowledge of 
these internal interactions. In this presentation, we document some of the 
feedback mechanisms acting between carbon, water and energy cycles in 
several climate model simulations subjected to an instantaneous doubling of 
atmospheric CO2 concentration with an emphasis on the interaction between 
the physiological and radiative effects.   
   CO2 in the atmosphere affects the radiation by absorbing more in the 
longwave length creating thus a greenhouse effect. Vegetation takes up CO2 
from the atmosphere as a part of photosynthesis and at the same time 
diffuses water out to the atmosphere through transpiration. Plants control 
the leaf water-CO2 exchange through adjustment of their stomates. Stomatal 
adjustment is a function of environmental and physiological conditions and 
is done in a manner that optimizes the amount of carbon assimilated for  
a given rate of transpiration (Cowan, 1977). Leaf-scale models of net photo-
synthetic assimilation and stomatal conductance have been formulated to 
describe these relations (Collatz et al., 1991; Collatz et al., 1992). The physio-
logical responses to increased atmospheric CO2 concentration that have 
potential consequences for climate result mainly from the dependence of 
photosynthesis and stomatal conductance on CO2 partial pressure as shown 
by the theoretical models in Figure 1. Two types of photosynthetic physi-
ologies are considered here, C3 and C4. The C3 type occurs in most woody 
plants and temperate herbaceous plants and the C4 type is dominant in 
tropical and subtropical herbaceous vegetation. These two types are 
distinguished by their different responses to temperature and CO2 partial 

2
concentration stimulates photosynthesis (Figs. 1A and B) and decreases the 

2

2 2

 
 
 

 

pressure (Figure 1A). Short-term exposure of C3 plants to a doubling of CO  

stomatal conductance (Figure 1C) from C (control (1 × CO )) to P (physiolo-
gical response to CO  doubling (2 × CO )). 

L. BOUNOUA



41 

   After a long-term exposure to increased CO2 concentration, some plants 
have been observed to “down-regulate” their maximum photosynthesis 
capacity to maintain about the same rate of photosynthesis as if they were  
 

Figure 1. Leaf photosynthesis and conductance response to atmospheric CO  con-
centration (see text for details) 
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under normal (1 × CO2) conditions (Field et al., 1992; Tissue et al., 1993). The 
extent of this ‘‘down regulation’’ of physiological capacity depends on species, 
nutrient availability, and environmental stress (Field et al., 1991; Gunderson 
and Wullschleger, 1994). The theoretical model response of photosynthesis 
for the case of down regulation at (2 × CO2) is indicated by PV in (Figs. 1B,C.). 
These calculations, made at constant temperature, high shortwave radiation, 
and unstressed conditions, show that doubling CO2 causes reductions in 
stomatal conductance of about 25% in the P-case, and 50% in the PV-case, 
which are within the range observed for trees and herbaceous species 
(Morison, 1987; Field et al., 1995). On the other hand, analyses of stomatal 
densities in fossilized or otherwise preserved leaf surfaces have shown that 
leaf stomatal conductance is negatively correlated with past changes in 
atmospheric CO2 concentration (Woodward, 1987; Penuelas and Matamala, 
1990; Beerling and Woodward, 1996). The line segments joining the P and 
PV points in (Figs. 1B and C) thus describe the likely range of leaf-scale 
physiological responses to doubling of atmospheric CO2 concentration in 
the absence of other climate effects. Photosynthesis could increase signifi-
cantly, with an associated small reduction in stomatal conductance (P-case), 
or it might remain more or less constant with a larger reduction in stomatal 
conductance and consequently transpiration (PV-case). The actual response 
probably lies between these two cases. 

2. Model Experiments 

The coupled land atmosphere ocean model used to carry out these simu-
lations is extensively described in (Randal et al., 1996) and (Sellers et al., 
1996a,b). The simulations are also described in (Sellers et al., 1996c) and 
(Bounoua et al., 1999). Basically, six 30-year simulations were run in which 
sea surface temperature and sea ice were allowed to evolve with 
atmospheric conditions (Figure 2). For all six experiments, global satellite 
data for 1987 were used to characterize land surface parameters at monthly 
intervals (Sellers et al., 1996c; Randall et al., 1996). 

1) The first run is the control (C) simulation. The coupled model was 
integrated for 30 years using the current atmospheric CO2 concentration 
for both radiative and physiological modules. 

2) The second simulation, ‘‘physiology-only’’ (P) run consisted of operating 
the radiative transfers module under 1 × CO2 whereas the CO2 concen-
tration in the physiological module was instantaneously doubled to 700 
ppm, thus directly influencing the photosynthesis–conductance sub-model 
(Figs. 1A,C). 

3) The third experiment (PV) simulated the case where the plant’s physio-
logical activity is “down regulated”. The expected result is that, at 2 × CO2, 
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Down-
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experiments  
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the assimilation rates in this experiment should approach those of the C 

stantially reduced (Fig. 1C). This case suggests that vegetation may 
adapt to increased CO2. The P and PV simulations show the sensitivity 
of climate to decreasing conductance in the absence of radiative forcing.  

4) The fourth run, radiation-only (R), is an experiment in which only the 
atmospheric radiative module is affected by the 2 × CO2 concentration, 
whereas the land surface vegetation module operates at 1 × CO2. This 
experiment assesses the impact of physical climate change on the vege-
tation physiological activity.  

5) The radiation and physiology (RP) run is a combination of the R and P  
experiments; both the radiation and the physiology modules operate under 
2 × CO2. 

6) The sixth experiment (RPV) is identical to the fifth one (RP) except that 
vegetation is allowed to down-regulate its physiological activity. 

 

 

 

 

 

 

 

 

 

 

 

 

 

3. Results and Discussion 

The monthly mean surface air temperature response for selected experi-
ments is shown in Figure 3. Responses of the PV, R, and RPV cases are 
displayed as differences from the control (C). In both the R and RPV 
simulations, the mean temperature response to the impulsively doubled CO2  
 

Figure 2. This Experimental design 

case (Figure 1B) and stomatal conductance to water vapor should be sub-
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Figure 3. Three-month running mean surface temperature response for A) Land and 
B) Land and ocean 

concentration was almost instantaneous. After about 20 years of integration, 
the surface temperature response has reach equilibrium. Over land masses, 
the temperature increase due to doubling CO2 with down-regulation of the 
physiology (PV-C) resulted in a warming of about 0.5oC. It is worth noting 
that inter-annual variability in the simulated air temperature is large enough 
at times to obscure the physiological effects.  

4. Global Response 

The monthly mean response to increased CO2 is illustrated for the month of 
July corresponding to the northern hemisphere growing season for most 
plants. Averaged over all land points, the doubling of CO2 had a large 
stimulation of carbon assimilation for the P and RP-cases where plant 
physiology was subjected to a doubling of CO2 without down-regulation.  
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Positive but smaller stimulation in photosynthesis occurred when plants’ 
physiology was down-regulated (PV and RPV). The radiation only R-case 
resulted in a small inhibition of photosynthesis (Figure 4A). As expected, 
canopy conductance decreased in all experiments with the strongest reduction 
in down-regulated cases (Figure 4B). The reduction in conductance is mirrored 
in transpiration (Figure 4C), the largest component of evapotranspiration, 
which caused the temperature to increase (Figure 4d). Over land the tempe-
rature increased by 2.7oC. Globally (land and ocean), however, the tempera-
ture increased only 1.8oC. This is rather in the lower range of the increase of 
2 to 4.5oC estimated by the IPCC models (IPCC 2007). In our simulations, 
the radiative forcing due to doubling CO2 caused the transpiration to 
increase, but the physiological response more than compensated for this 
increase.  

Figure 4. July mean difference for all vegetated land for A) Carbon assimilation, 

5. Regional Response 

At regional scale the warming was more intense, especially in the southern 
shores of the Mediterranean basin where vegetation is rather sparse. There, 
the down-regulation of the physiology caused the annual mean temperature 
to increase by about 1 to 2oC along the Northern African coast. This is 

B) Stomatal conductance, C) Evaporation and D) Temperature 
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likely related to the reduced vegetation cover over the region. In this case, 
most of the radiative energy absorbed by the surface is converted to sensible 
heating since the latent heat component is small or negligible (Figure 5a). 
The radiative forcing alone R-case resulted in an additional warming over 
the entire region (Figure 5b) and when the radiative and down-regulated 
physiology were combined, the warming was even stronger.  The scaling 
down of the physiological activity, although small over the region, contributed 
to warming above and beyond the radiative forcing (Figure 5c). 

 

 

      

 

 

    

 

 

 

 

 

 

 

 

 

 

Figure 5. Annual mean surface temperature difference over the Mediterranean 
region for a) the down-regulated physiology, b) the radiative forcing alone and  

   Figure 6 shows the annual response of assimilation, temperature and 
precipitation over the Mediterranean region and the local semi-arid region 
of Marrakech (Morocco). At regional and local levels, the physiological 
response was as expected and similar to that observed globally. Even when 
down-regulation was imposed on vegetation, the canopy carbon assimilation 
increased. Interestingly, however the radiative forcing R-case which inhibited 
assimilation at global scale has stimulated it over the local region of 

b- (R-C) 

c- (RPV-C)

a- (PV-C) 

 

c) the radiative and down-regulated physiological forcing 
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Marrakech. This is likely associated with increase in temperature over the 
cold Atlas Mountain which stimulates more growth during early fall and 
spring when vegetation is normally stressed by cold temperatures and 
assimilation is inhibited. The physiological response alone caused the tem-
perature to increase by about 1oC over the Mediterranean region with 
negligible effect on precipitation. Precipitation increased in both PV and  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. Annual mean difference of carbon assimilation [micro-moles-m–2.s–1] (top 

(bottom panel) for the Mediterranean region (left panels) and the semi-arid region 
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R-cases; however the RPV-case resulted in a reduced precipitation over the 
entire region. This result suggests that vegetation could play an important 
role in the climate of the region in case of doubling atmospheric CO2 
concentration. Over the semi-arid region of Marrakech the doubling of CO2, 
even with down-regulation of the physiology, resulted in a sensible increase 
in precipitation of about 50 mm annually, but as the radiative and physio-
logical forcings were combined the vegetation was forced to reduce its 
stomatal conductance to water vapor and lower its transpiration rate. Con-
sequently, the gain in precipitation caused by the radiative forcing was 
almost offset by the down-regulation resulting in a small precipitation 
increase.  
   This nonlinearity in the response of the climate system to a combined 
radiative and physiological forcing can be evidenced by examining the 
variation in assimilation as a function of variation in temperature. Figure 7 
illustrates these variations for the month of July and for all experiments. 
Results are shown for the Mediterranean and Marrakech regions as well as 
the global land area. The radiation (R) only case had no effect on the carbon 
assimilation when averaged over all land; however over the Mediterranean 
region, assimilation is inhibited. This suggests that around this region 
vegetation is sensitive to a temperature increase regardless of CO2 concen-
tration because in the R-case the vegetation operated under normal 1 × CO2 
conditions and therefore the simulated inhibition of assimilation is an indirect 
effect from the climate warming caused by radiative forcing. Over the semi-
arid region if Marrakech, assimilation has slightly increased and this is 
believed to be related to the relief of low temperature stress during the cold 
months. If the radiative and physiological effects were linear, one would 
expect the added effects of R and PV-cases would be similar to those of 
RPV-case. Our results show that this is not the case. When these forcings 
are added separately the resulting effect is more warming. The dashed line  
 

 
Figure 7. Nonlinearity in the interactions between radiative and physiological 
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joining vectors (R + PV) and RPV in Figure. 7 represent the feedback 
between vegetation physiology and the radiative forcing. This feedback 
results in increasing the carbon assimilation (dA) and reducing the temperature 
(dT). For the Mediterranean region this feedback accounted for a tempera-
ture reduction of about 1oC. 
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Abstract  The site of Mt. Cimone, located to the south of the Alps and the 
Po Valley and to the north of the Mediterranean Sea, is considered to be 
representative of European background conditions. At the site a number of 
atmospheric studies are carried out in the frame of different International 
Research Projects. Among these, continuous observations of climate altering 
gases are carried out and are here reported. 

1. Introduction 

Mt. Cimone is the highest peak of northern Apennines (44°12’N, 10°42’E, 
2165 m a.s.l.). Due to both its altitude (above the atmospheric boundary 
layer for most of the year) and geographical position to the south of the 
Alps and the Po Valley and to the north of the Mediterranean Sea, the site is 
considered to be representative of the European continental background 
conditions (Fischer et al., 2003; Bonasoni et al., 2000). It is characterized by 
a completely free horizon for 360°, with major towns and industrial areas 
situated in the lowlands, about 40 km away; Tyrrhenian and Adriatic Seas 
are respectively at about 45 and 130 km of distance.  
   As all high mountain areas, this is an ideal site where atmospheric 
background conditions and environmental change processes can be studied 
thanks to continuous monitoring activities that constitute also an important  
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aid to understand global change processes. Moreover, the inclusion of such 
activities in several International Research Projects allows to better under-
stand atmospheric processes and assess emission patterns. 
   Measurements are carried out at the Observatory of the Italian Air Force 
Meteorological Service and at the “O. Vittori” Station of the Italian 
National Research Council, lodged in the buildings of the first one. This is a 
baseline site operating within the GAW (Global Atmosphere Watch) of the 
WMO (World Meteorological Organization) for the measurements of CO2 
and surface O3. A detailed descriptions of the activities, of the instrumen-
tation used, and indication of the research groups involved is available under 
http://www.isac.cnr.it/cimone/. In the following, an overview of research 
activities on climate altering trace gases is reported. 

2. Climate Altering Trace Gases 

2.1. CARBON DIOXIDE 

Since 1979 CO2 has been continuously monitored at the site by the Italian 
Air Force Meteorological Service, thus producing a record  which is one of 
the longest available in Europe (Ciattaglia et al., 1987; Colombo et al., 
2000; Santaguida et al., in press). The average amplitude for the diurnal 
cycle as a function of month for the period 1980-2006 is shown in Figure 1.  

 
 
 
 
 
 
 
 
 
 
 

 

   A rather large amplitude can be observed at Mt. Cimone during summer 
months. This is due to air lifting from the surrounding valleys and reaching 
the top of the mountain during daytime hours. During the remaining months 
the site is usually above the planetary boundary layer and the amplitude  
of the diurnal cycle is very small. In order to select hourly means unaffected 
by local processes, a procedure based on Thoning et al. (1989) is routinely 

Figure 1. Average diurnal cycle for the period 1980-2006 at Mt. Cimone 
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used, which can be summarised as follows: Visual inspection of the raw 
data; hourly means with standard deviation greater than a cutoff value are 
discarded; hourly means with a difference with respect to the previous  
hour greater than a preset value are discarded; summer data between 9:00 
AM and 9:00 PM are temporarily discarded; a cubic spline curve passing 
through the daily means is created; an iterative routine discards data too far 
from the resulting curve. The monthly means of the selected data are shown 
in Figure 2, meanwhile growth rates of the trends are shown in Figure 3. A 
positive peak is evident on June/July 1998 occurring with a lag of about 7/8 
months after an intense El Nino event. In 2001/2003 another positive peak 
can be observed, not related to any El Nino event. It’s also worth noting the 
minimum in the growth rate at Mt. Cimone on January 1992, seven months 
after the eruption of Mt. Pinatubo and the maximum in 1983, 7/8 months 
after another El Nino event. 

 
 
 
 
 
 
 
 

2 

 
 
 
 
 
 
 
 

2

2.2. TROPOSPHERIC OZONE  

Tropospheric ozone is ranked in the IPCC Third Assessment Report (IPCC-
TAR) as the third climate forcing gas after carbon dioxide and methane.  
At Mt. Cimone, surface ozone is monitored since 1996 by a UV analyzer 

Figure 2. CO monthly averages at Mt. Cimone 1979-2006 

Figure 3. Annual growth rates of CO  mixing ratio 1980-2006 
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(DASIBI 1108) with an accuracy and precision of ±2 ppbv. Over the period 
1996-2004 (see Figure 4), the yearly mean value recorded has been of 54 ± 

11 ppbv (one standard deviation) with a monthly behaviour exhibiting a 
seasonal cycle characterized by a minimum in winter, a principal maximum 
in summer (mean value: 63 ppbv) and a secondary one in spring (mean 
value: 59 ppbv). The spring ozone maximum is typical of the seasonal 
ozone cycles in the clean northern hemispheric atmosphere (Logan, 1985).  
 
 
 
 
 
 
 
 
 
 
 
 
 

 
   A contribution to high O3 values in high mountain remote areas, can be 
provided by stratospheric intrusion events (Sthol et al., 2000) that may 
transport downwards O3-rich air coming from the stratosphere or upper 
troposphere. 
   However, using three years of statistical back-trajectory analyses, high O3 
values have been typically related to air masses coming from the north Italy 
and central Europe areas (Bonasoni et al., 2000) especially during the warm 
season. In fact, persistent high pressure and temperature facilitate a strong 
increase in O3 concentration in densely inhabited urban and industrialized 
areas, from where polluted air masses can reach the Apennine peak.  
   During summer 2003, when West and South Europe were affected by a 
heath wave, the fair weather conditions favoured the build-up of anthropo-
genic pollutants, giving rise to an increased O3 production. At Mt. Cimone, 
extremely high O3 concentrations were recorded in connection with air 
masses coming from continental Europe and the Po basin boundary layer 
(Cristofanelli et al., 2007), with O3 concentration similar to those measured 
in the cities lying in the Po basin area. Such high O3 levels were clearly 
related to the increased photochemical production which characterized the 
lower troposphere during the period. Therefore, the O3 diurnal variation for 
polluted days was considerably higher than for unpolluted days, i.e., when 

Figure 4. Monthly ozone variation at the Mt. Cimone 
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O3 concentrations are representative of the free troposphere conditions, how 
shown in Figure 5, where daily O3 variation for polluted and unpolluted 
periods are shown. The same figure also shows how the anomalous O3 

concentrations recorded in summer 2003 were considerably higher than 
those registered in the years before.  
 
 

 
 
 
 
 
 
 

 
 
Figure 5. Mean daily O3 variations at Mt. Cimone during the August heat wave 
(upper line) and for the 1997-2202 summer period (middle an lower lines, res-

 
   On the contrary, when low O3 values are recorded at Mt. Cimone, these 
are usually related to air masses flowing from low latitudes with a slight O3 

latitudinal gradient characterizing the data. Such variations have been 
related to Saharan dust transport episodes (Bonasoni et al., 2004). The 
presence of a desert area like the Sahara feeding Aeolian transport, deter-
mined by recurrent meteorological phenomena, facilitates the transport  
of particulate over the Mediterranean Sea and the Europe (Prodi and Fea, 
1978). As a matter of fact, Mt. Cimone is particularly suitable to study these 
transport phenomena, being Apennines the first mountain chain met by 
Saharan air masses on their way to Europe. During several episodes of dust 
transports recorded at the Mt. Cimone station, an anti-correlation between 
high dust loadings and low ozone concentrations were found (Figure 6).  
   Previous studies (Schmitt et al., 1998; Zhang et al., 1994; Dentener et al., 
1996; Martin et al., 2002; Bian and Zender, 2003) investigated possible 
mechanisms responsible for O3 destruction and two possible results have 
been suggested: i) change of the photolysis rates in dust plumes and ii) 
heterogeneous destruction of ozone on mineral dust. The fact that the dust-
loaden air masses already carried lower ozone concentrations before they 
received the dust injections is an unlikely scenario, since air masses arriving 
from the same North African source regions without strong dust loading had 
higher ozone concentrations than the dust-loaden ones. 
 

pectively) (Adapted from Cristofanelli et al., 2007)  
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Figure 6. Daily coarse aerosol concentration (black line) and daily de-trended 
ozone (grey line) recorded at MTC during the period Jun–Dec 2000 (for coarse 
aerosol: Nov–Dec right scale). White circles represent days during which BTs 
originated from north Africa. Grey bars indicate the periods of the dust transport 

2.3. HALOCARBONS 

Halocarbons contribute directly to surface climate change being powerful 
greenhouse gases able to absorb long-wave radiation re-emitted by the 
earth’s surface in the 8-13 µm atmospheric window, a region of the spectrum 
where other greenhouse gases have only a small effect. Another way in 
which halocarbons containing chlorine and bromine affect climate is via 
ozone layer depletion which has an indirect effect on temperature. At Mt. 
Cimone 27 halocarbons are continuously monitored under the EU funded 
Project SOGE (System for Observations of Halogenated Greenhouse Gases 
in Europe) which consists of an integrated system based on a combination 
of in situ continuous observations, carried out at four European measuring 
stations, and models. Measurements are conducted at the four stations in a 
similar fashion (gas chromatography with mass spectrometric detection 
preceded by enrichment on specific adsorbent resins) (Maione et al., 2004; 
Reimann et al., 2004). Moreover, all the stations are linked internally and 
also to international measurement networks through the use of the same 
calibration scale. In Figure 7, time series (raw data) recorded at Mt. Cimone 
since 2002 are reported for four halocarbons, three of them being anthro-
pogenic fluorinated hydrocarbons (HFCs) and one a methyl halide.  
   The three HFCs are used as refrigerant fluids, foam blowing agents and 
fire extinguisher in replacement for the ozone depleting gases. They were 
introduced into the market after 1990 but atmospheric measurements carried 
out so far suggest significant increases for their European emissions over 
 
 

events.  (Source, Bonasoni et al., 2004) 
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Figure 7. Time series (raw data) recorded at MTC during the period 2002-2005 for 

 
the past decade (Greally et al., in press; O’Doherty et al., 2004; Reimann  
et al., 2004). Methyl bromide is the most abundant bromine-containing species 
in the troposphere. Unlike other halocarbons, biogenic emissions play an 
important role in determining its atmospheric burden. In the Mediterranean 
basin biogenic sources are essentially marine, meanwhile anthropogenic 
sources are entirely land based, including its use as fumigant and emissions 
from forest fires. Methyl bromide production and consumption are regu-
lated under the Montreal Protocol which calls for its complete phase out 
since January 2005 in developed countries. Italy, however, asked and obtained 
large exemptions in critical use, i.e., cultivation of high value-added agricul-
tural products. Smaller exemptions have been obtained by other European 
countries. Identification and quantification of natural sources with respect to 
anthropogenic ones is important because the calculated atmospheric budget 
of this compound is largely out of balance, with identified sinks outweigh-
ing identified sources. 

three anthropogenic fluorinated gases (HFC-125, 134a, 152a) and methyl bromide 
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   In order to identify source regions of halocarbons, a combination of in situ 
measurements and back trajectory (BT) analysis is used: when air masses 
containing concentration peaks higher than background value reach the 
station, the BT approach allows to identify potential source regions.  
   Applying this method, HFCs potential source distributions confirm a high 
frequency of occurrence in the whole considered domain (Europe), with 
maxima values of frequency of occurrence mainly occurring in the Po Basin. 
On the contrary, methyl bromide potential sources show a more scattered 
spatial distribution with intense potential sources in the Mediterranean area.  
   However, all methods based on such approach assign a potential pro-
bability to each grid cell crossed by a marked back-trajectory along its way. 
Therefore, “ghost” potential sources can be generated in the lee of real source. 
Such an inconvenience can be overcome combining results from different 
stations. Such an approach has been shown in a recent study (Maione et al., 
submitted) where data from Mt. Cimone have been combined with those 
from the Alpine station of Jungfraujoch (Switzerland). In this case, the 
method has been applied to the anthropogenic HFCs, for which a very 
strong source region (i.e., Po basin) is located in between the two stations. 
In Figure 8, results referred to HFC-152a are shown. Maps a and b report 
potential source region as from concentration data collected at Mt. Cimone  

Figure 8. a) Map of conditional probability of potential sources of HFC-152a. The 
map is obtained using concentration data collected at Mt. Cimone. Continuous 
black line encloses grid cells whose PBL has been visited by at least 20 back-
trajectories over the entire data set. (x) symbol refers to Mt. Cimone; (+) symbol 
refers to Jungfraujoch. b) As in a), but for data collected at Jungfraujoch. c) Map of 
conditional probability of potential sources for HFC-152a. The map is obtained 
considering for each cell the minimum P(i, j) value between that estimated by Mt. 
Cimone and Jungfraujoch; i.e., for each cell the minimum value between maps in 

been visited by at least 20 back-trajectories for both Mt. Cimone and Jungfraujoch 
data (Source, Maione et al., submitted) 

Figure 2a) and Figure 2b). P(i, j) has been evaluated only for grid cells whose PBL has 
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and Jungfraujoch, respectively. Map c is obtained considering for each cell 
the minimum value between that estimated by Mt. Cimone and Jungfraujoch. 
It can bee seen how this simple approach reduces the unrealistic localization 
of “ghost” source in the lee of real source and it is able to evidence 
localized area sources. The efficiency of the proposed method is a func 
tion of relative position of receptor sites and of emission sources, with the 
maximum efficiency obtained for source areas that are in between of the 
receptor sites. However, when estimating potential source regions for a 
compound such as methyl bromide, for which the Mediterranean area 
(ocean and agricultural activities) is the most important source region, two 
stations located to the North on the Mediterranean are redundant. In this 
case, a station located in the Southern Mediterranean (i.e. Northern Africa) 
should provide more useful information. 

3. Conclusions 

The analyses of the behavior of climate-altering trace gases concentrations 
recorded at Mt. Cimone can provide the opportunity to draw interesting 
conclusions concerning their behavior, and also help in attaining a better 
knowledge of transport phenomena. Moreover, a number of Saharan dust 
transport episodes with a high particulate concentration can be studied. 
   For this reason it is important to have continuous measurements at a base-
line site which is representative of a large area of Europe and the Medi-
terranean Basin. 
   However, even if the station is considered to be representative of con-
tinental Europe as well as of the Mediterranean region, the latter can be 
monitored only marginally. As a matter of fact, in this region, atmospheric 
circulation frequently exhibits a meridional component facilitating the trans-
port of tracers between Europe and North Africa. Many compounds exhibit 
a high meridional gradient of emission but the presently available stations 
do not have a proper spatial distribution allowing to show it. 
   For these reasons, a remote station in the southern side of the Mediter-
ranean basin not only would provide useful information but also powerful 
synergies with other European stations. 
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1. Introduction 

At the beginning of the nineties, many attempts have been made to simulate 
the desert dust cycle and its impacts at a global scale, mainly by using 
general circulation models (Joussaume, 1990, 1993; Genthon, 1992). However, 
these simulations generally failed in reproducing the present data or the 
information retrieved for the Last Glacial Maximum (Gaudichet et al., 
1992; Grousset et al., 1992). According to the authors, deficiencies in the 
source parameterization accounted for a large part of the observed discre-
pancies. Generally, in those simulations, the dust production function was 
only dependent on the extent of the desert regions and on the wind velocity. 
Indeed, dust emissions were always defined as a continuous function of  
the wind velocity, whereas many experiments clearly indicate that the dust 
mobilization occurs only for wind velocities higher than a threshold value 
and that the production is not linearly dependent on the wind velocity 
(Bagnold, 1941; Gillette et al., 1982; Nickling and Gillies, 1989). The source 
regions were defined either like the present arid zones or according to the 
simulated mean aridity assuming that all the desert zones were emission 
areas of equal erodibility. In fact, it has been experimentally shown that the 
erodibility depends strongly on the soil texture, the soil type and the ground 
surface characteristics (vegetation cover, rocks, and pebbles) (Gillette, 
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and Lu, 2000). The lack of such soil features dependence in the source para-
meterization may explain shortcomings in the simulations concerning the 
underestimation or overestimation of dust production for specific regions.  
   Indeed, these surface features control both the aeolian erosion thresholds 
and the intensity of the dust fluxes. As a result, dust emissions are sporadic 
and spatially heterogeneous, making difficult any assessment of their impacts. 
During the last ten years, physical dust emission schemes representing the 
influence of the wind velocity and the surface features on the dust produc-
tion have been developed and validated during the last ten years (Marticorena 

2.  Aeolian Threshold Friction Velocity 

The force exerted on a grain by wind is the shear stress. This shear stress 
can be expressed as τ = ρa u*2 where ρa is the air density, u* is the wind 
friction velocity defined in neutral conditions as u(z) = u*/K ln z/z0 where u(z) 
is the wind velocity at a height z above the surface, z0 is the aerodynamic 
roughness height and K is the Von Karman’s constant (≈0.4). Thus, the wind 
friction velocity can be considered as the relevant parameter to quantify the 
energy provided by wind to an erodible surface. 

THRESHOLD FRICTION VELOCITY VERSUS SOIL PARTICLE SIZE  

It can be easily observed that dust emissions do not occur for any wind velocity 
conditions: indeed, dust emissions only occur when the wind velocity (and 
thus the wind friction velocity) exceeds a certain value. This wind (friction) 
velocity value is called the threshold wind (friction) velocity. It is a key 
parameter in the modelling of wind erosion and dust emissions. 
   Experimental data from Bagnold (1941) and Chepil (1945) indicated that, 
for large grains, the threshold friction velocity, *tU , increases when the grain 
size increases (due to the gravity forces). However, they also revealed an 
increase of the threshold friction velocity values when the size grain decreases 
for the smallest particles mainly due to the existence of interparticles cohesive 
forces reinforcing the links between grains (Iversen et al., 1976; Iversen and 
White, 1982). These two effects lead to an optimum grain size (~80 µm) for 
which the threshold friction velocity is minimum (Figure 1).  
   At the threshold for aeolian erosion, the aerodynamic forces due to the 
fluid equal the particle weight and the interparticle cohesive forces. Based 
on a large set of measured threshold friction velocities obtained in wind 
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Figure 1. Parameterization of the threshold friction velocity (Ut

* in cm.s–1) versus 
particle diameter (Dp in µm) for smooth surfaces according to Iversen and White 

 
tunnels and involving various particle densities and diameters, Iversen and 
White (1982) established a semi-empirical formulation based on the equili-
brium of the forces acting on a spherical loose particle at rest on a similar 
particle bed under an air flow stream. The difficulty in using their expression 
into models is that it requires iterative calculations to determine *tU versus 
the grain size and thus needs to be approximated (Marticorena and Bergametti, 
1995). More recently, Shao and Lu (2000) proposed a more simple and effect-
tive expression based on the balance between the driving forces (aerodynamic 
drag and lift) and the retarding forces (cohesion and gravity) assuming that 
the cohesive force is proportional to the particle size.  
   In a natural soil, various soil grain sizes are simultaneously present. Since 
theses grains of different sizes have different threshold wind friction velo-
cities, this implies to describe into models the in situ soil size distribution of 
grains and aggregates.  
   Existing soil maps generally classify soils according to the “well-known 
textural triangle” defined by the three size components: sand (2000 to 80 or 
63 µm), silt (80 or 63 to 4 or 2 µm) and clay (<4 or 2 µm) (Chatenet et al., 
1996; Ding et al., 1999). However, this classification is based on measure-
ments performed by using wet sedimentation techniques (ultrasonic pre-
treatment, dissolution), which break the soil aggregates (Chatenet et al., 1996; 
Ding et al., 1999). As an example, such classification leads to relatively 
high amounts of loose clay particles that are generally not encountered in 

DUST EMISSIONS 

(1982) and Shao and Lu (2000) 



66 

the natural soils as loose particles. In natural soils, these particles generally 

cannot be directly used to characterize the in-situ size distributions of 
erodible soils. An alternative approach is to determine the soil size distribu-
tion using dry techniques that minimize, as much as possible, the breakage 
of the aggregates. Such an approach has been proposed by Chatenet et al. 
(1996) for the Saharan and Sahelian soils and applied to Chinese soil 
samples by Mei et al. (2004). In these works, the soil grain size is assumed 
to be log-normally distributed or to be the combination of 2 or 3 different 
log-normal distributions. However, the present data sets of such measure-
ment remain relatively limited and not homogeneous in terms of analytical 
methods. Thus, there is a clear need for both standardized methods and 
sampling programs allowing a correct mapping of the in situ size distri-
butions of desert erodible soils.  

THRESHOLD FRICTION VELOCITY VERSUS SURFACE ROUGHNESS  

A second factor that strongly affects the erosion threshold in natural situations 
is the presence on an erodible surface of non-erodible elements (pebble, 
stones, vegetation…). These non-erodible elements affect the erosion thres-
hold by two ways. On one hand, the roughness elements cover a fraction of 
the surface and thus protect it from the aeolian erosion; on the other hand, 
they consume a part of the wind momentum that will not be available to 
initiate particle motion. This leads to a global decrease of the wind shear 
stress acting on the erodible surface and thus of the erosion efficiency. So, a 
physical scheme describing the drag partition between the roughness elements 
and the erodible surface is necessary to parameterize the threshold wind fric-
tion velocity in “rough” situations which are the most frequently encountered 
in arid and semi-arid areas. 
   Based on an approach proposed by Schlichting (1936), Marshall (1971) 
expressed the overall shear stress caused by wind passing over a roughened 
surface as being partitioned between stress on the roughness elements and 
stress on the non-covered surface: 

sS
S'

S
RW

2*ua τρτ +==  

where τ corresponds to the overall shear stress, S is the total surface; S' 
refers to the uncovered part of the surface; WR  is the force exerted on the 
roughness elements and τS  is the shear stress acting on the uncovered surface. 
   The force exerted on the roughness elements and thus their momentum 
absorption is primarily controlled by their frontal surface. That is why the 

form aggregates of larger size (>50-100 µm)As a result, such a classification 
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description of the drag partition generally involves a roughness density, λ, 
which is defined by: 

S
nbh

=λ  

where n is the number of roughness elements; b is the mean breadth of the 
roughness elements and h is the mean height of the roughness elements.  
   To investigate the relation between the drag partition and λ, Marshall 
(1971) has performed wind-tunnel measurements of the overall shear stress 
and of the forces acting on the roughness elements for a large range of rough-
ness densities. Roughly, τs decreases as the roughness density increases and 
becomes negligible for a value of λ = 0.03. This provides an estimation of 
the critical value of the roughness density for which the decrease of the 
wind shear stress on the uncovered surface is such that it inhibits erosion. 
   The consequence of the drag partition on erosion is that erodible surfaces 
covered with roughness elements have higher apparent threshold wind friction 
velocities than surfaces with less roughness elements. For erosion to occur, 
the shear stress component acting on the erodible surface must at least equal 
(ρa ts

*2U ) which is the shear stress corresponding to the threshold wind friction 
velocity in a “smooth” situation. This explains why the threshold friction 
velocities Ut

* measured in situations with roughness elements are apparently 
higher than in smooth situations.  
   To determine predictive expressions for practical applications, Raupach 
(1992) proposed an analytical treatment of the drag partition on a rough surface 
based on a dimensional analysis and physical hypothesis. His expression 
gives the ratio of the overall shear stress to the shear stress on the uncovered 
surface as a function of λ. The predictions based on this equation agree well 
with Marshall (1971)’s data and other measurements performed in wind 
tunnel or for natural sites, and thus this formulation can be considered as the 
best available to retrieve the drag partition on a rough surface. One of the 
advantages of the expression was to be predictive and to be free of any 
adjustable constant; but when applied to real situations, this formulation 
requires the introduction of an empirical parameter called m. Raupach et al. 
(1993) indicates that this parameter could reflect the differences between 
the average substrate surface stress and the maximum stress on the surface 
at any point. The adjustment of this equation to erosion data has lead to the 
recommendation of two kinds of values for m according to the stabilization 
state of the particle bed; but no objective method to generalize these values 
exists and this coefficient does not refer to any measurable value. Indeed, 
the practical use of this equation as a predictive tool is not direct.  
   An alternative specification of the drag, using a more integrative para-
meter to represent the effect of the roughness elements, is that based on the 
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roughness height, z0. Such an approach has been first developed by Arya 
(1975) to determine the wind stress on the Arctic pack ice. 
   As mentioned above, under adiabatic conditions the wind profile in the 
atmospheric boundary layer (ABL) is logarithmic (Priesley, 1959) and 
defined, for z >>Z0, as: 

0z
Dzln

K
u

u *
)z(

−
=  

where u(z) is the wind velocity at the height z; K  the Von Karman’s constant 
(≈0.4); U*is the wind friction velocity, D is the displacement height and Z0 
is the aerodynamic roughness height. 
   Then, for situations where roughness elements are not too closely spaced 
(λ < 0.05), Arya (1975) assumes that an internal boundary layer (IBL) grows 
behind the roughness elements. The development of this IBL is considered 
to be similar to the development of the IBL occurring after a sudden change 
in roughness, a problem thoroughly investigated both theoretically and experi-
mentally. When the equilibrium with the new surface has been reached, Arya 
(1975) assumed that the wind profile in the IBL also follows a logarithmic law. 
   At the top of the IBL is a blending zone which represents the wake effect 
of a single element. Far downstream from the element, this effect becomes 
very weak and this transition zone is thin enough to be neglected. The 
height of the IBL δ can then be defined as the height where the two profiles 
intersect. Thus when the flow comes to equilibrium with the surface, the 
wind velocity at the height δ satisfies both the two logarithmic laws. Thus 
the ratio of local to total shear stress is defined by: 
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   For convenience, an efficient friction velocity ratio feff  is defined as the 
ratio of local to total friction velocity: 
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   Marticorena and Bergametti (1995) adapted this expression to erosion 
threshold, especially by defining the value of δ and validated it by compar-
ing predictions with Marshall, (1971)’s data. The final drag partition para-
meterization is expressed by: 
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z0 and z0s having units of centimeters.  
    By combining the size-dependent equation established by Iversen and 
White (1982) and the efficient ratio previously defined, an expression of the 
threshold wind friction velocity in a rough situation and depending on the 
soil grain size is obtained: 
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FRICTION VELOCITY THRESHOLDS 

The drag partition scheme has been applied to retrieve experimental measure-
ments of erosion threshold wind friction velocity for natural soils. Measure-
ments of the threshold wind friction velocities were obtained by Gillette et al. 
(1982) and Nickling and Gillies (1989), by using portable wind tunnels, on 
various erodible sites of the United States. Since such measurements involve 
a small fetch and are thought to be representative of the eroded surface, the 
required conditions for the determination of the roughness height are assumed 
to be fulfilled. 
   For both experiments, the roughness heights were determined from wind 
velocity profiles. The threshold wind friction velocities have been measured 
at the moment where particles motion was first visible and thus will corres-
pond to particle size for which the movement is most easily initiated. A 
reference value of the threshold wind friction velocity (U D cm st p

*( ) .≈ −21 7 1) is 
used to perform the computations; it corresponds to a range of a particle 
diameter of 120 µm, which is compatible with the available information on 
the grain size characteristics of the tested soils. Figure 2 shows that the 
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Figure 2. Comparison between computed and measured threshold wind friction 

 
model prediction matches the threshold wind friction velocities observed for 
various roughness heights. The discrepancies with (Gillette et al. (1982)’s 
measurements are generally lower than 30%, with a better agreement in the 
range of 20 to 60 cm s–1 (Marticorena et al., 1997b). The latter wind frictions 
velocities can be reached under reasonable wind conditions and thus corres-
pond to situations where erosion could frequently occur. The agreement with 
the values reported by Nickling and Gillies (1989) remains quite satisfying, 
although larger discrepancies, probably due to the averaging of measurements, 
are observed.  
   When applied to regional and global scales dust models, such drag partition 
scheme induces a problem similar to that encountered for the mapping of 
the soil grain size distributions: how can we obtain a map of aeolian roughness 
heights over desert areas? A first method was developed for the Sahara desert 
by Marticorena et al. (1997a) and Callot et al. (2000). This approach, based 
of a geomorphologic approach, lead to satisfying results since simulations 
of dust emissions using these roughness heights compared satisfyingly with 
satellite observations (Marticorena et al., 1997a). However, this approach was 
very time consuming and its extension to others deserts was very dependent 
on the number and quality of the available geomorphologic information.  

velocities as a function of the roughness height (from Marticorena et al., 1997b) 
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   Thus, an alternative approach was to examine how satellite observations 
could provide a global mapping of the aeolian roughness height. Following 
the pioneer work performed by Greeley et al. (1997) who used the radar 
backscatter signal to retrieve the roughness heights over selected desert 
targets, Marticorena et al. (2004) investigated the possibility to retrieve the 
surface roughness of arid areas using the surface bi-directional reflectance 
products derived from the POLarization and Directionality of the Earth 
Reflectance (POLDER-1) space-borne. An empirical relationship between 
the aerodynamic roughness height and a protrusion coefficient (PC) derived 
from the POLDER-1 bi-directional reflectance distribution function in the 
visible range was established. Thus, maps of roughness height at a scale of 
1/16° × 1/16° (Figure 3) were established for the Sahara and the Chinese 
deserts (Marticorena et al., 2004, Laurent et al., 2005). When applied over 
the Sahara and the Arabian Peninsula, this method leads to a good agree-
ment between simulated dust event frequencies and those derived from 
Infrared METEOSAT Dust Index (IDDI) (Marticorena et al., 2004).  
   This approach was further extended to radar backscatter coefficient from 
high resolution ERS images based on situ measurements of aeolian rough-
ness heights, performed in Tunisia (Marticorena et al., 2006). This new 
relationship provides an operational tool to derived surface roughness maps 
for local to regional applications.  
   Thus, most of the physical processes and input data required to correctly 
describe the effects of the roughness height on threshold wind friction velo-
cities into dust models are available. These new parameterizations, combined 
with the new data sets of roughness heights, should allow to better account 
for the difference in erodability of desert surfaces in large scale models 
dealing with the dust transport. 

Figure 3. Map of the aeolian roughness heights for the Sahara desert as retrieved 
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THRESHOLD FRICTION VELOCITY VERSUS SOIL MOISTURE  

Another factor affecting the threshold wind friction velocities is the soil 
moisture. Briefly, the soil water reinforces the cohesive forces between the 
soil grains and thus increases the erosion thresholds. However, soil water 
retention consists of molecular adsorption on the soil grains surface and 
capillary forces between the grains (Mc Kenna and Nickling, 1989). Interpar-
ticle capillary forces are the main factor responsible for the increase of the 
wind erosion threshold observed when the soil moisture increases. Below a 
soil moisture content close to the maximum amount of adsorbed water, w', 
these capillary forces are considered as being not strong enough to signi-
ficantly increase the erosion threshold. Since w' depends on the soil texture, 
the increase in erosion threshold is different for the same soil water content 
depending on the soil type.   
   A parameterization of the influence of the soil moisture (w) on the erosion 
threshold has been proposed by Fécan et al. (1999). It allows the computation 
of the increase of the erosion threshold in wet conditions by reference to dry 
conditions as a function of the soil moisture w and the residual soil moisture 
w' defined as a function of the soil clay content.  
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   This formulation is presently largely used, in connection with soil texture 
maps, in regional and global scale dust models to account for the effect of 
soil moisture on threshold wind friction velocities. 

Semi-arid areas are of special interest in terms of future dust emissions. 
Indeed, in these areas, the vegetation, which has a protective role for the 
surface, is clearly limited by the availability in water. Thus, any change in 
climate which affects the precipitation regime in these areas should lead to 
significant changes in both the dust sources location and strength. Moreover, 
in semi-arid areas, the growing of the population leads to an intense land 
use, especially for agricultural and pastoral activities. Even if the estimation 
of the importance of dust emissions related to anthropogenic activities 
significantly differs from one model to another (Mahowald and Luo, 2003; 
Tegen et al., 2004), their contribution should be included in any global dust 
emissions model.  

2.4. 

2.5.  THRESHOLD FRICTION VELOCITY FOR AGRICULTURAL SOILS 
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   A particular problem addresses by erodible anthropogenic surfaces is that 
of tilled surfaces. The presence of ridges on such surfaces can: 1 - affect the 
wind profile by modifying the surface aerodynamic roughness height, and  
2 - affect the erosion flux by trapping a part of the saltating soil grains into 
the furrows. Obviously, these effects are highly dependent on the geometry 
of the ridges, i.e., mainly their height and spacing.  
   Recently, wind tunnel experiments were realized to determine the relation-
ships linking both the roughness height and the erosion flux to the height 
and spacing for a variety of ridges (Kardous et al., 2005a; 2005b). Para-
meterizations for both the roughness height and the erosion flux was developed 
and validated against wind tunnel experiments and existing published data 
(Hagen and Armbrust, 1992). The interest of this work is mainly that these 
parameterizations are only based on the geometric characteristics of the ridges 
(height and spacing) and thus should be easily included into dust models, 
provided information on land use and agricultural practices. 

3. Horizontal and Vertical Fluxes 

In dust emissions modelling, there are two important fluxes to determine:  

   – The horizontal flux (also called saltation flux) which quantifies the soil 
material crossing a vertical plane perpendicular to the soil surface per 
unit time; this flux concerns all the material mobilized directly or indi-
rectly by wind (i.e., particles from less than 1 µm to about 1000 µm); 

   – The vertical flux which quantifies the mass of fine particles passing 
through a horizontal unit area, parallel to the soil surface, per unit time. 

   The vertical flux is also called dust flux since it corresponds to the flux of 
particles having a size allowing medium or long-range transport (i.e., gene-
rally less than about 50 µm). 
   As we will see latter in more details, these two fluxes are directly linked, 
the vertical flux being both a part and a consequence of the horizontal flux.  

3.1. HORIZONTAL FLUX 

Assuming that, for wind above the wind erosion threshold, all the wind 
momentum is transferred to the surface by the saltating grains and based on 
dimensional arguments, Bagnold (1941) suggested that the horizontal flux 
is proportional to a third power of the wind friction velocity. Such depen-
dence has been experimentally observed in natural situations or in wind 
tunnel, especially for large values of *u (Gillette, 1974, 1979; Gillette and 
Stockton, 1989; Sörensen, 1985; Leys and Raupach, 1991; Shao et al., 
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1993). Using a trench on a beach, Greeley et al. (1994) have performed 
horizontal flux measurements with a high confidence level (5% in mass) 
allowing the evaluation of the various equations proposed to retrieve the 
horizontal fluxes. These authors found that Bagnold (1941)’s model and 
White (1979)’s formulation most closely agree with the experimental data. 

by a dimensional analysis, we can consider this one as the best available 
formulation for the horizontal flux: 
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with C a constant of proportionality with a value of 2.61 determined from 
wind tunnel experiments (White, 1979), this value being confirmed by the 
results of the Greeley et al.'s (1994) experiment. 
   Including in White (1979)'s equation, for an ideal case (i.e., all particles 
having the same diameter), the parameterization of the threshold wind 
friction velocity previously discussed (see 2.2) leads to express the 
horizontal flux as: 
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R =  and E  is the ratio of the erodible surface to the total 
surface. 
   The problem in applying this formulation to natural situations is, as 
mentioned above, that the soil grains are generally not characterized by a 
unique diameter. Thus, the relative contribution of each size range to the 
total flux is assumed to be proportional to the relative surface it occupies on 
the total surface. The surface covered by each grain is assimilated to its 
basal surface. The total horizontal flux is then computed by integrating the 
previous distribution on the studied range of particle diameters.  

VERTICAL FLUX  

The vertical flux is composed by the finest particles setting in suspension 
from the saltation layer and able to be long-range transported. The suspension-
saltation boundary is controlled by the ratio of the threshold friction velocity 

But since only White’s equation includes a threshold term and is supported 

3.2. 
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and the terminal velocity of the particles. The terminal velocity is defined 
by the equilibrium of the particle weight and the wind drag and so depends 
on the particle diameter and density. The value of the particle diameter for 
saltation-suspension boundary is about 50 µm (Greeley and Iversen, 1985). 
However, as mentioned above, particles with a diameter lower than this 
limit involve very high threshold friction velocities due to the strong cohesive 
forces linking them together (see Figure 1). Thus the movement of these 
fine particles is not initiated directly by the wind friction on the erodible 
surface but requires an intermediate process called “sandblasting” which 
corresponds to the bombardment of the aggregates present on the surface by 
the saltating grains. This phenomenon is responsible for the disruption of 
the aggregates and for the production of dust particles able to be set in 
suspension (Gillette, 1979, 1981; Gomes et al., 1990; Shao et al., 1993). 
Since the dust production implies saltation as an intermediate process, the 
vertical flux is generally derived from the horizontal one. 
   To investigate more thoroughly the relation between the horizontal and 
vertical fluxes, wind tunnel experiments of saltating sand grains on a loose 
dust bed were performed (Shao et al., 1993; Alfaro et al., 1997). These 
measurements show that both the total flux and the dust flux are propor-
tional to a power 3 of the wind velocity. This result also confirms that the dust 
production corresponds to the rupturing of the interparticle bonds linking 
dust particles together or to the surface. When the saltating grains impact on 
the surface, their kinetic energy is used to disintegrate the aggregates and to 
produce fine dust particles. Thus, models have been elaborated by these 
authors (Alfaro et al., 1997; 1998; Lu and Shao, 1999; Alfaro and Gomes, 
2001; Shao, 2001) to simulate this sandblasting process. Briefly, the model 
proposed by Alfaro et al. (1997; 1998), is based on the existence in aggregates 
of various binding energies depending on the size of the dust constituting 
the agregate. This implies that it exists different thresholds for the disruption 
of an aggregate and thus the dust size distribution should vary according to 
the kinetic energy of the saltating grains (and thus of their size and their 
velocity).  
   In contrast to energy based models, Lu and Shao (1999) estimated dust 
production on the basis of the volume removed by the saltating grains when 
they impact the surface. In this case, the saltation bombardment is considered 
as the main mechanism for dust production through the excavation of craters 
in the surface. The total volume of the grains ejected into the air is assumed 
to be equal to that of the crater created by the saltating grains. In 2001, Shao 
(2001) provided a more elaborated version of this model, including not only 
the saltation bombardment but also the aerodynamic entrainment and the 
aggregates disintegration. 
   When applied to large scale modelling of dust emissions, both sandblasting 
models have significant drawbacks. For energy based models, the values of 
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the binding energies is difficult to measure and thus they have been only 
indirectly determined by adjustment of their value to fit the size distributions 
of dust particles measured for different soils and different friction velocities 
(i.e., for different kinetic energy of the saltating grains). However, until these 
binding energies will be directly measured, they will remain quite uncertain 
and should require some adjustments to fit the experimental data sets 
(Gomes et al., 2003). For saltation bombardment models, the main problem 
is due to the value of the soil plastic pressure and that of a dimensionless 
coefficient cy. However, both groups have recently provided new tests of 
their models (Alfaro et al., 2004; Shao, 2004) and their applicability at large 
scale could be considered in a next future. This is very important since only 

4. Wind Velocity 

Wind is obviously the driven force in aeolian processes. The accuracy of the 
wind velocity used in dust models is crucial. As mentioned above, the dust 
emissions have a highly non linear dependence to wind velocity: dust emis-
sion is a process involving a threshold and the strength of these emissions is 
a third power of the wind velocity. Due to that particular relation between 
wind and dust, limited errors on wind velocity could lead to large errors on 
dust emissions.  
   Figure 4 illustrates such a high sensitivity of the dust emissions to the 
accuracy in wind velocity. This figure reports the horizontal fluxes compu-
ted using the White (1979) equation for a surface exhibiting a threshold 
wind friction velocity equal to 30 cm s–1. On this figure, the horizontal 
fluxes are normalized to the horizontal flux computed for u* = 35 cm s–1 
which is assumed to be equal to 1. 
   For example, if we consider a wind friction velocity of 50 cm s–1 (for 
example, it corresponds to a 10 m high wind velocity of about 10 m s  for a 
surface having a roughness height of 0.35 cm) with an accuracy of +/– 5% 
(giving a range of wind friction velocities from 47.5 to 52.5 cm s ), we can 
observe that the difference in the computed horizontal fluxes is of the order 

±10%. 

   Most of the dust model use wind fields provided by meteorological 
centres like National Centers for Environmental Predictions (NCEP) or 
European Centre for Medium Range Forecasts (ECMWF). Their spatial 
resolution is generally never better than about 1° × 1°. Other models, espe-
cially those treating feedbacks between dust and dynamics, use wind fields 

these types of physical schemes describing the processes involved in sand- 
blasting can provide not the dust flux but also the dust size distribution.  

–1

–1

of 1.5. This difference reaches a factor greater than 2 for accuracy of  
This clearly points out that the dust emissions modelling is highly depend- 
dent on the quality of the surface wind field used in the model. 
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computed on line by an atmospheric general circulation model. In this case, 
the resolution is generally lower (in the order of 2 to 5° × 2 to 5°). Such an 
“averaging” of the wind velocity over large areas tends to underestimate the 
wind velocity. 
   At least in certain locations (Tegen et al., 2002; Mahowald et al., 2002) 
and does not allow accounting for specific meteorological situations respon-
sible for dust emissions (like squall lines). To limit these effects, some authors 
introduced additional parameterizations, mainly based on wind probability 
density functions, to account for the subgrid wind fluctuations (Westphal  
et al., 1988; Gillette and Passi, 1988; Cakmur et al., 2004).  
   If this type of approach is valuable for climatic simulations, the use of 
wind fields derived from well-resolved regional meteorological models (i.e., 
MM5 or RAMS) should be favoured for the simulations of specific events. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
Figure 4. Horizontal fluxes computed using White (1979)’s formulation vs wind 
friction velocity (u*). Note that the horizontal fluxes are normalized to the 
horizontal flux for u* = 35 cm.s–1. The dashed lines correspond to horizontal fluxes 
computed respectively for wind friction velocities equal to 47.5 and 52.5 cm.s  (see 
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This brief review of recent progresses performed in terms of dust emissions 
processes and modelling points out some key elements: 

   – During the last ten years, significant efforts have been made to develop 
dust emissions models based as much as possible on physical basis and 
allowing to better account for the heterogeneity of the surface features. 
This is a very important progress since a part of the spatial variability of 
the dust emissions is directly linked to differences existing between erodible 
surfaces in terms of grain size distributions, texture, roughness… 

   – At the same time, new techniques were developed, especially those deri-
ved from satellite observations, to provide the relevant surface data 
required by this type of models. A good example is the aeolian rough-
ness height for which maps have been developed for Sahara and Asia 
and for which a global maps (i.e., for all arid desert areas) should be 
available very soon. In the same way, even if new data on the soil grain 
size distributions of desert areas remain necessary, the available data set 
has significantly growth, especially for Sahara and Asian deserts.  

   – Sandblasting models have been conceptually developed and should be 
operational very rapidly. This also should represent a significant pro-
gress since these models have the capability to simulate not only the 
dust flux but also the dust size distribution which is a key parameter to 
evaluate the log range transport and the impacts of dust. 

   – These recent developments have significantly reduced the uncertainties 
due to the parameterizations of dust processes and surface properties 
into dust models. However, a consequence of these progresses is that 
the uncertainty due to the accuracy of the surface wind velocity used in 
these models is becoming more and more evident. Thus, a large part of 
the future advances in dust modelling will probably result in our capa-
bility to provide better resolved and more accurate wind fields to these 
models. 
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REGIONAL AND GLOBAL SCALE 

MILLÁN M. MILLÁN∗,  
Fundación CEAM, Valencia, Spain 

Summary Around the Mediterranean sea, deserts and desert-like conditions 
can be found in close proximity to a very warm sea and thus to a marine 
airmass with a high moisture content, e.g., the coasts of Morocco, Algiers, 
Tunisia, Libya, and Almeria in Southeastern Spain. These regions were 
covered with vegetation in historical times, e.g., during the Roman Empire, 
and in the case of Almeria, just 150 years ago, before the forests were used to 
fuel lead mines. The question is: did forest removal cause them to run a 
feedback cycle towards desertification? The reanalysis of results from seven-
teen♦ EC research projects (Section 5) suggests that this could be the case. 
   This work shows that the hydrological system in this region is very sensi-
tive to land-use changes and, more recently, to air pollution effects as well. 
Both of these can combine to exceed critical threshold levels, e.g., the height 
of the cloud condensation levels with respect to the height of the coastal 
mountain ranges. This results in the loss of summer storms and tips the 
regional climate towards desertification and drought. The non-precipitated 
water vapour returns and accumulates over the Western Mediterranean 
Basin to heights reaching over 5000 m, for periods lasting from 3 to 10 days 
in summer. 
   Moreover, changes and perturbations to the hydrological cycle in any part 
of the basin can propagate to the whole basin and adjacent regions, and 
ultimately to the global climate system, through other mechanisms. These 
involve: (1) an increase in Mediterranean cyclogenesis in autumn-winter 
through cumulative (greenhouse) heating of the sea surface by the water 
vapour and the pollutants (ozone) accumulated over the sea, (2) the export of 
the accumulated water vapour and pollutants to other regions at the end of  
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each 3-10 day accumulation-recirculation period, which can contribute to 
summer floods in Central-Eastern Europe and, in turn, (3) change in the 
evaporation-self-precipitation balance over the Mediterranean, which increases 
its salinity and drives the Atlantic-Mediterranean salinity valve. 
   Both the available data and the modelling results at regional scale indicate 
that these processes are already operating, and suggest that fundamental 
changes, and long-term perturbations to the water-cycle, are taking place 
right now. This information and the questions it raises are thus crucial for 
the water policies in the whole Mediterranean Region and in other European 
areas. Of particular importance is the question of their long term effects, 
since feedback processes on the hydrological cycle cannot be simulated pro-
perly in the Global Climate models used to assess future water scenarios in 
these regions. 

1. How the System Works 

The Western Mediterranean system consists of: (a) a deep sea totally surroun-
ded by high mountains in the sub-tropical latitudes, (b) anticyclonic condi-
tions prevailing for approximately seven months of the year (April to 
October), and (c) current surface properties around the WMB. In this set-up, 
the seabreezes develop and grow in a stepwise fashion (Salvador et al., 
1997) by successively incorporating upslope wind cells into a circulation, 
i.e., a “combined breeze”, stronger than the sum of its components (Mahrer 
and Pielke, 1977; Miao et al., 2003). As Figure 1 shows, orographic-convective 
injections (orographic chimneys) take place at the breeze’s leading edge. These 
increase in height as the seabreeze progresses inland and their return flows 
produce layers aloft. Available experimental data and modelling results 
indicate that the coastal circulations have the following characteristics: 
 

1. The combined breezes tend to become self-organised at the scale of the 
whole western Mediterranean basin (Figure 2), and form convergence 
lines located over the main mountain ranges surrounding the sea. 

2. Field data show that the breezes can reach inland more than 100 km 
from the coast, and the modelling results show that the orographic 
chimneys at their leading edges reach up to 4 to 6 km by late afternoon 
(Figure 2).To maintain flow continuity, compensatory subsidence over 
the sea is generated during the whole process (Figure 2), which increases 
in intensity and extension during the morning and early afternoon.  

3. The subsidence becomes fully generalised over the basin during the late 
morning and afternoon, and confines the boundary layers along the 
coasts to depths of less than ≈200-300 m, all the way from the coast to 
their orographic chimneys inland (Figure 3). 
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4. Thus, the volumes of air involved in these processes are bounded. Their 
lengths are the distances the breezes travel inland, i.e., 120-160 km, but 
their heights are confined to 200-300 m, per unit width along the coast, 
i.e., the displaced volumes are very long but very shallow. 

5. These mechanisms generate vertical recirculations that accumulate pollu-
tants (ozone) and water vapour (see below) in layers piled up to ≈5000 m 
over the sea. 

6. Tracer experiments during the MECAPIP♦ project indicate that vertical 
recirculation times are of the order of two to three days (Millán et al., 
1992). 

2. The Climate Connection 

From 1974 to 2004, the objective of most of the EC projects mentiones to 
was to determine the dynamics of pollutants in southern Europe, including 
(circa 1986) the circulations responsible for the high tropospheric ozone levels 
observed over the Mediterranean region. It was in 1993-94 when the EC 
inquired about using the newly acquired meso-meteorological knowledge to 
elucidate the observed loss of summer storms in the mountains surrounding 
the western Mediterranean sea (Millan et al., 2005a; 2005b). This task 
required a new assessment of the available data, including aspects not 
previously considered. 
   Perhaps the most important finding (points 4 and 5 above) is the vertically 
confined nature of the surface flows in the combined breezes. This discovery 
enables us to assume that the airmass of the breeze exchanges heat and 
moisture only with the surface, and that lateral exchanges take place with 
airmasses of similar characteristics. It follows then that aerological diagrams 
can be used to evaluate the role of surface exchanges, as illustrated in Figure 4 
with climatological data from Castellón. 
   For example, when the marine airmass moves inland its water vapour 
content increases through evaporation from the surface. If the airmass 
accumulates enough moisture to reach its Cloud Condensation Level (CCL), 
storms can develop in the orographic chimneys at the leading edge of the 
combined breeze. When this occurs, a large fraction of the water vapour 
precipitates, while the released latent heat contributes to the development of 
deep convection. This results in the mixing of the breeze components (inclu-
ding the non-precipitated water vapour) within the troposphere, where the 
upper winds (i.e., at heights above ≈6000 m) can advect them out of the 
region. In this case the coastal circulations act like a small monsoon and can 
be considered to remain “open”.  
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Figure 1. Left. Two stages in the development of the seabreeze on the Spanish East 
coast on 20 July 1989, documented by an aircraft instrumented to measure ozone 
during the EC MECAPIP project (1988-1991, Millán et al., 1991). The footprint of 
the flight track (H-G ≈350 km, from the Castellón coast to Guadalajara) is shown 
over the Iberian Peninsula at left. The figures show the seabreeze front and the 
return flows at 13:03-13:48 UTC, and at 80 (+) km from the coast. Modelling 
(Figure 2) shows that the orographic chimney reaches over ≈6000 m. Right. Ozone 
and relative humidity measurements at 14:49-15:35 UTC. They show that the water 
vapour follows the same path as the ozone into the return flows and the formation 
of layers over the sea. This figure shows that a satellite flying over the coastal 
mountains in the morning-early afternoon would look down the developing 

 
   If, on the contrary, the combined breeze does not accumulate enough 
moisture to compensate for the surface heating along its path, the CCL of 
the airmass will rise above the mountain ridges, and storms will either not 
develop or not reach maturity (Millán et al., 2005a; 2005b). In fact, it is 
precisely under these conditions that the convective-orographic injections at 
the leading edge of the combined breezes keep the surface winds directly 
connected to their return flows aloft (Figure 1), which, under the effect of 
compensatory subsidence, become stable and form the layers observed over 
the sea (Millán et al., 1997; 2002). 
   On the next day, the combined breeze brings the lower layers inland 
while: (1) the layer system over the sea sinks under compensatory subsidence 
(Figure 2), and (2) at the leading edges of the developing breezes newly 
injected airmasses begin to renovate the (older) layer system. These  
 

orographic chimneys at the leading edge of the combined breezes 
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Figure 2. Simulated winds over the Mediterranean at 16:00 UTC on 19 July 1991. 
Top: The winds at 14.8 m originate near the centre of the basin, increase in speed, 
and turn anticyclonically (clockwise) as they flow towards convergence lines over 
the mountains surrounding the basin. Bottom: Vertical component of the wind on a 
surface following the 39.5 North Parallel (blue dashes above). It shows deep 
orographic/convective injections (upward solid lines) over Eastern Spain, Sardinia 
and the west-facing coasts of Italy, Greece and Turkey. To replace the surface air 
moving towards the coasts continuity requires subsidence (dotted lines) over the 
western Mediterranean basin, the Tyrrhenian, the Adriatic and the Aegean seas. At 
this time, with the sun at 60° West longitude, upward motions remain over the 
west-facing coasts of Turkey, Greece and Italy but are barely developed over the 
Atlantic coast of Portugal. This situation also illustrates the time lag and the inertia 

 
processes form part of a vertical recirculatory loop that takes several days to 
complete (see 7 above) and the coastal (re)circulations can be considered 
“closed”. 
 

LAND-USE WATER-CYCLE FEEDBACKS

of the circulations 

87 



 

 
 
Figure 3. Boundary layer evolution at three sites on the Spanish east coast in 
summer (the last two weeks of July). Tethered balloons were used at the coast 
(PORT), at 17 km inland (SICHAR) and at 78 km inland (VALBONA). The years 
and the number of soundings are shown at the upper left of the figures, and the 
mixing height was defined by the base of the first temperature inversion. The 
average values are shown in blue, and the other lines mark ± one standard devia-
tion. It was observed in 1986 that the mixing height at the coastal site (Puerto) grew 
rapidly during the morning and decreased during the afternoon (Millán et al., 
1992); a similar process had been recorded previously in the Great Lakes in 1978 
(Portelli et al., 1982). Subsequent analyses of all soundings for the three sites 
indicate that: (1) The average boundary layer height seldom exceeds 200 m in 
depth all the way from the coast to ≈80 km inland, (2) the depth of the layer 
oscillates during the day, and (3) the oscillations propagate inland. It is interesting 
to consider whether these oscillations are correlated to the wavy structure observed 

 
   The main conclusion from the data reanalysis is that the CCL of the local 
breeze with respect to the height of the mountain ridges is the “critical 
threshold” of the system. It determines whether storms develop and the 
coastal circulations become “open”, or whether they remain “closed”. Thus, 
the mechanisms for accumulating pollutants in layers over the sea, first 
observed in 1983, depend, in fact, on whether storms develop or not. And if 
 

in the return flows aloft (see Figure 13) 
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Figure 4. Emagram (Iribarne and Godson, 1981) showing the conditions controlling 
the Cloud Condensation level in Mediterranean seabreezes. Average climatological 
values for the water vapour mixing ratio in Castellón (Spain) during the summer are 
≈14 g kg–1, the average sea surface temperature is 26°C, and the CCL for natural 
ascent occurs at a height of ≈750 m. This agrees with the cloud base level of the 
stratocumulus observed towards the end of the seabreeze period. Field measure-
ments also indicate that the air in the seabreeze gains 16°C after it travels 80 km 
inland (Figure 1). Under these conditions the CCL would rise to 2740 m, i.e., from  
≈750 to 1000 m higher than the mountain ridges. For the CCL to drop to the height 
of the highest peaks (2020 m) the airmass needs to increase its water vapour mixing 
ratio to at least 20 g kg–1, and for the CCL to drop below ≈1700 m the airmass must 
increase its water vapour mixing ratio to more than 25 g kg–1. This suggests that the 
addition of water vapour to the seabreeze from evaporation from coastal marshes, 
irrigated land and natural vegetation is required to trigger a storm. Thus, land-use 
changes that alter (diminish) the evaporation along the breeze path will affect the 

 
they do not develop, the non-precipitated water vapour will follow the 
return flows aloft (Figures 1, 14) to become stratified over the sea together 
with the pollutants. 

3. Complementary Processes 

The (now) obvious fact that the water vapour follows the return flows aloft 
when the circulations are “closed” has also become a paramount finding. It 
means that water vapour can be used as a tracer of opportunity of the 
recirculating airmasses (instead of just the ozone used previously in the EC 
projects), and that the available satellite data, with a quasi synoptic-like 
coverage, can be used to characterise process continuity within the whole 
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   Day             Day + Night 

Figure 5. Monthly averages of the MODIS-Terra (King et al., 2003) water vapour 
vertical column measured for August 2000. The Day product (left), derived from 
the morning pass at 10:30 UTC, emphasises the Mediterranean coastal areas where 
the satellite looks down the developing orographic chimneys at the sea-breeze 
fronts (Figures 1-2). Available experimental evidence suggests that during the diurnal 
part of the cycle ≈1/3 (2/6) of the airmass (including the water vapour) accumulated 
over the sea on the previous day(s) sinks to maintain continuity with the coastal 
surface flows. The result is seen as lower water column values over the sea (see 
Figure 6 for more details). The Day + Night product shows the average of the 
satellite measurements at 10:30 UTC (morning pass) and at 22:30 UTC (night 
pass). Inland of the coastal areas this product shows roughly half of the morning 
(Day) values. Over the centre of the basin it shows the average of the morning 
value (≈4/6 of the total) plus the night value, i.e., closer to the total accumulated by 
the end of the day (6/6). The average is ≈5/6 of the total value accumulated, and it 
emphasises the area over which the accumulation occurs, i.e., the sea. A similar 
situation can be observed over the Adriatic and Black seas. These MODIS products 
yield the water vapour signal only; they eliminate the data in pixels where con-
densation is detected (cloud masking). This explains some of the low water vapour 
column values shown over regions where summer storms are frequent (e.g., Alps, 

 
Mediterranean Basin (and Black Sea), as shown in Figure 5. In this context, 
the points related to the workings of the system can be re-examined and 
expanded. 
   For example, in point 3 (above) it was stated; “To maintain flow continuity 
compensatory subsidence over the sea is generated during the whole process 
(Figure 2), which increases in intensity and extension during the morning 
and early afternoon”. This can be observed in Figure 6.  

Apennines and Atlantic Mid-Atlas) 
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Figure 6. Detail of the water vapour column monthly averages for August 2003 and 
2004. The images at left were obtained by the MODIS-Terra satellite with 
descending synchronous orbit and equatorial pass at 10:00 UTC. The images at 
right were obtained by the MODIS-Aqua satellite with ascending orbit and 
equatorial pass at 13:30 UTC. At the time of the Terra passes, the coastal 
circulations are one or two hours old and the compensatory subsidence over the 
centre of the basin is not fully developed. When the Aqua passes, after 13:30 UTC, 
the compensatory subsidence has been acting for a longer time. The time lag 
between the spreading of the surface air towards the coasts to feed the breezes, the 
compensatory sinking over the centre of the basin, and the replacement of the new 
layers aloft later in the afternoon, makes it possible to detect the effects of the 
compensatory subsidence. They appear as a lowering of the water column near the 
centre of the basin, accompanied by increasing values over the coastal areas 
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surrounding the basin, and over the major islands, e.g., Sardinia, Sicily 

91 

 

The other points are: 

7. In contrast with regions dominated by advection, pollutants and water 
vapour can accumulate over the sea in layers piled up to ≈5000 m. And 
without requiring the high evaporation rates of more tropical latitudes, 
these mechanisms can generate a very large, polluted, moist, and poten-
tially unstable airmass after a few days (Figures 7 and 8 ). 



  

  
 
Figure 7. August monthly averages of the MODIS Day + Night product for the 
years 2001, 2003, 2004 and 2005. Together with the equivalent products for August 
2000 (in Figure 5) and August 2002 (in Figure 11), these graphs illustrate the 
evolution in the average water vapour accumulated over the Mediterranean Basin 
by the coastal circulations in August for these years. They emphasise the “closed” 
nature of the coastal circulations at this time, with the result that water vapour 
accumulates over the sea instead of precipitating over the coastal mountain ranges. 
The accumulation is weaker over the eastern basin in summer, in spite of higher sea 
surface temperatures and more evaporation, because the flows there are dominated 
by advection (Millán et al., 1997) 
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8. The number and duration of the vertical recirculation/accumulation 
periods vary during the summer; the maximum number is registered in 
July (5 periods) with an average duration of 4 days, although the longest 
accumulation periods tend to occur in August (3 periods) with an 
average duration of 5-7 days. 
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Figure 8. Yearly evolution of the monthly-averaged water vapour mixing ratio in  
g kg–1 over Mallorca for the years 2000 and 2003, obtained from Spanish Meteoro-
logical Service daily synoptic soundings. These graphs show that the build-up of 
moisture over the Western Mediterranean Basin basin starts in April. In 2000, the 
maximum build-up occurred in August and the 1g kg–1 isoline reached ≈5500 m. In 
2003, the maximum values reached a higher altitude (≈6000 m) and were displaced 
to October. The graphs also show an increase in the average mixing ratio near the 
surface for July-August, from ≈11 g/kg–1 in 2000, to ≈12 g kg–1 in 2003. The point 
to consider is that the build-up of water vapour over the basin does not occur 
directly by evaporation from the sea surface to the upper layers, which would 
require deep convection over the sea, but rather by transport of the moisture from 
the sea surface to the upper layers following an overland path, i.e., the combined 
breezes and the deep orographic/convective injection at their leading edges. It is 
also important to note that this type of build-up, with the water vapour transported 
back over the Mediterranean with the return flows aloft, is favoured when storms 
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do not mature over the coastal mountains 
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   Finally, during the accumulative periods it can be considered that the WMB 
acts as a large holding tank where the vertical recirculations increase the 
airmass residence times (Gangoiti et al., 2001). In these periods the surface 
inputs to the WMB below ≈1000 m come through the Carcassone gap and 
the Rhöne and Ebro valleys, while the surface outputs to the Atlantic occur 
directly through Gibraltar, or via the Sicilian straits, towards the Canary 
Islands, following the Southern Atlas corridor (Gangoiti et al., 2006). This 
had been indicated in a previous work (Millán et al., 1997, Figure 9), and 
can also be observed in Figure 10. 
 



 

 
 
Figure 9. Conceptual model of atmospheric circulations in the Mediterranean Basin 
in summer, summarising the results from EC research projects to 1995 (Millán  
et al., 1997). These circulations have a marked diurnal cycle, and the graph is 
intended to illustrate their stage of development by mid-afternoon, and their spatial 
continuity. The flows include: (#1) the transport of aged airmasses along the coast 
of Portugal under strong subsidence during the day, (#2) the inflow of Atlantic air 
into the western Mediterranean via the Gulf of Lion followed by vertical recir-
culations along the Spanish East Coast and the Italian and African coasts, and (#3) 
the outflow of the aged airmasses through Gibraltar. The Italian case it includes the 
transition from combined sea-breezes and up-slope winds to storms along the 
Apennines in the afternoon. The effects of the Atlas Mountains may include upper 
tropospheric injections of airmasses aged within the Western Basin via path (#2) 
type, as well as transport towards the Canary Islands with vertical recirculations and 
lower stratospheric injection along the Southern Atlas (#4), and/or combinations of 
these (Gangoiti et al., 2006) 
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Figure 10. Monthly averages of the MODIS Terra Day product for August 2001, 
August 2002, September 2002, and September 2005. These graphs support some of 
the working hypotheses on the transport of Mediterranean air masses along the 
southern Atlas corridor (see #4 in the previous Figure). They also illustrate how much 
water vapour, together with air pollutants, is transported from the Mediterranean 
sea to the Atlantic ocean over the Sahara desert. At this time of year the transport 
occurs at the rear flows of the Azores anticyclone. This advected moisture could 
help in the formation of shallow clouds in any up-slope winds developing on the 
south-facing slopes of the Atlas mountains. Moreover, these shallow clouds could 
also provide the right environment for heterogeneous reactions involving Saharan 

4. The Feedbacks 

Figure 11 summarises the findings and presents a hypothetical framework 
linking Western Mediterranean Basin (WMB)-specific atmospheric-oceanic 
processes, and their possible feedbacks, to effects at the hemispheric 
(Ulbrich et al., 2003) and global scales (Savoie et al., 1992; 2002; Prospero 
and Lamb, 2003; Gangoiti et al., 2006). This framework describes some of 
the mechanisms behind one of Schellnhuber’s “tipping points” in climate 
change, i.e., the Mediterranean-Atlantic salinity valve (Kemp, 2005). 
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Figure 11. Feedback loops between land-use perturbations in the Western Medi-
terranean basin and the climatic-hydrological system from the local through the 
regional to the global scales. The path of the water vapour is marked by dark blue 
arrows, the directly related effects by black arrows, and the indirect effects by other 

 
   At this stage, land-use change appears to be the main driving factor deter-
mining whether the local atmospheric circulations become “open”, i.e., 
with the development of storms inland, or whether they remain “closed”, i.e., 
with no precipitation and continuing vertical recirculations. In turn, the loss 
of summer storms inland results in: drier soil, increased surface heating, 
higher CCL and, thus, the reinforcement of the first feedback loop towards 
desertification (Millán et al., 2005a). 
   This situation now prevails along the Mediterranean coasts of Northern 
Africa, the Iberian peninsula, southern France and southern Italy from late 
spring to early autumn, under current land-use conditions that could, in turn, 
be the result of feedbacks accumulated during the last 2000 years (Bolle, 
2003). Another recent factor is the increase in atmospheric emissions, adding 
aerosols, ozone (Bastrup-Birk et al., 1997; Lelieveld et al., 2002) and other 
photo-oxidants to the returned water vapour, all with strong greenhouse pro-
perties. At this stage a working hypothesis is that their combined greenhouse 
effect could produce a 1-3°C increase in the temperature of the airmass 
below ≈2500 m, and that this concomitat additional rise of ≈100-300 m in 

colours. Critical thresholds are outlined in red 
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the airmass CCL could act as a “tipping point” in a climatic system already 
near its critical threshold. 
   The second feedback loop arises from the greenhouse effect of the 
components stacked over the sea (Figures 5, 7 and 8 ), i.e., the photo-oxidants 
and the non-precipitated water vapour, which would tend to increase the 
cumulative heating of the sea during summer. Higher Sea Surface Tempe-
ratures1 (SSTs) increase torrential precipitation over the coastal areas in 
autumn-winter (Pastor et al., 2001). And because warm water pools move 
within the basin, they can feed torrential rains and flash floods anywhere in 
the basin. Thus, this second feedback loop would also tend to propagate 
the effects of land-use perturbations from one part of the basin, i.e., loss of 
summer storms, to other parts of the basin (in the form of torrential rains) 
with a three-to-six-month delay and in a random fashion. 
   The third feedback loop originates through the loss of the (non-precipitated) 
moisture accumulated over the sea when it becomes uplifted out of the region. 
The vented airmass can then follow either a European route (Figure 12 from 
Ulbrich et al., 2003) or an African route (Gangoiti et al., 2006). The loss of 
this moisture alters the balance between evaporation and self-precipitation 
in the WMB and would tend to increase the saline content of the deep water 
flowing through Gibraltar to the Atlantic (Figure 13, Kemp, 2005). How this 
saltier outflow could affect processes at the North Atlantic level, at what 
time scale it operates, and what critical thresholds (if any) could be exceeded 
are additional questions. 

the average water vapour accumulated over the Mediterranean and available for 
advection to other regions. The right side shows the back trajectories (type Vb) that 
fed torrential rains in Germany and the Czech Republic on 11-13 August, 2002 
(Ulbrich et al., 2003). These figures illustrate the evident interconnection between 
processes from the local to the regional scale in Southern Europe and, possibly, 

                                                           
1 Higher SST by the end of summer yield more evaporation over the sea, but also 
reduce the land-sea temperature contrast that drives the seabreeze. How these 
effects combine to increase or reduce storm precipitation over the coastal areas, and 
how the possible effects evolve during the summer, are not yet known. 
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Figure 12. MODIS Day + Night product averaged for August 2002. It shows ≈5/6 of 
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    Finally, when the accumulated airmass is vented along the Southern Atlas 
corridor, it can provide moisture (Figure 14) and pollutants that modify the 
physico-chemical characteristics of the Saharan dust transported across the 
Central Atlantic towards the Caribbean (Hamelin et al., 1989; Savoie et al., 
1992; 2002; Gangoiti et al., 2006). For example, the upslope winds on the 
South-facing slopes of the Atlas also generate vertical recirculations whose 
added moisture would favour the formation of shallow clouds and provide 
the right environment for heterogeneous reactions. In this area dust layers of 
up to ≈7 km high have been already detected in the mont of March by 
NASA (Winker et al., 1996). 
  How the modified aerosols affect weather processes over the Caribbean 
and the US, and how they link the North Atlantic Oscillation to the conditions 
over Europe, are questions related to the fourth feedback loop. However, if 
the combined effects of the two components in the Atlantic-Global Loop 
influence the North Atlantic Oscillation positively, one could expect an 
increase in precipitations roughly north of the 45°N parallel (affecting 
Northern France and the British Isles), and a corresponding decrease south 
of it (affecting Southern France, the Iberian peninsula and Northern Africa). 
 
♣  This work is a summary of the text: 
Climate feedbacks in Europe: MODIS evidence of a water vapour 
accumulation mode in the Mediterranean, and its climatic implications. 

published in Nature, (437, 1238) by M. Kemp (Inventing an icon) on October 24, 
2005. It includes the Atlantic-Mediterranean salinity valve resulting from changes 
in the evaporation-precipitation balance over the Mediterranean sea 
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Figure 14. Left. Waves in the return flows of the coastal circulations, photographed 
shortly before sunset at ≈80 km from the Mediterranean sea, looking Southeast in 
the direction of the coast. On this day the return flows could be visualised thanks to 
the shallow clouds formed at the front of the combined breezes (Millán et al., 1992) 
and the dust layers that remain after the droplets have re-evaporated. Right. Photo 
taken 15 minutes later looking West towards the mountains (background) where the 
orographic chimneys were located during the afternoon. After the breezes die out 
and the shallow clouds dissipate, all that is left to see are dust layers. Some of the parti-
cles result from heterogeneous reactions (wet-phase), at the droplet stage, between 
the components brought inland by the combined breeze. Similar processes can also 
occur when the moisture and pollutants vented out from the Western Mediterranean 
Basin follow the Southern Atlas corridor, joining and acting as a background airmass 
for the upslope winds and their recirculations of Saharan dust along the south-facing 

 by: Millán M. Millán*, L. A. Alonso#, Mª.J. Estrela*, E. Mantilla*,  
J.J. Dieguez*, G. Perez-Landa*, G. Gangoiti#, M. Navazo# (*CEAM, #ETSII-
UPV), for publication in the Journal of Geophysical Research-Atmospheres. 
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The purpose of this work is to investigate the direct radiative 
forcing of aerosols on the supersite of Djougou (Northern Benin) during the 
AMMA (African Monsoon Multidisciplinary Analyses) dry season experi-
ment (January 2006). We focus our simulations on the Top Of Atmosphere 
(TOA), Bottom Of Atmosphere (BOA), and ATMosphere (ATM) radiative 
forcings. During the period, Sun-photometric measurements indicate a 
rather turbid atmosphere with a mean Aerosol Optical Depth (AOD), for the 

–1, with a 
mean value of 19.2 Mm–1. In the same time, the scattering coefficient 
ranged between 50 and 400 Mm–1, with an averaged of 160 Mm–1. This 
leads to a Single Scattering Albedo (SSA) comprised between 0.75 and 
0.95 with an average value of 0.90, indicating moderate absorbing aerosols.  
 

direct radiative impact. 

overall period, about 0.90 ± 0.01 at 440 nm. The aerosol absorption co- 
efficient at the surface was comprised between 2 and 90 Mm

AEROSOLS DIRECT RADIATIVE FORCING ON DJOUGOU 
(NORTHERN BENIN) DURING THE AMMA DRY SEASON 

EXPERIMENT 

A. Mellouki and A.R. Ravishankara (eds.), Regional Climate Variability and its Impacts in the 
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Differential mobility analyser measurements indicate a monomodal (nucle-
ation mode) number size distribution, with a mean geometric diameter of 
96.5 nm, associated with a geometric standard deviation of 1.87. The 
characteristics of the size distribution, associated with the refractive index of 
aerosols, have been used in the Mie theory for computing aerosol optical 
properties at different wavelengths. Associated with ground-based obser-
vations, the micro pulse lidar indicates the presence of two distinct aerosol 
layers, with a first one located between the surface and 500 m and a second 
one, characterized by aged biomass burning particles, located above (1500-
3500 m). Based on surface and aircraft observations, sunphotometer measure-
ments, Lidar profiles and MODIS sensor, an estimation of the daily direct 
radiative forcing has been estimated for the 17th to 24th January 2006 
period, by using a discrete ordinate radiative transfer model. Simulations 
indicate that aerosols reduce significantly the solar energy reaching the surface 
(mean ∆FBOA = –61.3 Wm–2) by reflection to space (mean ∆FTOA = –19.0 
Wm–2) but predominantly by absorption of the solar radiation into the 
atmosphere (mean ∆FATM = +42.3 W.m–2).  

1. Introduction  

Among all sources of atmospheric particles around the world, Western 
Africa is the world’s largest source of biomass burning aerosols and mineral 
dust. Long past satellite observations indicate that these aerosol plumes, 
characterizing by high aerosol optical depths (often superior than one in the 
visible range) are the most widespread, persistent and dense observed at 
global scale. The effect of such plumes of dust and smoke aerosols on climate 
change represents one of the largest uncertainties in the Earth radiative 
budget. In a first time, atmospheric aerosols emitted in Western Africa can 
modify the radiative budget directly by absorption or scattering of solar 
radiations. Secondly, they can modify clouds properties and/or lifetimes 
when particles act as Cloud Condensation Nuclei. Furthermore, as dust and 
smoke particles are able to absorb solar radiations, the radiative heating due to 
aerosol layers can modify the atmospheric dynamic and suppress convec-
tion, resulting in evaporation of clouds. This effect, named “semi-direct” 
effect, can lead to a positive forcing by reducing cloud fractional cover and 
counterbalances the aerosol indirect effect.  
   Hence, dust and smoke particles coming from the West Africa region 
could strongly modify the regional or global climate as they have the potential 
to be exported over great distances by prevailing winds and atmospheric 
waves. A better representation of their climatic effects needs, in addition with 
modeling exercises and satellite observations, ground based and integrated-
column measurements of their physical, chemical and optical properties, 
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associated with their vertical stratifications. This specific question represents 
one of the objectives of the AMMA (African Monsoon Multidisciplinary 
Analysis) project, as few data’s characterizing optical properties of aerosols 
in the Western Africa region are available in the literature. In this work,  
we present results of our analysis of data’s obtained during January 2006, in 
the frame of the SOP_0 (Special Observation Period_0) experiment, on the 
Djougou ground-based station (9.70N/1.68W, Northern Benin). Among all 
sites instrumented during AMMA, the measurements performed on Djougou 

properties of aerosols over the region of fires, contrary to the other sites, 
more specifically deployed in the Sahelian dust transect, located northern of 
the main biomass burning areas. We focus our analysis during the dry 
season, as maximum emissions of anthropogenic biomass burning aerosols 
from the sub-Sahelian region of northern Africa occur during the December 
to February period.  

2.  

During the AMMA dry season experiment, several sites, as Djougou (Benin), 
Niamey (Niger), Banizoumbou (Niger) and M’Bour (Senegal) were equipped 
with in situ and remote sensing instruments for characterizing dust and bio-
mass burning aerosols microphysical and optical properties, their mixing, 
vertical repartition, transport and radiative forcings. These ground-based 
stations were completed by aircraft (BAe-146 from UKMO/NERC) and 
Ultra-light (LSCE/CNRS-CEA) measurements, as well as satellite observa-
tions. In this work, we used surface measurements performed on the station 
of Djougou (9.70 N, 1.68 W) located on the Northern Benin, which was 
administered by the Laboratoire of Aerologie (France, Toulouse). Concern-
ing the aerosols, the ground-based instrumentation developed on Djougou 
was dedicated to characterize the chemical composition of particles, their 
physical (number size distribution) and optical (absorption and scattering) 
properties. In conjunction with the ground based instrumentation, a sunphoto-
meter of the PHOTONS network (French part of the AErosol RObotic 
NETwork, AERONET) was also used to estimate aerosol microphysical 
and optical properties for the whole atmospheric column. Finally, over 
Djougou, the vertical stratification of particles has been estimated from an 
aerosol Micro Pulse Lidar (MPL) developped by CIMEL, which is a 
micropulse system operating at 532 nm.  

  

represent a unique database for studying the microphysical and optical 

Experimental Setup 
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3. Aerosol Optical Properties  

AEROSOL OPTICAL DEPTH  

Results of photometer measurements obtained during January 2006 are pre-
sented in the Figure 1. We present AOD at 440 nm (noted AOD440), associ-
ated with uncertainty in AOD retrievals (~0.01– 0.02) (Holben et al., 1998). 
Although a much smaller amount of mineral dust has been observed during 
2006, compared to previous years, the region of fires was rather turbid and 
AOD440 exceeds 0.5 for major days. The mean AOD440 during January 2006 
is equals to 0.90, indicating a significant aerosol loading. We can observe 
very high AOD for the 17th and 18th January, with daily mean values of 1.5 
and 1.1 (at 440 nm), respectively. These important values correspond to 
biomass burning particles produced from fires. From AOD measurements, 
we compute the Angström exponent, which represents the spectral variation 
of AOD. Over Djougou, the mean value of α is equals to 1, which is 
characterizing of fine aerosols.  

AEROSOL ABSORBING COEFFICIENT 

The dry absorption coefficient measured at 520 nm (babs(520)) ranged from 2 
to 90 Mm–1, with an average for the overall period of about 19.2 Mm–1. 
Results indicate significant values of babs(520) for the 17th-19th January period 
(~40 Mm–1). The average and maximum values are comparable, or higher, to 
babs values obtained in regions influenced by anthropogenic emissions like  

Figure 1. Aerosol Optical Depth (AOD) retrieved from SunPhotometer (PHOTON/ 
LOA) during the dry season (January 2006) over Djougou 

3.2. 

3.1. 
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–1), over the Indian 
Ocean during INDOEX (~16 Mm–1), in the Asian outflow region during 
ACE-Asia (~8.6 Mm–1), for anthropogenic pollution from Europe during 
ACE-2 (~8.9 Mm–1).  

AEROSOL SCATTERING COEFFICIENT 

The dry scattering coefficient measured at 520 nm (bscat(520)) ranged from 50 
to 400 Mm–1, with a mean value, for the overall period, of about 160 Mm–1. 
For comparison, the values of bscat observed over Djougou during the dry 
season are found to be significantly higher to bscat values obtained during 
different field experiments, such as TARFOX (~44 Mm–1), INDOEX 
(~62 Mm–1), ACE-Asia (~55.3 Mm–1), ACE-2 (~40 Mm–1). 

AEROSOL SINGLE SCATTERING ALBEDO 

From nephelometer and aethalometer measurements, we computed the dry 
SSA at 520 nm and at the surface. We can observe values comprised between 
0.75 and 0.99. The mean value, for the overall period, is 0.90, indicating 
moderate absorbing particles. Results indicates that aerosols are mostly 
absorbing (SSA ~ 0.85) during the 17th-19th period, corresponding to a bio-
mass burning event, and mostly scattering (SSA ~ 0.95) for the 20th-25th 
period.  

4. Methodology 

RADIATIVE TRANSFER MODEL GAME 

The GAME Radiative Transfer Model was used to compute the radiative 
fluxes at different altitudes. From these fluxes, we computed the aerosol 
clear-sky daily direct forcing at the Bottom Of Atmosphere (BOA), ∆FBOA, 
and at the Top Of the Atmosphere (TOA, 70 km in this case), ∆FTOA. The 
first one represents the effect of particles on the net short-wave radiation 
fluxes reaching the surface and the second one the radiation fluxes reflected 
back to space by aerosols. Finally, we compute the ATMospheric forcing, 
∆FATM, as the difference between ∆FTOA and ∆FBOA which represents the 
possible absorption of solar radiations due to absorbing particles within the 
atmospheric layer.  

AEROSOL VERTICAL STRATIFICATION 

 

the mid-Atlantic coast of the US during TARFOX (~3 Mm

MicroPulse lidar measurements indicate that the Boundary Layer Height (BLH)
km–1.is around 0.5 km and characterized by extinction coefficients of 0.1 
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   For radiative transfer calculations, we have used in a first time the extinc-
tion vertical profiles retrieved from the MPL over Djougou, adjusted with 
AOD sunphotometer measurements at each wavelength. Associated with 
the aerosol extinction, the spectral variation of SSA and g computed at the 
surface are used for the BLH. Concerning the BBL, we used the SSA 
obtained onboard the BAe-146. Finally, for FT an ST, we used the spectral 
variation of aerosol optical properties coming from the free tropospheric 
and stratospheric aerosol models.  
   Concerning the thermodynamic parameters, the vertical profiles of RH 
and temperature used in GAME have been measured onboard BAe-146 
aircraft for the 19th January and from Celiometer over Djougou. We 
completed the stratification by using Shadoz measurements for altitudes 
larger than 4 km. Concerning the ozone concentration profiles, we used 
ground-based measurements performed over Djougou for the BHL and we 
completed the vertical stratification with Shadoz measurements, carried out 
on the Southern Benin for the upper atmosphere.  
   As the estimation of radiative forcings has been performed over land, sur-
face reflection is an issue. This property represents a critical parameter in 
the estimation of the Top Of Atmosphere (TOA) and ATMospheric (ATM) 
direct radiative forcings. The MODIS albedo provides the spectral depend-
ence of surface albedo at seven wavelength bands. We can note a moderate 
value of 0.20 at 555 nm. 

5. Results 

BOTTOM OF ATMOSPHERE DIRECT RADIATIVE FORCING 

As reported in the Figure 2, simulations indicate important radiative surface 
forcings for each days studied, with ∆FBOA always negative (∆FBOA values 

–2). The averaged daily ∆FBOA 
over Djougou during the period studied is about –61.3 Wm–2. For comparison, 
the mean simulated daily radiative forcing over Djougou is found to be higher 
than those reported during experimental campaigns, characterizing anthro-
pogenic aerosols, such as TARFOX (~ –26 Wm–2) or INDOEX (~ –45 Wm–2).  
 

 

Above 1 km, we can observe a second aerosol layer, with significant extinc-
tion coefficient ~0.3 km–1, for altitudes comprised between 1500 and 3500 m, 
composed in majority by aged biomass burning aerosols. MPL measure-
ments show the significant contribution of the BBL to the total AOD 
(around 75%) and the more negligible contribution of the BHL (around 15%). 

are comprised between –48.7 and –84.5 Wm

5.1. 

 M. MALLET ET AL.



 

109 

 

   The difference is mainly due to higher AOD obtained over the region of 
fires during AMMA compared to previous campaigns. It is clear that such 
significant decrease of solar energy at the surface can strongly modify the 
surface energy budget. Indeed, under normal equilibrium conditions, surface 
reaching radiation flux is balanced by evaporation (latent heat fluxes) and 
sensible heat flux from the surface. In order to compensate for the reduction 
in surface reaching solar flux, any of them or both these heat fluxes released 
from the surface must decrease.  

ATMOSPHERIC DIRECT RADIATIVE FORCING 

Over Djougou, the association of moderate absorbing aerosols and surface 
reflectance leads to low ∆FTOA, with a mean of –19.04 Wm–2. The higher 
value of ∆FTOA is obtained for the 22th January, corresponding to the higher 
SSA of particles (~0.98), which efficiently reflect solar radiations back to 
space. One of the most important results is that the mean ∆FTOA is found to 
be 3 times lower than the mean ∆FBOA, indicating a large atmospheric 
forcing over Djougou. Radiative computations estimate that atmospheric 
forcings occur for each days (+27.2 < ∆FATM < +65.2 Wm–2) but much more 
strongly for the 17th and 18th during the biomass burning event, with signi-

. As mentioned for the surface forcings, this 
maximum in ∆FATM is obviously due to high AOD (~1.5), associated with low 
SSA (~0.85).  

Figure 2. Clear-sky direct radiative forcing simulated over Djougou for the 17th-24th 

 

ficant values about +63.4 Wm–2
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6. Conclusion 

The purpose of this work is to investigate the clear-sky direct radiative forcing 
of aerosols over the ground-based station of Djougou, located in the 
Northern Benin, during the AMMA (African Monsoon Multidisciplinary 
Analyses) dry season experiment (January 2006). The methodology deve-
loped here is based, in a first time, on ground-based measurements for 
specifically estimating aerosol optical (scattering and absorption coeffici-
ents) and physical (number size distribution) properties. Additionally, we 
used aircraft, sun-photometer, Micro Pulse Lidar and MODIS observations 
for estimating, respectively, the vertical profiles of the thermodynamic 
parameters, the spectral variation of the Aerosol Optical Depth (AOD), the 
aerosol extinction vertical profiles and the surface albedo. Finally, all these 
informations have been used as input in the discrete ordinate radiative 
transfer model, for computing the direct radiative forcing of aerosols during 
the 17th-23th January period. We focus our simulations on the Top Of 
Atmosphere (TOA), Bottom Of Atmosphere (BOA), and ATMospheric 
(ATM) forcings.  
   During January 2006, sun-photometer measurements indicate a mean 
AOD of 0.90 ± 0.01 at 440 nm, indicating a significant aerosol loading over 
Djougou. The average aerosol absorption and scattering coefficients at the 
surface are 19.2 Mm–1 and 160 Mm–1 (at 520 nm), leading to a Single 
Scattering Albedo of 0.90 (moderate absorbing particles). The aerosol 
number size distribution measured over Djougou is clearly monomodal, 
with a nucleation mode, characterized by a mean geometric diameter of 
96.5 nm and a geometric standard deviation of 1.87.  
   Associated with ground-based measurements, the vertical profile of the 
aerosol extinction coefficient has been investigated from a Micro Pulse 
Lidar (MPL). Results obtained over Djougou indicate a vertical structure 
characterized by the presence of two aerosol distinct layers, with a first one 
located between the surface and 1 km and a second one, characterized by 
aged biomass burning particles and located above (1.5–4.0 km). Micro 
Pulse Lidar profiles indicate also that the majority of the solar extinction is 
due to the BBL (~70% of the total AOD). 
   Our radiative simulations indicate that aerosols over Djougou lead to a 
significant diurnal average reduction of 61.3 Wm–2 in the surface solar radi-
ation, an increase of 42.3 Wm–2 in the atmospheric solar absorption, and an 
increase of 19 Wm–2 in the reflected solar radiation at the top of atmos-
phere. Our simulations show also that the instantaneous surface forcing 
predicted by GAME can reach up to significant values of –240 Wm–2 for the 

th17  january (AOD ~1.5) and for a solar zenith angle of 30°. 
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   Changes in heating rates due to the presence of aerosols have been also 
investigated and discussed. The results we obtained indicate that the heating 
rates within the BHL and BBL are considerably enhanced, with a mean 
value of 1.48 and 1.90°K by day, respectively. In regards to such radiative 
forcings and changes in heating rate, future works are now clearly required 
for investigating the possible impact on the surface-atmosphere system 
during the dry season over the region of fires in West Africa.  
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 CLIMATE AND REGIONAL AIR QUALITY 



IMPACT OF CHANGING CLIMATE AND EMISSIONS ON 
SURFACE OZONE DISTRIBUTIONS AND EVOLUTION 

HIROSHI TANIMOTO* , HITOSHI MUKAI, TOSHIMASA OHARA 

ITSUSHI UNO 
Kyushu University  

Abstract Socio-economic activities are rapidly increasing in many countries 
of Asia due to a population explosion. It is also suggested that greenhouse 
gases alter regional climate, causing changes in meteorological factors such 
as atmospheric circulation, precipitation, heat balance, and monsoon. These 
factors have potential impact on chemical transformation and long-range 
transport of air pollutants. To detect current and future changes in air quality, 
systematic observational networks with wide spatial and temporal coverage 
are highly required. In this work, ground-based measurement data of ozone 
and its precursors at ~20 remote sites from multiple monitoring networks 
including operational programs and collaborative research projects in East 
Asia are integrated. The idea and basis is that in-situ data are more accurate 
than satellite and sounding data, though its spatial coverage is limited. The 
intercomparisons of reference scales in each network make ambient data 
comparable to each other, and the integration of such traceable data allows 
us to cover wide latitudinal zones ranging from subtropical to boreal regions 
in the western Pacific within ~2% uncertainties. The data are further utili-
zed to test multi-year simulations by a regional chemistry transport model 
(CMAQ). Interestingly, there are sizable interannual variations (and latitu-
dinal dependences), suggesting that changes in regional meteorology (e.g., 
transport paths, patterns, and efficiency) and/or enhanced precursor emissions 
from biomass burning may have large contribution. Trends for 7 years are 
not visible at boundary layer sites, but are substantial at mountainous sites 
during continental outflow seasons, possibly due to increasing NOx emissions 
from East Asia. Implications to Meditteranean region are discussed in terms 
of emissions from biomass burning in present and expanding human acti-
vities in future.  
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1. Introduction 

Tropospheric ozone (O3) plays a central role in controlling oxidizing capa-
city through generation of hydroxyl radicals (OH). As a major greenhouse 
gas, it is estimated to have made the third largest contribution to increases 
in direct radiative forcing since the pre-industrial era (Intergovernmental 
Panel on Climate Change (IPCC), 2001). While it was originally believed 
that the intrusion of stratospheric ozone into the troposphere dominated the 
abundance of tropospheric ozone, recent studies have demonstrated that the 
contribution of ozone photochemically produced in the lower atmosphere is 
also substantial (e.g., Lelieveld and Dentener, 2000; Wang et al., 1998). 
However, an unambiguous separation of the mechanisms that lead to the 
spatial and temporal variations of ozone has not been achieved, and under-
standing of distribution and evolution of tropospheric ozone is still a key 
aspect in atmospheric chemistry research (e.g., Monks, 2000). Recently it 
was reported that tropospheric ozone levels observed over Japan have been 
rising over the last three decades, likely as a consequence of increasing 
emissions of nitrogen oxides (NOx) from Asia (Naja and Akimoto, 2004). 
Emissions from Asia also have a potential impact on air quality over the 
United States, and on widespread ozone pollution in the Northern Hemis-
phere through intercontinental transport (Jacob et al., 1999; Jaffe et al., 
1999; Wild and Akimoto, 2001).  

2. Observational Data and Model Description 

2.1. OBSERVATION SITES 
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Observational data used in this work were compiled from ongoing interna-
tional monitoring programs operated mainly by the Ministry of the Environ-
ment of Japan as part of the Acid Deposition Monitoring Network in East 
Asia (EANET) program, and by the Japan Meteorological Agency as part of 
the Global Atmosphere Watch (GAW) programme of the World Meteoro-
logical Organization (JMA, 2005). In addition to these two programs, data 
from National Institute for Environmental Studies (NIES) and from the 
University of Tokyo/Chiba University (SKYNET) were used. We selected 
18 remote boundary layer sites and mountainous sites, to investigate the 
broad features of low altitude ozone, and the influence of continental outflow 
as a function of latitude and longitude (Table 1). Data used for the analysis 
are hourly means over the period 1998 to 2004. Figure 1 shows the geogra-
phical locations of the 18 stations, ranging from 24ºN to 45ºN. All of these 
sites are away from major mega-city source regions of Asia, to minimize  
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used in this study. Station types are: CBL, continental rim boundary layer sites; OBL, open 

Source Name Site 
Code 

Latitude 
(ºN) 

Longitude 
(ºE) 

Altitude 
(m asl.) 

Type 

EANET Rishiri RIS 45.13 141.24 40 CBL 
EANET Tappi TPI 41.25 140.35 106 CBL 
EANET Sado SDO 38.25 138.40 110 CBL 
EANET Oki OKI 36.28 133.18 90 CBL 
EANET Ogasawara OGS 27.09 142.21 230 OBL 
EANET Okinawa ONW 26.78 128.23 50 CBL 
EANET Tsushima TSM 34.23 129.28 390 CBL 
EANET Happo HPO 36.69 137.80 1850 MT 
EANET Nikko NKO 36.78 139.52 1781 MT 
EANET Akagi AKG 36.53 139.18 1500 MT 
EANET Tanzawa TNZ 35.48 139.08 920 MT 
NIES Ochiishi COI 43.16 145.50 45 CBL 
NIES Hateruma HAT 24.05 123.81 30 CBL 
JMA Ryori RYO 39.03 141.83 230 CBL 
JMA Yonagunijima YON 24.47 123.02 30 CBL 
JMA Minamitorishima MNM 24.30 153.97 8 OBL 
SKYNET Fukuejima FKE 32.75 128.68 NA CBL 
SKYNET Amami AMA 28.40 129.70 NA CBL 
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the impact of local and domestic pollution. Among these, sixteen stations are 
located in the boundary layer of the Eurasian continental rim, two stations 
are in open ocean marime boundary layer, and four stations are on mountains. 
Many of the data are intercompared and referenced to the Standard 
Reference Photometer (SRP) owned by NIES (Tanimoto et al., 2006).  
   Instruments for ozone and carbon monoxide measurement at Rishiri Island, 
which we will describe in detail later, have been described in detail in 
Tanimoto et al. (2000). Briefly, ozone and carbon monoxide were measured 
by a commercial UV absorption analyzer and a modified nondispersive 
infrared (NDIR) photometer instrument, respectively. Both ozone and 
carbon monoxide data were recorded on a personal computer via analog-to-
digital boards. The instrument cycle for carbon monoxide was changed to 
consist of 40-min ambient measurement periods and 20-min zeroing periods 
each hour to obtain the precision for low carbon monoxide mixing ratio 
measurements. A standard addition calibration was made every 10 days 
using 1.8 ppmv carbon monoxide in air (Nippon Sanso). The detection limit 
of the ozone measurements is 1 ppbv, and the overall uncertainty is estimated 
 

TABLE 1. Data source, name, site code, and geographic information of ground-based stations 
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ocean boundary layer sites; MT, mountainous sites  



 

2.2. CHEMICAL TRANSPORT MODEL 

A three dimensional regional-scale chemical transport model used in this 
study has been developed jointly by Kyushu University and the National 
Institute for Environmental Studies (Uno et al., 2005) based on the Models-
3 Community Multiscale Air Quality (CMAQ) modeling system released 
by the US EPA (Byun and Ching, 1999). Briefly, the model is driven by 
meteorological fields generated by the Regional Atmospheric Modeling 
System (RAMS) with initial and boundary conditions defined by NCEP 
reanalysis data. The horizontal and vertical resolutions are 80 km and 14 
layers (up to 23 km), respectively. The SAPRC-99 scheme is applied for 
gas-phase chemistry. Emissions from anthropogenic and biomass burning 
sources are supplied according to Streets et al. (2003a, b). Lateral boundary 
conditions are provided by a global chemical transport model, CHASER 
(Sudo et al., 2002).  
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to be 5% at a mixing ratio of 20 ppbv. The detection limit of the hourly carbon 

baseline fluctuation. The overall uncertainty of the hourly average carbon 
monoxide data at a typical mixing ratio of 150 ppbv is estimated to be 7%, 
including contributions from the precision, flow controllers, and calibration 
gas. 

SKYNET (*) 
station is marked with the following symbols: EANET (+), NIES (o), JMA (x), and 
Figure 1. Geographical locations of ground-based stations in East Asia. Each 

monoxide measurements is 10 ppbv, based on 3 × standard deviations of 
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3. Interannual Variations and Recent Trends in Asia 

3.1. INTERANNUAL VARIATIONS 

Figure 2 shows surface ozone mixing ratios as a function of latitude and 
year from 1998 to 2003. The latitudinal dependence of surface ozone was 
constructed by observations at multiple ground-based stations distributed in 
wide range from subtropics to boreal latitudinal zones. Overall ozone 
mixing ratios range from ~20 ppbv to ~60 ppbv throughout the year. Day-
to-day pollution episodes are observed as thin lines, suggesting that these 
pollutin events are large scale phenomena, which often occur with synoptic 
scale transport in East Asia. There are distinct seasonal cycles observed. 
Spring maxima, summer minima, and fall secondary peaks are commonly 
observed at all latitudinal regions. The existence of seconday peaks in fall is 

et al., 2002a, b). Mean seasonal cycles, particularly the sprimg maximum, 
are dependent of latitude, as reported in our previous paper (Tanimoto et al., 
2005). Closer look at year-to-year variability reveals that there are slight 

   Figure 3 shows time series of Multivariate ENSO Index (MEI) and fire 
spots detected by the ATSR satellite sensor over Siberia from 1998 to 2004. 
The MEI is known to be a good indicator to represent global scale El Nino – 
Southern Oscillation phenomena rather than regional ones. The numbers of 
fire spots are the sum of those detected over four regions in Siberia (western 

Figure 2. Observed latitudinal dependence of the surface ozone temporal variations 
in East Asia. The observed contour is constructed by bilinear interpolation of 

Siberia, eastern Siberia, far eastern Siberia, and Kamchatka peninsula). The 

a characteristic phenomenon in East Asia (Pochanart et al., 2002; Tanimoto  
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measurement data, followed by weighted smoothing 

interannual variations, as we discuss in more detail in the following sections. 
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MEI shows positive index in earlier half of 1998, and from latter half of 

values from latter half of 1998 to earlier half of 2002. It is well known that 

in Southeast Asia. It was also reported that extensive fires in boreal forests 
took place from summer to fall in 1998, releasing huge amount of trace 
gases including ozone precursors, as reported by measurements of carbon 
monoxide (e.g., Tanimoto et al., 2000; Zhou et al., 2002; Yurganov et al., 
2004). This feature is clearly illustrated in fire spot data by ATSR. The 
ATSR data suggest that similar forest fires in Siberia occurred in 2002 and 
2003. The enhanced carbon monoxide, and hence ozone levels due to 
Siberian forest fires were reported over western North America (Jaffe et al., 
2004). In contrast, the numbers of fire spots in 1999, 2000, 2001, and 2004 
are relatively small, indicating that Siberian forest fires were not so 
extensive compared to 1998, 2002, and 2003. It seems that the MEI and the 
numbers of fire counts well correlated with each other, recent paper 
suggests only weak correlation between ENSO and boreal forest fires in 
Siberia since Siberian fires are not mainly driven by climate factors such as 
lightning (Patra et al., 2005). Nevertheless, we believe that meteorological 

 
Figure 3. Trends in Multivariate ENSO Index (MEI) (upper panel) and fire spots
detected by ATSR over Siberia from 1998 to 2004 (lower panel). MEI is taken from
NOAA CIRES web page (http://www.cdc.noaa.gov/people/klaus.wolter/MEI/). The
numbers of fire spots are taken from ATSR World Fire Atlas web site (http://
dup.esrin.esa.int/ionia/wfa/index.asp), and are based on algorism 1 (3.7 µm > 312 K).

parameters including soil moisture, precipitation, and vegetation coverage 
are still important for accelerating or damping forest fires.  
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2002 to whole period of 2003-2004. In contrast, the MEI indicates negative 

strong El Nino occurred in 1997-1998, causing severe biomass burnings 

The sum of those detected over four regions in Siberia as shown in Figure 4 
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   Figure 4 shows distribution of ATSR fire spots over Siberia during July – 
September 1998. There were extensive and frequent fires in far eastern Siberia. 
Fires counts are much less in western and eastern Siberia, and Kamchatka 
peninsula in this summer season. However, location and frequency of fires 
largely depend on season and year (Kajii et al., 2002). Also shown in the 
figure is the location of Rishisi Island, where we have made continuous 
measurements of both ozone and carbon monoxide since 1998. The station 
is a remote site, located on the northern tip of Japan, close to the border to 
Russia. Our previous paper reported observation of very high (>1000 ppbv) 
carbon monoxide mixing ratios (as hourly means) at the site (Tanimoto  
et al., 2000). However, enhancement of ozone in the fire plume was not so 
high as that of carbon monoxide, likely due to short transport time from the 
emission source to the site, small amount of NOx emitted from the fires, or 
insufficient solar radiation due to sea fog, which is common in summer 
season around the site (Tanimoto et al., 2000).  
   Figure 5 shows anomalies in ozone and carbon monoxide observed at Rishiri 
Island in 1998. Both ozone and carbon monoxide clearly depict correlative 
anomalies, having large positive peaks in summer. Again, positive anomaly 
in carbon monoxide is due to emissions from forest fires in Siberia. This 
suggests that mean mixing ratios of ozone were substantially enhanced by 

Figure 4. Distribution of fire spots detected by ATSR over Siberia during July – 
September 1998. Data are based on algorism 1 (3.7 µm > 312 K). Location of 

up due to forest fires was 4 ppbv, with enhancement of 60 ppbv for carbon 
monoxide. Northern part of Japan substantially receives air masses from the 

the fires, as a consequence of photochemical production. The ozone build 
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Rishiri Island is shown as + 
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high latitudes, for example, clean continental air masses from Siberia origi-
nating from the north, and high-latitude maritime air masses from the Bering 
Sea. These circulation patterns contribute to efficient transport of fire 
plumes to Rishiri site. 

 

3.2. RECENT TRENDS 

Figure 6 shows long-term trends in “bottom-up” NOx emissions from Europe, 
North America, and Asia over the past 30 years (Akimoto, 2003). In contrast 
to the emissions from Europe and North America, showing decreasing and 
stabilized trends, respectively, the emissions from Asia are rapidly increasing. 
The Asian emissions are now beyond the European emissions, and will be 
the largest source of NOx, one of the most important ozone precursors. East 
Asian emissions are ~50% of Asian emissions. Chinese emissions dominate 
~75% of East Asian emissions, mainly because emissions from power plants 
and transportation sectors are growing. The estimate predicts a rapid increase 
from 1996 to 2003, with the increasing rate of +145%. This has potential 
impacts on the distribution and evolution of surface ozone not only in Asia 
but also in the northern hemisphere. Recent trends in surface ozone mixing 
ratios observed at remote boundary layer sites show negligible increase and 
those at mountainous sites show significant increasing tendency. However, 

observed features. Detailed description and possible reasons for the discre-
pancy between observation and model will be reported elsewhere (Tanimoto 
et al., manuscript in preparation, 2006).  

our model including year-dependent emissions inventory did not reproduce 
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observed in 1998 at Rishiri Island, in northern Japan 
Figure 5. Anomalies in ozone (solid) and carbon monoxide (dashed, × 1/10) 
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 Figure 6. Long term trends in “bottom-up” NOx emissions from Europe, North
America, and Asia (Akimoto, 2003) (upper panel). East Asian and Chinese
emissions are further illustrated in detail (lower panel). Recent emission estimates
are from REAS (Regional Emissions Inventory in ASia) by JAMSTEC/FRCGC

4. Implication to Mediterranean Region 

4.1. BIOMASS BURNING 

Figure 7, 8, 9, 10, and 11 show distribution of fire spots detected by ATSR 
in Mediterranean region during summertime. Mediterranean region is nomi-
nally divided into four zones: North Africa, Europe, Middle East, and Western 
Siberia. Substantial amount of fires are often observed in every sector. In 
Europe, there are substantial fires over Portugal in every summer, likely due 

 to forest fires driven by dry land surface. It is well known that forest fires 
frequently occurred in Europe in the summer of 2003. In 1998, fires are also 
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(T. Ohara et al., in preparation, 2006) 
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observed over Turkey. Fires detected over North Africa and Middle East are 
likely due to agricultural burning or oil burning, respectively. It should be 
noted that extensive forest fires are observed over Western Siberia, parti-
cularly in 2001 and 2002.  
   Figure 12 summarizes time series of fire spots detected by ATSR in Medi-
terranean region from 1997 to 2005. The total count numbers are highest in 

Figure 7. Distribution of fire spots detected by ATSR in Mediterranean region
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during July – September 1998. Data are based on algorism 1 (3.7 µm > 312 K) 

Figure 8. Same as Figure 7, but for 2000 
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The fires in Western Siberia in 2001 and 2002 are again apparently over-
whelming other years, and would have impacted on air quality in Mediter-
ranean region during summer, depending on synoptic scale transport.  

weather condition in summertime, which is typical to Mediterranean region. 

Interestingly, all regions show clear seasonal variations, having a distinct 
summer maximum and a winter minimum. This would be related to dry 
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Figure 9. Same as Figure 7, but for 2001 

Figure 10. Same as Figure 7, but for 2002 

SURFACE OZONE, CLIMATE, AND EMISSIONS 

Middle East, and those in other regions are comparably small. The high num-
bers in Middle East would be very likely because of oil burning activities. 



 
 

 

4.2. FUTURE AIR QUALITY 

Figure 13 illustrates monthly “surface” ozone increase for July during 2000-
2100, based on the ensemble model simulation with the emission inventory 
of IPCC TAR A2 scenario. The chemical transport models predict that sur-
face ozone levels will be enhanced throughout the world in future, particularly 
over Asia (e.g., China and India) where NOx emissions are estimated to 

Figure 12. Time series of fire spots detected by ATSR in Mediterranean region
from 1997 to 2005. Region are nominally classified into four sectors: (a) North
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Figure 11. Same as Figure 7, but for 2003 

Africa, (b) Europe, (c) Middle East, and (d) Western Siberia 
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increase most severely (Prather et al., 2003). Under these circumstances 
consideration of hemispheric and regional influences is crucial to design 
strategies to meet Air Quality Standards (AQS) in many countries in Asia, 
and likely in other countries in northern hemisphere. The heavily impacted 
regions are not only Asia. The models predict that air quality over Middle 
East and North Africa will also become severe, likely due to increase in 
population and socioeconomic activities. This greatly highlights the need of 
environmental strategies for air pollution abatement in Mediterranean 
region in near future.  

 

5. Summary 

To summarize,  
• Boreal forest fires in Siberia play an important role in controlling inter-

annual variability of surface ozone and carbon monoxide. Since emissions 
from forest fires have much larger uncertainties than those from anthro-
pogenic sources, better quantification of emissions inventory from forest 
fires with high-time resolution is important. The question is how can we 
better convert fire spots to emissions inventory of chemical species? 

• Bottom-up estimates in past and near-future predict large increase in 
NOx (and VOC) emissions from rapidly developing countries. The emis-
sions may affect air quality not only regionally but also hemispherically. 

Figure 13. Model predicted monthly “surface” ozone increase for July during 2000-
2100, based on IPCC TAR A2 emissions scenario (Prather et al., 2003). Highlighted
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regions are Middle East and North Africa as well as East and South Asia 
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 More efforts can be made to improve year-dependent emissions inventtory 
by combination of ground-based, aircraft, and space-based measurements.  

• Much larger uncertainties exist in VOCs than in NOx. More speciated 
inventory and more explicit treatment of VOC oxidation in chemical 
transport models are desired.  

• In future, changes in land-use, agriculture style, and forest fires due to 
climate change have potential impact on air quality. 
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Abstract Beirut is an interesting experimental environmental chamber for 
its a cross road for several meteorological phenomena. Hence, measure-
ments of fine and coarse particles were carried out during a whole year 
between February 2004 and January 2005 in a congested place (BH) in Beirut, 
Lebanon. The ionic and elemental compositions of PM collected in BH were 
determined using ion chromatography and PIXE analysis, respectively. Other 
PM10 mass concentrations and chemical speciation were conducted in several 
urban places in Beirut for comparison purposes. BH results showed that 
crustal elements mainly Ca, Ti, Mn and Fe, which were typical products of 
the calcite and basaltic rocks specific to Lebanon, were higher than most 
reported values in the eastern Mediterranean region and constituted the main 
component of the coarse particles. In addition, coarse nitrate and sulfate 
ions resulted from the respective reactions of nitric and sulfuric acids with a 
relatively high amount of dust, i.e., calcium carbonate. In the fine particles, 
ammonium sulfate predominated with higher amounts determined in the 
summer. While nitrate was mainly due to local heavy traffic, sulfates were 
due to local and long-range transport phenomena. Chlorine levels were high 
when the wind originated from the sea and low during sand storms. In 
addition to sea salt, elevated levels of chloride were also attributed to waste 
mass burning in proximity to the site. Variability of the different elements 
seemed to be strongly dependent upon meteorological and atmospheric stabi-
lity conditions and, in particular, wind regimes. Anthropogenic elements 
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like Cu and Zn were generated from local industrial emission and vehicle 
exhausts whereas elevated levels of Pb were directly linked to a southerly 
wind originated from Egypt and Israel. The comparison of BH to other 
micro environmental sites in Beirut showed that high diurnal and seasonal 
variations in PM10 concentrations and ionic composition confirmed the 
dynamicity of the eastern Mediterranean environment. Nevertheless, higher 
PM10 levels seemed to correlate with congested areas. Considering the 
location in Beirut at the levant of the eastern Mediterranean region, its local 
atmospheric environment is highly affected by the regional pollution and 
the meteorological conditions.   

1. Introduction 

It has been well established that in the Eastern Mediterranean region, enhanced 
photochemical reactions due to pollutants originating from Eastern Europe, 
marine aerosols and dust coming from Africa produce high levels of second-
dary pollutants and other reactive species (Alpert et al., 1990; Dayan et al., 
1991; Goudie and Middleton, 2001; Kouvarakis et al., 2000; Kubilay et al., 
2000; Lelieveld et al., 2002). In fact, several studies in Greece, Turkey and 
Israel have confirmed the predicted high levels of ozone over the region, 
and have suggested that the Saharan deserts (S/SW) constitute the major 
source of mineral elements in the region (Kubilay et al., 2000). In addition 
to long-range transported pollutants, local emissions play an important role 
in increasing the levels of HNO3, H2SO4 and NH3 (Danalatos and Glavas, 
1999; Erduran and Tuncel, 2001; Kassomenos et al., 1999). Beirut exhibits 
several sand storm episodes during the fall and spring seasons, high traffic 
density, and intense solar radiation in the summer. It is also a semi-island 
like city influenced by marine aerosols from three directions and bounded 
by high mountains from the East. Considered as an interesting experimental 
chamber, environmental emission levels and chemical composition of parti-
culate matters measured in Beirut are used to assess the effect of local 
emissions on the regional concentrations of coarse and fine particles and 
their chemical transformations. 

2. Experimental Procedure 

2.1. SAMPLING  

The yearly random sampling (every sixth day) between February, 2004 and 
January, 2005 was conducted in Bourj Hammoud (BH) (33º53′N, 35º32′E) 
street in Beirut. BH is a populated area with several commercial and indus-
trial facilities (Figure 1). It is considered a good representation of urban 
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Beirut since it experiences high traffic density, sea spray, Beirut harbor opera-
tions, and some waste-mass burning activities. Sampling was performed at 
3 m above the ground on the municipality building overlooking a busy street 
with heavy traffic. The sampling site is located one kilometer away from the 
Mediterranean coast at an elevation less than 10 m above sea-level. Coarse 
and fine particulate matters were drawn from the air stream by the use of a 
dichotomous sampler (Sierra-Anderson Dichotomous Model SA246B) (Shaka’ 
and Saliba, 2004). The method of collection, conditioning and weighing of 
the filters is described in detail in Kouyoumdjian and Saliba (2006). 
   Seasonal sampling in other urban Beirut sites was conducted between 
June 2004 and March 2005. Sites distributed as shown in Figure 1 are: Ain 
el-mreiseh (AM), Ashrafieh (Ash), Borj El-Barajneh (BB), Borj Hammoud 
(BH), Dekweneh (Dek), Horsh Tabet (HT), Mallah (Mal), Salim Slem (SS), 
Tarik El-Matar (TM). At each location, three outdoor PM10 measurements 
were taken in summer and two in winter. Each PM10 measurement was 
conducted using the Mini-Partisol Air Sampler model 2100 (Rupprecht and 
Patashnick Co.). It consisted of a top-mounted bracket containing a particle 
inlet for PM10 and a single 47 mm filter holder, which was used for PM 
sampling. Each PM10 sample was collected on a PTFE Teflon filter for a 24-
hour period at a sampling rate of 5 L/min. The Teflon filters used for PM10 
collection were subjected to pre and post-sampling gravimetric analysis, 
which was carried out using a Metler-Toledo microgram analytical balance 
model UMX2. The filters were desiccated for 24 hours before each mass 
measurement.   

2.2. CHEMICAL ANALYSIS 

Collected filters and blanks were dissolved in water and then analyzed for 
their ion content (Kouyoumdjian and Saliba, 2006). In brief, ions were extrac-
ted from filters ultrasonically using 20ml of deionized water (18 MΩ cm–1) 
for 40 min. One set of coarse and fine filters collected on the same day, 
were dedicated for the analysis of anion (SO4

2–, NO3
–, Cl–) concentrations 

and another set of filters for cation (Na+, K+, Ca2+, Mg2+, NH4
+) concentra-

tions using ion Chromatography (IC, model AllTech). Ion concentrations 
were determined in relative to calibration curves with a regression range (r2) 
of 0.993 and 0.999. The relative standard deviation for each ion was less 
than 0.71 and the sensitivity of the detector was 0.01 µS.  

Filter based aerosol sampling for an extended period of time is accompanied 
with positive or negative artifacts (Sloss and Smith, 2000). Artifacts are 

2.2.1. Ion Analysis 

2.2.2. Sampling Artifact 
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reduced due to the use of hydrophobic Teflon filters for sampling. Unlike 
quartz or glass fiber filters, Teflon is known for its inertness and low ten-
dency for SO2 absorption (Artaxo et al., 2005; Tsai and Perng, 1998). 

The elemental composition (Si, S, Cl, K, Ca, Ti, V, Cr, Mn, Fe, Ni, Cu, Zn 
and Pb) of the aerosol samples was measured using in vacuum Proton 
Induced X-ray Emission (PIXE), using the accelerator facility at the Lebanese 
Atomic Energy Commission (Kouyoumdjian and Saliba, 2006).  

Figure 1. Different urban sites measured in the city of Beirut. The star shows the 
BH location where annual averages of PM mass concentrations and chemical 
compositions are reported and the crosses indicate other urban sites where only 
three measurements were conducted in the summer and two in the winter  

3. Results and Discussions 

3.1. ANNUAL PM10-2.5 AND PM2.5 MASS CONCENTRATIONS  
AND COMPOSITION 

Annual averages of PM10-2.5 and PM2.5 concentrations at BH were 53 ± 20 
and 31 ± 9 µg m–3, respectively. The highest PM concentrations were recorded 
in dust storms occurring in the fall and spring seasons. Other coastal Medi-
terranean regions reported a similar behavior (Dayan et al., 1991; Goudie 
and Middleton, 2001; Gullu et al., 2000; Kubilay et al., 2000; Rodríguez  
et al., 2002). Figure 2 represents the inorganic normalized ionic composi 
tion of coarse and fine particles based on ion chromatography analysis. In the 
coarse mode (Figure 2A), an overall average of 6.66 ± 1.1% of Ca in mass of 
PM with little monthly variation was determined. This was attributed to the 
calcitic nature of the rocks in Lebanon (Abdel-Rahman and Nader, 2002). 
Sodium also showed a constant variation during the days sampled between 

 

 
 
 

2.2.3. PIXE Analysis 
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April and December with lower concentrations determined in the days sampled 
in February, March, and January due to wind originating from dry lands. 
Potassium, magnesium and ammonium were at much lower concentration 
in the coarse mode, and hence their variational analysis is omitted. The 
chloride concentration originated from sea salt and defined as 1.174 the 
concentration of Na+, constituted only a small percentage of the total con-
centration of chloride in the coarse particles. The lowest value of chloride 
observed in November was assigned to sea-salt chloride. Higher values 
determined during other sampling days, were attributed to the emission of 
HCl from the waste mass burning activities located at 450 m away from the 
sampling site. High Cl– concentration usually indicates that the sea salt 
reaction with acids leading to nitrated and sulfated salts and gaseous HCl is 
limited (Kerminen et al., 1997; Kocak et al., 2004; Niemi et al., 2005; 
Pathak et al., 2004; Zhuang et al., 1999) whereas the reactions of CaCO3 
(main component of mineral dust) with HNO3 and H2SO4 is predominant 
(Evans et al., 2004; Laskin et al., 2005). In the fine mode, both ammonium 
and sulfate exhibited the highest concentrations in the summer due to the 
enhancement of fermentation and photooxidation reactions, respectively. A 
strong correlation (r2 > 0.97) between NH4

+ and SO4
2– indicated that the 

predominant salt present in the fine particles is (NH4)2SO4. Also, the high 
correlation (r2 = 0.65) identified between Cl– and Na+ suggested the presence 
of NaCl. The sum of the micro-equivalent anions (Cl–, NO3

–, and SO4
2–) in 

the fine particles was found to be highly correlated to the sum of all the 
micro-equivalent cations (Na+, K+, NH4

+, Mg2+ and Ca2+). In addition, the 
median cation/anion ratio was 0.98 suggesting that an ammonium poor 
medium was prevalent and anions were balanced by their counter ions to 
give neutrality to the aerosols (Trebs et al., 2005).  
   Other inorganic elements present in the PM samples collected in BH were 
determined using PIXE analysis. Figure 3 shows the normalized concen-
trations of elements like Si, S, K, Ca, Ti, Mn, Fe, Cl, Ni, Cu, Zn and Pb. 
The sum of all detected elements amounted to approximately 17% of the 
total PM10 concentration, 21% of PM10-2.5 and 8.5% of PM2.5. In the 
coarse fractions, crustal components, namely Ca, Si and Fe, predominated 
and constituted around 82% of their total elemental composition. This 
percentage decreased to 35% in the fine particles, with S being the most 
abundant element. It constituted almost 52% of the total elemental com-
position of the fine filter. Elevated crustal markers determined on February 
27, September 29 and October 15, 2004 correlated with a southerly wind 
coming from Africa and the Arabian Peninsula as shown by the air trajectory 
HYSPLIT model (Figure 4). Sulfur was more prominent in the summer and 
showed elevated levels on June 17, July 27 and August 02, 2004. In addition 
to local sources, sulfur determined in the coarse and fine aerosols seemed to 
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Figure 2. Normalized cationic and anionic concentrations of coarse and fine particles 
sampled over a whole year in BH between February 2004 and January 2005  

 
have long-range transported contributions as reported by several other 
investigators in the area (Ganor et al., 2000; Luria et al., 1996; Sciare et al., 
2003; Tsitouridou et al., 2003; Zerefos et al., 2000). Alternatively, emission  
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Figure 3. Normalized elemental concentrations of coarse and fine particles sampled 
over a whole year in BH between February 2004 and January 2005  

of elements like Cu and Zn were attributed to local industries and vehicle 
exhausts as Zn is considered a marker of gasoline and diesel fuel (Chow et al., 
1996). Zn and Cu have been also shown to generate from worn brakes and 
vehicles tires and higher levels are a good indication of sites heavily popu-
lated with a high traffic density as it is the case at the BH site. Lead, on the 
other hand, showed high levels on February 27 (357 ng m–3), May 7 (302  
ng m–3), and December 20, 2004 (1082 ng m–3); dates associated with wind 
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coming directly from Egypt as determined by the air trajectory HYSPLIT 
model (one day example is shown in Figure 4). 

3.2. MICRO VERSUS MACRO ENVIRONMENTS 

In an attempt to compare the BH location to other micro environmental sites 
in Beirut, PM10 samples and ionic analysis was conducted in several sites 
in the city. Measured high diurnal and seasonal variations in PM10 concen-
trations was in accordance with a study conducted in Erdemli, located at the 
Turkish coast of the eastern Mediterranean, where a dynamic environment 
was suggested to induce high PM variability in space and time (Kocak  
et al., 2004; Kubilay et al., 2000). Nevertheless, high PM10 levels seemed 
to be correlated with congested areas (Table 1), given that the ratio between 
the mean concentration during workdays and that on weekends was greater 
than one (1.27). The PM10 mean concentrations measured in specific sites 
of Beirut, in the past few years showed that the mass concentration varied 
from 44 to 110µg/m3  (Kouyoumdjian and Saliba, 2006; Saliba et al., 2006; 
Shaka’ and Saliba, 2004). PM10 mean concentrations in other western 
European cities were reported to be significantly lower (~20µg/m3) 
(Eleftheriadis et al., 1998; Kubilay et al., 2000; Roosli, 2001).   
   The normalized summer and winter ionic concentrations, represented by 
the mass concentration of each ion divided by the total PM10 mass con-
centration are plotted in Figure 5A & B. Even though the overall nitrate 
summer average was 2.12 ± 0.83 µg/m3, high spatial variability over the nine 
sampling sites resulted from the marked differences in the concentration of 
the precursor substance, NO2, between the sites and the dynamic nature of 
the Mediterranean atmosphere. Higher values correlated with sites exhi-
biting high traffic density, and the measured nitrate concentrations over 
Beirut were higher than the average particulate nitrates over the eastern 
Mediterranean area (1 ± 0.5 µg/m3) (Danalatos and Glavas, 1999), suggesting 
thereby that local anthropogenic activities have a higher contribution than 
the air masses originating from neighboring places (Alper-Siman Tov et al., 
1997; Ganor et al., 1998). On the other hand, the average value for parti-
culate SO4

2– was 9.51  ±  4.94 µg/m3, again with higher values correlating 
with highly dense area, but the mean sulfate concentration was consistent 
with previous studies performed in Beirut, and in the Mediterranean region 
(Eleftheriadis et al., 1998; Foner and Ganor, 1992; Kouyoumdjian and 
Saliba, 2006; Seter et al., 1996). These results supported the fact that sulfate 
originated mainly from long range transport phenomena (Ganor et al., 1998; 
Ganor et al., 2000). As for the cations, low NH4

+ levels detected in summer 
were attributed to the insignificance of NH3 sources. Other cationic levels 
did not show any noticeable site-to-site variation. K+ and Mg2+ were found  
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at low concentrations while Ca2+ and Na+ were the main constituents with 
Ca2+ being the most predominant. Both K+ and Mg2+ did not seem to 
originate from the sea since the ion-to-sodium ratios were found to be 
higher than the corresponding values for sea water. Additionally, calcium  
levels (overall average of 4.7 µg/m3) were found to be much higher than 
those detected in countries like Crete (1.51 µg/m3) (Bardouki et al., 2003) 
or Switzerland (0.72 µg/m3) (Roosli, 2001) but were more comparable to  
 

Figure 5. Normalized cationic and anionic concentrations of PM10 sampled in 
different urban sites in Beirut 
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values detected in Israel (Ganor et al., 2000). They are lower than those 
found in Athens, Greece (7 µg/m3) (Eleftheriadis et al., 1998). Such high 
levels are characteristic to regions rich in calcitic and basaltic rocks (Abdel-
Rahman and Nader, 2002). In winter, the normalized average cation and 
sulfate concentrations, were lower than summer while nitrate levels were 
1.5 times higher. This indicated that nitrate concentrations, which were 
more locally produced, were enhanced due to the formation of the inversion 
layer and/or heterogeneous reactions in winter. On the other hand, the 
emission of particulate sulfate which was reduced almost by half during 
winter due to the decrease in the concentrations of oxidizing species (5.68 ± 
1.85 µg/m3) was in agreement with other winter average values reported in 
the eastern Mediterranean area (Bardouki et al., 2003; Danalatos and Glavas, 
1999; Erduran and Tuncel, 2001; Kocak et al., 2004), and was comparable to 
NSSS indicating the insignificance of both the local and marine sources on 
SO2 emission in the region (Bardouki et al., 2003; Ganor et al., 1998; Ganor 
et al., 2000; Levin et al., 2003; Mihalopoulos et al., 1997). 

4. Summary and Conclusions 

Annual averages of PM10, PM10-2.5 and PM2.5 concentrations at BH were 
higher than the U.S. Environmental Protection Agency (EPA) limits. The 
main water-soluble ions in the coarse particles were Na+, Ca2+, Cl–, SO4

2–

and NO3
–, and in the fine particles NH4

+, Ca2+ Na+ and SO4
2– were deter-

mined. High chloride concentrations indicated that limited losses due to the 
formation of HCl from the NaCl and HNO3 and/or H2SO4 reactions occurred. 
Rather, the reactions of CaCO3 with HNO3 and/or H2SO4 reactions to 
produce calcium nitrate and sulfate salts, respectively, are enhanced. In the 
fine particles, the ammonium concentration was the highest with relatively 
higher levels in the summer. A strong correlation with SO4

2– indicated that 

Location busy road Summer Winter 
  Average Std Dev Average Std Dev 
AM No 49.35 16.09 – – 
Ash No 38.54 4.34 69.08 27.21 
HT No 57.3 6.52 37.26 9.143 
BB Yes 48.90 14.38 24.31 26.21 
Dek Yes 56.08 2.14 – – 
SS Yes 66.87 5.03 40.58 11.17 
BH Yes 54.59 43.17 – – 
TM Yes 54.04 20.47 39.20 18.27 
Mal Yes 69.71 12.36 23.28 9.59 

(NH4)2SO4 predominated. Elemental analysis of PM2.5 and PM10-2.5 

TABLE 1. Detailed description of the urban sites sampled in Beirut 
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nitrate and sulfate concentrations seemed to also be correlated to sites with 
higher local emission sources. 
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particles using PIXE analysis showed that elevated concentrations of crustal 
elements (Si, Ca, Fe, Ti, and Mn), mostly present in the coarse particles, 
were associated with desert storms coming from the Saharan desert and 
Africa. However, non-crustal elements like Cu and Zn originated mainly 
from vehicles emission, worn tires and brakes. Sulfur was abundant in fine 
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Abstract Aerosols are chemically complex constituents of the troposphere. 
They affect human health, visibility, tropospheric chemistry, ecosystems 
and climate. They exert an opposite to greenhouse gases effect on the global 
atmospheric temperature by decelerating the warming of the climate. Global 
3-dimensional models have to account for the atmospheric processes that 
affect aerosols in the atmosphere, namely emissions, nucleation, condensa-
tion, evaporation, coagulation, cloud processing, atmospheric transport, dry 
and wet deposition and chemistry/climate feedback mechanisms. To describe 
this complex atmospheric system, simplifications are requested that result in 
differences in the model simulations of the budgets and the properties of the 
tropospheric aerosols and of their climatic impact. Such differences are 
documented in the frame of the international aerosol model intercomparison 
exercise AEROCOM (AEROsol model inter COMparison project). A major 
factor of uncertainty in the model simulations is related to the water 
associated to the particulate phase that can equal or even exceed the dry 
aerosol mass. Secondary organic aerosols (SOA), chemically formed in the 
atmosphere, are another major source of uncertainties in the models. SOA 
modelling is in its infancy and is actually based on oversimplifications due 
to the gaps in our understanding of the SOA occurrence and fate in the 
atmosphere. European aerosol budgets and the contribution of the various 
aerosol components over the Mediterranean to the total aerosol mass have 
been computed by the 3-dimensional global chemistry-transport model TM 
in the frame of the EU funded project PHOENICS (Particles of Human 
Origin Extinguish Natural solar Irradiance in the Climate System). Natural 
contributions of dust, sea-salt and SOA to the total aerosol mass are shown 
to be significant over the Mediterranean.  Biogenic SOA are computed to be 
more important during summer and are expected to increase more in the 
future atmosphere. Challenges for future research and chemistry/climate 
model development are highlighted. 
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1. Environmental Significance of Aerosols 

Aerosol particles influence the global atmospheric radiation budget directly 
by scattering and absorption of light in the visible and infrared spectrum. 
They also indirectly influence climate by modifying cloud properties and 
the hydrological cycle. Aerosols exert an opposite to greenhouse gases 
effect on the global atmospheric temperature by decelerating the warming 
of the climate (IPCC, 2001; 2007). Consideration of aerosol direct and 
indirect climate effect in coupled atmosphere/ocean climate model is 
providing better agreement between model simulations and observations of 
atmospheric temperature changes (Figure 1). Finally, aerosols influence 
ozone levels because heterogeneous reactions take place on the aerosol 
surface and in liquid aerosol particles.  
   Aerosols are complex ensembles of particles of varying composition and 
size that also affect human and ecosystem health and visibility. It is only  
in the last two decades that our understanding of aerosol has sufficiently 
advanced to successfully integrate all information on aerosol emission, 
formation, transport and removal processes in global atmospheric chemistry 
transport and general circulation models (Kanakidou et al., 2005a).  

 

 
Figure 1. Temperature changes simulated by a coupled atmosphere/ocean climate 
model and comparison with observations (solid line). Simulations are performed by 
considering only the climate impact of green house gases (GHG), the GHG effect 
and the aerosol direct climate effect (GSD) and in addition to these two earlier 
effects the aerosol indirect climate effect (GSDIO). The figure is adopted from 
Roeckner et al. (1999) 
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   Observations show that the mixing state and size distribution of the global 
aerosol system are highly variable, with both externally and internally mixed 
contributions and varying ratios among constituents. Aerosol removal pro-
cesses and climate impacts are greatly influenced by the size-distribution. 
Moreover, anthropogenic emissions favour the transformation of insoluble 
to mixed particles by coating them with secondary products formed in the 
atmosphere. This increases the number of cloud condensation nuclei affect-
ing the microphysical properties of aerosol with impacts on aerosol lifetimes, 
global distributions and radiative properties.  
   The concept of radiative forcing by aerosol applied in IPCC (2001) is 
therefore challenged, since linear additivity of the forcing by aerosol com-
ponents (e.g., separate estimates of forcing for soot and sulphate) is not 
necessarily valid (Stier et al., 2006; Kanakidou et al., 2005a). Sector-based 
aerosol (precursor) emission reduction strategies further emphasize the need 
for a better understanding of the complex chemical and microphysical feed-
backs between aerosol and its long range transport. 
   The present study first discusses uncertainties in global 3-dimensional 
simulations of aerosol budget terms as documented by the AEROCOM 
(AEROsol model inter COMparison Project; http://nansen.ipsl.jussieu.fr/ 
AEROCOM/data.html; Dentener et al., 2006; Textor et al., 2006; Kinne et al., 
2006; Schulz et al., 2006) exercise. Limitations in the 3-d global modeling of 
the secondary organic aerosol component (SOA) are discussed. Projections of 
future SOA tropospheric burden are computed and the sensitivity of the results 
to the future biogenic emission scenarios is discussed. Finally, focusing on 
Europe, the aerosol budget terms are derived and the anthropogenic component 
is clearly distinguished from the natural one. 

2. Aerosols in Global Models 

Most of the modelling studies of the global aerosol system have simulated 
the aerosol mass of individual aerosol components; the so-called bulk app-
roach. These studies represented aerosol either by an external mixture, in 
which each particle is made of solely one compound, or by an internal 
mixture, in which each particle consists of a uniform aggregate of all the 
individual components. They also assumed a constant aerosol size-distribution. 
Up-to date global aerosol models include some parameterization of the 
aerosol size-distribution.  
   These models have been recently compared in the frame of the inter-
national exercise AEROCOM. AEROCOM demonstrated for the first time 
that ensembles of global aerosol models can provide an averaged model 
(combining several model results) that correlates better than individual  
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models to observed satellite observations. Interannual variability is a source 
of discrepancy when comparing to data obtained during a restricted time 
period, and General Circulation Models operating in climate mode perform 
significantly worse than models constrained by observed meteorology. 
Inter-model differences seem to be more important than inter-annual varia-
bility (Textor et al., 2006; Kinne et al., 2006). Comparison of Aerosol Optical 
Depth (AOD) of models participating in modeling exercise AEROCOM 
versus AERONET sunphotometers (AErosol RObotic NETwork) and satellite 
derived aerosol products revealed agreement for the globally averaged AOD. 
However, the models significantly differ with respect to the spatial distri-
bution of AOD from different aerosol species. Figure 2 reveals a reasonable 
correspondence of global aerosol optical depth from most models and a 
composite of measurements.  
   Aerosol removal processes and climate impacts are highly sensitive to 
aerosol number and mass and therefore to the size-distribution. Important 
differences in the simulated wet aerosol composition are demonstrated in 
Figure 3 that shows the chemical composition of global aerosol as simulated 
by the 16 state-of-the-art global aerosol models that contributed to the 
AEROCOM model intercomparison exercise.  
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Figure 2. Individual contributions of the five aerosol components (SS-seasalt, DU-
dust, POM-particulate organic matter, BC-black carbon, SU-sulphate) to the annual 
global aerosol optical depth (at 550nm). For comparison, two “quality” AOD data 
references from remote sensing are provided: ground data from AERONET (AE) 
and a satellite-composite (S*) based on MODIS (ocean) and MISR (land) data. (No 
apportioning is possible for the model “EH”, due to consideration of inter-
component mixing). Figure adopted from Kinne et al. (2006) and Kanakidou et al. 
(2005a) 
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Figure 3. Composition differences between different aerosol models. H2O: Aerosol 
water; SS: Sea salt; BC: black carbon; POM: particulate organic matter. Fractions 
are mass fractions of global aerosol mass (figure adopted from Textor et al., 2006) 
 
   AEROCOM has also shown that large uncertainties associated with calcu-
lations of radiative forcing estimates concern: 

• The black carbon optical depth  
• The loads of the natural aerosols sea-salt and dust. 
• The organic aerosol oceanic source  
• The natural secondary organic aerosol 
• The water associated to aerosols 

3. Water Associated to Aerosol  

Water is an important component of aerosol; however experimentally the 
amount of aerosol water is difficult to determine, and no routine measure-
ments are available. Under humid conditions hygroscopic aerosol particles - 
due to the uptake of water - can considerably reduce atmospheric visibility. 
Maritime air is often much more hazy than continental air and at high relative 
humidity the air becomes foggy. The extent of atmospheric visibility reduc-
tion depends on the total aerosol load and the relative humidity, as well as 
on the composition of the atmospheric aerosols. For instance, an aerosol 
that includes sea salt compounds is usually associated with a larger water 
fraction than e.g., mineral dust or organics that are partly hydrophobic. The 
aerosol composition determines not only the water uptake of the aerosol but  
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also the mass, size and optical properties of the aerosol particles. The water 
uptake in turn determines whether the aerosol phase is solid or liquid. The 
role of the aerosol associated water mass with respect to the Earth’s climate 
and the hydrological cycle in the context of direct aerosol effects has been 
investigated by the PHOENICS models (Kanakidou et al., 2005a). The 
amount of water associated to aerosols varies spatially and can regionally 
strongly exceed the dry aerosol mass (Metzger et al., 2002).  

4. Secondary Organic Component of Aerosols 

The organic component of aerosols (OA) can be emitted directly as primary 
aerosol or formed by chemical reactions (secondary aerosol - SOA). Organic 
aerosol mass can contribute with 30-70% to the total aerosol mass, yet  
the exact formation processes and composition are poorly understood. Due 
to the chemical complexity of the organic components of OA there is  
an urgent need of simplified representations in global chemistry climate 
models of the volatility, solubility, hygroscopicity, chemical reactivity and 
the physical and optical properties of OA. Ideally, the net effect of a com-
plex mixture of OA is described by only a limited number of representative 
compounds or mixtures. 
   An important fraction of organic aerosol that is only recently considered 
in global models is the secondary organic aerosol. The state of the art of our 
understanding of SOA formation in the atmosphere has been recently 
reviewed by Kanakidou et al. (2005b) and Fuzzi et al. (2006). SOA is 
relevant on local to global scales. The global formation of SOA is estimated 
to range from 2.5-70 Tg yr–1 with a central estimate of about 30 Tg yr–1

 
(Kanakidou et al., 2005b). Among the investigated sources of uncertainties 
in SOA modelling, the largest are the emissions of the precursors (intensity 
and chemical speciation) and of the primary carbonaceous particles, the 
volatility of the semi-volatile secondary precursors and their solubility,  
and the impact of multiphase chemistry on the modification of the organic 
component of aerosols. The contribution of SOA to aerosol optical density 
(AOD) is estimated to be larger than that of primary organic aerosol (POA) 
or black carbon (BC) (Tsigaridis et al., 2006). This contribution is likely to 
increase as (1) current SOA models significantly underestimate SOA pro-
duction (e.g., de Gouw et al., 2005; Volkamer et al., 2006), (2) current 
regulations are likely to result into a reduced contribution of sulphate in the 
future, while (3) SOA precursor emissions could continue increase (Tsigaridis 
and Kanakidou, 2006).  
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   The SOA is predominantly from biogenic precursors, with the anthro-
pogenic SOA being about a factor of 10 smaller (Tsigaridis and Kanakidou, 
2003). Despite the large uncertainties associated with the current modelling  
estimates of SOA formation in the global atmosphere, there is consensus 
that the major precursors of SOA are biogenic volatile organic compounds 
(BVOC).  
   C are very reactive and in the presence of NOx and light can form ozone 
(Crutzen, 1995). Both O3 and SOA are radiatively active constituents of the 
troposphere. O3 is a greenhouse gas and contributes to the global warming 
of the atmosphere, SOA are scattering solar radiation and can also act as 
cloud condensation nuclei affecting cloud properties and the hydrological 
cycle in the atmosphere (Kanakidou et al., 2005b). Therefore, BVOC emitted 
by vegetation via procedures that are driven by climate (temperature and 
light) and vegetation type (Guenther et al., 1995), form oxidation products 
that, in turn, affect climate. This feedback can be more intensive than earlier 
thought, since recent findings have demonstrated the key role played by 
isoprene, the major single compound emitted by vegetation, and producing 
SOA (Henze and Seinfeld, 2005). The natural variability of SOA produc-
tion is evaluated to be about 10% and is as large as the SOA formation from 
anthropogenic precursors. Significant positive and negative feedback mecha-
nisms in the atmosphere are responsible for the non-linear relationship 
between emissions of biogenic VOC and SOA burden (Tsigaridis et al., 
2005). It is an open question how this biosphere-climate-chemistry feedback 
(iLEAPS, 2005) will evolve in the future and, in particular, what the SOA 
composition will be, and how important will SOA be relative to the major 
anthropogenic aerosol component (sulfate).  
   The SOA response to changes in BVOC emissions in the future atmos-
phere and the SOA importance relative to the major anthropogenic aerosol 
component (sulfate) have been investigated with the global 3-d TM model 
in which emission estimates of biogenic VOC and anthropogenic gases and 
particles from the literature for the year 2100 have been adopted.  
   According to these global simulations the future SOA burden is calculated 
to change from 1 Tg at present to 2.3 Tg in the future, driven by changes in 
emissions, oxidant levels and pre-existing particles. In 2100, SOA burden is 
calculated to exceed that of sulfate, indicating that SOA might become 
more important than nowadays (Tsigaridis and Kanakidou, 2007). These 
results are subject to high uncertainty in the biogenic emissions due to the 
insufficient knowledge on plant response to carbon dioxide changes. 
Nevertheless, they clearly indicate that the change in oxidants and primary 
aerosol caused by human activities is the major contributor to the increase 
of the biogenic SOA production in the future atmosphere. The computed  
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Figure 4. SOAb changes over Europe as simulated by the TM3 model. SOAb 
increase since pre-industrial period and are expected to further increase in the 
future  
 
changes in the SOA produced by BVOC oxidation (SOAb) over Europe 
since pre-industrial times and in the future are depicted in Figure 4.  

5. The European Aerosol Budget 

Figure 5 shows a schematic representation of the budget of all major com-
ponents of aerosols over Europe. Dust and sea-salt are mainly of natural 
origin, while BC, POM, SO4 and NO3 are mainly anthropogenic. The high 
precursor emissions of NO and NH3 and the meteorological conditions over 
Europe (e.g., compared to Asia) promote the formation of nitrate aerosol. 
The high resolution 1° × 1° TM5 model has calculated a net import in Europe 
of sea-salt aerosol (from the west) and dust aerosol (from the south) of 11.8 
Tg yr–1 and 20.4 Tg yr–1, respectively. The export of anthropogenic aerosols 
from Europe wais calculated as 0.23 Tg yr–1 BC, 0.53 Tg yr–1 POM, 4.1 Tg 
sulphate yr–1, and 0.4 Tg nitrate yr–1, in total 5.3 Tg yr–1. These numbers can 
be compared with European anthropogenic aerosol (and aerosol precursor) 
emissions of 14.4 Tg yr–1, consisting of 0.55 Tg yr–1 BC, 1.72 Tg yr–1 POM, 
10.6 Tg yr–1 SO4

= (mostly from oxidation of SO2), and 1.8 Tg yr–1 NO3
–.  

Thus almost 40% of European aerosol is transported to neighbour regions. 
This number would be higher if the transport of gaseous SO2 out of Europe 
would also be taken into account. The fractions of BC and sulphate transported 
out of Europe are highest at 41% and 48%, respectively. In perspective, off 
all anthropogenic sulphur emissions (mainly as SO2) 18% is transported out 
of Europe.  
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Figure 5. The aerosol budget over Europe. Bar-graphs denote the European pro-
duction and destruction fluxes, scaled according to the maximum fluxes which are 
Sea-salt: 87.2 Tg yr–1; Dust: 34.2 Tg yr–1; BC: 0.55 Tg yr–1; 1.72 Tg POM yr–1; 10.6 
Tg SO4 yr–1; 1.81 Tg NO3 yr–1, 22.8 Tg SO2 yr–1,  1.61 Tg HNO3 yr–1. E = emission, 
W = total wet deposition, D = dry deposition, S = sedimentation, T = total transport 
in/out Europe, P = chemical production, L = chemical loss 
 

 
Figure 6. Surface field of sulphate calculated for August 2000 (TM5 model – Krol 
and coworkers model results, figure adopted from Kanakidou et al., 2005a) 
 
   Focusing on Figure 6 that depicts the surface sulphate levels computed by 
the model for August, a clear displacement of the European plume towards 
northern Africa is observed that is caused by a combination of transport and 
atmospheric oxidation of precursor SO2. On the whole, Europe contributes 
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significantly to the global aerosol budget. It remains an open question how 
these aerosol budgets will change when moving to a warmer and drier climate 
resulting from a global warming of our planet that is expected to strongly 
affect the Mediterranean. Coupled earth system models considering both 
GHG and internally mixed size segregated aerosols are the appropriate tools 
to address this question. 

6. Conclusions 

To simulate the distribution of aerosols and their climate impacts global 3-
dimensional models have to account for the atmospheric processes that 
affect aerosols in the atmosphere, namely emissions, nucleation, condensa-
tion, evaporation, coagulation, cloud processing, atmospheric transport, dry 
and wet deposition and chemistry/climate feedback mechanisms. In addi-
tion, they have to be able to parameterise the size segregated mass and its 
time evolution. To describe this complex atmospheric system, simplifica-
tions are requested that result in differences in the model simulations of the 
budgets and the properties of the tropospheric aerosols and of their climatic 
impact as are documented by the AEROCOM model inter comparison 
exercise. A major factor of uncertainty in the model simulations is related to 
the water associated to the particulate phase that can equal or even exceed 
the dry aerosol mass to SOA and to natural aerosol components like sea-salt 
and dust. Europe is subject to import of significant amounts of dust from the 
south and sea-salt from the west and export of dust and anthropogenic aero-
sols mainly to the east. Natural contributions of dust, sea-salt and SOA to 
the total aerosol mass are shown to be significant over the Mediterranean. 
Biogenic SOA are computed to be more important during summer and are 
expected to increase more in the future atmosphere. These aerosol budgets 
are expected to change in a warmer and drier climate resulting from a global 
warming of our planet that will strongly affect the Mediterranean. Due to 
the significant feedback mechanisms that are involved, such changes can be 
accurately evaluated only by using coupled earth system models consider-
ing both GHG and internally mixed size segregated aerosols. 
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Abstract High levels of ozone as well as particles, including Black Carbon 
(BC), have been observed at sites around the Mediterranean Sea, and several 
studies have shown very high aerosol radiative forcing in the area, but 
systematical, long term observations are scarce. A collaboration between 
the JRC and the Italian company ‘Costa Crociere’ has allowed to install a 
monitoring station on board the cruise liner ‘Costa Fortuna’ that performs 
cruises on the Mediterranean, with regular weekly tracks in the Western 
Mediterranean during spring, summer and autumn, and in the Eastern Medi-
terranean during winter. Measurements of ozone, Black Carbon (aethalometer) 
and particle size distributions (optical particle sizer) have been performed, 
starting from the autumn of 2005; this activity will continue for several years. 
The measured ozone concentrations are compared to those obtained by 
simulations in a recent model intercomparison (ACCENT-PHOTOCOM); 
the initial measurements are in the higher end of the range of modeled 
values in the winter and in the lower end during the summer. Measured 
concentrations of ozone and BC in 2006 are compared to model simulations 
for previous years and the results are discussed.  

1. Introduction 

Although it is well-recognized that the Mediterranean basin is exposed to 
relatively high levels of air pollution, the network of monitoring stations in 
the area is considerably weaker than in Central and Northern Europe, and 
data over the sea surface are obviously particularly scarce (Figure 1). In order 
to provide more such observational data, useful for describing the climato-
logy of air pollution in the area and understanding its causes, a monitoring  
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station was set up on a Mediterranean cruise ship as a result of a collabora-
tion agreements between the Costa Crociera company and the JRC. Ozone, 
Black Carbon (BC) and particle size distributions were measured continu-
ously along regular cruise tracks in the Central and Eastern Mediterranean 
(winter) and in the Central Western Mediterranean (spring, summer and 
autumn). These pollutants are of particular relevance both because of their 
climate impacts and their potential impacts on human health and (in the 
case of ozone) vegetation. 
   Air pollution in the Mediterranean Basin is influenced by local emissions, 
breeze circulation as well as long range transport, mainly from the north. 
Northerly flows are particularly important in the summer period where the 
pressure gradient between the Azores. High and the low pressure area asso-
ciated with the South West Asian Monsoon appears to bring air pollution 
across them Mediterranean to North Africa (Lelieveld et al., 2002, Duncam 
and Bey, 2004). Model simulations with the TM5 global atmospheric chemical 
transport model suggest that the yearly average ozone concentrations over 
the Mediterranean Sea is higher than most of the surrounding land-surfaces 
because the lifetime of ozone over the sea is longer than over the continent. 
The levels of ozone are obviously higher in summer than in winter because 
of its photochemical origin, however simulations with the TM5 also indi-
cate that the levels of BC in the summer are highest in winter in both the 
Eastern and the Western Mediterranean, which can be explained by the char-
acteristic pattern of transport of pollutants by the predominantly Northernly 
winds (Duncan and Bey, 2004). A field study (Lazaridis et al., 2006) con-
firms that the Eastern Mediterranean basin is moderately to highly polluted 
during summer and relatively unpolluted during winter  
   Many observations, ground based as well as remote sensing show that 
transport Saharan dust particles have an important influence on aerosol 
concentration in the Mediterranean basin. An analysis of satellite data from 
the year 2001 (Barnaba and Gobbi, 2004) showed that the maximum dust 
impacts in spring is found in the Eastern and Central Mediterranean while 
in summer and autumn a shift to the Central and Western Mediterranean is 
observed, in the winter the impact of desert dust in the area is relatively 
small. 

 

2. Experimental 

2.1. MEASUREMENTS 

The instruments are placed in a cabin at the front of the ship, 47 m above 
sea-level; a comparison between this point and a measuring point at the tip 
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Figure 1. The regular cruise tracks of Costa Fortuna in the: Eastern Mediterranean, 
Savona-Civitavecchia-Alexandria-Limassol-Rhodes-Izmir-Piraeus-Katakolo-avona, 
(November 2005 - April 2006, 10 cruises) and in the Western Mediterranean, 
Savona-Napoli-Palermo-Tunis-Palma-Barcelona-Marseille-Savona (April 2006 - 
October 2006, 31 cruises). The positions of the stations of the main European 
network for monitoring of regional air pollution, EMEP, are shown in grey color 

parameters. Ozone is measured by a Thermo C49 ozone analyzer, equivalent 
BC was measured by a 2-wavelength Aethalometer from Magee Scientific 
(model AE 21). Particle size distributions were measured by a Grimm optical 
particle analyzer. The inlet to the ozone analyzer and the Aethalometer had 

of the bow of the ship were found to provide the same values of the measured 



158 

a cut-off at 1 µm while the inlet to the optical particle sizer had a cut-off at 
10 µm. Meteorological data were provided from the automatic measurement 
station on the ship and also information on the position, speed and direction 
of the ship were available, thus allowing to identify situations where 
contamination from the emissions of the ship itself might interfere with the 
measurements. 
   Particle samples were collected on quarts filters (47 mm diameter, flow 
rate 2.3 m3/hour) during the week 9-16 July 2006 with a double purpose: To 
compare Aethalometer measurements of BC to measurements done with an 
independent method and to provide information on ions and on organic 
carbon (OC) content of the particles. BC and OC were determined using a 
thermo-optical method (Birch and Carry, 1996 and Mader et al., 2001) 
which provided and independent estimate of the BC concentration. The 
comparison between BC estimated by this procedure to the estimate pro-
vided by the two-wavelengths Aethalometer showed a good correlation  
(R2 = 0.95) with the thermo-optical method providing 30-40% lower values 
than the Aethalometer.  
   The duration of the winter-cruises on the Eastern Mediterranean is ten 
days, while the summer cruises in the Western Mediterranean take only 
seven days. Costa Fortuna is mostly sailing during the evening/night and 
stays in harbors during the day, exceptions are the long tracks Tunis-Palma 
and Alexandria-Messina, where both day and night hours are included. 
Observations from Malta and Crete (personal communications) show 
relatively small (less than ± 5 ppbV around average) monthly averaged 
diurnal variations, suggesting that ozone-levels depend on transport more 
than local formation. 

2.2. THE TM5 MODEL 

TM5 model has been used for the simulations in the present work. It is an 
off-line global transport chemistry model (Krol et al., 2005) that uses the 
meteorological data calculated by the ECMWF model. It has a spatial 
global resolution of 6° × 4° and a two-way zooming algorithm that allows 
resolving regions (e.g., Europe, N. America, Africa and Asia) with a finer 
resolution of 1° × 1°. The vertical structure has 25 layers, defined in a hybrid 
sigma-pressure coordinate system. 
   Yearly averaged data of fossil fuel and biofuel BC emissions of antropo-
genic origin are based on Bond et al. (2004) emission inventories. Monthly 
emissions of large-scale biomass burning of black carbon are based on the  
 

 K. VELCHEV ET AL.



        MEASUREMENTS ALONG A MEDITERRANEAN CRUISE TRACK 159 

Global Fire Emission Database (GFED) inventory (van der Werf et al., 
2003). Emission data for the full chemistry simulation are from EDGAR 
3.2, 1995 data-base (Olivier et al., 2002).  
   In an intercomparison of simulations of the yearly variation of surface 
ozone over land in the Mediterranean area by 25 different models, TM5 was 
found to give concentrations approximately in the middle of the range of 
simulations (Ellingsen, 2007). 
   TM5 simulations for the year 2006 were not available when this work was 
prepared, so the analysis of the data of this year is based only on compari-
sons to simulations of previous years. 

3. Observations 

3.1. OZONE 

Examples of ozone-observations from the track in the Central-Eastern 
Mediterranean in the winter and in the Western Mediterranean in the sum-
mer are shown in Figure 2. The influence of harbours and big cities is seen, 
mainly as a local titration effect causing lower ozone concentrations due to 
the reaction between ozone and NO from combustion sources. However, 
also evidence of enhancement of ozone levels in urban plumes, particularly 
downwind of the Marseille area, is seen. 
   A comparison between the simulations with the TM5 model and the 
observations made in October, November and December 2005 was made: 
Measurements of ozone and Black Carbon (aethalometer, optical measure-
ment) have been compared to TM5 model predictions for 2005 (October-
November-December) for selected points. The concentrations at the point 
locations are sampled in the model with linear interpolation using the 
neighbourhood grid concentrations.  
   The results of this comparison are shown in Figure 3 for ozone. The com-
parison was only made for the cases where the measured values did not 
show significant variations within a time interval of two hours around the 
point where the comparison was made because the resolution of the model 
does not allow it to simulate variations on shorter time scales. The measured 
concentrations tend to be somewhat higher than the modelled ones, the 
average deviation being 3.5 ppbV. 
   For the year 2006, comparisons with model simulations of previous years 
were made for the “open sea” trajectories Tunis-Palma and, when going 
from Civittavecchia to Alexandria, the trajectory between Sicily and Egypt. 
 



160 

Figure 2. The concentrations of ozone and Black Carbon measured during one of 
the cruises on the Western Mediterranean. The color scales show ozone in ppbV 
(linear) and BC in ng/m3 (logaritmic). The arrows show the direction of the wind, 
the length is proportional to wind speed (highest wind speed during this cruise was 
42 km/hour) 
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Figure 3. Comparison of measured ozone concentrations to those predicted by the 
TM5 model, as discussed in the text  
 
The comparisons show that ozone levels in May-October of 2006 in the 
Western Mediterranean tend to be somewhat below the model simulations 
for 2000-2003, while the same comparison for the Eastern Mediterranean in 
January-March show somewhat higher measured than observed values. 
However, in the case of ozone, the observed differences are not dramatical 
and may be explained by year-to-year variations in the meteorological 
conditions. 
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Figure 4. Comparison between monthly mean ozone concentrations measured over 
the open sea in 2006 and those simulated by the TM5 model for the years 2000-
2003, as described in text. Error bars correspond to one standard deviation, com-
paring measurements on different cruises and monthly means for different years 

3.2. BLACK CARBON 

Measured values of BC were compared to model predictions (Figure 5) in the 
same way as for ozone. In the case of October–December 2005 the measure-
ments at selected points were compared to values from the model output, 
calculated by interpolation of neighbouring grids, exactly like in the case of 
ozone. In this case the differences between observations and model output 
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are much larger than in the case of ozone. In order to test the influence of 
the choice of emission inventory, two different inventories were tested, as 
shown in the figure; however, the influence on the simulated concentrations 
was relatively small. 
   Some trajectory analysis has been carried out, using the HYSPLIT faci-
lity, available on a web-site (NOAA, 2007). The largest disagreements were 
found in the cases where the 72 hours trajectories passed over the area 
around Tunis; this may be explained by an underestimation of BC emissions 
from this area, but also, for instance, by an artifact in the BC measurements 
caused by the influence of dust from this area. 

 
 
   Also for BC, the values measured in 2006 were compared to the average 
for the years 2000-2003 (Figure 6). The January-March measurements of BC 
concentrations in the Eastern Mediterranean as well as the October measure-
ments in the Western Mediterranean give values that are at least a factor of 
two higher than the model-average of the previous years, but because of the 
large variations on the BC measurements between different cruises within 
the same month (relative standard deviation 47%) there is some overlap 
between the error bars. A detailed analysis of the meteorological conditions 
is needed to understand if the differences between measurments in 2006 and 
model simulations for previous years can be explained by particular cara-
cteristics of this year. 

Figure 5. Comparison measurements-TM5 model as in Fig. 3, but here for Black 
Carbon. Two different emission inventories have been tested (Bond 2004, Edgar 
1996) 
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Figure 6. Comparison between monthly mean Black Carbon concentrations measu-
red over the open sea in 2006 and those simulated by the TM5 model for the years 
2000-2003, as described in text. Error bars correspond to one standard deviation, 
comparing measurements on different cruises and monthly means for different years 

 
   The trend for the summer months is not evident, measured BC values are 
not systematically higher or lower than modeled ones.  

3.3. CHEMICAL ANALYSES OF PARTICLES 

A striking feature of the outcome of the chemical analysis of the PM10 
filter samples obtained in July 2006 is the very low content of sea salt (2-
3% sodium) in all samples collected over the open sea; however, a recent 
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measurement series has shown that under more windy conditions, sea salt 
becomes a more important aerosol component, as expected. The PM10 
samples collected over sea during this cruise show relatively high concen-
trations of sulfate. A comparison between the PM10 samples collected over 
the sea and average values determined for urban conditions in Barcelona 
and Marseille shows significantly higher values of the ratio SO4

--/BC over 
the sea. Also the ratio Organic Matter/BC is significatly higher over the sea. 
   Further analyses of these data are underway.   
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Abstract Two stage aerosol samples (PM10–2.5 and PM2.5) were collected 
at a rural site (Erdemli) located on the coast of the Northeastern Mediter-
ranean, between April 2001 and April 2002. A total of 581 aerosol samples 
were analysed for trace elements (Fe, Ti, Mn, Ca, V, Ni, Zn, Cr) and water 
soluble ions (Na+, NH4

+, K+, Mg2+, Ca2+, Cl–, Br-, NO3
–, SO4

2–, C2O4
2– and 

MS–). The annual mean PM10 and PM2.5 levels were 36.4 ± 27.8 µg m–3 and 
9.7 ± 5.9, respectively. The highest levels of PM10 were observed during the 
transition period (March, April and May) due to mineral dust transported 
from North Africa and during winter due to sea spray generation. However, 
PM2.5 levels exhibited higher concentrations during summer resulting from 
an enhanced production of secondary aerosols. PM10, crustal elements, sea salt 
aerosols and NO3

– were mainly associated with the coarse mode whereas 
nssSO4

2–, C2O4
2–, MS-, NH4

+, Cr and Ni were found predominantly in the 
fine fraction. Ionic balance analysis performed in the coarse and fine aerosol 
fractions indicated anion and cation deficiency due to CO3

2– and H+, respec-
tively. A relationship between nssSO4

2– and NH4
+ denoted that sulphate 

particles were partially neutralized (70%) by ammonium. Excess-K/BC pre-
sented two distinct ratios for winter and summer, indicating two different 
sources: Fossil fuel burning in winter and biomass burning in summer. 

1. Introduction 

Aerosols physically affect the heat balance of the Earth, both directly by 
reflecting and absorbing solar radiation, and by absorbing and emitting  
 
A. Mellouki and A.R. Ravishankara (eds.), Regional Climate Variability and its Impacts in the 

 167

Mediterranean Area, 167–180. 
© 2007 Springer.  



168 

some terrestrial infrared radiation and indirectly by influencing the properties 
and cloud processes and, possibly, by changing the heterogeneous chemistry 
of reactive greenhouse gases (e.g., O3; IPCC, 2001 and references therein). 
The global radiative forcing due to aerosols is roughly 1.6 ± 1.3 Wm–2, 
which nearly compensates for the mean global radiative forcing of 2.4 ± 0.3 
Wm–2 due to greenhouse gases warming. Recently, Vrekoussis et al., (2005) 
investigated aerosol optical properties in the Eastern Mediterranean and 
estimated radiative forcing at the top of the atmosphere ranging from –12.6 
to –2.3 W m2 for summer and winter, respectively. Their estimated radiative 
forcing values are up to five times higher than that induced by greenhouse 
gases but opposite in sign. The large range of uncertainty associated with 
aerosol forcing estimates reflects the poor state of knowledge regarding the 
sources, distributions, and properties of atmospheric aerosols.  
   The need for an increased effort in characterizing tropospheric aerosols in 
order to reduce the uncertainty in the aerosol forcing estimate has been 
stressed (Ramanathan et al., 2001; Kaufman et al., 2002). Recent model 
studies reproduced satellite observations and demonstrated the role of three 
major components of aerosols in surrounding regions of the Mediterranean 
basin (sulfate, black carbon and dust), having very high direct radiative 
forcing for aerosols at the top of the atmosphere (Jacobson, 2001). Know-
ledge of the spatial and temporal variability of aerosol concentrations, their 
physical, chemical and radiative properties are very important since they 
can directly and indirectly influence planetary albedo (climate).  

2. Material and Methods 

A Gent type PM10 stacked filter unit (SFU) sampler was used in order to 
collect atmospheric particles in two size ranges namely, PM10–2.5 (coarse) 
and PM2.5 (fine) at a rural site located on the coast of the Eastern Mediter-
ranean, Erdemli (36°N and 34°E), Turkey (for more details see Kubilay and 
Saydam, 1995; Kubilay et al., 2002; Koçak et al., 2004a, 2004b).  
   Sampling commenced in April 2001 and ended in April 2002. During this 
period a total of 562 aerosol filter samples were collected with a temporal 
resolution of 24 hours. After collection of aerosol filters, PM10–2.5 and PM2.5 
concentrations were determined gravimetrically (PM10 refers to the sum of 
PM10–2.5 and PM2.5 concentrations). Water soluble ions were measured by 
ion chromatography (IC) at ECPL (Environmental Chemical Processes Labo-
ratory), University of Crete following the method described in details by 
Bardouki et al. (2003). Concentrations of the elements (Fe, Ti, Ca, Mn, K, 
Cr, V, Zn, Cl, S) were obtained using 2 cm2 of the filter sample applying 
Proton Induced X-ray Emission (PIXE) at ATOMKI (Institute of Nuclear 
Research of the Hungarian Academy of Sciences, Debrecen, Hungary).  
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During the experiments the aerosol samples were irradiated by a 2 MeV 
proton beam, which was supplied by the 5 MV Van de Graaff Accelerator 
of ATOMKI (for more details see Borbely-Kiss et al., 1999). Black Carbon 
(BC) content in 46 fine aerosol filter samples collected during winter and 
summer was determined using a Smoke Stain Reflectometer (SSR).  

3. Results and Discussion 

3.1. GENERAL CHARACTERISTICS OF THE DATA 

The largest portion of the atmospheric particle mass (PM10) is associated 
with coarse particles and contributes 73.4% to the observed particle mass., 
and the fine fraction contributes only 26.6% of the particle mass. Crust 
originated trace metals, water-soluble ions Na+, Cl–, Mg2+, Ca2+, Br  and 
NO3

– are associated mainly with coarse particles (more than 75%). The 
above observations are expected for trace metal and ions known to arise 
from sea salt (Na+, Cl–, Mg2+, Br–) and crustal material (Fe, Ti, Mn, Ca2+), 
respectively. On average about 85% of particulate nitrate (NO3

–) was asso-
ciated with coarse particles, which would strongly indicate that it combines 
mostly with alkaline ion species. The most likely formation pathway for 
particulate nitrate (NO3

–) is the reaction of gaseous nitric acid or some other 
nitrogen compounds with sea salt particles and mineral dust particles. The 
mass concentration of oxalate (C2O4

2–) and non-sea salt sulfate (nssSO4
2–) 

was mainly found in the fine mode (60% and 80%, respectively). On the 
other hand, ammonium (NH4

+) and methane sulfonic acid (MS-) mass con-
centrations were exclusively found in the fine size fraction. Trace metals V 
and Zn displayed almost half of their mass concentrations in the coarse 
fraction while about 40% and 30% of the mass concentrations of Ni and Cr 
were found in coarse fraction, respectively. 
   Figure 1 illustrates the regression analysis between nss-SO4

2– and NH4
+ in 

fine aerosol particles during the observation period. The slope of the regres-
sion line is 0.68 (NH4

+/nssSO4
2– equivalent ratio, r = 0.96), which indicates 

that partial neutralization of nss-SO4
2– by NH4

+ occurs. Taking into the account 
the slope of the regression, it can be proposed primarily that (NH4)1.4.(H)0.6. 
(SO4) is produced instead of (NH4)2SO4 in the reaction between ammonium 
and non sea salt sulfate. 
   Relationships between black carbon (BC) and other species were also 
investigated in 46 fine aerosol filter samples. Black carbon and excess potas-
sium indicated strong correlation in summer and winter. Therefore, except 
excess potassium, BC did not indicate strong correlations with water soluble 
ions and elements in the dataset. Figure 2 presents the relationship between 
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Figure 1. Observed relationship between nssSO4
2– and NH4

+ (neq m–3) 

including fossil fuel and biomass burning, while combustion of fossil fuel 
seems to produce a small amount of excess potassium. As a result, Andreae 
(1983) suggested that the mass ratio of excess potassium to BC may provide 
information enabling the distinction between the K that would be produced 
by biomass burning and combustion sources. As can be inferred from Figure 
2 the excess potassium to BC ratio indicates two distinct ratios. The slope of 
the regression line in summer was found to be ∼0.366 and close to the values 
generally measured in aerosols dominated by biomass burning (0.21 to 0.46; 
Andreae, 1983). Therefore, the observed ratio implies that biomass burning 
makes an important contribution to fine black carbon in the summer. 
However, the slope of the regression line in winter was about (0.062), 5 
times lower than that found in summer and is similar to those found in an 
urban atmosphere dominated by fossil fuel burning (K/BC = 0.025-0.09, 
Yang et al., 2005). Hence an excess K to BC ratio suggests that fossil fuel 
burning predominant the source of fine black carbon particles during winter. 
Sciare et al., (2003) collected a total of 56 aerosol samples during summer 
at Finokalia (Central Mediterranean, from 26 July to 18 August 2001) and 
showed a nssK/BC ratio of ∼0.044 (R2 = 0.58) which was similar to the 
winter excess K/BC ratio observed at Erdemli. Therefore, their observed 
ratio suggests that potassium and BC is mainly influenced by fossil fuel 
burning during summer. 
 

BC and excess potassium. BC is emitted uniquely from combustion processes,  
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Figure 2. Relationship between excess potassium and black carbon in summer and 
winter 

3.2. ABSOLUTE PRINCIPAL FACTOR ANALYSIS 

In order to identify sources, factor analysis (FA), which is one of the multi-
variate statistical techniques, was carried out. Factor analysis is commonly 
used in environmental studies to deduce sources from data. The principal 
application of factor analysis is to reduce the number of variables. There-
fore, factor analysis can be applied as a data reduction method. The results 
of varimax-rotated factor analysis are presented in Table 1a and Table 1b 
for atmospheric coarse and fine particles, respectively. 
   (A) Coarse Particles: The data can be interpreted on the basis of four 
common factors accounting for 87.8% of the total variance of the system. 
The first factor has high loadings of Ti, Fe, Mn and Ca2+ and moderate 
loadings of Zn and V. Since Factor-1 is heavily influenced by the concen-
trations of Ti, Fe, Mn and Ca2+ it may be attributed to the crustal component 
of the coarse aerosol population. For that reason, this factor is ascribed as 
the crustal factor, explaining 37.0% of the total variance. The second factor 
explains 28.1% of the total variance in the system, and can be identified as a 
marine factor, since it consists of high loadings of Na+, Cl–, Mg2+, Br– and 
high loadings of SO4

2– and K+ as well. Factor-3 is highly loaded in Ni and V 
and moderately loaded in Zn. Therefore, this factor is attributed to residual 
oil combustion, and explains 12.4% of the total variance. The fourth factor 
explains a further 10.3% of the variance and can be identified as photoche-
mical sources, since it is highly loaded with NO3

– and C2O4
2–.  
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TABLE 1a. Varimax rotated factor matrix and corresponding probable source type for the 
coarse aerosol data set  

Variable Factor1 Factor2 Factor3 Factor4 Communalities 
Ti 0.96 0.13 0.17 0.16 0.99 
Fe 0.95 0.16 0.19 0.13 0.99 
Mn 0.93 0.11 0.12 0.14 0.98 
Ca2+ 0.84 0.34 0.31 0.13 0.94 
K 0.82 0.51 0.16 0.08 0.98 
Zn 0.49 0.06 0.62 0.26 0.98 
V 0.48 0.02 0.80 0.02 0.65 
Ni 0.14 0.12 0.93 –0.03 0.80 
Cr 0.16 -0.03 0.15 0.07 0.71 
Cl– 0.11 0.99 0.04 –0.08 0.99 
Mg2+ 0.12 0.97 0.02 –0.05 0.98 
Na+ 0.20 0.97 0.03 –0.03 0.99 
Br– 0.11 0.96 0.07 –0.08 0.96 
SO4

2– 0.37 0.89 0.12 0.16 0.96 
C2O4

2– 0.26 0.04 0.09 0.89 0.68 
NO3

– 0.19 –0.15 –0.01 0.91 0.66 
Eigen Value 
Variance, % 
Probable 
Source 

6.7 
37.0 

Crustal 
 

5.1 
28.1 

Marine 
 

2.2 
12.4 

Residual
Oil 

1.9 
10.3 

Photochem. 
 

 

 

   (B) Fine Particles: The variables of chemical species in the fine fraction 
may be explained on the basis of four common factors, elucidating 857% of 
the total system variance. The first factor has high loadings of SO4

2–, NH4
+, 

MS–, C2O4
2–, Zn and moderate loading of K+ and explains 28.1% of the total 

variance. Therefore, this factor can be ascribed to secondary aerosols as it has 
high loadings of sulfate, ammonium, methane-sulfonate and oxalate. Factor-2 
consists of high loadings of Ti, Fe, Mn and Ca2+ and clarifies a further 28.1% 
of the total variance. Since Factor-2 is heavily affected by concentrations of 
Ti, Fe, Mn and Ca2+, may be attributed to a crustal factor. The third factor is 
highly loaded in Na+ and Mg2+ and explains 11.0% of the total variance in 
the system and may be ascribed to a marine factor. Factor-4 has high 
loadings of NO3

–, V and Ni and accounts for 12.5% of the total variance of 
the system, and hence may be attributed to residual oil combustion. 
   Absolute principal factor analysis (APFA) was applied to quantify the 
contributions of the different sources to the concentrations of the measures 
species. For each coarse and fine aerosol component identified, the factor 
score was computed for each sample. Mass loadings for the samples were 
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TABLE 1b. Varimax rotated factor matrix and corresponding probable source type for the 
fine aerosol data set  

Variable Factor1 Factor2 Factor3 Factor4 Communalities 
SO4

2 – 0.96 0.04 0.14 0.04 0.96 
NH4

+ 0.95 –0.03 –0.01 0.16 0.95 
C2O4

2 – 0.88 0.11 0.28 0.20 0.88 
MS- 0.80 0.15 0.25 –0.11 0.72 
K+ 0.62 0.04 0.10 0.24 0.52 
Mg2+ 0.25 0.29 0.85 –0.04 0.73 
Na+ 0.24 0.01 0.90 0.05 0.70 
NO3

– 0.06 0.04 0.21 0.86 0.43 
V 0.47 0.18 –0.20 0.77 0.87 
Ni 0.41 0.40 –0.21 0.70 0.86 
Zn 0.79 0.22 0.03 0.29 0.70 
Ti 0.09 0.97 0.04 0.03 0.98 
Fe 0.09 0.96 0.08 0.07 0.99 
Mn 0.17 0.91 0.03 0.13 0.86 
Ca2+ 0.02 0.87 0.13 0.20 0.79 
Cr 0.05 0.13 0.01 0.06 0.81 
Eigen Value 
Variance, % 
Probable 
Source 

4.8 
28.1 

Secondary 
 

4.8 
28.1 

Crustal 
 

1.9 
11.0 

Marine 
 

2.1 
12.5 

Residual Oil 
 

 

 
then regressed on the AFCS (Absolute Factor Component Scores). The resul-
tant regression coefficients were then applied to convert the daily absolute 
factors scores to estimate the mass contributions.  
   (A) Coarse Particulate Mass: The results in Figure 3a indicate estimated 
contributions from each of the identified sources in the coarse samples. Of 
the coarse fraction, the largest portion is attributable to the sea salt related 
source (59% of the coarse mass). In addition, a crustal component would 
explain 36% of the observed coarse fraction. Therefore, these naturally deri-
ved aerosol components explain 95% of coarse fraction. However, photo-
chemistry and residual oil combustion contributes 3% and 2% of the detected 
coarse fraction.  
   (B) Fine Particulate Mass: The estimated contribution from identified sour-
ces is shown in Figure 3b. Secondary aerosol components make the largest 
contribution to the fine fraction (59%). Residual oil combustion related 
component explains a further 12.7% of the fine fraction. In addition, crust 
and sea salt explain 6.8% and 4.7% of measured fine fraction, respectively. 
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(a) 

 

(b) 

 

Figure 3. Estimated contribution from each source profile to particulate matter 
mass. (a) Coarse particulate matter mass and (b) Fine particulate matter mass 

3.3. ORIGIN OF THE EXCEEDED PM10 LEVELS OF THE EUROPEAN 
DAILY LIMIT VALUE 

Legislation of the PM10 limit values has been established by the European 
Commission for PM monitoring (EC/30/1999). The daily PM10 value has 
been limited to 50 µg m–3, which may only be exceeded 35 days/year in 
2005 (Phase I) and 7 days/year in 2010 (Phase II). A number of studies have 
focused on the origin of exceeded PM10 levels in the Western Mediter-
ranean region (Artinano et al., 2001; Rodriguez et al., 2001). These studies 
have shown that exceedences of PM10 limit values may not always be 
caused by anthropogenic sources. This can be illustrated by using Spain as 
an example (various rural, urban and industrial sites, including the Canary 
Islands), where the studies indicated differences in PM10 chemical composi-
tions (Rodriguez et al., 2001, 2002; Alastuey et al., 2005). These authors 
showed that PM10 concentrations are highly influenced by the occurrence of 
African dust. For example, more than half of the exceedences of PM10 at 
rural sites were attributed to the occurrence of African dust whereas app-
roximately 20% of the exceedences of PM10 at urban and industrialized sites 
were originated from African dust transport. Therefore, at rural sites dust 
contributions might be considered to be an important contributor to the 
number of exceeded values of the EU daily limit value.  
   Figure 4 shows monthly arithmetic mean concentrations of PM10 at the 
Erdemli site. The seasonality of PM10 has been reported in rural, urban, and 
industrialized sites of the Western Mediterranean (Rodriguez et al., 2002) 
and the highest monthly PM levels are recorded in summer. In contrast, 
PM10 did not indicate a clear seasonal variability at Erdemli. However,  
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Figure 4. Monthly mean concentrations of PM10 

relative contributions of the fine fraction increased from winter to summer. 
For example, in August the relative contribution of fine fraction accounted 
for 50% of the PM10 mass. This might be attributed to the enhancement of 
secondary aerosol (such as sulphate) generation during summer in the Medi-
terranean region (Kubilay et al., 2002; Koçak et al., 2004b). 
   At the Erdemli site annual PM10 mass concentration is about 36.4 µg m–3 
with high daily variability ranging between 1.5 and 326.0 µg m–3. During 
the sampling period 28 events exceeded legislation of PM10 limit values 
established by the European Commission for PM monitoring. In order to 
clarify the source (natural or anthropogenic) of the exceedences of the forth-
coming EU daily limit values, air mass back trajectories, concentrations of 
Fe (Ti and nssCa2+; indicator of crustal material), Na+ (indicator of sea 
spray), pollution indicators nssSO4

2– and NO3
– and TOMS aerosol absorbing 

index were used. 
   Figure 5a shows an example of the source apportionment of the PM10 limit 
value due to Saharan air mass transport which occurred on the 6th of April 
2002. On April 6th, the back trajectories at all four levels (see Figure 6a) indi-
cate air mass flow arriving at Erdemli from North Africa. The TOMS image 
also shows an intense dust cloud over the North Africa and the northeastern 
Mediterranean (see Figure 6b). During this event the dust concentration was 
found to be around 85 µg m–3. Dust contribution accounted for 78% of the 
PM10 level while sea salt explained 12% of PM10. In addition, nssSO4

2– and 
NO3

– together accounted for 7% of PM10. 
   On the 17th of December 2001, PM10 was found around 60 µg m–3 due to 
maritime air mass transport at 1000 hPa and 850 hPa. During this event sea 
salt concentrations were found to be high (47 µg m–3) and the sea salt origin 
was also confirmed by the source apportionment analysis (see Figure 5b).  
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Figure 5. Source apportionment analysis for PM10 (a) during the Saharan dust event 
on the 6th of April 2002; (b) during the sea salt event on the 17th of December 2001 

Figure 6. Saharan dust transport observed on 6th of April 2002 (a) Air mass back 
trajectories (b) TOMS Aerosol Absorbing Index 

The source apportionment showed that sea salt accounted for 77.1% of the 
PM10 level while dust contribution explained for 10.4% of the PM10. In 
addition, nssSO4

2– and NO3
– together explained a small fraction (1.7%) of 

the PM10. 
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3.4. AEROSOL IONIC BALANCE  

Ion balance means the sum of the negative ions (anions) equals the sum of 
the positive ions (cations) when expressed as equivalents. An ion balance 
can be a useful tool to determine any possible parameters missing for the 
ionic balance. For this purpose, an ion balance was performed both in the 
coarse fine fractions of the aerosol particles. Plot of total cations equivalents 
against total anions equivalents for each size class are presented in Figures 
7a and 7b, respectively. The slope of the regression line for coarse particles 
indicates value higher than unity (slope = 1.14, r = 0.97), which may be due 
to the existence of CO3

2– in this size fraction which has not been measured 
using IC. In contrast, the slope of the regression line for the fine fraction is 
lower than unity (slope = 0.70, r = 0.97), which may be attributed to be pre-
sence of H+ (not measured) in the aerosol samples. If this is the case, CO3

2– 
is expected to associate with Ca2+ and H+ is expected to react with SO4

2– in 
the coarse and fine fractions, respectively (Figure 8a, b). A statistically signi-
ficant correlation was found when Ca2+ concentrations were plotted against 
the anion deficit, defined as an excess of positive charge, indicating that 
CO3

2– is most probably the missing anion in the coarse aerosol fraction. A 
significant correlation was also found between SO4

2– and the cationic deficit 
in the fine fraction, that the cation deficit, defined as an excess of negative 
charge, is possibly due to H+ associated with SO4

2–. 
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Figure 7. Sum of the anions vs sum of the cations: (a) Regression analysis in coarse 
samples, (b) Regression analysis in fine samples 
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Figure 8. (a) Variation of anion deficit versus the Ca2+ concentrations in coarse 
samples, (b) Variation of cation deficit versus the SO4

2– concentrations in fine 
samples. 

4. Conclusions 

PM2.5–10, PM2.5 and PM10 concentrations, factors controlling their levels and 
the origin and chemical composition of their exceedences have been identi-
fied at rural site located on the coast of the Eastern Mediterranean. From 
these findings the following conclusions may be made: 
   Annual mean concentrations of PM10 and PM2.5 at Erdemli were 36.4 ± 
27.8 µg m–3 9.7 ± 5.9 µg m–3, respectively, while concentrations indicated 
orders of magnitude change from day to day (PM10 = 2 to 326 µg m–3; PM2.5 = 
0.5 to 28 µg m–3). PM10 exhibited higher concentrations particularly during 
transition period due to mineral dust transported from North Africa and dur-
ing winter owing to sea spray generation. PM2.5 shows higher concentration 
mainly during summer as a result of an enhanced production of secondary 
aerosols. 
   PM10 mass is dominated by coarse fraction which accounts to about 75% 
of the total PM10 concentration. Crust (Fe, Ti, Mn, Ca), sea salt (Na+, Cl–, 
Mg2+, Br–) originated species and NO3

- are associated mainly with coarse 
particles (>75%) whilst trace elements Cr and Ni and water soluble ions 
nssSO4

2–, C2O4
2–, MS- and NH4

+ are primarily found in the fine fraction 
(>60%). V and Zn are found equally distributed between coarse and fine 
particles. 
   Investigation of the relationship between nssSO4

2– and NH4
+ indicates that 

sulphate particles are not sufficiently neutralized by basic NH4
+. Equivalent 

ratio (NH4
+/nssSO4

2– = 0.68) exhibits that about 70% of the nssSO4
2– is neutra-

lized by NH4
+. Excess-K/BC presents two distinct ratios for winter (0.066) 

and summer (0.366), indicating two contrasting BC sources in the area.  
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These ratios suggest that in the winter BC is mainly originated from fossil 
fuel burning whilst it is predominantly emitted from biomass burning in the 
summer. 
   Aerosol ionic balance analyses imply that coarse and fine particles show 
basic and acidic character. Basic and acidic character for coarse and fine 
fraction might be attributed to the presence of CO3

2– and H+ in the aerosols, 
respectively. 
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Abstract During the measurement campaign performed in August/ 
September 2005 non-methane volatile organic compounds (NMVOCs) were 
studied at different locations in the city of Wroclaw, Poland. The measure-
ments covered NMVOCs in the range of C1-C10. Samples were collected 
using Carbotrap and Carbosieve SIII solid adsorption tubes and analysed 
off-line by thermal desorption and GC-FID analysis. Measurements were 
performed on purpose to assess the contribution of different emission cate-
gories to the observed NMVOC concentrations by using chemical mass 
balance modelling.  
   Profiles of volatile organic compounds for traffic emission were measured 
in a downtown intersection and during driving through the city. Solvent 
emission profiles for industrial sources were measured in the vicinity of 
different factories in Wroclaw. To obtain the ambient NMVOC concentra-
tions sampling were performed at different points located in Wroclaw. The 
sampling sites represented residential, industrial, mixed settings and an area 
down-wind from the city centre. 
   All measured traffic profiles were found to be very similar. The same 
distribution could be observed for an intersection and street driving. Ob-
tained industrial profiles differed significantly from factory to factory. 
Delivered emission fingerprints were characteristic for particular solvent 
factories and agreed well with their emission inventory. 
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1. Introduction 

Among the species emitted to the atmosphere, the group of non-methane 
volatile organic compounds (NMVOCs) plays a very important role in 
affecting air quality, human health, plants and materials. Typical total 
NMVOC concentrations range in heavy polluted urban areas from 500 to 
1500 µg/m3, in suburban areas from 100 to 250 µg/m3 and from 30 to 200 
µg/m3 in forest, rural and remote areas (Ciccioli et al., 1999). 
   NMVOCs are important precursors for the photochemical production of 
ground-level ozone in the presence of NOx (NOx: NO + NO2). It is known, 
that volatile organic compounds together with NOx under the influence of 
sunlight undergo a series of photochemical reactions leading to formation of 
secondary pollutants with ozone (O3) as a major product, peroxyacetylnitrate 
(PAN), hydrogen peroxide, organic peroxides, organic acids and many 
other oxidizing species (Le Bras, 1997; Wayne, 2000). Besides tropospheric 
ozone formation, NMVOCs contribute also to the formation of secondary 
organic aerosols (SOA). This process involves again oxidation of the volatile 
precursors by OH, O3 and NO3 to form semi-volatile products and even-
tually particles (Odum et al., 1996; Seinfeld and Pandis, 1998; Dusek, 
2000). In addition to their activity in photochemical air pollution processes, 
some NMVOCs are also found to have a direct negative impact on human 
health, e.g., benzene, 1,3-butadiene, styrene, formaldehyde, acetaldehyde and 
polycyclic aromatic hydrocarbons (PAHs) are toxic or even carcinogenic or 
mutagenic. 
   Due to the complexity of tropospheric formation of photo-oxidants and 
secondary organic aerosols the detailed knowledge about the degradation 
pathways of individual NMVOCs and their atmospheric concentrations and 
emissions of particular precursors is of paramount importance for the devel-
opment of effective abatement strategies. 
   NMVOCs are emitted to the atmosphere from both natural and anthropo-
genic sources. The annual global NMVOC flux is estimated at about 1500 
Tg (Gunther et al., 1995; Middelton, 1995; Ehhalt, 1999). The biogenic 
contribution to the NMVOC emission is difficult to evaluate because of the 
great variability of plant types, complexity of the emission processes and 
the strong dependence on meteorological conditions, landcover and geo-
graphical regions (Steinbrecher and Smiatek, 2004). Nevertheless, the total 
global biogenic NMVOC emission has been estimated to be about 1300 Tg 
per year (Gunther et al., 1995; Fall, 1999) and exceeds by far those of 
anthropogenic sources. Human activity is responsible for about 10% of the 
total NMVOC emission on a global scale and is estimated at about 150 Tg 
per year (Piccot et al., 1992; Middelton, 1995). But on the different scales,  
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the proportions between natural and man-made emission vary significantly. 
In the USA the contribution of anthropogenic emissions amounts to about 
40%, in Europe to more than 50% and in Germany to more than 70% 
(Simpson et al., 1999; EPA, 2000; Schnitzler et al., 2002; UBA, 2002; 
EEA, 2003c). 
   The list of processes from which anthropogenic NMVOCs are emitted is 
very long; however, in Europe road traffic and solvent use are by far the 
most important emission sources of anthropogenic NMVOCs. 
   In the frame of presented study the investigation of the composition of the 
city air of Wroclaw, Poland has been undertaken. The atmospheric concen-
trations of a large number of NMVOCs emitted by different anthropogenic 
sources including aliphatic and aromatic hydrocarbons as well as oxygen-
nated species like alcohols, esters and ketones have been analyzed. In parti-
cular, road traffic and industrial solvent emissions have been investigated in 
order to create typical, real world NMVOC source profiles of these source 
categories and to provide input data for the source apportion analysis with 
the Chemical Mass Balance (CMB) technique, which will be performed in 
the future. 

2. Measurement Technique 

The measurements of hydrocarbons and oxygenated species were perfor-
med with the following analytical procedure: 

•  ambient air collection by active sampling on glass tubes packed with 
adsorption materials, 

•  thermal desorption of the sampled tubes, 
•  sample pre-concentration with a cryo-trap, 
•  gas chromatography-flame ionisation detection analysis. 

   NMVOC samples were collected using Carbotrap and Carbosieve III solid 
adsorption tubes, stored and analyzed off-line in the laboratory (Niedojadlo 
et al., 2007). Measurements covered hydrocarbons in the range of C3-C10 
and oxygenated compounds in the range of C1-C6.  
   Measurements were carried out by a car equipped with an automatic samp-
ling system for NMVOCs. To obtain a better characterization of the city air 
of Wroclaw also some other atmospheric compounds were investigated. 
The measurement car was additionally equipped with automatic analyzers 
for the detection of carbon monoxide, carbon dioxide, ozone, nitrogen oxides, 
sulphur hexafluoride and meteorological parameters. Figure 1 presents a 
view of the measurement car used in Wroclaw. 
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Figure 1. View of the car installed with instruments used for the measurements 
carried out in Wroclaw, Poland 

3. Measurement Sites 

The NMVOC measurements were performed in August/September 2005 in 
Wroclaw, Poland. Wroclaw is the fourth largest city in Poland with a total 
population of 634,000 inhabitants and a total area of 292.8 km2. The city is 
located in South western Poland, 160 km from the German border and 120 
km from the border with the Czech Republic.  
   The air quality in the city is determined by a large number of emission 
sources. The most important sources are road traffic and industry. Wroclaw 
is a major transportation hub with a junction of three international roads, 
two river ports and an international airport. The traffic density in the city is 
very high with a dramatic frequency of severe traffic jams. 
   Wroclaw’s major industries include the automotive industry, household 
goods, electrical engineering, medical industry, food industry and chemical 
industry. The industrial emissions of NMVOCs in the city originate mainly 
from coating processes in automotive and household goods industry and 
from manufacturing of paints and coatings. NMVOCs are also emitted from 
production processes of insulation materials and from printing industry.  
   During the measurement campaign sampling was performed at various 
sites representing different city areas and different emission sources. Parti-
cular attention was paid to road traffic emission and emissions connected 
with industrial use and manufacturing of solvents. 

3.1. TRAFFIC EMISSION MEASUREMENTS 

In order to characterise traffic emission, measurements were performed at a 
large downtown street intersection (Plac Legionow) and during drives in the 
city centre and on the roads around the centre of Wroclaw. 
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For the investigation of the traffic emission by “stop and go” driving 
conditions a larger street intersection located in the centre of Wroclaw was 
chosen. Samples were collected at the Plac Legionow, a few meters from 
the intersection. The position of the sampling port is presented in Figure 2. 
The yellow T point on the air map shows the exact positioning of the 
measurement van. 

Figure 2. View of the car installed with instruments used for the measurements 

To characterize the traffic emission, samples were also collected during 
drives in the city centre of Wroclaw and on the roads around the city. The 
sampling port was located outside the van, at about 1.5 m above the road. 

3.2. SOLVENT EMISSION MEASUREMENTS 

To obtain the characteristic of NMVOC solvent emission from industrial 
sources measurements were performed in the neighbourhood of various 
factories in Wroclaw. The following factories were selected:  

•  Polifarb Cieszyn-Wroclaw S.A. 
•  Volvo Sp.z o.o. 
•  Styropol Wroclaw Sp.z o.o. 

   Due to the fact that the emission from industrial factories is not limited 
only to point sources and is more likely spread over a larger area the emission 
studies of particular factories were performed down-wind of the source and 
in the background. Additionally, for better identification of the contaminated  
 

3.1.1. Street Intersection 

3.1.2. Driving 

carried out in Wroclaw, Poland 
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plume coming from the investigated source, tracer experiments were per-
formed with sulphur hexafluoride, used as a tracer, which was emitted up-
wind from the source and measured down-wind. 

Polifarb Cieszyn-Wroclaw S.A. 

The Polifarb branch in Wroclaw is one of the biggest Polish producers of 
paints and coatings for private and industrial use. The NMVOC emissions 
in the factory originate from manufacturing and filling processes of differ-
ent kind of paints.  
   During the measurements the sampling points were selected according to 
the actual wind direction. One sampling point was located up-wind and one 
down-wind from the factory. The measurements on the up-wind and down-
wind site were performed in parallel. Additional NMVOCs measurements 
were also performed in the direct neighborhood of the production hall inside 
the factory area.  
   The locations of sampling points around the Polifarb company and the 
wind direction during the measurements are presented in Figure 3. 

 

Figure 3. Location of sampling points around the Polifarb factory (PB: background 
measurements up-wind from the factory, PE1: emission measurements down-wind 
from the factory, PE2: emission measurements in the direct neighbourhood of a 
production hall) and wind direction during the experiment 

Volvo Sp.z o.o. 

The Volvo factory in Wroclaw produces buses. The NMVOC emissions in 
the factory originate mainly from bus body coating processes. NMVOCs are 
also emitted during carpet gluing and during starting and testing of bus 
engines.  
   The measurement points around the Volvo factory were located according 
to the wind direction. One sampling point was located up-wind and one 
down-wind from the factory. The measurements at both points were per-
formed in parallel.  

3.2.1. 

3.2.2. 
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Figure 4. Location of sampling points around the Volvo factory (VB: background 
measurements up-wind from the factory, VE: emission measurements down-wind 
from the factory) and wind direction during the experiment 

Styropol Wroclaw Sp.z o.o. 

The products of the Styropol factory in Wroclaw are insulation materials 
and thermal and acoustic wall insulations. The source of NMVOC emis-
sions of the factory is mainly the styrofoam production process.  
   To characterize the emission of Styropol, NMVOCs were measured 
parallel up-wind and down-wind from the factory. The measurement points 
were located according to the wind direction.  
   The location of the sampling points around Styropol and the wind 
direction during the measurements are presented in Figure 5. 

 
 
 
 
 
 
 

Figure 5. Location of sampling points around the Styropol factory (SB1: background 
measurements up-wind from the factory, SB2: background measurements, SE: 
emission measurements down-wind from the factory) and wind direction during the 
experiment 

3.2.3. 
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3.3 AMBIENT AIR MEASUREMENTS 

In order to obtain the ambient NMVOC concentrations sampling were 
performed at different points located in Wroclaw. The sampling sites repre-
sented residential, industrial, downtown, mixed settings and areas down-
wind from the city centre. 

4. Results 

The total NMVOC mixing ratios calculated as a sum of 23 measured 
alkanes, 28 alkenes and alkynes, 14 aromatic hydrocarbons and 17 oxygenated 
compounds varied during the measurements from 7.46 to 133.48 ppbV, 
with the average value of 37.059 ppbV. 
   From the NMVOC profiles (ppbC/ppbC benzene) the average percentage 
composition of the hydrocarbons mix for all measurement points from 
Wroclaw was calculated. The results are presented in table 1, which also 
shows a comparison with other studies. 
 
TABLE 1. Percentage composition of NMVOC-mix in wt% of the city air of Wroclaw in 
comparison with other cities 

NMVOC composition (%)  
 

alkanes alkenes  
and alkynes 

aromatic 
hydrocarbons

oxygenated 
compounds 

Wroclaw 2005a 37 22 27 141 

Wuppertal 2001-2003b 32 16 37 151 

Wuppertal 1998c 46 9 42 32 

Wuppertal 1995d 56 15 29 n. m. 
Berlin (residential)e 46 10 26 183 
Berlin (street site)e 45 12 33 103 
Hamburgf 42 12 47 n. m. 
Viennag 42 11 47 n. m. 
Romeh 35 7 33 234 
Milani 30 5 44 154 
Madridj 34 8 35 204 
Athensk 30 4 66 n. m. 
Krakowl 36 19 44 n. m. 

1 alcohols, ketones, esters; 2 phenols, cresols, aldehydes; 3 carbonyls; 4 alcohols, 
aldehydes, ketones, free acids; n.m. – not measured 
a This study; b Niedojadlo, 2005; c Kurtenbach et al., 2002; d Schmitz et al., 1997;  
e Thijsse et al., 1999; f Bruckmann et al., 1988; g Lanzerstorfer and Puxbaum, 1990; 
h Brocco et al., 1997; i Ciccioli, 1993; j Ciccioli et al., 1999; k Moschonas and 
Glavas, 1996; l Juszkiewicz et al., 1997 
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   As the Table 1 shows, the highest contribution comes from the alkanes and 
the second highest from the aromatic hydrocarbons. The composition of the 
hydrocarbons mix from the present study is in agreement with the results 
from other urban studies. 
   From the concentration profiles measured at traffic sites and close to the 
investigated factories emission profiles were calculated. Traffic profiles 
were built from the results of the measurements performed at a downtown 
street intersection and during the city drives. It has been assumed, that the 
concentration profiles measured at these sites are determined only by traffic 
emissions. All measured profiles were found to be very similar and were 
used to create an average traffic emission profile for Wroclaw. The traffic 
fingerprint is presented in Figure 6. 

As observed in Figure 6, the traffic profiles shows the dominance of 
toluene, xylenes, benzene, 1-butene, i-butene and significantly high contri-
bution from 2,2-dimethylbutane.  
   In case of the investigated factories emission profiles were obtained from 
concentration profiles measured down-wind after correction for the back-
ground concentrations measured up-wind. 
   The average emission profile for Polifarb was obtained from up-wind and 
down-wind measurements and from the measurements performed in the 
direct neighbourhood of production hall. The Polifarb fingerprint is presen-
ted in Figure 7. 
   To proof the measurement pertinence, the obtained profile was compared 
with the emission profile which is available from emission inventory 
(Marshal Office Wroclaw, 2004; City Office Wroclaw, 2004), which is also 
presented in Figure 7. Good agreement has been obtained. The high impor-
tance of xylenes, ethylbenzene, toluene, n-decane and some oxygenated com-
pounds such as acetone and butyl acetate was observed. 
   The averaged emission profile for Volvo was obtained from measure-
ments performed up-wind and down-wind from the factory. The obtained 
profile was compared with the emission profile delivered from emission 
inventory (Marshal Office Wroclaw, 2004; City Office Wroclaw, 2004). 
Both profiles are presented in Figure 8.  
   As observed in Figure 8, a reasonable agreement between the measured 
and reported emissions was obtained. The profiles show the high impor-
tance of toluene, alkanes like cyclohexane, 2,2-dimethylpentane, n-hexane, 
2-methylpentane, 3-methylpentane, methylcyclopentane and of oxygenated 
compounds such as ethanol, acetone and ethyl acetate.  
   For Styropol the average emission profile was obtained from measure-
ments performed up-wind and down-wind from the factory. The result is 
presented in Figure 9. Similar as for Polifarb and Volvo the measured  
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Figure 6. Average traffic emission profile for Wroclaw, Poland 
 

emission profile was compared with the profile calculated from emission 
inventtory delivered from the factory. The comparison is presented in Figure 
9. As observed in figure 9, an excellent agreement between measured and 
reported emissions was observed. Profiles show almost exclusively the emis-

 
 

sion of pentane  
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Figure 7. Averaged measured Polifarb emission profile and the emission inventory 
for the factory for the reference year 2003 for comparison (Marshal Office 
Wroclaw, 2004; City Office Wroclaw, 2004) 
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Figure 8. Averaged measured Volvo emission profile and the emission inventory 
for the factory in the reference year 2003 for comparison (Marshal Office Wroclaw, 
2004; City Office Wroclaw, 2004) 
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Figure 9. Averaged measured Styropol emission profile and the emission inventory 
for the factory in the reference year 2003 for comparison (Marshal Office Wroclaw, 
2004; City Office Wroclaw, 2004) 



194 

5. Conclusions 

The objective of this study was to measure the NMVOC concentrations in 
the city air of Wroclaw, Poland and to characterise the emission from road 
traffic and from some industrial solvent sources. All measured concen-
tration profiles measured at traffic sites were found to be very similar. The 
same distribution was observed for a street intersection and street drives. 
The profiles obtained from the measurements performed in the direct 
neighbourhood of industrial sources differed significantly from factory to 
factory. Delivered emission fingerprints were characteristic for particular 
factories and reflected their individual emission patterns.  
   The comparisons between measured emission profiles for Polifarb, Volvo 
and Styropol and profiles calculated from the emission data show a very 
good agreement and confirm the suitability of the applied analytical method 
and measurement technique. 
   The obtained emission profiles for traffic and industrial sources and 
concentration profiles measured at different sites in Wroclaw will be used 
for source apportionment analysis with chemical mass balance (CMB) 
technique in the future. 
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Abstract Non-methane hydrocarbons (NMHCS) are important constituents 
of the atmosphere that contribute both to the oxidation capacity of the atmos-
phere and to the formation of the secondary organic aerosol. In Europe, 
over the last decades, many efforts have been devoted to the assignment of 
NMHCs sources and although NMHCS role is well established large uncer-
tainties in their emissions still exist. 
   Measurements of NMHCS in the atmosphere of the Eastern Mediterranean 
are very scarce in the literature and, therefore, the present work is willing to 
provide an assessment of individual NMHCS sources on both spatial and 
temporal basis in the Eastern Mediterranean. Intensive campaigns of several 
days took place each month by in situ continuous hourly measurements of 
NMHCS from C2 to C8 in different locations on the island of Crete, Greece 
(marine, rural and urban areas). All samples were analysed for 45 HMHCS 
with a gas chromatographic (GC) system equipped with a flame ionisation 
detector (FID). 
   A simple statistical analysis of the relationship between various hydro-
carbon pairs indicates influences from common sources. The average measured 
hydrocarbon concentrations show seasonal variations in agreement with 
previous published measurements. Evidence for both chemical processing 
and source dominating the variability of NMHCS mixing ratios were obtained. 
Chlorine atom concentrations were indirectly derived from changes in the 
patterns of the measured NMHCS. The result of the present study suggests 
that the Cl-atom induced reaction may be as well of considerable impor-
tance in the troposphere of the region. 
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1. Introduction 

Most of the non-methane hydrocarbons (NMHCS) are recognized as trace 
atmospheric gases that still play a central role in the photochemistry of the 
atmosphere or in determining the concentration of species like hydroxyl 
(OH) or hydro-peroxy (HO2) radicals in the troposphere. Under favourable 
conditions, including solar radiation and oxides of nitrogen, NMHCS oxi-
dation may lead to the production of ozone, significantly contributing to the 
enhancement of the oxidation capacity of the troposphere. 
   Many of the known NMHCS are involved in the process of aerosol 
formation especially through rapid reactions with atmospheric oxidants 
such as O3, OH, NO3 (Atkinson and Arey, 2003a). As some of them have a 
potentially toxic-harmful effect on human health (benzene, 1,3-butadiene) 
the necessity of their continuous monitoring is still an important present  
day task. Up to now NMHCS ambient concentrations have been reported for 
many sites around the world, see for instance (Arriaga-Colina et al., 2004; 
Hopkins et al., 2005; Durana et al., 2006; Colomb et al., 2006).  
   As the reports for the NMHCS measurements in the atmosphere of the 
Eastern Mediterranean are very scarce in the literature, the present work  
is willing to provide an assessment of individual NMHCS sources on both 
spatial and temporal basis in this area. Evidence was found also for the 
existence of high OH radical and Cl atom concentrations in the troposphere 
of the investigated area. The importance of these findings in terms of atmos-
pheric impact will be also presented. 

2. Experimental 

Measurements have been undertaken at three different sites corresponding 
to urban, rural and marine areas. Due to the geographical location of the 
island, at any of the investigated site there is the possibility to experience 
events like emission plumes, photo-smog and dust which will have an 
important effect on the photo-chemistry of the area. General characteris 
tics of the investigated sites indicate temperature above 5oC in winter and 
25oC in summer with wind direction prevalence from N-NW during the dry 
season, i.e., summer, and S – SW during the wet season, i.e., winter. A 
number of 45 NMHCS from C2 up to C8 were analysed by using a GC 
Varian Star 3400 Gas Chromatograph equipped with an FID detector. The 
applied sampling technique was in on line mode and measurements have 
been undertaken with a resolution of 1 hour. Details on the area and the 
meteorological conditions encountered year-round are given by Mihalopoulos 
et al. (1997). 
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3. Results and Discussions 

In Figures 1a,b the changes in the pattern of some long (1a) and short (1b) 
lived trace gases measured during summer in a marine area are presented.  
In Figure 1a two distinct periods characterised by high ethane and propane 
mixing ratios are observed. The changes in the pattern of these two com-
pounds reveal mainly the importance of the long range transport processes. 
   Beside ethane and propane mixing ratios profiles, Figure 1a presents the 
variation of O3 and Rn during the studied period. Combination of O3 levels 
and Rn activities allow us to distinguish two periods: the first (27-31/07) 
with polluted air masses and relative small continental influence and a 
second one with less polluted air masses but with more important conti-
nental influence (01-04/08). 
   As Figure 1b shows among short time lived trace gases isoprene presents 
a clear diurnal cycle. Parameters as temperature, solar radiation intensity or 
wind speed/direction might be responsible on this pattern. The inset in this 
figure makes obvious the cycle showed by isoprene especially in the days 
with high wind speed. A very good agreement has been observed between 
the maximum in the diurnal cycle of the isoprene and that showed by the 
solar radiation intensity (maximum at 15:00 summer local time). Isoprene is 
considered to be the most important and abundant biogenic compound with 
a lifetime of about 3 h for an OH radical concentration abundance of 106 
molecule cm–3. However, during the investigated period relative low con-
centration with value as high as 9.51 + 3.81 pptv has been determined for 
isoprene abundance in the atmosphere of the marine area. 
   Still, depending both on the abundance and the factors controlling their 
variability in the atmosphere, other measured NMHCS may present inter-
esting pattern (higher alkanes or alkenes, especially 2-methyl-pentane,  
3-me-pentane and i-butene (Figure 1c)). The diurnal variability showed by 
different hydrocarbons could be used in order to estimate the concentration 
of some radical species (OH) and concentration as high as 3.0-5.0E + 06 
radicals cm–3 were derived for the OH species for July and August. In a 
work performed by Vrekousis (2005), OH radical concentration of about 
3.6E + 06 radicals cm–3 has been reported for July at the same site (marine 
area). 
   The average hydrocarbons mixing ratios measured at a rural site from 
February till October 2006 indicate seasonal variations in agreement with 
previous published data. Species as i-butane, n-butane (Figure 2a), ethane or 
propane (Figure 2b) show a distinct minimum during the warm season, 
minimum which is mainly due to the chemical destruction by OH radicals 
that is expected to present a maximum in summer. For the hydrocarbons of 
biogenic origin, i.e., mainly isoprene, the seasonal distribution showed a 
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maximum in summer, observation which is in good agreement with the 
studies reporting higher emission rates by the vegetation during the warm 
season (Kesselmeier and Staudt, 1999). 
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Figure 1. Patterns showed by long-and short- lived term NMHCS 
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Figure 2. Seasonal variability of some measured NMHCS 

 
The regression analysis process was applied to different hydrocarbon 

pairs in order to obtain first indication for a possible source apportionment. 
For those measurements undertaken at the rural or urban areas very good 
correlations have been observed between pairs like n-butane, n-pentane,  
i-pentane and acetylene or ethene/propene. In the linear regression analysis 
all available measurements were used, regardless of where (rural or urban) 
and when (day or night) those measurements were performed (all intensive 
campaigns yielding more than 250 points) (example shown in Figure 3). 
   The high regression coefficients between various hydrocarbon pairs would 
indicate influences from common sources. For example, the correlation 
between ethane and propane (r = 0.94) would suggest leakages from natural 
gases and/or liquefied petroleum gases meanwhile the correlation of the pair 
n-butane/n-pentane with r = 0.96 would suggest emission from stationary 
sources (combustion boilers and industrial installations). 
   Principal Component Analysis (PCA) was applied to the available data 
sets to extract more meaningful information for a possible source appor 
tionment. This procedure gives the possibility to extract various groups of 
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Figure 3. Correlation between various pairs of measured NMHCS 
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chemicals with possibly the same source. The total explained variance 
accounts for about 92% at the rural and urban site meanwhile at the marine 
area accounts only for about 75%. A plot of the preponderance of selected 
extracted factors after rotation-varimax normalisation is presented in Figure 
4. In this instance, for example, F1 is mainly related with emissions from 
stationary sources and combustion sources (acetylene, n-butane, butane, 
pentane, pentene), F2 to automotive exhaust (ethene, propene, benzene, 
toluene) meanwhile F4 indicate the existence of leaks from natural gas or 
liquefied petroleum gas (ethane and propane). Again, much different is the 
situation at the marine area where, generally, the large scatter in the hydro-
carbons selected within various factors would indicate a more complex 
situation. 

 

Figure 4. Tri-dimensional dependency between various factors extracted by PCA 
 
   In order to better differentiate between chemical processing and influence 
of the source strength cold/warm (October/June) ratios were plotted versus 
OH reactivity for measurements performed at a rural site (Figure 5). 
Actually a good correlation between these variables indicates that for aged 
air, seasonal variations in concentrations can be attributed to chemical 
processing via OH radicals. However, this figure reveals the existence of 
three distinct linear dependencies with compounds falling in one of the 
regression line depending on their reactivity toward OH radicals. We do 
observe as well that the slope changes from the less reactive (with circle 
NMHCS like ethane, propane) to the most reactive identified trace gases 
(with triangles higher alkenes, 1,3-butadiene and isoprene). 
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Figure 5. Variation of cold/warm ratio vs. OH reactivity 

 
   Investigations were also made in order to understand how the variability 
of the measured NMHCS, at a specific site, can be related both to their 
sources and sinks processes. The variability concept based on the corre-
lation between the hydrocarbon concentration and OH reactivity (Karl et al., 
2001; Hopkins et al., 2005) was applied to all our measurements. The 
relationship is in the form Sln(xi) = Aτi

–b where Sln(xi) is the variance of the 
natural log of a time series concentration of hydrocarbon i, τi is the lifetime 
of the compound with respect to OH removal and A and b are empirical 
fitting parameters. Only those hydrocarbons with available rate constants 
were included in the processing of this approach. For the analysis the 
relative rate constants given by Atkinson and Arey (2003b) were used. It 
was also assumed that the OH radical is the only significant sink of these 
compounds. 
   The relationship between the variability and the lifetime of the measured 
NMHCS at the rural site is presented in Figure 6 where again the identified 
compounds are falling on the regression line depending on their reactivity 
toward OH radicals (the left side of the diagram includes all measured 
NMHCS with rate constants higher than 5.0E-11 cm3 molec–1 s–1). In this 
figure ethane and propane appear to behave mainly as a kind of outliers and 
this might be due to the fact that their variability is not only due to the 
reactivity toward OH radicals but also to some other unaccounted processes. 
The results of the regression analysis lead to a value of 0.49 for parameter b 
and 0.24 for A, the value of the parameter b at this site suggesting that a 
combination between chemical processing and source strength dictates the 
variability of the measured NMHCS. 
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Figure 6. Log variance of natural logarithm of concentration vs. Log of OH lifetime 

 
   As there are suggestions that halogen atoms may be of considerable 
importance for the chemistry of the troposphere and also that they can con-
tribute to the enhancement of the oxidizing capacity of the atmosphere,  
an attempt has been made to investigate the importance of these reactive 
species in the atmosphere of the investigated area. Presently no method that 
would allow the direct measurement of Cl-atoms in the atmosphere is avail-
able so, the indirect evidence for the existence of relevant levels of Cl atoms 
in the troposphere is a suitable tool to perform this kind of investigation. 
Normally plots of logarithmic ratios of NMHCs concentration can be used 
to gain an insight into their removal reactions and atmospheric mixing 
processes. 
   The approach described in Rudolph et al., 1997 was used in processing 
the data at the marine site. However, in applying this approach suitable log-
log plots should be selected. In order to show how the model works, when-
ever applied to our data we have selected the pair ln(n-butane/benzene) vs. 
ln (n-pentane/benzene) (Figure 7) investigated also in Rudolph et al. (1997) 
study. For this dependency in the case only the OH radical reaction would 
be involved, a slope of 0.44 is expected. In the case there would be only Cl 
atom reaction involved, the slope is expected to be 0.80. However, the slope 
of the linear square fit obtained in the present work for afore log/log 
experimental pair is 0.65 which is not far from the value of 0.58 given by 
Rudolph et al. (1997). 
 
 
   With the former slope value, the derived ratio [Cl]/[OH] is estimated to be 
of about 1.20E-02 quite comparable to the value of 1.49E-02 reported by 
Rudolph et al. (1997). Assuming levels of OH radicals of the order of 106 
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Figure 7. Plots of ln(n-butane/benzene) vs. ln(n-pentane/benzene) 

radical cm–3, the above ratio implies concentrations in Cl atoms of about 104 
atoms cm–3. Under such Cl levels, the Cl atom initiated reaction would be 
competing with the reactions initiated by OH radicals for various NMHCS. 

4. General Observations 

The present study reports on measurements of organic trace gases such as 
alkanes, alkenes, dienes and aromatics in the lower troposphere of the Eastern 
Mediterranean. Anthropogenic or biogenic emission sources account mainly 
for their abundance in the investigated area and the intensity of the chemical 
processing, source strength or the combination of these will depend upon the 
characteristics of the investigated site (remote clean or polluted areas). The 
variability showed by some NMHCS can be used in the estimation either of 
the OH radical or of the Cl atom concentrations. The obtained data proves 
as well that in the case reliable NMHCS measurements are achieved they 
can be seen as a tool in assigning the oxidation capacity of the atmosphere. 
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REPRESENTATION OF CHEMICAL DETAIL  
IN ATMOSPHERIC MODELS 

School of Chemistry, University of Leeds, Leeds LS2 9JT, UK 

Key Words: Tropospheric oxidation; ozone formation; chemical mechanisms; global 
chemistry; regional chemistry. 

Abstract The master chemical mechanism (MCM) is an almost explicit 
mechanism describing the atmospheric oxidation of 135 primary emitted 
volatile organic compounds (VOCs). The basis of the protocols used for 
constructing the MCM is described, together with the website used for 
dissemination. A number of applications is briefly discussed, including 
policy development, support for field measurements and the formation of 
secondary organic aerosol. Heterogeneous uptake has been incorporated 
into the MCM and the difficulties involved are summarized. Finally, an 
aqueous phase mechanism, CAPRAM is outlined.  

1. Introduction 

•  Climate change, through its influence on the lifetime of methane, the 
concentration of ozone and the formation of secondary aerosol. 

•  Long range transport of pollution, e.g. through the intercontinental trans-
port of ozone precursors. 

•  Air quality and the formation of ozone and other components of photo-
chemical smog on a regional scale. 

   Modeling of all of these processes requires a representation of the 
chemistry involved, which is achieved using a chemical mechanism. The 
mechanism is used to construct a set of coupled ordinary differential 
equations (odes) for each of species. In a Eulerian model, the need to solve 
these odes at each grid point presents a serious computational overhead and 
there is a conflict between the chemical detail that can be incorporated and  
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The tropospheric oxidation of methane, carbon monoxide, hydrogen and 
volatile organic compounds (VOCs) plays a central role in a number of 
of important issues. 

M. J. PILLING 



208 

the computational feasibility. As a result, many of the chemical mecha-
nisms that are used in global and regional models are lumped, and use 
representative species and chemistry, rather than explicit chemistry. As 
result, there is only limited, direct connection between the model chemistry 
and the chemistry studied in the laboratory.  
   Mechanisms that incorporate explicit chemistry can be used in models 
with less detailed atmospheric dynamics and provide a direct link with 
laboratory measurements. Such mechanisms can also provide a benchmark 
against which lumped mechanisms can be evaluated. They can also be reduced 
and lumped, to provide a mechanism dimension that is more compatible 
with the requirements of a dynamical model.  
   The master chemical mechanism (MCM) is an explicit (or almost explicit) 
mechanism that was developed to model surface ozone formation in Europe 
and the UK, for air quality policy purposes. It has also been used to inter-
pret field experiments and as a benchmark for testing lumped mechanisms. 
This article briefly reviews the basis and the testing of the MCM and some 
of its applications. The MCM is a purely gas phase mechanism, but multi-
phase chemistry is also important the troposposphere. Sections 6 and 7 
provide a brief discussion of representations of heterogeneous and conden-
sed phase chemistry. 

2. The Master Chemical Mechanism (MCM) 

The MCM was constructed using protocols (Jenkins et al. (2003), Saunders 
et al. (2003)) that define the chemistry in the oxidation of a given VOC, via 
a series of reactions to the ultimate products, CO2 and H2O. The reaction 
types are: 

(i) Initiation reactions involving reaction of the VOC with OH, NO3, O3 
and, for compounds with absorption spectra in the actinic region, 
photolysis constitute the first step in the oxidation of a VOC. The reac-
tions generate a radical, e.g., from CH4 the radical produced from its 
reaction with OH is CH3.  

(ii) The organic radical reacts with O2 to form a peroxy radical, RO2. This 
reaction generally occurs very rapidly under atmospheric conditions. 

(iii) The RO2 intermediate the reacts with NO and NO2, or with other 
peroxy radicals, HO2 and R’O2. The reaction of a peroxy radical with 
NO form NO2, which can then be photolysed to form O + NO. The 
oxygen atom reacts rapidly with O2 to form O3. This is the route to 
ozone formation in the troposphere.  

(iv) The main product of the reaction of RO2 with NO is an oxy radical, 
RO, which reacts with O2, decomposes or isomerises. The general 
result, perhaps after one or two intermediate steps, is the formation of a 
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carbonyl compound, e.g., R’CHO, and HO2; the latter reacts with NO 
to form NO2, and hence ozone via photolysis, and OH, which can then 
go on and react with a VOC, recommencing the cycle of reactions. 

(v) R’CHO is an intermediate in the reaction sequence; it is longer-lived 
than the radicals such as OH and HO2, which have atmospheric life-
times of a few seconds and ~1 minute respectively. The lifetime of 
R’CHO is several hours, or even longer. It undergoes the initiation 
reactions described in (i), primarily reaction with OH and photolysis. 
The sequence of reactions (i) – (iv) can be thought of as first gene-
ration reactions, if the VOC is a directly emitted species. Reaction  
of R’CHO initiates the second generation reactions, which will form 
another oxygenated intermediate, with fewer carbon atoms than R’CHO. 
Subsequent generations of reactions continue to degrade the carbon 
containing compounds until eventually CO2 and water are formed.  

(vi) The reaction sequences are components of a chain reaction and are 
termed propagation reactions. Each propagation reaction involves a 
radical reactant and forms a radical as a product, so that the total 
concentration of all radicals is not changed through such reactions. The 
chains are terminated by reactions that lead to net removal of radicals. 
Under high NOx conditions, one of the main reaction is OH + NO2 to 
form nitric acid, HNO3, which is removed from the atmosphere in rain, 
for example. Under clean conditions, when the NO2 concentration is 
small, radical removal involves reactions of peroxy radicals with other 
peroxy radicals, e.g., HO2 + RO2, which forms a hydroperoxide, 
ROOH, which is quite long-lived.  

 
   These reactions are incorporated in the MCM explicitly. It describes the 
oxidation of 135 different VOCs, based on the UK emissions inventory for 
anthropogenic species. It includes four biogenic compounds, isoprene, α 
and β pinene and methylbutenol. The MCM also contains the appropriate 
chemistry to describe the oxidation of CH4, CO and H2 and the inorganic 
chemistry involving, for example, the nitrogen oxides. Each VOC is degra-
ded to CO2 and H2O. Some simplifications are made, through, for example, 
the neglect of reaction channels that make a small contribution, and  the 
treatment of peroxy radicals, RO2, with other peroxy radicals, R’O2. The 
total number of species in the MCM is ~5 900 and there are ~13 500 
reactions.  
   Each reaction has a rate constant associated with it, which is a function of 
temperature and, for some reactions, pressure. The rate constants for the 
simpler species are based on laboratory measurements; evaluations of rate 
data by, for example the IUPAC group (http://www.iupac-kinetic.ch.cam.ac. 
uk/) are used wherever possible. A database for the oxygenated compounds 
is under construction (http://www.era-orleans.org/eradb/index.php) and 
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will provide a valuable resource. For the bulk of the reactions, however,  
the rate constants are based on structure activity relations (SARs) that are 
derived from measurements of reactions for members of certain classes of 
reaction, that are then extended to the whole class. Photolysis reactions 
require measurements of absorption spectra and of quantum yields for 
formation of products. There are currently experimental parameters for 35 
photolysis reactions in the MCM. Parameters for other photolysis reactions 
are based on analogy. The experimental database for the MCM, and the 
SARs derived from that database, are currently under review by an 
international panel assembled by the ACCENT programme. 

3. The MCM Website 

The MCM is mounted on a website (http://mcm.leeds.ac.uk/MCM/) from 
which the mechanisms for any chosen set of VOCs, or for the whole set of 
135 VOCs, can be extracted. The mechanism is set up to be used with the 
FACSIMILE integrator, which is a commercial software package. The com-
pounds are identified by trivial names that are constrained by the strings 
that FACSIMILE will accept, but each compound is also uniquely identi-
fied by a SMILES string, and a chemical structure is also provided, to 
facilitate compound identification when browsing the details of the mecha-
nisms. In addition, the mechanisms can be output in formats compatible 
with the user’s own FORTRAN codes, and with KPP, an integrator that is 
freely available. XML output is also available. The website is currently under 
further development to provide direct transfer of data from the IUPAC 
evaluated database, and to develop new tools to facilitate its use.  

4. Testing the MCM 

The MCM has been extensively tested, and its component mechanisms 
further developed against chamber data.  For example, Pinho et al. ( 2006) 
used environmental chamber data from the Statewide Air Pollution 
Research Center (SAPRC) at the University of California to test mecha-
nisms for the photo-oxidation of ethene, propene, 1-butene and 1-hexene in 
the presence of NOx. They found that, under the chamber conditions they 
had to include reactions of ground state oxygen atoms (O(3P)) with the 
alkenes, even though these reactions are not significant in the atmosphere. 
They also found some deficiencies in the MCM.  
   The oxidation of toluene provides a further example (Bloss et al. (2005). 
Aromatics are key VOCs in ozone formation in polluted regions. Their 
oxidation differs from the norm, because the peroxy radical formed 
following addition of OH to the aromatic ring is very short lived. It does not 
react with NO, but either decomposes back to regenerate the reactants, or 
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reacts to form either a phenol + HO2 or, through a sequence of reactions, 
ring opened products, e.g., glyoxal ((CHO)2) and a C5 dicarbonyl compound 
in the case of toluene. This channel is key in the formation of ozone, 
because the products are very photolabile. Figure 1 shows a comparison 
between simulations based on the latest version of the MCM (v3.1) and 
measurements made at the EUPHORE chamber in Valencia. There are three 
major failings of the mechanism: 

(i) The measured toluene decays more rapidly than that modelled. Toluene is 
primarily removed by reaction with OH, so the measurements indicate 
that there is an OH source that is not recognised in the mechanism. 

(ii) The modelled ozone substantially exceeds the measured ozone at later 
times; it is difficult to rationalise this failing with that in (i) and 
indicates that any radical source must not include NO2 formation from 
NO, otherwise ozone would be further increased.  

(iii) NO and NO2 are poorly represented, reacting more rapidly than the 
model predicts.  

Bloss et al. (2005) modified the mechanism in a number of ways in an attempt 
to improve the agreement between model and measurement, but were unable 
to reproduce the experimental behaviour using recognised chemistry. It is 

Figure 1. Comparison of experimental measurements of toluene, O3, NO2 and NO 
with predictions of MCM v3.1 in experiments on toluene oxidation at the 
EUPHORE chamber in Valencia.  experiment, ---, MCM 3.1 
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methane organics in air and up to 80% of the OH radical organic sink, 
when compared with the sum of all other organic compounds including 
non-methane hydrocarbons, DMS and OH-reactive halocarbons. They 
used a simple trajectory model, based on the MCM, to demonstrate in 
situ formation during air mass transport was on timescales longer than 
the atmospheric lifetime of precursor hydrocarbons or primary emission. 
The period over which this process was significant was similar to that 
of air mass motion on intercontinental scales, and formation via this 
route may reproduce that of a widespread diffuse source. The model 
indicated that continued short chain OVOC formation occurs many days 
from the point of emission, via longer lived intermediates of oxidation 
such as organic peroxides and long chain alcohols. Figure 2 shows the 
calculated profile for acetaldehyde, assuming initial VOC concentra-
tions typical of those found in the Eastern US. The rise time reflects 
the decay time of acetaldehyde, which is only a few hours. The slow  

 

 

 

 

  

5. 

The MCM has been used in a range of applications. Examples include: 

(i) Its first application was in 5 day trajectory calculations for an air mass 
passing over Europe under anticyclonic calculations, and reaching the 
west of Great Britain (Derwent et al. (1998). The calculations were 
used to assess the photochemical ozone creation potentials (POCPs) of 
120 different VOCs, for policy applications by the UK Government. 

(ii) Comparisons have been made, in field studies of OH and HO2 radicals 
using the FAGE technique, between radical measurements and those 
modeled using a box model based on the MCM. A wide range of 
environments have been studied, from baseline conditions at Cape 
Grim in Tasmania, to polluted conditions in Birmingham in the UK 
(Heard and Pilling (2003), Sommariva et al. (2006)). 

(iii) Lewis et al. (2005)  made measurements of oxygenated VOCs at Mace 
Head in Western Ireland. They found that, under clean westerly con-
ditions, the combination of oxygenated VOCs (acetone, methanol and 
acetaldehyde) contributed up to 85% of the total mass of measured non 

clear that fundamental aspects of the mechanism are not represented. This 
work has served to focus the need for further experimental and theoretical 
work on the elementary reactions involved.  

decay reflects the lifetime of its original precursors and of the pre-
cursor intermediates formed in the air mass. Its ultimate precursors 
consisted of C2 – C6 hydrocarbons. 

Applications of the MCM  
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Figure 2. Box model calculation of acetaldehyde for a 10 day trajectory over the 
Atlantic, for an air mass initialised with background organic and inorganic content 
representative of fresh emissions leaving a continental landmass but with no 
subsequent sources  
 
(iv) Johnson et al. (2006) used MCM v3.1 to simulate the formation of 

secondary organic aerosol (SOA) made by semi- and non-volatile 
products of VOC oxidation, in comparisons with measurements from a 
field campaign in SE England The formation of SOA by gas-to-aerosol 
transfer of lower volatility oxidation products was simulated success-
fully, but provided good agreement with observations only if  all the 
partitioning coefficients were increased by a species-independent factor 
of 500. This scaling is indicative of the occurrence of chemical proces-
ses (e.g., oligomerisation) within the aerosol which allow the oxidised 
organic species to react by association and/or accretion reactions 
which generate even lower volatility products, leading to a persistent, 
non-volatile secondary organic aerosol.  

6. Lumping and Reducing the MCM 

The MCM is far too large for use in Eulerian models incorporating realis 
tic atmospheric transport on a global or regional scale. Such models use 
mechanisms with much more concise representations of the chemistry, in 
which single representative species are used for a range of similar species 
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(e.g., alkanes), and in which the oxidation steps are much more schematic. 
The problem with such mechanisms is that they are less closely linked  
to laboratory measurements than is the MCM. The MCM can be used to 
evaluate the performance of such mechanisms, but it can also be directly 
reduced and/or lumped.  
   Pöschl et al. (2000) developed a much reduced and lumped mechanism 
for isoprene oxidation, using the MCM as a benchmark, both in the con-
struction of the original mechanism and in the evaluation of its accuracy for 
a range of atmospheric conditions. The aim was to generate a mechanism 
that could be used in global chemistry transport models. They used a single 
intermediate to represent classes of compound. For example methacrolein, 
methylvinylketone and other C4 ketones are formed as first generation oxy-
genated intermediates. These were all represented by a single species, MACR. 
They generated a mechanism containing 16 species and 44 reactions, a 
substantial reduction from the original mechanism.  
   Jenkin et al. (2002) constructed a “common representative intermediates” 
(CRI) mechanism, based on MCM v2, which treats the degradation of 
methane and 120 VOC using ca. 570 reactions of ca. 250 species (i.e., the 
emitted VOC plus an average of about one additional species per VOC). It 
thus contains only ca. 5% of the number of reactions and ca. 7% of the 
number of chemical species in MCM v2, providing a computationally eco-
nomical alternative. The CRI mechanism contains a series of generic 
intermediate radicals and products, which mediate the breakdown of larger 
VOC into smaller fragments (e.g., formaldehyde), the chemistry of which is 
treated explicitly. A key assumption in the mechanism construction metho-
dology is that the potential for ozone formation from a given VOC is related 
to the number of reactive (i.e., C–C and C–H) bonds it contains, and it is 
this quantity which forms the basis of the generic intermediate groupings. 
Following a small degree of optimisation, the CRI mechanism was shown 
to generate concentrations of ozone, OH, peroxy radicals, NO and NO2 in 
excellent agreement with those calculated using MCM v2, in simulations 
using a photochemical trajectory model applied previously to the determina-
tion of POCPs. Figure 3 shows a schematic representation of the form of the 

3
are represented directly, while generic radicals and carbonyls are given 
indices (e.g., 19 in RN19O2 and 11 in CARB11, for radicals and carbonyls 
respectively), that represent the number of NO to NO2 conversions which 
can result from the subsequent complete degradation. Jenkin has subse-
quently improved the CRI mechanism, with some increase in size, but with 
a more accurate representation of the chemistry.  
   Whitehouse et al. (2004a,b) used a more formal and mathematical approach 
to produce a reduced and lumped scheme, again based on MCMv2, for 120 
primary VOCs. They used sensitivity analysis to eliminate species and  
 

CRI mechanism. Smaller oxidised intermediates, e.g., HCHO and CH CHO  
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diates (CRI) mechanism, showing the involvement of lumped carbonyl (CARB) 
and radical (RN) intermediates in the oxidation of several different precursors. The 
numbers in the CARB and RN species refer to the number of potential NO to NO2 
conversions that can be generated from the complete oxidation of the compound  
 
reactions that were not essential to the accurate representation of specified 
important species: O3, NO, NO2, HNO3, NO3, HONO, HNO3, HO2NO, 
HCHO, OH and the sum of all peroxy acyl nitrate (PAN) species, examined 
as total PAN. The use of the quasi-steady state approximation (QSSA) 
proved to be an extremely successful method of removing the fast time-
scales within the system. A method based on grouping species with 
reference to their chemical lifetimes and reactivity structures was used to 
provide lumps for the representation of groups of species. A method for 
determining the forward and reverse transformations between individual  
 

Figure 3. Partial degradation of species in the Common Representatitve Interme-
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and lumped compounds, thus providing a mapping between the MCM nd 
the lumped mechanism, was developed. The overall reduction was to 35% 
of the original species and 40% of the original reactions. 
   The crucial issue is the number of species, since this determines the number 
of ordinary differential equations that must be solved at each grid point in 
an Eulerian model. Both the CRI Mechanism and objective reduction/ 
lumping,  and especially the latter, lead to mechanisms that are too large for 
use, for example, in global models. A combination of approaches may pro-
vide a way forward. 

7. Heterogeneous Chemistry 

Loss of species on aerosol is important for many species, and especially for 
HO2 and N2O5. The loss is defined via an uptake coefficient, γ, and is 
described using a series of steps involving gas and aerosol phase diffusion, 
accommodation at the surface, equilibration between the aerosol and gas 
phases, and reaction in the aerosol phase. Uptake of HO2 has been invoked 
in models using the MCM to partly explain differences between modelled 
and measured HO2 concentrations in field campaigns (e.g., Sommariva et al. 
(2006)). The uptake is, however, very complex. Thornton and Abbatt (2005) 
showed uptake on aqueous aerosols depends on the concentration of oxidising 
agents in the aerosol phase. In the absence of such species, uptake depends 
on the condensed phase reaction of HO2 with its conjugate base, O2

– and it 
is therefore second order in dissolved HO2 and depends on pH. This means 
that γHO2 can vary by several orders of magnitude depending on [HO2], 
aerosol size and pH and the temperature. A full assessment of these effects 
is urgently needed. 

8. Aqueous Phase Chemistry 

The MCM is a purely gas phase mechanism, although, as discussed above, 
it has been used in models investigating secondary organic aerosol  forma-
tion and heterogeneous uptake has been incorporated. It has not, however, 
been used in conjunction with aqueous phase chemistry. The most detailed 
aqueous phase model is the CAPRAM 3.0 mechanism (Herrmann et al. 
(2005)) that  incorporates the oxidation mechanisms for 34 chemical species 
(5 alcohols, 10 carbonyl compounds, 13 mono- and dicarboxylic acids, 1 
ester, 4 polyfunctional compounds and 1 heterocyclic compound). The 
mechanism is primarily based on C1 – C4 chemistry, but does include some 
larger species. The aqueous chemistry was coupled to the gas phase 
mechanism RACM (regional atmospheric chemistry model) (Stockwell  
et al. (1997)). Simulations of a remote environment showed a significant 

M. J. PILLING



DETAILED CHEMICAL MECHANISMS 

 

217 

 

decrease in the concentrations OH and NO3 and that the gas phase and 
taqueous phase oxidations of aldehydes and ketones led to the formation of 
mono- and dicarboxylic acids which accumulate in the aqueous phase. The 
oxidation of acetone provides an interesting illustration of the importance  
of aqueous phase chemistry. It is primarily formed in the gas phase, and 
transferred to the liquid phase, with little direct production occurring in that 
phase. Its OH initiated oxidation generates hydroxyacetone and methyl 
glyoxal, the latter being the main source of pyruvic acid, CH3C(O)COOH. 
Combining the MCM and CAPRAM would be very beneficial, but it would 
be necessary to find some way of compressing the large number of MCM 
species with significant uptake rates into the much smaller CAPRAM 
mechanism.  
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Abstract Dust events are commonly observed every year and have been 
shown to strongly impact on the tropospheric ozone budget. This impact 
arises from the uptake of different gases, such as NOy (mainly as HNO3 or 
N2O5), on the solid surfaces exhibited by the uplifted minerals. While such 
“dark” processes have been deeply studied over the last years, dust particles 
contain a series of oxides that may be initiate photochemical process that 
have not been considered so far. In fact, in addition to quartz, illite, mont-
morillonite, and calcite, mineral dusts are heterogeneous mixtures of mineral 
oxides containing small levels of TiO2. In order to mimic the properties that 
these oxides confer to mineral Saharan dust, TiO2 and SiO2 were mixed and 
their heterogeneous reactions with NO2 studied using a horizontal wall flow 
tube. In addition, experiments were performed with real Arizona test dust in 
order to assess the importance of photochemical reactions under realistic 
atmospheric conditions. The effect of light (in the 380-700 nm range), tempe-
rature (in the 288-303 K range) and relative humidity have been determined. 
The uptake coefficient on TiO2 mixing in SiO2 increases with temperature 
and decreases with relative humidity. We found that despite its very low abun-
dance, titanium dioxide (TiO2) will strongly favour the photo-conversion of 
NO2 on mineral dust, nitrogen dioxide being otherwise quite unreactive on 
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the ozone and/or HOx budget during a dust event. In addition, such photo-

ting on the optical properties of the aerosols and their associated climatic 
impact. We therefore exemplified, on mineral dust, that photochemical con-
version on solid surfaces encountered in the troposphere needs to be consi-
dered an important process of wide impact due to the ubiquitous presence of 
minerals in our environment as it will change the level of photo-oxidant and 
aerosol optical properties. 

1. Introduction 

For any given year, between 1600 and 2000 Tg of mineral aerosol are 
predicted to be uplifted into the atmosphere (Ginoux et al., 2001). The dia-
meter of the particles injected into the atmosphere spans at least 4 order of 
magnitudes from 0.1 to 100 µm. Particles smaller than 10 µm have atmos-
pheric lifetimes of up to of several days whereas larger particles settle in a 
matter of hours (Prospero et al., 1999). The fraction of these particles with 
diameter from 0.1 to 10 µm can be transported over thousands of kilometres 
and hence be detected by mean of passive remote sensing far away from 
their sources (Husar et al., 2001). 
   The impact of mineral dust on the Earth’s atmosphere is manifold. Dust 
particles are believed to have a direct effect on the radiation budget of the 
atmosphere and therefore are expected to have an impact on the climate 
(Diaz et al., 1998a). Mineral aerosols have been shown to increase solar 
reflectivity of the atmosphere i.e., leading to negative radiative forcing in 
the shortwave spectrum. The heating due to the longwave part of the spec-
trum and due to mineral oxides in the shortwave is thought to counter-
balance this cooling over bright arid surfaces, hence dust warms up the 
atmospheric column over deserts. The overall climatic effect of dust is still 
under discussion for the time being due to the complexity to treat the climate 
effects of an internal mixture of minerals. Both the direct and indirect effects 
of these particles are currently pointed to as one of the greatest uncertainties 
in global climate models. 
   In addition to the recent interest in studying recent dust events (due to 
their impact on climate and more generally on the atmospheric composi-
tion), past records of dust deposition have shown that during glacial time 
the atmospheric load and the deposition of these aerosols far exceeded what 
is found at present. An example is given by the occurrence of dust events 
have identified even in deep ice core samples (Petit et al., 1999). 
   The huge amounts of mineral dust uplifted each year into the atmosphere 
constitute ubiquitous surfaces for gases to react. These particles act, beside 
their climatic impact, as a substrate for the conversion or scavenging of 
acidic gases and their precursors. Over the last years many uptake and or 
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these minerals. This photoenhanced uptake of gases will in turn impact on 

enhanced process will affect the nitrate content of the dust particles, impac-
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reactive uptake of trace gases have been studied using a variety of experi-
mental approaches. For instance, the uptake kinetics of HNO3, N2O5, NO2 
and SO2 were investigated on mineral dust and proxies like aluminium 
oxide. Indeed, studying the chemistry of dust particles is complicated by the 
complex chemical nature of these particles. 
   In fact, as dust particles are mobilised by strong winds and therefore 
eroded from the ground, their composition is somehow reflecting the chemical 
composition of crustal materials from which they are produced. As the Earth’s 
crust is dominated by silicon and aluminium oxides, the latter are also 
dominantly present in uplifted particles. Indeed, several studies focusing on 
the chemical (elemental) composition of dust originating from various 
locations around the world demonstrated that mineral dust is approximately 
60% SiO2 and 10-15% Al2O3. Beside these major elements, some other 
oxides are found. The percentages of these other oxides, namely Fe2O3, 
MgO, and CaO, are slightly more varied and dependent on source location. 
   Finally, also some traces of titanium and titanium dioxide are found in 
dust particles at mass mixing ratios ranging from 0.1 to 10% which are highly 
dependent on the exact location from where the particles were uplifted. 
   Titanium dioxide, also known as titania is the naturally occurring oxide of 
titanium, chemical formula TiO2. This compound is ubiquitous is most 
natural (at trace level see above) but also man-made material (such as paint, 
printing ink, plastics, paper, cosmetics…). However, TiO2 has some parti-
cular properties (depending on its exact crystalline structure) as it acts as a 
photocatalyst for the decomposition (for both oxidation and reduction) once 
irradiated by light with wavelengths below 440 nm. The photocatalytic 
activity is the ability of a material to create an electron hole pair as a result 
of exposure to ultraviolet radiation. The resulting free-radicals are very 
efficient oxidizers of organic and inorganic matter. Photocatalytic activity 
in TiO2 has been extensively studied because of its potential use in technical 
processes such as sterilization, sanitation, and remediation applications.  
   In this study, we were wondering if the traces of TiO2 naturally present in 
dust particles could not have an effect on the reactivity of dust particles in 
presence of light. Especially, it is known that nitrogen dioxide in not reac-
ting on dust particles in the dark, but nothing is known about dust photo-
chemistry and its potential impact. 
   Especially, in this preliminary study, we decided to study if traces of TiO2 
have the potential to reduce nitrogen dioxide and from traces of nitrous acid. 
Indeed, nitrous acid (HONO) is an important precursor for OH radicals in the 
polluted troposphere but the heterogeneous conversion of NO2 to HONO is 
currently not well understood. 
   Since the initial detection of nitrous acid in the atmosphere (Perner et al., 
1979), many studies have shown that nitrous acid may accumulate during 
night time before undergoing photolysis in the early morning: 
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HONO + hν →NO + OH (1) 

   This creates an important morning OH radical burst (Harris et al., 1982, 
Harrisson et al., 1996). In recent studies (Zhou et al., 2002), a significant 
contribution of the HONO photolysis to the integrated OH yield of up to 
60% was calculated. 
   While the night time formation of HONO in the atmosphere may be reaso-
nably well explained by direct emissions and heterogeneous conversion of 
NO2 on ground surfaces with the different mechanisms mentioned above, 
measured concentrations significantly exceeded modelled values during the 
day9. Accordingly, a strong daytime source was postulated in recent studies 
to explain daytime concentrations of HONO over snow e.g., (Zhou, et al., 
2001), ground and vegetation surfaces (Kleffmann, et al., 2003; Vogel, et al., 
2003; Zhou, et al., 2002a; Zhou, et al., 2003; Zhou, et al., 2002b). The 
source strength of this daytime source was estimated to be 200-1800 pptv/h 
(Ren, et al., 2003; Zhou, et al., 2003) or to be ~20 times faster than all 
night-time sources of HONO (Kleffmann, et al., 2003). The photolysis of 
nitrate and/or nitric acid on surfaces was postulated to explain these high 
daytime concentrations of HONO (Zhou, et al., 2002a; Zhou, et al., 2003). 
However, the exact mechanism of this photolytic HONO source still remains 

3
reported to be two orders of magnitude faster compared to the gas and the 
liquid phase, which is still unclear (Ramazan, et al., 2004; Zhou, et al., 
2003). In addition, in a recent study in a large simulation chamber, the 
photolysis of HNO3/nitrate was excluded to explain the observed photolytic 
HONO formation (Rohrer, et al., 2004). 
   Therefore, we investigated the effect of light (in the visible) on the uptake 
kinetics of NO2 on various surfaces taken as proxies for dust particles. The 
selected approach was based on combining experimental determinations 
and 3D modelling. 

2. Experimental  

The heterogeneous interactions of gaseous NO2 were studied on bulk sur-
faces by exposing different concentrations of gaseous NO2 mixtures to 
selected solid films. The experimental approach is based on measuring the 
reactant gas concentration i.e., NO2 gas, at the exit of a cylindrical flow 
reactor as a function of the distance (which translates to time) that the NO2 
gas is in contact with the mineral surface.  

to be unanswered, e.g., the photolysis frequency of adsorbed HNO  was 

2.3. 
WITH CHEMILUMINESCENCE DETECTION  
HORIZONTAL COATED WALL REACTOR 
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   A Pyrex tube with an internal volume of approximately 17 cm3 and an 
inner diameter of 0.525 cm was used in all experiments. The cell was 
maintained at a constant temperature using a Huber CC130 thermostatically 
controlled bath by circulating a methanol/water mixture through the outer 
jacket. All experiments were performed under atmospheric pressure and the 
temperature range was 278 to 308 K. The NO2 reactant gas was introduced 
into the reactor via a movable Pyrex injector. It was monitored directly with 
a NOx chemiluminescence analyser (THERMO 42C). The uptake coeffici-
ents for NO2 were determined by measuring the quantity of the NO2 reactant 
gas absorbed by the dry solid film. The trace gas loss in the flow tube was 
measured as a function of the position (distance) of the movable injector, 
i.e., as a function of the gas/solid exposure time t. The maximum length l of 
the interaction zone (maximum length that the injector could be retracted) 
was about 20 cm. As shown in equation (I) below, the measured loss rate 
can be interpreted in terms of a first order process with respect to the gas 
phase concentration of the reactant. 

                                             tk w−= exp(
n

)  (1) 

In equation (1), t is the average carrier gas residence time and kw is the first 
order rate coefficient for the reaction at the solid film surface. The first 
order rate coefficient kw is: 

                                                  
tube

geom
w r

c
K

2
γ

=   (2) 

In eqn. (2), rtube, geomγ and c  are the flow tube radius, uptake coefficient 
and average molecular velocity, respectively.  
   An indirect detection of the produced HONO was made by means of a 
NO/NOx-chemiluminescence detector (Thermo – 42C, coupled to a molyb-
denum converter reducing HONO and NO2 to NO), in combination with a 
sodium carbonate denuder tube for removing HONO from the gas stream. 

pally measures the NOy-species NO, NO2, and HONO with an equal analy-
tical response. The sodium carbonate denuder tube may either be switched 
into the sampling line to measure the sum of the species NO and NO2 or be  
 

n – ∆n

This molybdenum converter/chemiluminescence detection system princi-
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(Figure 1). A detailed description of the experimental setup may be found 
in George et al., 2005. The horizontal flow tube approach for this study is 
similar to the one used in previous studies of heterogeneous reactions (Lovejoy 
et al., 1995) However, the horizontal reactor used in this work has been fitted 
with four halogen lamps (OSRAM Halostar starlite, 50 W) to study the effect 
of irradiation on the uptake of NO  gas on different minerals. 

   The experiments were performed in a horizontal coated wall reactor



approach used to measure the uptake of NO2 on mineral dust 

bypassed so that the CLD signal accounts for the sum of the species NO, 
NO2 and HONO. The HONO concentration can therefore be expressed as 
the difference of the NO/NOx-chemiluminescence detector signal without 
and with carbonate denuder in the sampling line. The NO concentration can 
be obtained from the detector signal, when the molybdenum converter is 
bypassed. 
   The various mineral oxide powders and dusts that were investigated, i.e., 
SiO2 (DEGUSSA Aerosil 130) and TiO2 (DEGUSSA, P25 80% anatase, 
20% rutile; P25), were purchased from Degussa.  
   TiO2 and SiO2 (1.5 g) powder was dissolved in 20 ml of water and was 
dripped uniformly into the Pyrex flow tube and dried in an oven at 100°C 
overnight. The resulting film covered the entire inner area of the tube and, 
to the eye, was fairly uniform in thickness (Sullivan, et al., 2004).  

2.2. DESCRIPTION OF THE MODEL TO TREAT INTERACTION  
BETWEEN AEROSOLS AND CHEMISTRY  

INCA is a chemistry and aerosol model coupled to the Laboratoire de 
Météorologie Dynamique (LMD) General Circulation Model, LMDz. INCA 

(LSCE) in collaboration with other laboratories. 
   LMDz-INCA accounts for emissions, transport (resolved and sub-grid 
scale), photochemical transformations, and scavenging (dry deposition and 
washout) of chemical species and aerosols interactively in the GCM. 
Several versions of the INCA model are currently used depending on the 
envisaged applications with the chemistry-climate model. The standard 
model resolution is 96 × 72 (3.75 × 2.5 degrees in respectively longitude 
and latitude) with 19 sigma-p hybrid vertical levels. The GCM also offers 
the possibility to zoom over specific regions, reaching horizontal resolutions 

Figure 1. Schematic representation of the horizontal wall flow tube experimental 

 

is developed at the Laboratoire des Sciences du Cimat et de l’ Environnement 
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winds and temperature. An off-line version of the GCM has also been 
developed in order to minimize the required computing time for transport 
simulations. This model is still under development and constitutes the 
atmospheric component of the IPSL coupled atmosphere-ocean-biosphere 
model. 
   The model has been used for the transport of inert tracers by Hourdin and 
Issartel (2000) with winds and temperature relaxed towards ECMWF 
reanalysis (nudging), and by Boucher et al. (2002) and Boucher and Pham 
(2002) for the simulation of the sulphur cycle. The relaxation of the GCM 
winds towards ECMWF meteorology is performed by applying a correction 
term to the GCM winds corresponding to a relaxation time of 2.5 for both u 
and v and over the whole model domain. The ECMWF fields are provided 
every 6 hours and interpolated onto the LMDz grid. In this study, we present 
the results obtained with the climatological version of LMDz. However, we 
are currently conducting simulations with the nudged version in order to 
follow the evolution of the main gases and aerosol species of interest during 
field campaigns that have taken place in Europe. 
   The LMDz version used here has a horizontal resolution of 3.8 degrees in 
longitude and 2.5 degrees in latitude (96 × 72). On the vertical, the model 
uses σ-p coordinates with 19 levels extending from the surface up to about 
3 hPa. This corresponds to a vertical resolution of about 300-500 m in the 
planetary boundary layer (first level at 70 m height) and to a resolution of 
about 2 km at the tropopause (with 7-9 levels located in the stratosphere). 
Other versions of the model with higher horizontal (160 × 98 or 2.25° in 
longitude and 1.8° in latitude) and vertical (50 hybrid levels up to 0.07 hPa) 
resolutions are currently used. The primitive equations in the GCM are 
solved with a 3 min time step, large-scale transport of species is performed 
every15 min, and physical processes (including unresolved sub grid scale 
mixing) are calculated with a time step of 30 min. The transport and distri-
bution of inert tracers (CO2, SF6, Kr85, CCl3F and Rn222) has been compared 
with measurements and other model simulations to show that the model repro-
duced reasonable inter and intra-hemispheric transport times (Hauglustaine 
et al., 2003).  
   The aim for using such model is to be able to simulate interactively with 
the General Circulation Model the ozone chemistry both tropospheric and 
stratospheric, the different aerosol types (sulphate, carbonaceous, mineral 
and seasalts) together with the long-lived greenhouse gases (CO2, CH4, 
N2O, (H)CFC). We have developed a chemistry/aerosol and emission model 
INCA (INTeractions of Chemistry with Aerosols) that allows to follow 
changes in atmospheric chemical composition due to human activities and 
their impact on climate. The model has built-in features that allow to follow 
back-trajectories, to do inverse modelling and assimilate chemical and aerosol 

of 50 × 50 km . The model can be run in a nudged mode, relaxing to ECMWF 
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species. In addition, a near real-time forecast mode is used (http://www-
lsceinca.cea.fr/welcome_real_time.html). 
   Two different versions have been developed to treat tropospheric chemistry, 
one that keeps the number of species to a limited number 33 species and 
treats CH4–NOx–CO–O3 as a chemical scheme representative of the back-
ground chemistry while lumping together non-methane hydrocarbons. In 
this version, species with a very short photochemical lifetime are not subject 
to transport, and only one photochemical family is formed (Ox = O3 + O(1D) 
+ O(3P)). The scheme includes 19 photolytic reactions, 62 gas phase reac-
tions and 4 heterogeneous reactions. The reaction rates are specified accord-
ing to DeMore et al. (1997) and subsequent updates (Sander et al., 2000; 
2002). These reaction rates are updated at each model time step based on the 
temperature, pressure, and water vapour distributions provided by the GCM. 
   Dry deposition is treated using a resistance in series scheme for gases and 
constant dry deposition velocities that depend whether the surface is cove-
red by land or oceans. The sedimentation of the aerosol is based upon 
settling velocities calculated using Stokes relationship, taking into account 
their dependency on the lower air viscosity at higher altitude (Seinfeld, 
1986). The adaptation of this scheme to be used with the spectral scheme 
for aerosol size distribution is detailed in Schulz et al. (1998). 

2.3. 2

The gas uptake to the surface of the aerosol is described by a first order rate 
reaction in the model. The coefficient kj (s–1) which indicates the rate at 
which the gaseous species j is uptaken at the aerosol surface is: 

dr)()(k
2

1
,j ∫=

r

r
jd rnrk

  

the interval limited by r and r + dr. Kd, j (m3 s–1) denotes the coefficient of 
mass transfer that demands on the aerosol size and is computed based upon 
the Fuchs et Sutugin equation: 
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where Dj(m2 s–1) is the molecular diffusion coefficient of the trace gas 
involved in the reaction. Following the laboratory results described here the 
coefficient γj were set respectively to 1.e-4, 1.e-5 and 1.e-6. 

ON DUST  
TREATMENT OF THE HETEROGENEOUS REACTION OF NO  

where n(r)d is the number density of particles which sizes are included in

(3)

 

(4)
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   The LMDz-INCA model is run for 13 months and only the last 12 months 
are analysed the first month ensuring that the spinup is over. 
   A future step in this work will be to have a better description of non-
methane hydrocarbons using a more refined chemical scheme where several 
hydrocarbons are explicitly treated. This will allow to make a better quanti-
fication of the effects of this reaction upon NOx, NOy and HOx radicals. 

3. Results 

The uptake of NO2 on bare glass was beyond the sensitivity of our horizon-
tal coated wall reactor, which means that the uptake coefficient was below 
the detection limit of a few times 10–7. Only a physical adsorption was obser-
ved i.e., the surface exposed by the glass flow tube was rapidly covered and 
saturated by NO2 molecules. At this stage, no more uptake occurred on this 
surface. In the dark and at low relative humidity i.e., rh below 1%), there 
was no reaction on the bare glass surface. 
   The uptake of NO2 in the dark was also studied on various mineral dusts. 
As an example, Figure 2 shows the raw data during a NO2 uptake experi-
ment in the dark on a surface made of TiO2/SiO2 at 1 wt% of TiO2. When 
the surface of mineral was exposed to gaseous NO2, nothing important 
happens which means that under our experimental conditions we could not 
observe any uptake of NO2 on these minerals (despite the important specific 
surface of our samples). In the dark, NO2 will not react on mineral dust as 
previously demonstrated or at a very slow rate which is beyond the possi-
bility of our current set-up. 
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Figure 2. Raw data of the uptake of NO2 over the surface of  TiO2 (1% wt)/SiO2 
surface in dark for different positions (30, 20, 10 cm) of the injector; 12.5% hr 
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   Figure 3 shows the raw data for an uptake experiment on a on a surface 
made of TiO2/SiO2 at 1wt% of TiO2 when the Pyrex flowtube was irradiated 
by the output of the halogen lamps. This has to be compared with data shown 
in Figure 2 (corresponding experiment but in the dark). It is obvious that in 
the dark only physical adsorption is occurring while under irradiation the 
uptake of NO2 is driven by a chemical reaction on the solid film. Here the 
quantity of NO2 that has reacted is depending “only” on the surface exposed 
to the gas phase. The uptake coefficient measured in this case is about 10–6 
(or greater) i.e., at least an order of magnitude larger than without light. 
   The photocatalytic action of TiO2 is initiated by the photo-production of 
an electron and a hole. The electron reduces the oxygen contained in the gas 
flow or the nitrogen dioxide while the hole oxidizes traces of water being 
also present in the gas flow. 
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Figure 3. Raw data of the uptake of NO2 over the surface of TiO2 (1%wt)/SiO2 with 

3.1. EFFECT OF TEMPERATURE, RELATIVE HUMIDITY, PERCENTAGE 
OF TIO2 IN MIXTURE ON THE UPTAKE COEFFICIENT OF NO2 ON 
TIO2/SIO2 

The temperature dependence of the NO2 uptake coefficient on the surface of 
TiO2/SiO2 was also studied between 288 and 298 K and the corresponding 
data are shown in Figure 4. One can note that the uptake coefficient is slightly 
dependent of the temperature as it increases as function of temperature 
(Figure 4). 

ing relative humidity (Figure 5). While all experiments described above were 
performed under dry conditions (i.e., rh < 1%), we observed that adding  
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   On the other hand, the uptake coefficient appears to decrease with increas-

light for different positions (30, 20, 10 cm) of the injector at 297 K, 12.5 %hr 

C. GEORGE ET AL.



PHOTOENHANCED UPTAKE OF NO2 

Figure 4. Uptake rate for NO2 (197 ppb) on TiO2 (5%wt)/SiO2 as a function of 

 

Figure 5. Uptake rate for NO2 (197 ppb) on TiO2(5%wt)/SiO2 as a function of relative 
humidity 
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water vapour into the gas flow lead to a slight decrease of the uptake of 
NO2. It appears certainly that water adsorbs more strongly on our films 
changing the properties of the surfaces and its ability to react with NO2. 
Especially, the increasing amount of adsorbed water will lead to a stronger 
role in the associated chemical mechanism. Indeed, adsorbed water will be 
oxidised by TiO2 and will produce OH radicals. This surface competition 
(in both adsorption and reactivity) may in turn affect the observed kinetics. 
This decrease can then be understood as the surface becoming less reactive 
toward NO2, in connection to the fact that the molecules of waters, which 
are in the surface of the solid, prevent the reaction between NO2 and TiO2. 

2

In our experimental approach, we used as mentioned a NO/NOx-chemilumi-
nescence detector. This molybdenum converter/chemiluminescence detection 
system principally measures the NOy-species NO, NO2, and HONO with an 
equal analytical response. This means that in any system where HONO can 
be potentially formed it will be detected as NOx. To prevent such inter-
ferences, a sodium carbonate denuder tube was inserted between the outlet  

Figure 6. NO2 (197 ppb) on TiO2(5%wt)/SiO2: dependence of the concentration of  
HONO produced on the concentration of NO2 consumed observed at 298 K, and 
50%hr 
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of the flowtube and the NOx analyser. This denuder removed from the gas 
flow any traces of nitrous acid and allowed a real detection of the NOx level 
along with the combination of the NOx + HONO level (by removing perio-
dically the carbonate denuder). In other words, the sodium carbonate denuder 
tube was either be inserted into the sampling line allowing the determina-
tion of the sum of the species NO and NO2 or may be bypassed that the sum 
of the species NO, NO2 and HONO was measured. The HONO concen-
tration can then be derived as the difference of the NOx-NOy level without 
and with carbonate denuder in the sampling line. 
   Using this procedure, HONO was detected as a product of NO2 interaction 
with TiO2/SiO  One can note that HONO production correlates with the 

2

2

2
and as a function of the TiO2/SiO2 masse deposit. All the experiments were 
conducted at room temperature (except the temperature dependence study) 
and 1 bar of pressure. The reduction of NO2 to nitrous acid (HONO) on  
 

 
2

(between 1005 and 714 mb) between a simulation with NO2 uptake on mineral 
aerosol surfaces and the CONTROL RUN without the reaction, in this simulation 
the accommodation coefficient, γ was set to 10–5 
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2. 

Figure 7. Percentage difference in NO  concentrations in the boundary layer 

of NO  with TiO  was determined as a ratio of the concentration of HONO 2 2
formed and the concentration of NO  consumed. A few series of experiments 

mental conditions (temperature, relative humidity, and concentration of NO ) 
were carried out where the HONO yield was determined under varied experi-

kinetics of  NO  consumption (Figure 6). The yield of HONO from the reaction 



solid organic surfaces was observed in several laboratory studies (Arens  
et al., 2002; Leliére et al., 2004; George et al., 2005...). Figure 7 shows the 
dependence of HONO formed on the consumed concentration of NO2; 33% 
yield of HONO was founding this present study. 
   From our findings, we can conclude that NO2 is photochemically taken up 
by minerals containing traces of TiO2 (in its anatase structure) and it forms 
nitrous acid as product but certainly particle bound nitrate (as the nitrous 
acid yield is not unity). The uptake coefficients reported in this preliminary 
study, have to be understood as lower limits as the irradiation used was mild 
i.e., below real solar irradiation. Accordingly, we do currently estimate the 
associated uptake coefficients as being in the range from 10–7 to 10–5. 

Figure 8. Percentage difference in NO2 concentrations in the closest layer to the 
surface (984 mb) between the simulation with the NO2 uptake on mineral aerosol 
surfaces and the CONTROL RUN without the reaction, in this simulation the 
accommodation coefficient, γ was set to 10–5 

3.3. 3-D MODELLING 

An uptake coefficients of 10–5 which represents a lower limit given the results 
presented above was used in the model version with a chemical scheme 
representative of the background chemistry (CH4–NOx–CO–O3). The first 
results we obtained are shown in Figures 7 & 8. The July boundary layer 
concentrations of NO2 are decreased by 1 to 5% even for a conservative 
value for the accommodation coefficient (Figure 7). The effect is particularly 
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pronounced in the vicinity of source regions (Sahara) and close to the surface 

2 2
concentrations during a dust outbreak that occurs on March 20th in the 
model can decrease by up to 30%. The main difference is that this NO2 sink 
is photochemical (i.e., it will occur only during daytime) producing HONO 
that will in turn photodissociates producing OH and NO. Therefore the 
photocatalytic effect of dust particles (if existing in the environment) will 
affect the NO to NO2 ratio drastically. We envisage quantifying this effect 
on the HOx radicals as well as onto NOx and NOy. 

4. References 

George, C., et al. (2005), Photoenhanced uptake of gaseous NO2 on solid organic 
compounds: A photochemical source of HONO?, Faraday Discussions, 130, 195-210. 

Kleffmann, J., et al. (2003), Measured and simulated vertical profiles of nitrous acid - Part I: 
Field measurements, Atmos. Environ., 37, 2949-2955. 

Lovejoy, E. R., et al. (1995), Atmospheric fate of CF3OH. 2. Heterogeneous reaction, 
Journal of Geophysical Research, [Atmospheres], 100, 18,775-780. 

Ramazan, K. A., et al. (2004), The photochemical production of HONO during the 
heterogeneous hydrolysis of NO2, Phys. Chem. Chem. Phys., 6, 3836-3843. 

Ren, X., et al. (2003), OH and HO2 chemistry in the urban atmosphere of New York City, 
Atmos. Environ., 37, 3639-3651. 

Rohrer, F., et al. (2004), Characterisation of the Photolytic HONO-Source in the Atmosphere 
Simulation Chamber SAPHIR, Atmos. Chem. Phys. Discuss., 4, 7881-7915. 

Sullivan, R. C., et al. (2004), Ozone decomposition kinetics on alumina: Effects of ozone 
partial pressure, relative humidity and repeated oxidation cycles, Atmospheric Chemistry 
and Physics, 4, 1301-1310. 

Vogel, B., et al. (2003), Measured and simulated vertical profiles of nitrous acid - Part II. 
Model simulations and indications for a photolytic source, Atmos. Environ., 37, 2957-
2966. 

Zhou, X., et al. (2001), Snowpack photochemical production of HONO: A major source of 
OH in the Arctic boundary layer in springtime, Geophys. Res. Lett., 28, 4087-4090. 

Zhou, X., et al. (2002a), Summertime nitrous acid chemistry in the atmospheric boundary 
layer at a rural site in New York State, J. Geophys. Res., 107, ACH13/11-ACH13/11. 

Zhou, X., et al. (2003), Nitric acid photolysis on surfaces in low-NOx environments: 
significant atmospheric implications, Geophys. Res. Lett., 30, ASC 12/11-ASC 12/14. 

Zhou, X., et al. (2002b), Photochemical production of nitrous acid on glass sample manifold 
surface, Geophys. Res. Lett., 29, 26/21-26/24. 

 
 

233 

trate the episodic nature of the uptake of NO , we show in Figure 8 that NO  
where the aerosol surface available for the reaction is maximum. To illus-
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Abstract This manuscript is a written version of the talk presented at the 
NATO ARW. The paper is not designed as a general overview of gas-phase 
processes, rather the intention has been to try and highlight work that has 
been going on gas-phase processes which have possible important cones-
quences for the complex chemistry occurring in the Mediterranean atmos-
phere. The manuscript is constrained to chemical processes involved in the 
gas-phase photooxidation of volatile organic compounds (VOCs). 

1. Introduction 

The Mediterranean region is rich in vegetation and the intense solar radiation 
and high temperatures result in high emissions of biogenic NMVOCs (non-
methane volatile organic compounds) to the atmosphere. These biogenic 
emissions consist to a large extent of monoterpenes and isoprene. The 
biogenic VOC mix is often augmented by inflows of polluted air containing 
anthropogenic VOCs and nitrogen oxides (NOx = NO + NO2) emitted from 
industrial regions. The anthropogenic VOCs are often dominated by emis-
sions from combustion sources, i.e., they contain substantial levels of aromatic 
compounds. There are indications that the summertime ozone (O3) levels 
are considerably enhanced over the entire Mediterranean and that the aerosol 
radiative forcing is among the highest in the world (Lelieveld et al., 2002).   
   Both the biogenic and anthropogenic VOCs are subject to gas phase 
photooxidation, to a large extent by the hydroxyl radical (OH) during the 
daytime but for compounds containing unsaturated C=C bonds oxidation by 
ozone (O3) can also be important. During the night reactions of VOCs with 
the nitrate radical (NO3) dominate. These gas-phase oxidation processes 
lead to the formation of the high levels of ozone, other photooxidants and 
aerosol, which have been observed in the summertime Mediterranean  
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(Lelieveld et al., 2002) and have serious detrimental consequences for human 
health and vegetation growth within the Mediterranean area. The average 
levels of summertime O3 in the Mediterranean area can vary between 50 
and 85 ppbv (Sanz and Millán, 1998; Kalabokas et al., 2007 and references 
therein).  
   Our understanding of the gas phase oxidation processes of VOCs has 
increased tremendously during the last two decades. The aim of the manu-
script, as stated in the abstract, is not to give a general overview of gas-
phase tropospheric processes but rather to show the typical VOC and oxidant 
levels prevailing in the Mediterranean area and highlight some of the main 
areas of uncertainty in our knowledge of the gas-phase processes, which 
often result in high levels of oxidant and aerosol formation in this region. 
   For anyone not familiar with the subject matter and who wishes a broad 
overview of the topic under discussion the following books and articles 
should be of assistance:  

• general atmospheric chemistry (Finlayson-Pitts and Pitts, 2000) 
• general chemistry of volatile organic compounds (VOCs) (Atkinson, 

1989, 1990, 1994, 1998, 2000; Atkinson and Arey, 2003a) 
• alkane chemistry (Atkinson, 1997) 
• alkene chemistry (Atkinson, 1997; Calvert et al., 2000) 
• aromatic hydrocarbon chemistry (Calvert et al., 2002) 
• biogenic hydrocarbon chemistry (Atkinson and Arey, 2003b) 
• oxygenated VOC chemistry (Mellouki et al., 2003) 
• dimethyl sulphide chemistry (Barnes et al., 2006) 

   Good overviews of atmosphere aerosols can be found in Seinfeld and 
Pandis (1998) and Kanakidou et al. (2005). Actual kinetic data for the reac-
tions of the atmospherically relevant reactive species OH and NO3 radicals 
and O3 with VOCs can be found in Atkinson et al. (2005). 

2. VOC and Radical Levels in the Mediterranean 

2.1. BIOGENIC AND ANTHROPOGENIC VOCS LEVELS 

Biogenic volatile organic compounds such as isoprene (2-methyl-1,3-
butadiene; CH2=C(CH3)-CH=CH2) and monoterpenes are known to play 
key roles in the photooxidation chemistry of the Mediterranean (e.g., 
Fehsenfeld et al., 1992; Harrison et al., 2001; Cortinovis et al., 2005; 
Liakakou et al., 2007 and references therein). Although biogenic VOC 
emissions tend to dominate in the general Mediterranean area in some 
Mediterranean urban and industrial sites emissions of anthropogenic VOCs 
and NOx are quite substantial. In addition, transport of polluted air from 
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other regions of Europe is also a source of anthropogenic VOCs, in parti-
cular, aromatic hydrocarbons (see for example: Cortinovis et al., 2005; Gros 
et al., 2003; Liakakou et al., 2007; Xu et al., 2003). The input of different 
levels of anthropogenic VOCs and NOx leads to large variations in the 
VOC/NOx ratio over the Mediterranean and thus the oxidising capacity of 
the affected area and the gas phase chemical processes, which occur within 
the area. Typical concentrations of aromatic hydrocarbons, which can be 
present in polluted air parcels in the Mediterranean, are shown in Table 1 
(Xu et al., 2003). 
 
TABLE 1. Anthropogenic aromatic hydrocarbon concentrations observed in polluted air 
masses in the Mediterranean, e.g., for Finokalia, Crete during the MINOS campaign, and 
mixing ratios in the Greater Athens Area (GAA) (Xu et al., 2003) 

Compound mean+1σ 
(pptv) 

Range 
(pptv) 

GAA Mean 
(ppbv) 

toluene 11 ± 7 0.3 – 38 16 
ethylbenzene 8 ± 6 0.2 – 21  20 
p/m-xylene 11 ± 6 0.5 – 27 16 
o-xylene 8 ± 5 0.3 – 18 11 
propylbenzene 43 ± 36 6 – 250 48 
1,2,3-trimethylbenzene 7 ± 4 0.2 – 22 43 
1,35-trimethylbenzene 12 ± 7 1.7 – 33 – 
benzacetaldehyde 25 ± 18 0.7 – 70 19 

   The levels of isoprene and monoterpenes emitted to the atmosphere can 
be highly variable (Guenther et al., 1992). In Finokalia/Crete, for example, 
the isoprene concentration has been observed to vary between 5-1200 pptv, 
the mean value in summertime is the area is around 100 pptv (Liakalou  
et al., 2007). The annual isoprene emissions in Greece alone from trees have 
been estimated to be (132 ± 29) kT yr–1 (Harrison et al., 2001). There are 
numerous papers reporting biogenic emissions from vegetation in the 
Mediterranean area, e.g., an overview of the emissions of the C5 and C10 
hydrocarbons, isoprene and monoterpenes from different plant species in 
five different Mediterranean habitats can be found in Owen et al., (2001) 
and Parra et al., (2004) give estimates of the biogenic emissions of NMVOCs 
from vegetation in the North Western Mediterranean. Quantitative infor- 
mation on the emission rates of selected reactive gases from vegetation in 
the Mediterranean basin can also be found in reports from the European 
Community funded project BEMA (Biogenic emissions in the Mediterranean 
Area (Kesselmeier et al., 1996; http://cordis.europa.eu/data/PROJ_ENV/ 
ACTIONeqDndSESSIONeq12999200595ndDOCeq5ndTBLeqEN_PROJ.htm). 
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2.2. RADICAL LEVELS 

There have been virtually no direct measurements of the radical levels of 
OH and HO2 in the Mediterranean area. Two campaigns in which OH was 
directly measured have shown high OH radical concentration maxima 
around midday during the summertime.  
   During the AEROBIC97 campaign OH and HO2 radicals were measured 
over a forested region in north-western Greece during July and August 1997 
(Carslaw et al., 2001). During the campaign mean averaged concentrations 
between 3.1-6.4 × 106 and 0.89-6.1 × 108 molecules cm–3 were measured for 
OH and HO2 radicals, respectively. During the MINOS campaign, conduc-
ted at Finokalia on the north-eastern coast of Crete, OH radicals were 
measured between 28 July-18 August 2001 (Berresheim et al., 2003). The 
OH radical levels showed a strong diurnal variability with high maxima of 
∼2 × 107 molecules cm–3 occurring around13-14 h LT and nightime values 
below the detection limit of around 2.4 × 105 molecules cm–3. The daily 24-
hour average concentrations were found to vary between 3.6-6.7 × 106 
molecules cm–3. 
   A general overview of nitrate radicals in the troposphere can be found in 
Platt and Heintz (1994). However, as for OH and HO2 radicals there have 
been very few measurements of NO3 radicals in the Mediterranean area. 
During the above-mentioned MINOS campaign at Finokalia NO3 radicals 
were measured simultaneously with OH. The NO3 radical concentrations 
ranged from 3 × 107 to 9 × 108 radicals cm–3 with an average nighttime value 
of 1.1 × 108 radicals cm–3 (Vrekoussis et al., 2004). The measurements were 
continued for more than two years (June 2001 – September 2003) and 
showed that in the area the NO3 radicals follow a distinct seasonal depen-
dency with the highest seasonally average mixing ratios in summer, (5.5 ± 
1.2) pptv, and the lowest in winter, (1.2 ± 1.2) pptv (Vrekoussis et al., 
2007). The series has shown that the highest NO3 mixing ratios are attained 
mainly in polluted air masses which originate from mainland Greece, Central 
and East Europe and Turkey. Measurements of O3, NO2 and meteorological 
parameters were also made during the two-year observation period and the 
NO2 data set is currently the most comprehensive overview of NO2 tem-
poral variability for the area. 

2.3. REACTIVITY OF VOCS TOWARDS OXIDIZING SPECIES  
IN THE ATMOSPHERE 

As stated in the Introduction the most important oxidants in the atmosphere, 
which initiate the gas phase oxidation of VOCs are OH during daylight 
hours, the NO3 radical during the hours of darkness, and O3 continually. 
Different classes of VOC show different reactivity toward these oxidants.  
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TABLE 2. Typical rate coefficients for the reactions of different classes of VOC with the 
atmospherically important reactive species O3, OH and NO3 

VOC Class Ozone 
(O3) 

OH NO3 Most 
important 
removal 
process 

Alkanes 
Cycloalkanes 

<10 –23 

 
0.3 –8 × 10 –11 <10 –17 OH 

Oxygenated 
aliphatics 

<2.2 × 10 –21 

 
0.2 –6 × 10 –11 

 
<1.4 × 10 –16 

 
OH 
 

Aromatics 
 

<6 × 10 –21 

 
0.1 –6 × 10 –11 

 
<10 –17 

 
OH 
(NO3) 

Alkenes 
cycloalkenes 

2 × 10 –18 – 
1.5 × 10 –15 

0.8 –1 2 × 10– 11 6 × 10 –17 – 
3 × 10 –11 

O3, OH, NO3 

 
 
The rate coefficients for the reactions of OH, NO3 and O3 with the various 
classes of VOC found in the Mediterranean are listed in Table 2. 
   The table also lists the oxidant, which is dominant in oxidising the class 
of VOC. In general biogenics VOCs (isoprene and monoterpenes) are very 
reactive compared to most anthropogenic VOCs and because of the presence a 
double bond in their molecular structure will be subject to oxidation by all 
three oxidants to differing degrees. The atmospheric lifetime of a VOC with 
respect to oxidation by OH, NO3 or O3 is given by: 

 
τOH = 1/(kOH[OH]) τNO3 = 1/(kNO3[NO3]) τOH = 1/(kO3[O3]) 

 
where kOH, kNO3, and kO3 are the rate coefficient of the VOC with the reac-
tive species and [OH], [NO3], and [O3] are the measured oxidant concen-
trations. 

3. Current Issues in Gas Phase Chemistry Affecting  
the Mediterranean 

3.1. ISOPRENE CHEMISTRY AND SECONDARY ORGANIC  
AEROSOL (SOA) 

Isoprene is the second most abundant hydrocarbon emitted into the Earth’s 
atmosphere. Up until a few years ago it considered that the gas phase che-
mistry with regard to its oxidation by OH radicals was well established the 
reaction leading to the formation of methacrolein, methyl vinyl ketone as 
major products and lower yields of hydroxynitrates, hydroxycarbonyls,  
3-methylfuran and unsaturated-1,2-diols. It was assumed that all of these 
products remained in the gas phase and there was no indication from 
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O+  OH +

methacrolein

O

methyl
vinyl  ketone

+ multifunctional
C5

~50 - 70%
hydroxynitrates: 
4-14%
hydroxycarbonyls: 
15-19%
3-methylfuran: 
<2-5%
diols

laboratory studies for secondary aerosol formation. Extensive descriptions 
of the gas-phase chemistry of isoprene can be found in the Master Chemical 
Mechanism http://www.chem.leeds.ac.uk/Atmospheric/MCM/mcmproj.html) 
or Atkinson and Arey (2003a,b). A summary of heterogeneous and aqueous-
phase transformations of isoprene can be found in Rudzinski (2006). 

 

 

 

 

 

 

Figure 1. Products formed in the reaction of OH radicals with isoprene 

   In 2004 Claeys et al., (2004a, b) found two isomers of 2-methyl-butane-
1,2,3,4-terols in aerosol samples collected over the Amazon rain forest and 
over the continental L-Pustzta forest in Hungary (Ion et al., 2005). Since 
then the tetrols have also found in aerosol samples in Melpitz, Germany 
(Böge et al., 2006), Hyytiälä, Finland (Kourtchev et al., 2005) and in the 
eastern United States (Edney et al., 2005; Xia and Hopke, 2006). 

 
 
 

 

 

Figure 2. 2-methyltetrols: 2-methythreitol and 2-methylerythritol 

   Since the tetrols have the isoprene skeleton (see Figure 2), Claeys et al. 
(2004a) originally hypothesised that the tetrols were formed in the gas-phase 
oxidation of isoprene and condensed to aerosols. The proposed mechanism, 
however, required low NOx conditions and since tetrols were also found under 
high NOx conditions the gas-phase mechanism was later retracted (Claeys  
et al., 2004b) and acid-catalysed reaction of isoprene either heterogeneously 
or in the aqueous phase was proposed to explain the formation of the tetrols. 
Subsequent studies have also shown that isoprene may contribute to organic 
aerosol via heterogeneous or aqueous phase oxidation routes; these studies 
are summarised in Kroll et al. (2005) and Henze and Seinfeld (2006). 
   As isoprene is emitted in such large quantities to the atmosphere even a 
small SOA yield from it oxidation, as discussed by Henze and Seinfeld 
(2006), would have profound implications, not only for the sources of organic 

HO
OH

OH
OH
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aerosol in the Mediterranean area, but also globally. Since the publications 
of Claeys et al. (2004a, b) many studies have been made in many laboratories 
to try and establish whether the gas-phase oxidation of isoprene produces 
SOA. The results from these investigations have been mixed with some 
studies showing aerosol formation and others not. The extensive set of experi-
ments are those from the Seinfeld group in the USA in which they have 
investigated the gas-phase oxidation of isoprene over a wide range of experi-
mental conditions (Kroll et al., 2005; Kroll et al., 2006; Ng et al., 2006; 
Surratt et al., 2006). This set of comprehensive laboratory investigations 
supports that the OH radical initiated oxidation of isoprene forms SOA. 
SOA yields of 1-2% were found at high NOx levels and around 3% at low 
NOx levels (Kroll et al., 2005, 2006). The following bullet points list some 
of the important results, which emerged from the studies: 

• at high NOx yields were found to decrease substantially with increasing 
[NOx] which is taken to indicate the importance of RO2 chemistry (Kroll 
et al., 2006) 

• time delay in SOA formation and continuous growth after complete con-
sumption of isoprene suggests SOA is mainly coming from the further 
oxidation of first-generation products (Ng et al., 2006) 

• a large fraction of SOA growth is likely related to the oxidation of 
methacrolein (Kroll et al., 2005; Ng et al., 2006; Surratt et al., 2006) 
 
      methacrolein: 

 
• oligomerization was observed to be an important SOA formation 

pathway under all conditions (Surratt et al., 2006) 
• the nature of the oligomers depends strongly on the NOx level (Surratt  

et al., 2006) 
• acidic products formed only under high NOx conditions (Surratt et al., 

2006) 
• further oxidation of the gas phase product methacrolein under high NOx 

conditions produces polyesters involving 2-methylglyceric acid as a key 
monomeric unit (Surratt et al., 2006) 

• these oligomers comprise ~22-34% of the high-NOx SOA mass (Surratt 
et al., 2006) 

• organic peroxides contribute significantly to the low-NOx SOA mass (up 
to ~60%) (Surratt et al., 2006) 

Because of the implications of the results from the Seinfeld group with 
respect to the yield of SOA from the oxidation of isoprene it is important 
that the results are validated in independent studies in other laboratories. 

O
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H3C
O +  O3

3.2. OZONOLYSIS OF ALKENES AND SOA 

Klotz et al. (2004) have observed the formed of low yields of SOA in the 
ozonylsis of methyl vinyl ether. The results were reproducible and no 
formation of SOA was observed for the OH and NO3 initiated oxidation of 
the ether. 

                       
        CH3OCHO (formate) + HCHO + 
                     CH2OO (CI) + CH3OCHOO (CI) 

                                                                     + SOA formation (< 1% yield) 
 
 

   At that time methyl vinyl ether (MVE) was the smallest reported molecule 
for which SOA formation had been observed. The mechanism leading to the 
SOA formation and the chemical composition of the SOA were not known. 
In subsequent studies on other small vinyl ethers, within the European Com-
munity project MOST, formation of SOA in 1-3% yields was also observed.  
   Sadezky et al. (2006) have also studied the ozonolysis of several alkyl 
vinyl ethers (EVE, PVE, n-BVE, t-BVE, EPE) and investigated the formation 
of SOA and also the chemical composition of the SOA using mass spectro-
metry. They measured SOA yields between 2 and 4% for the vinyl ethers. 
However, they found that the SOA was strongly reduced in the present of 
formic acid and water, both compounds, which efficiently scavenge the 
stabilised Criegee Intermediates (CI) formed in the ozonolyis. Chemical 
analysis of the SOA showed the formation of oligimeric compounds with 
repetitive chain units. These chain units had the mass as the major Criegee 
intermediates formed during the ozonolysis of the ethers: 

 
 
 
 

 
   The formation of oligomers in the ozonolysis of alkyl vinyl ethers observed 
by Sadezky et al. (2006), which contain the Criegee biradical structural 
entity, and the large decrease in the SOA yield on adding a CI scavenger to 
the reaction systems strongly support a major role of CI in the SOA 
formation observed in the “dry” ozonolysis of alkyl vinyl ethers, i.e. possible 
reaction of the CI with the double bond. If this is the case, addition of a CI 
scavenger, such as water or HCOOH, will very effectively transform the CI 
to highly volatile hydroperoxides thus hindering reaction of the CI with the 
alkyl vinyl ether double bond and reducing SOA formation. 
   If reaction of the Criegee biradical with the double bond in the ozonolysis 
of alkyl vinyl ethers is the major route to the SOA formation as the results 

C O

R

R

O

n

R = H,CH3 etc.
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of Sadezky et al. (2006) appear to suggest then the SOA formation from the 
ozonolysis of alkyl vinyl ethers will be of negligible importance under 
atmospheric conditions due to scavenging of the Criegee biradicals by the 
high concentrations of water vapour constantly present in the atmosphere. 
However, if the SOA observed in the ozonolysis of alkyl vinyl ethers via 
reaction of the CI with the double bond is a general phenomenon for alkenes 
then it needs to be taken into account in all SOA studies on the ozonolysis 
of alkenes performed under dry conditions. This would also apply to the 
SOA formation studies for isoprene discussed in the section 3.1.   

3.3. PHOTOOXIDATION OF BENZENE 

The conventional wisdom for many years has been that the photooxidation 
of benzene, in contrast to the alkylbenzenes, does not form SOA. How- 
ever, experiments performed in EUPHORE outdoor simulation chamber in 
Valencia, Spain have clearly demonstrated that this assumption is clearly in 
error (Martín-Reviejo and Wirtz, 2005). Experiments were performed for a 
variety of NOx regimes and high aerosol yields have been obtained.  
                                    

                                  
  

+    hν/OH/NOx  
 
 

 
   The SOA yields are comparable to those obtained during the photooxi-
dation of other aromatic compounds under similar conditions. The work has 
clearly demonstrated the strong influence that the level of NOx has on 
aromatic photooxidation systems and highlighted to need to perform SOA 
studies on the photooxidation of aromatic hydrocarbons at NOx levels 
pertinent to the atmosphere. 

3.4. NITOPHENOLS A NEW PHOTOLYIC SOURCE OF NITROUS  
ACID (HONO) 

Among the different classes of anthropogenic VOCs emitted to the atmos-
phere aromatic hydrocarbons are of particular significance. They contribute 
appreciably to photooxidant and SOA formation and are associated with 
human health problems. Nitrophenols are a class of aromatic compound with 
carcinogenic and phytotoxic properties; it has been implied that they play a 
role forest decline.  
   Nitrophenols can be emitted directly into the atmosphere or they can be 
formed via the photooxidation of aromatic hydrocarbons (Harrison et al., 

SOA formation  
8 - 25% dependent on conditions 
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2005). The reaction of all aromatic hydrocarbons with OH radicals in the 
presence of NOx produce nitrophenols to differing degrees. The reaction of 
NO3 radicals with hydroxylated aromatic compounds produces nitrophenols 
in high yields (Calvert et al., 2002). 

 
 

 

 

 
 
 
 
 
 

 
 

   Until recently, very little was known about the atmospheric fate of nitro-
phenols. Rate coefficients have now been determined for the reaction of OH 
radicals with a number of nitrophenols (Bejan et al., 2006b, 2007) 

 
TABLE 3. Rate coefficients for the reactions of OH radicals with nitrophenols at 298 K  

Compound kOH (cm3 molecule–1 s–1) 
Nitrophenol (NP) ∼1 × 10–12 
3-methyl-2-nitrophenol (3M2N) (3.69 ± 0.70) × 10–12 
4-methyl-2-nitrophenol (4M2NP) (3.59 ± 1.17) × 10–12 
5-methyl-2-nitrophenol (5M2NP) (6.72 ± 2.14) × 10–12 
6-methyl-2-nitrophenol (6M2NP) (2.70 ± 0.57) × 10–12 

   Nitrophenols are only moderately reactive toward OH radicals; with the 
high OH radical levels prevailing in the Mediterranean during the summer-
time they will have atmospheric lifetimes ranging from 1-2 days up to ~5 h 
with respect to photooxidation by OH during this season. All nitrated aromatic 
hydrocarbons absorb in the atmospherically relevant actinic region 300-400 
nm, an example is shown in Figure 3 for of the liquid phase absorption 
spectrum of 3-methyl-2-nitrocresol. 
   The gas-phase UV spectra of the nitrophenols are not expected to be very 
much different to those recorded in the liquid phase. Previously, photolysis 
of nitrophenols was thought to be fairly slow and the main photolysis pathway 
was thought to production of NO2 and the corresponding hydroxylated 
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and atmospheric pressure (Bejan et al., 2006b, 2007) 
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Figure 3. Liquid-phase absorption spectrum of 3-methyl-2-nitrocresol 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4. Pathways for the photolysis of 2-nitrophenol (Calvert et al., 2002) 
 

   It has been shown recently that the photolysis of 2-nitrophenol and its 
methylated derivatives produce nitrous acid (HONO) (Bejan et al., 2006a). 
No evidence was found in these experiments for the production of NO2. At 
present the photolysis mechanism is still speculative; it is though to involve 
an intramolecular H-atom transfer from the OH group to the NO2 group 
substituent with subsequent cleavage of HONO and possibly formation of a 
biradical. 

 

OH

NO2

+  hν

OH

NO

OH

O

NO2

+  O(3P)

+  NO2

+  H

minimum energy 389 KJ mol-1 
= threshold of 307 nm) 

(minimum energy 297 kJ mol-1 
= threshold of 403 nm) 

(minimum energy 362 kJ mol-1 
= threshold of 330 nm) 

2-nitrophenol 

phenyl radical (Calvert et al., 2002). Possible photolysis pathways for  
2-nitrophenol are shown in Figure 4. 
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   However, the measured HONO production rates and the measured nitro-
phenol photolysis frequencies suggest that a large fraction of the photolysis 
is producing products other that HONO, therefore, other pathways must 
also be occurring. The photolysis of the nitrophenols has been shown to be 
very effective in producing SOA, SOA formation is observed on conversion 
of very low concentrations of the compounds (Bejan, 2007). It is possible 
that their photolysis may play a key role in initiating the SOA formation 
observed in the photolysis of aromatic compounds. Atmospheric photolysis 
frequencies of between 40 min to 3 h have been estimated for the nitro-
phenols, which implies that photolysis will be the major gas-phase atmos-
pheric loss process for the nitrophenols. 
   To our knowledge there have been no measurements of nitrophenols in 
the Mediterranean area, however, the large aromatic content of the polluted 
air masses which traverse the area (Gros et al., 2003; Liakakou et al., 2007; 
Xu et al., 2003) suggest that they should be present in appreciable quantities 
and active in the photochemistry of the area. 
   Nitrous acid is of considerable atmospheric interest since its photolysis 
leads to the formation of OH radicals, the key atmospheric oxidant in the 
degradation of most air pollutants and a crucial intermediate in the forma-
tion of photochemical smog in the troposphere. Recent field studies have 
demonstrated that the contribution of HONO to the oxidation capacity of 
the atmosphere has been greatly underestimated and demonstrated the exis-
tence of yet unknown daytime sources of HONO (Kleffmann et al., 2005; 
Kleffman, 2007). The photolysis of the nitrophenols to produce HONO as 
reported by Bejan et al. (2006a) can explain, at least partly, the large con-
tribution of HONO to the oxidation capacity of the urban atmosphere recently 
established in field campaigns.  
   Although field measurements have highlighted the large contribution of 
HONO to the oxidising capacity of the atmosphere, HONO is a species, which 
is currently not represented in most atmospheric chemistry models. Because 
of the existence of diverse production pathways for HONO in the atmosphere, 
such as heterogeneous and gas phase photolytic pathways, the parameteri-
sation of HONO in models will not be an easy task. It is an endeavour, 
which needs to be undertaken if the chemistry occurring in regions such as 
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the Mediterranean is to be correctly modelled and understood. Measurements 
of the atmospheric concentration levels and seasonal variability of HONO 
at different locations in the Mediterranean region should therefore be imple-
mented.  

3.5. NITRATE RADICAL CHEMISTRY 

Nitrate radicals, NO3, are formed in the atmosphere nearly exclusively 
through the reaction of NO2 with O3: 

                 NO2  +   O3   →   NO3  +  O2 

Equilibrium is quickly established between NO3 und NO2: 

                                    NO3   +   NO2   +    M    ↔   N2O5   +   M 

Due to this equilibrium the behaviour of NO3 und N2O5 in the atmosphere is 
strongly coupled. Nitrate radicals are rapidly destroyed during the day by 
photolysis and reaction with NO: 

 NO3   +   NO   →   2NO2 

NO3   +   hν (λ < 580 nm)  →   NO2   +   O 

                                       →   NO   +    O2 

   The photolytic lifetime of the NO3 radical during the day is globally on 
average ca. 5 s. Since the reaction of NO3 with NO is very rapid (2.6 × 10–11 
cm3 molecule–1 s–1 by 295 K) NO concentrations of ~0.4 ppbV are sufficient 
to limit the lifetime of NO3 radicals in the troposphere also to 5 s. NO3 
radical concentrations are, therefore, very often less than 0.1 pptV during 
the day. In the night destruction of NO3 via photolysis is not operative, and 
the NO concentrations are extremely low because of the reaction of NO with 
O3; these circumstances allow measurable concentrations of NO3 radicals to 
be formed. During the night the main sinks for NO3 radicals are reactions 
with NMVOCs and heterogeneous reactions of NO3 or N2O5 on surfaces.  
   Measurements performed at Finokalia, Crete have demonstrated quite 
vividly the important contribution of NO3 radical chemistry to the nighttime 
chemistry of the Mediterranean area (Vrekoussis et al., 2004, 2006, 2007).  
   The Crete measurements constitute first time measurements on the seasonal 
variability of the NO3 radical in the area. As stated in section 2.2, distinct 
seasonal pattern was observed for the NO3 radical with the highest mixing 
ratios being observed in summer, (5.6 ± 1.2) pptv, and the lowest in winter, 
(1.2 ± 1.2) pptv. The highest NO3 radical mixing ratios were detected in 
polluted air masses originating from other parts of Europe. 
   The work has demonstrated the important role of NO3 in regulating the 
nighttime chemistry of dimethyl sulphide (CH3SCH3; DMS). The loss of 
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DMS during the night through reaction with NO3 was estimated to be about 
75% of that by the OH radical during the day. The initial pathway in the 
reaction of NO3 with DMS is thought to result in the 100% conversion of 
NO3 to nitric acid (Barnes et al., 2006). 

CH3SCH3  +  NO3  →  CH3SCH2  +  HNO3 

   It was estimated that reactions of NO3 and N2O5 account for about 21% of 
the total nitrate (HNO3(g) – NO3(g)

–) measured in the area. It has been estimated 
that nighttime NO3 initiated VOC oxidation is also more important than that 
with OH radicals for the monoterepenes (Vrekoussis et al., 2007). 
   Hydroxylated aromatic compounds (phenols) are a class of VOC, which 
are very reactive toward NO3 radicals (Calvert et al., 2002). As indicated in 
section 3.4 reaction of NO3 with aromatic hydrocarbons, especially phenols, 
will lead to formation of nitrophenols, the photolysis of which will form 
HONO an important OH radical source. It would be interesting to make 
some field measurements of the levels of nitroaromatics in the region and 
estimate their contribution to HONO production and thus the oxidising 
capacity of the region. 
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Abstract Observed climatic changes at the planetary level, and these which 
are due to natural activities and especially human, are forced to upset the 
systems of global atmospheric circulation, and this is attributed to the 
change of the energy budget of the Earth and its Atmosphere. 
   The increase of the planetary temperature already observed (Figure 1), 
provoked by the accumulation of concentrations of gases of a high capacity 
of thermal energy absorption, such as the carbon dioxide (CO2), methane 
(CH4) and nitrous oxide (N2O), is only one of the main results of the change 
at the level of the radiative contributions and losses of the planet Earth. 

1. Energy Budget and Atmospheric Circulation 

The radiative budget of Earth is made up of different games of the solar 
radiation, to a great extent visible part, penetrating to the summit of the 
atmosphere in the direction of Earth (radiative input), and the terrestrial 
radiation, mainly by infrared, exiting to space (radiative losses). 
   If the natural greenhouse effect stabilises, the average global temperature 

2002c). 
   Although the currently available means do not allow the distinction 
between what is natural to the human in this investigation on the increase of 
the greenhouse effect, the measures undertaken on the carottages have the 
demonstrated that the concentration of gases of the greenhouse effect has  
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on the average stable, the increase observed of temperatures could only be 
is around 15°C, and taking into account that radiative solar contributions are 

it is the human surplus to the effect of the greenhouse (Karrouk, M.S., 
conceived by a diminution of the radiative losses in the infrared domain; 

Mediterranean Area, 253–267. 
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compared to the Average 1951-80 (CRU-UEA) 
 
strongly increased since the preindustrial period (that is since 1750 approxi-
mately) :  the CO2 has moved from 280 to near 360 ppbv1, the CH4 from 700 
to 1720 ppbv and the N2O from 275 to 310 ppbv approximately. 
   The latitudinal distribution of radiative inputs and losses on the hemis-
pheric plan has led to a surplus of the energy in the intertropical zone, and 
to a deficiency in the extratropical latitudes, particularly in the winter season 
(Figure 2 ; Karrouk, M.S., 2003b). 
   In January (Figure 2A), 18th parallel North above Atlantic marks the 
reversal of the net radiation. The zone existing between this parallel and the 
north pole knows a negative budget, and that found in the south of this 
parallel down to the south pole know a positive2 budget. Whereas in July 
(Figure 2C), it is the 10th parallel South that marks the energetic reversal on 
the planetary level all along the 20°W. This observation in the Atlantic is 
general on Earth. The energy budget follows a spatio-temporal zonal distri-
bution. The geographical intervention of lands and oceans selectively 
modifies this distribution, especially to the west of the continents, but the 
zonality remains well-structured: an intertropical zone where the energy 
budget on the annual plan is permanently in excess in between 10°S and 
18°N, and two other extratropical zones, one to the North of 40°N, and the 
other to the South of 37°S, where the energy budget is deficient on the 
annual average (Figure 2; Karrouk, M.S., 2003b). 

                                                 
1 ppbv = parts by billion in volume. Quoted figures are valid for 1992. 
2 The zone of cover of ERBS is within the 68th  parallel north and south. 

Figure 1. Evolution of Global Middle Temperatures 1861-2000 of the Earth as 
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Figure 2. Middle Seasonal Energy Budget 1985-89 the long of 19°45' W (ERBS-
NASA) 
 
   In intermediate seasons, the zone where the radiative budget is positive 
overlaps between 54°N and 26°S on the meridian 20°W in spring (Figure 
2B), and 26°N and 49°S in autumn on the same meridian along the Atlantic 
(Figure 2D; Karrouk, M.S., 2004). 
   This situation creates a radiative gradient between the excess zone and the 
deficient zone on the hemispheric plan. A radiative exchange between the 
two zones becomes necessary (Karrouk, M.S., 1999). This causes the intertro-
pical energetic surplus to be transferred to the deficient zone and vice-versa. 
The latitudinale circulation is thus established (Karrouk, M.S., 2002a). Its 
intensity varies between a winter maximum where the energetic gradient is 
important, and a summer minimum where this gradient is weak (Karrouk, 
M.S., 2004). 
   This atmospheric circulation is the result of two main factors: the solar 
radiation, and the spherical form of the earth in rotational movement on 
itself. This west-to-east terrestrial movement causes the superficial radio-
thermal energy, which is sensitive and latent, in the subtropical zone to be 
accumulated in the equator due to the increase in the centrifugal force 
(Karrouk, M.S., 1999 & 2001a). The flows of the surface (called Trade winds), 
converge to the intertropical zone and thermo-mechanic ascendance becomes 
necessary, creating the equatorial low region pressure (whose center is the 
meteorological equator). Once in high troposphere, the temperature declines  
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Figure 3. Schematic Representation of the Meridian Winter Circulation 
 
and flows diverge to the north and to the south in the form of géopotential 
energy causing thus the intertropical radiative surplus to be transferred to 
deficient extratropical latitudes (Karrouk, M.S., 2001d & 2002a). Reaching 
the level of the reversal of the hemispheric energy budget, these meridian 
flows undergo a down action to the ground creating the anticyclonic 
subtropical centure. The subtropical circulation is thus established in the 
form of a large meridian cell of a horizontal axis called the circulation of 
Hadley (Figure 3; Karrouk, M.S., 1999, 2001a, b, d, 2002a, c & 2006; 
Wang, C., 2002). 
   Through the circulation of Hadley, subtropical anticyclones are fed in per-
manence by the transfer of the intertropical energy accumulation (Figure 4; 
Karrouk, M.S., 1999, 2001c, 2002a & 2004). Their divergent dynamics 
implies a superficial distribution to the North by means of Westerlies that 
constitute the superficial branch of the intermediate cell of Ferrel, and to the 
South by means of the Trade winds that constitute the superficial branch of 
the cell of Hadley. Depending on the intensity of the down branch of this 
cell of Hadley, one of the superficial flows overcomes the other (Figure 5; 
Karrouk, M.S., 2003a). 
   When the intertropical ascendance is more important than the normal (in 

cyclones are found strengthened as compared to their normal state (the Azores 

northern position (Karrouk, M.S., 2001b, 2002b & 2005). The zonal circu-
lation of average latitudes is carried out rapidly in these energy conditions 
due to the energy gradient which is important between the subtropical zone 
and the moderate zone, and the West polar throw is therefore tense (Karrouk, 
M.S., 2006). The meridian exchange with average latitudes is minimal due to 
blockage imposed by the rapid West circulation, and the flow of the Trade 
winds overcomes the Westerlies winds. 

phasis «El Niño» for the Atlantic, for example, Figure 6), the subtropical anti-

in the Atlantic and Hawaii in the Pacific, Figure 4), and occupy a more 
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Figure 4. The Connections of Circulation of Hadley and Walker 

Figure 5. Schematic Representation of the Intensity of divergent Subtropical flows 
of surface 
 
   This situation emerges in the form of an increasing atmospheric stability 
of average latitudes that are invaded by the anticyclonic field. Winter 
«Droughts» appear in North Africa and in South-West Europe (Karrouk, 
M.S., 2001), and ordinary perturbations remain confined to the North of the 
polar front. The Trade winds become strengthened by the superficial energy 
surplus, and blow strongly on the equator; hot surface waters of the Pacific 
«SST»3 migrate to the West and the normal situation returns. 
   In contrast, when the energy transfer through the superior branch of 
Hadley is less important than the normal (phase «La Niña» for the Atlantic, 
Figure 7), the subtropical anticyclones become less powerful and occupy 
southern latitudes (Figure 4). The meridian energetic gradient is weak and 
the West current throw is less tense. Planetary undulations are set up bet-
ween the subpolar and subtropical air masses, the meridian exchanges are in 
full action throughout the valleys and the planetary crests, and the 
Westerlies become powerful. 

                                                 
3 SST: Sea Surface Temperature. 
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Figure 6. Diagram of the Circulation of Walker in Boreal Winter in phase El Niño 

Figure 7. Diagram of the Circulation of Walker in Boreal Winter in phase La Niña 
 
   This energy situation is characterized by violent perturbations of average 
latitudes (Western Europe), and precipitations of transit latitudes (Europe of 
the Southwest and North Africa). The Trade winds weaken by reason of the 
important share of superficial energy displaced to the North by West flows. 
The superficial branch of Hadley is less powerful, hot waters of the Pacific 

2. 

Currently, this circulation is found shaken by the energy imbalance due to 
the surplus of greenhouse effect, which disturbs the usual spacial distribution 
of superficial temperatures, as well as the atmospheric flows, winds, tempe-
ratures, precipitations, humidity of soils and the other climatical variables, 
perhaps even the speed of the rotation of the earth that could be accelerated 
or slowed by extreme events such as «El Niño». 
   The atmospheric circulation at the hemispheric level as it has been pre-
sented above, is characterized by energy exchanges undertaken between the 

 

«SST» are loosened to the East of the basin, and «El Niño» could re-establish

Climate Change and Atmospheric Circulation  

again. 
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where this budget is deficient. It is indeed at the level of the reversal of 
these energy budgets that the atmospheric circulation should witness the 
large changes of mechanisms that manage it and should have the most 
important impacts on the natural ecosystems and the sociosystems. 
   The decrease of energy loss provoked by the increase of the greenhouse 
effect, should increase the energy surplus in the intertropical zone and to 
displace the zone of the reversal of global energy budgets of the Earth to the 
poles (Figure 8; Karrouk, M.S., 2002a), and thereby, the cell of Hadley of 
the meridian vertical circulation will be found strengthened and widened in 
latitude. The polar cell should keep its weak situation vis-à-vis the cell of 
Hadley, and the thermal gradient will have a tendency to weaken in 
temperate latitudes, but should probably keep the same gap between the 
high and the low latitudes. The current West throw would be forced to 
move to higher latitudes, as well as the polar front and its perturbations, due 
to the expansion of the zone which is occupied by subtropical anticyclones 
(Figure 9; Karrouk, M.S., 2002c & 2004). Whole climatic zones would 
therefore be displaced towards the poles. 

Figure 8. Schematic Representation of the Meridian Winter Circulation Expected 
 
   It is in the winter period and at average latitudes that the effects of the 
climatic change will be the most sensitive. The upheaval of the spacial distri-
bution of energy budgets will give to atmospheric flows a new spacial distri-
bution. The divergence center of subtropical anticyclones, situated at higher 
latitudes as compared to their usual space, will put whole regions situated to 
the West of continents, at the limit of the current influence of circumpolar 
circulation and Westerlies, under the dominance of the subtropical circulation 
and the Trade winds (Iberian peninsula and North Africa concerning the  
 

low latitudes where the energy budget is in excess, and the high latitudes  
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Figure 9. Schematic Representation of the Boreal Atmospheric Winter Circulation 
 
Azores anticyclone). Thus one should expect an expansion of the zone of 
subtropical «Drought» in the direction of the poles vis-à-vis their current 
area, as well as the zone of influence of Westerlies, which should shrink at 
the subtropical side. 
   From this expected energy budget, a new spatial of the thermal and hydro-
logic budget should emerge. The energy stored in the low troposphere, espe-
cially in the oceans, will increase the energy surplus in the «ITCZ» 4 due to 
the superficial accumulation undertaken by flows of the Trade winds, and 
intertropical ascendance be strengthened. The circulation of Walker, under 
the influence of a superficial forcing should influence the system of inter-
tropical precipitations by increasing the precipitable volume of water in this 
zone (Monsoons), as well as the frequency and the amplitude of the upwell-
ings to the East of equatorial oceans which should intensify (events «El 
Niño» and «La Niña»); the consequences at the planetary level do not need to 
be demonstrated. 
   In the average latitudes, the temperatures should increase in the new areas 
invaded by subtropical anticyclones. The same thing affects the rates of evapo-
transpiration. The budget hydrologic should increase its deficit in these 
zones of transition. While in temperate regions, the increase of tempe-
ratures, especially in winter, and the progress of the Westerlies in latitudes 
should decrease snow, and increase winter precipitations and change the 
regime of flow; hence, the risk of repetitive storms and flooding above 
these latitudes at this period of the year. 

                                                 
4 ITCZ: InterTropicale Convergence Zone. 
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3. Characteristics of the Current Atmospheric  
Circulation in Morocco 

Information and observations concerning precipitations in Morocco during 
the past century, show us clearly that in more than 50% of cases, precipi-
tations have been inferior to the normal in the major part of the national 
territory: 46.4% in Marrakech between 1900 and 1996, varying between a 
surplus of 291 mm in 1912, and a deficit of 162 mm in 1981, that is, 67% 
negative difference to the normal. In Casablanca, the deficient year frequency 
is 57.8% of cases between 1907 and 1996, varying between a surplus of 
569 mm in 1996 and a deficit of 271 mm in 1981, that is, 64.1% negative 
difference to the normal. Therefore, this natural situation is structural and 
has well to be taken in consideration in all plans and projects of develop-
ment (Figure 10; Karrouk, M.S., 2001, 2002b, 2003a & 2005). 
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Figure 10. Interannual Variability of Gaps of Precipitations to 1961-90 in Morocco 

 
   This hygrometric situation of air in Morocco is linked to a macro-regional 
atmospheric circulation that makes this region sometimes submitted, to the 
subtropical climatic atmospheric predominance inhibiting precipitations, some-
times, to the influence of subpolar atmospheres which carry the humidity. 
   It is the anticyclone Azores in these Moroccan latitudes, along with the 
mobile low pressure and especially the Icelandic permanent center that con-
trols the atmospheric situations carrying or not rains to Morocco. When the 
energetic and barometrical gradient between the center of Azores and that 
of the Iceland is important, the atmospheric circulation is rapid, tense and  
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Figure 11. Interannual Variability of the NAO and Winter Precipitations in Casablanca 
 
zonal. This situation does not allow meridian exchanges and Morocco is 
under the dominance of the regime of subtropical circulation. On the other 
hand, if these gradients are weak, the regional circulation is slow and undulant, 
North-South exchange are established and perturbations of the polar front 
reach Moroccan latitudes. 
   This situation of the alternation between regimes of subtropical and subpolar 
circulation finds its explanation in the variation of atmospheric event in 
North Atlantic named «North Atlantic Oscillation-NAO». This connection 
is determined especially by the index that measures the normalized pressure 
difference between the Azores and Iceland. A strong value of this indication 
corresponds to a zonal circulation west fort, whereas a weak corresponds to 
a situation of higher evoked freezing and to a slowing of the West circu-
lation. A strong value «Positive NAO» of this indication is accompanied by 
«Drought» in Morocco, whereas a weak value of this indication «Negative 
NAO» is characterized by the return of precipitations (Figure 11). 
   It has been noticed, according to observations provided by satellites and 
meteorological observations, that «Droughts» in Morocco coincided with 
«El Niño» situations (1993, 1995). This power finds its origins in the 
«ITCZ» which is both due to oceanic superficial temperatures «SST», 
Atlantic and Pacific in this period «ENSO» (Figure 12). 
   In «El Niño» situation, the «CPEW»5 in the eastern part of the Pacific 
feeds in excess the ascending branch of connecting it the cell of Hadley by 
reason of the increase of the superficial temperature of the sea «SST» (Figure 

                                                 
5 CPEW: Pacific East Cell of de circulation of Walker. 
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4), and gives a remarkable power to the meridian circulation. This anomaly 
is manifested at the level of the cell of Hadley as a whole; hence, the 
emergence on the ground at the level of the descending branch (Azores) of 
an adiabatic compression abnormally high which constitutes thus a sensi-
tive heat excess. Minimal temperatures decline in Morocco, and the positive 
index of the «NAO» is established; it is the establishment of the tropical 
regime and the «Drought» (examples of 1983, 1993, 1995 and 1998). This 
is characterized in Morocco, by a dry atmosphere and a perfect atmospheric 
stability in periods normally considered humid. On the other hand, during «La 
Niña», cold waters of the Pacific decrease the feeding of the cell of Hadley, 
and thereby, the anticyclone of Azores is found in a weak situation, the 

regime and the return of precipitations to Morocco that could be abundant 
(examples 1996 and 1997), perhaps even exceptional in several regions of 
the country (Figure 12). 
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Figure 12. Interannual Variability of the SO and Winter Precipitations in Casablanca 

4. Climate Change and Atmospheric Circulation in Morocco 

Morocco, a country with a transition climate from the extreme Southwest of 
the Western Mediterranean, frequently knows disagreeable repercussions 
due to perturbations of the global climatical system, characterized by  
 

negative extreme of the index «NAO» is established, which allows per- 
turbations of the polar front to reach northern Africa; it is the polar 
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«Droughts», sometimes severe, or even floods. The most recent «Drought», 
that has lasted more fifteen years according to regions, was interrupted in 
1996 and started again in 1998, and that has been marked by two large 
episodes of global «Drought» in 1980-85 and 1991-95. Given the latitudinal 
position of the country (21-36°N) in relation to the usual vicissitudes of the 
reversal of the hemispheric energy budget, the region is confronted with the 
negative effects of the change of the atmospheric circulation that would 
place Morocco under the dominance of subtropical climate. This situation 
would make northern Africa submitted to «Drought» far more frequent and 
probably more long by reason of the strengthening of the anticyclonic 
system of the Azores and its widening in latitudes and longitudes, as well as 
to a rare return but certainly abundant of precipitations in humid period 

   This predictable atmospheric situation, based on physics and geographical 
logic of the tendency of the current evolution of the climatic change, will 
put in peril several socio-economic sectors in Morocco, the most important 
and the most vulnerable of which are water resources, humidity of the 
ground, agriculture, fishery and food security. 
   The frequencies studies of the evolutionary trends of the «NAO» in the 
Atlantic, and «ENSO» in the Pacific, to which are connected the precipita-
tions in Morocco (Figure 13), allows us to distinguish three distinct periods:  
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Figure 13. Interannual Variability of the Evolution of Trends of Index of the SO, 

 

inducing floods by reason of increase of the pluvial capacity of the at- 
mosphere. 

the NAO and Winter Precipitations in Casablanca 
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The first dry, and begins from the beginning of the century6 until the 1950s 
(from 1907 to 1954). The second humid, and extend from the 1950s to the 
end of the 1970s (from 1956 to 1980). And finally a third dry period that 
started at the beginning of 1980s and continues to our days. 
   The first period has been marked by a synchronic evolution of «La Niña», 
the «Positive NAO», and «Droughts» in Morocco; the second by the presence 
of «La Niña», the «Negative NAO» and precipitations; while the third was 
marked by the predominance of «El Niño», the «Positive NAO» and the 
«Drought» in Morocco. 
   If the second and current periods have appeared in conformity according 
to the theory of energy transfer presented higher, the first dry period (1907-
1954) raises questions vis-à-vis events in the Pacific. Are we dealing with 
the change of the mechanisms of the global atmospheric circulation since 
this period? 
   The information provided by the dendrochronology7 (Figure 14) on the 
duration of «Droughts» in Morocco since the year 1000 shows us that for 
the first time these durations have reached 8 years in the last two decades 
(Figure 10). 
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Figure 14. Dicennal Trend of Droughts Duration in Morocco 

 

                                                 
6 According to available meteorological data. observations of the station of Cap Spartel to Tangier 
undertaken between 1894 and 1920 indicate us a globally humid tendency in this station. 
7 Cedrus Atlanticus 1000-1989, completed by current information of 1990-2000. 
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   On the basis of these available data (Figure 10, 13 and 14), one clearly 
notices that the effects of global change are manifested in Morocco by an 
acuity of «Droughts» according to the analyses presented above. 

5. Conclusion 

The terrestrial climates affected by climate change are under the constraint 
to be upset by the new mechanisms that manage the global atmospheric 
circulation. 
   Hot average latitudes to which Morocco belongs represent the most 
vulnerable places to negative effects of this climatical upheaval given their 
position of transition between the climatical subpolar and subtropical zones. 
The sector that is most affected by this situation is WATER due to the 
prolonged «Droughts» already observed at the end of this century. And this 
is by reason of the new geographical distribution of the cycle of water that 
is established at our latitudes, and the enlargement of the area of subtropical 
evapotranspiration that has a tendency to emphasize hydric budgets which 
are deficient in Morocco. 
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THE EFFECT OF CLIMATE CHANGES ON THE DISPOSAL 

MATERIALS IN EGYPT 
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Abstract Oil and gas extraction and processing operations sometimes 
accumulate naturally occurring radioactive materials (NORM) at concen-
trations above normal in by-product waste streams. There are number of 
industries generates NORM contaminated waste in Egypt. Trench was used 

   The aim of this work is to calculate the risk and dose assessment received 
from trench disposal facility and salt caverns due to the climate changes after 
direct closure and after post closure (1000 year). RESRAD computer code 
with two different scenarios was used for this purpose. Results of this assess-
ment can be helped to examine policy issues concerning different options 
and regulation of NORM contaminated wastes generated by petroleum 
industry in Egypt.  

1. Introduction  

Naturally Occurring Radioactive Material (NORM) is found in air and in 
soil. Oil and gas production and processing operations sometimes accumu-
late NORM at elevated concentrations in the by-product waste streams. The 
sources of most of the radioactivity are the isotopes of uranium-238 and 
thorium-232, which are naturally present in subsurface formations in which 
oil and gas are produced. The primary radionuclides of concern in NORM 
wastes are radium-226 of the U-238 decay series and radium-228 of the Th-
232 decay series. Other radionuclides of concern include radionuclides that 
form due to decay of Ra-226 and Ra-228, such as radon-222 (Rn-222). The 
production waste streams which include produced water, scale, and sludge 
(Smith et al., 1997) are most likely contaminated by elevated radium con-
centrations. Radium, which is slightly soluble, can be mobilized in the liquid 
phase of a formation and transported to the surface in the produced water  
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as a disposal facility for NORM contaminated waste at one site of the petro- 
leum industry in Egypt. 

FACILITY OF NATURAL OCCURRING RADIOACTIVE 
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stream. Dissolved radium either remains in solution in the produced water 
or precipitates out in scales or sludge. Conditions that appear to affect the 
radium solubility or precipitation include water salinity, temperature, and 
pressure. Contamination of scale and sludge with NORM can occur when 
dissolved radium co-precipitates with other alkaline earth elements such as 
barium, strontium, or calcium (EPA, 1993; Tomasko, 1997; John et al., 1998). 
   The safe handling of these NORM in Egypt implies identification of the 
responsibilities of both the producers of the NORM and the Central Radio-
active Management Authority. In Egypt, CRMA has a Hot Laboratory and 
Waste Management Centre (HLWMC) (El-Adham, 2000). Dealing with these 
wastes requires developing both the required technologies and the relevant 
regulations to determine the responsibilities and identify the safety require-
ments for the handling of such wastes. The responsibilities of the producer 
include waste collection, packaging of category 1 and interim storage of 
category 2. The responsibilities of the HLWMC include transporttation and 
long term storage of category 1. 
   The aim of this study, is to calculate the risk and dose assessment received 
from trench disposal facility after direct closure and after post closure (1000 
year) was calculated. RESRAD computer code with two different scenarios 
was used for this purpose. 

2. Experimental Procedure 

2.1. COLLECTION OF MATERIALS AND METHODS 

Five samples weighing about 1 kg each were collected from the NORM that 
will be disposed of into the trench or salt cavern. The waste samples contain 
the sludge and the scale formed in the production equipment, during oil and 
gas extraction, and those removed during the periodical maintenance. The 
samples pulverized to fine powder (200 mesh) and then dried over night at 
110 C. Known amount of the samples (50 gm) were packed in a special 
counting container and carefully sealed for 8 weeks to reach secular equili-
brium between 232Th and 238U progeny. The activity of 214Bi, 214Pb, and other 
progenies of 226Ra in equilibrium with their parents were assumed to repre-
sent the 238U activity. The activity of 228Ac and other progenies of 232Th 
were assumed to represent 232Th activity. Sludge samples were stirred man-
ually by a glass rod and filled in a plastic container for counting. 
   Radiometric analyses of different samples were carried out using a high 
resolution gamma ray spectrometric system. The system was comprised of 
high purity germanium detector (HPGe) with 81cm3 sensitive volume. The 
detector has an energy resolution of 2.2 keV FWHM for the 1,332.5 keV of  
 
 

°
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gamma energy of 60Co. To reduce environmental gamma background radi-
ation, the detector was shielded with lead bricks of thickness 5-10 cms. A 
lining of 2 mm thick copper followed by 2 mm-thick aluminum was made 
to absorb the x-rays from lead and copper.  

2.2. REGULATIONS CONCERNING NORM 

TABLE 1. Recommended Dose Limits (Regulatory rule No: Pet-1, 1999) 

 Occupational Public 
Effective Dose 20 mSv per year, averaged over 

defined periods of 5 years 
1 mSv in a year 

3. Result and Discussions  

3.1. ACTIVITY LEVEL IN SCALE NORM WASTE 

From above experiment the following radionuclides from the 238U series 
having half-lives exceeding one day were identified: 234Th, 234U, 230Th, 
226Ra, 222Rn, 210Pb, 210Bi, 210Po.  From the 232Th series we have: 228Ra, 228Th, 
224Ra. Highest level of radium isotopes (226Ra, 228Ra, 224Ra) was observed 
from hard scale samples. The analysis result of radium activity - between 34 
and 153 Bq/g are shown in Table 2. 

TABLE 2. NORM concentration in different samples of hard scale 

no.  226Ra          228Ra           224Ra       40K 
1 
2 
3 
4 
5 

   71 ± 3        52 ± 4        34 ± 3        7 ± 1 
   82 ± 4        63 ± 3        49 ± 1     8.2 ± 1 
 153 ± 4      119 ± 1        72 ± 3      13 ± 1  
 138 ± 3        98 ± 5        64 ± 1     6.2 ± 1 
 106 ± 3        83 ± 3        55 ± 2     6.7 ± 1 

Sludge containing NORM is produced from the cleaning of oil separator, 
storage tanks and other surface equipments. This waste contains less 
activity than the hard scale and that is shown in Table 3.  
 
 

Sample         NORM Concentration (Bq/g) 

3.2. ACTIVITY LEVEL IN SLUDGE NORM WASTE 
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TABLE 3. NORM concentration in different samples of sludge 
 

NORM Concentration (Bq/g) Sludge 
Sample    

no. 
226Ra          228Ra           224Ra       40K 

1 
2 
3 
4 
5 

  35 ± 1       30 ± 1        23 ± 2      6.1 ± 0.9  
  72 ± 2       50 ± 2        39 ± 1      6.9 ± 1 
121 ± 3       91 ± 1        52 ± 3    10.1 ± 1 
113 ± 3       98 ± 5        64 ± 1      5.2 ± 1.1 
  86 ± 3       69 ± 1        38 ± 3         5 ± 1.1  

 

   Based on the obtained results, it is clear that, the activity in both hard 
scale and sludge are higher than the exempt activity levels for the Natural 
Occurring Radioactive Materials as recommended in the basic safety stan-
dards given by the IAEA. This means that, these wastes release natural 
radiation hazardous to environment in oil and gas production, which may 
causes health risk to the workers in this field through inhalation of radon 
gas from 226Ra, ingestion and/or in touch of the contaminated production 
equipment therefore, dealing with these materials must be approached under 
controlled conditions. Also, 226Ra is the main constituent in the NORM 
waste and represent 135, 121 Bq/g for both hard scale and sludge.   

The RESRAD code focuses on radioactive contaminants in soil and their 
transport in air, water, and biological media to a single receptor. The radi-
ation dose calculated by the codes from the resulting exposure is defined as 
the effective dose equivalent (EDE) from external radiation plus the com-
mitted effective dose equivalent (CEDE) from internal radiation. The total 
dose is the sum of the external radiation EDE and the internal radiation 
CEDE and is referred as the TEDE. 

A 70 Kg weight man drinks 2 liters of ground water from a well-located 
5000 m distance away from the disposal site. 
 

1- disposal site characterization (trench and salt caverns) 
2- types of NORM arising 
3- design of the disposal trench and salt caverns 
4- the hydrology and geohydrology of the site 
5- the worst case; there is no unsaturated zone 
6- the cover and barrier is completely failed (no barrier exist) 

3.3. RESRAD COMPUTER CODE 

   The assumptions and the parameters used in this analysis depend on: 

1.1.1. Assuming 
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   The input data and the assumptions for trench disposal facility are: 

Porosity                                        :  0.4    
Precipitation                                 : 1m/y   
Irrigation                                      :  0.2 m/y 
Density                                         : 1.5 g/cm3                           
Hydraulic conductivity                 : 100 m/y  
Hydraulic gradient                        : 0.02 
 
   Figure 1 shows a relation between the total effective doses (mSv) with time 
(in years) that was received as a result of direct exposure. The maximum 
doses received from direct external exposure to all radionuclides are 8E-04 
this may be due to the presence of 226Ra. The excess cancer risks for all 
radionuclides and all pathways reached to 1.25E-07 and this is shown in 
Figure 2. 
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 Figure 1. Total effective dose received from external exposure to all radionuclides 
and all pathways 
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Figure 2. Excess cancer risk from external exposure to all nuclides and all pathways  
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     Figure 3 shows a relation between a human risk against time and indi-
cated that trench disposal of NORM waste poses a very low human health 
risk. It is clear from the radioactive dose assessment results that the total 
annual exposure dose to the whole body is less than the limit; 0.25 mSv (10 
CFR 61). This means that trench disposal is safe to dispose of the NORM.  
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Figure 3. Dose/Source ratio for R a-226 (External and all pathways) 

  
     Figures 4, 5 show the relation between the effective dose per source ratio 
(mSv/yr)/ (µBq/g) against time (year). From these figures it’s clear that the 
external exposure dose from all pathways decreases with increasing time. 
For Ra-228 and K-40 the doses per source reached to about zero after nearly 
50 and 250 years respectively. The maximum value will be1.5E-06 (mSv/yr)/ 
(µBq/g) after 20 years for Ra-228 and will be 1.55E-07 (mSv/yr)/(µBq/g) 
After one year for K-40. The dose per source ratio for Ra-228 is greater 
than K-40. These values are acceptable according to the Egyptian regula-
tions for NORM wastes (Regulatory rule No: Pet-1, 1999).   
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Figure 4. Dose/Source ratio for R a-228 (External and all pathways) 
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   Figures 6, 7 show the relations between the concentration of radium 
(µBq/g) in the contaminated zone soil with time (year). From these figures 
its clear that the concentration of radium decreases with time and it reach to 
about zero after 30 years for 228Ra, while for 226Ra the concentration reach 
to about zero after 1000 years this may be due to the long half life of 226Ra 
(1599 y) compared to 228Ra.  
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Figure 6. Concentration of Ra-226 in contaminated zone soil 

   The probability to cancer risk from drinking water increasing with the 

this figure its clear that 226Ra is the main constituent to cancer while there is 
no effect from 228Ra. This may be due to the high concentration of 226Ra 
(135 Bq/g) rather than other radionuclides. 
 

Figure 5. Dose/Source ratio for K-40 (External and all pathways) 

time increases and levels off at about 650 years as shown in Figure 8. From 
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4. Conclusion 

This study using the RESRAD computer code provides evidence that caverns 
disposal of NORM contaminated waste produced from oil and gas pro-
duction poses a very low human health risk and is most likely technically 
feasible as compared with trench disposal facilities. 
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Figure 7. Concentration of Ra-228 in contaminated zone soil 

Figure 8. Excess cancer risk from drinking water to all nuclides 
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Abstract Atmospheric refractivity profile can be retrieved from Down 
Looking (DL) GPS radio occultation data. The main observations are the 
bending angle of the ray as a function of the impact parameter. Abel inver-
sion and least squares are the possible ways to invert the profile of bending 
angle to the vertical profile of refractivity.  
   The current paper uses simulated GPS data to compare the merits and 
limitations of the least squares and Abel techniques. The simulation uses 
model refractivity from MSIS dry Model, wet model and radiosonde data. 
The result shows that it is possible to produce accurate vertical refractivity 
profile using either least squares or Abel inversion. Abel inversion is slightly 
more accurate than least squares. The percentage of the relative error of the 
two methods is in the range of 0.2-0.25. Least squares technique is more 
sensitive to biases than Abel inversion. Abel inversion solution requires 
much less computation time compared to least squares one. 

1. Introduction 

When electromagnetic signal passes through the atmosphere it is refracted. 
The magnitude of the refraction depends on the gradient of refractivity 
normal to the path, which depends on the gradients of density and water 
vapor. Thus measurements of refraction will contain information on the den-
sity (and hence temperature) and the water vapor along the path. The effect 
is more pronounced when the signal traverses a long atmospheric limb path. 
A series of such a path at different tangent heights yields measurements 
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Refractivity can be converted to a profile of temperature and/or water vapor. 
At radio frequencies, it is not possible to make direct and accurate measure-
ments of the refracted angle. However, if the transmitter and receiver are in 
relative motion, the refraction introduces a change in the Doppler shift of 
the received signal, and this can be related to the refracted angle (Eyre, 1994). 
   Space-based radio occultation (RO) measurements using GPS receivers 
on low Earth orbiting (LEO) satellites provide accurate atmospheric refract-
tivity profiles (Kursinski et al., 1997; Rocken et al., 1997; Wickert et al., 
2001). The RO technique has been widely used in the study of planetary 
atmospheres (e.g., Fjeldbo et al., 1971). The basic idea behind the radio 
occultation is to measure how radio waves are bent by the refractive index 
gradients in an atmosphere. Assuming spherical symmetry of the atmos-
phere, this bending information can be inverted with an Abel inversion to 
produce a vertical profile of refractive index.  
 
 
 
 
 
 
 
 
 
 
 

 

Figure 1. Concept of refractivity profiling using GPS radio occultation 
 
   RO measurements with a receiver inside the atmosphere, placed either on 
an airplane or a mountain top, for example, has been proposed by Zuffada  
et al. (1999). While GPS-LEO occultation data have the advantage of being 
global (one receiver in LEO can provide about 500 globally distributed 
occultation events per day), the sampling in any region is relatively sparse 
without a large number of orbiting receivers (e.g. Kursiniski et al., 1997). In 
contrast, a receiver located inside Earth’s atmosphere can be used to provide 
data over specific areas of interest for the purpose of regional weather and 
climate studies.  
   A mountain-based or airborne receiver can track any GPS satellite as it 
sets or rise behind earth’s limb. Therefore, data can be collected at both 
negative and positive elevation angles relative to the receiver local tangent 
(local horizon). Every occultation will produce a profile of refractivity below  
 

containing information on the vertical profile of refractivity (Figrue 1). 
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the height of the receiver, with a diffraction-limited vertical resolution of 
150-250m. An occultation with the receiver inside the atmosphere is known 
as a downward looking (DL) occultation.  
   Although fundamentally DL measurements are similar to the LEO measure-
ments, it was originally thought that the limits of integration used in the 
Abel transform prevented its implementation when the receiver is inside the 
atmosphere (Zuffada et al., 1999). In fact, it is possible to use an Abel inver-
sion for the DL case. The measurement geometry is similar to the one 
considered by Bruton and Kattawar (1997) when inverting solar occultation 
data.  
   This paper compares a least squares ray-tracing technique and the Abel 
inversion method for DL retrievals. Section two introduces the GPS occul-
tation theoretical considerations and highlights the basics of the inversion 
techniques. Section three describes the results of the inversions using simu-
lated data.  Basic conclusions and discussion are given in Section four.    
 
2. Theory of GPS Down Looking Occultation  

For each GPS occultation event, the data analysis chain from the measured 
phase delay to the derivation of the refractivity can be divided into two 
main steps: 

•  Calculation of the atmospheric bending angle profile from the observed 
L1/L2 excess phase path time series (L1 and L2 are the phases of the 
two GPS carrier frequencies). 

•  Retrieval of the refractivity profile from the atmospheric bending angles. 

2.1. CALCULATION OF BENDING ANGLE  

In the geometric optics approximation, a ray passing through the atmos-
phere behaves according to Fermat’s principle of least time. The ray travels 
along a curve defined by;  

                             nr sin (ϕ) = constant   ≡  a                                    (1)  
where r is the distance from the origin of symmetry to a point on the ray 
path, ϕ is the angle between the direction of r and the tangent to the ray 
path, and n is the refractive index at r (Figure 2). 

cally symmetric medium, and is known as Bouguer’s formula. On this basis, a 
signal traveling in a spherically symmetric medium will bend by an angle α 
(Born and Wolf, 1980): 

Equation (1) corresponds to Snell’s law in polar coordinates for a sphere-
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where a is the impact parameter of the ray. 

t
and the receiver (rr) and their clocks (Figure 2), the excess Doppler shift 
due to the atmosphere (compared to the Doppler shift in a vacuum) can be 
calculated. Then the bending angle is derived as a function of the impact 
parameter (a) from the Doppler shift (for more details see, e.g., Hajj et al., 
1996). For this step, the geometry of Figure 2 is very important.  

Figure 2. A schematic diagram defining the geometrical variables for a GPS 
transmitter/receiver link  
 
2.2. INVERSION METHODS 

The profile of bending angles as a function of impact parameter is the input 
data for the inversion. The Abel inversion for DL uses the difference bet-
ween the bending angle observed at negative and positive elevation angles, 
while the least squares method uses the observed bending angle directly. 
However, least squares method requires an a priori model above the 
receiver to constrain the solution. Here, the basics of both the least squares 
and the Abel inversion methods are described. 
 

Abel Inversion 
The Abel inversion has been used extensively in seismic and astronomical 
inversions, as well as planetary and Earth occultation data (e.g., Fjeldbo  
et al., 1971; Kursiniski et al., 1997).  Starting with the bending angle 

The basic GPS data from which the bending angles α are derived are the L1 
and L2 phase delays.  From knowledge of the position of the transmitter (r ) 

2.2.1. 
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determined from the GPS Doppler shift, Eq. (2) is inverted with Abel 
inversion to give the refractive index as (e.g., Tricomi, 1977): 
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where x = nr is the refractional radius. 
   Unlike the LEO case, in DL occultations there may be significant ray 
bending along sections of the path above the receiver position, so the 
bending will not be equal on both sides of the tangent point.  However, 
Bruton and Kattawar (1997) noted that when the receiver is within the 
atmosphere, it is possible to observe rays at both positive and negative 
elevations. These refer to rays that intersect the receiver from above and 
below the local tangent. They also pointed out that, assuming spherical 
symmetry, for every negative elevation ray with bending angle αneg. there is 
a corresponding positive elevation value αP with the same impact parameter 
value. Subtracting αP from αneg, gives the partial bending angle α’ (a) as; 

                           α’ (a) = αneg (a) –  αP (a)                             (4) 

where α’ (a) is the bending that occurs along the section of path below the 
receiver.  By definition, as the tangent point approaches the receiver 

r

   The partial bending angle α’ (a) can be written as: 
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where x (rr ) is the refractional radius at the receiver position. 

Least squares inversion  

The observation vector is composed of a set of mp positive and mn negative 
elevation bending angle data.  Since each bending measurement at negative 

distance r , the partial bending approaches zero.  

where x = nr, n (r ) is the refractive index at the receiver position and r  is the
receiver position.  Equation (5) can be inverted with, 

2.2.2. 
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elevation is heavily weighted by the atmospheric structure at the layer 
where the tangent point resides, the atmospheric structure below the height 
of the receiver is expected to be strongly constrained by the bending 
measurements (Mousa and Tsuda, 2001).  However, as the elevation angle 
increases, the data become strongly correlated, and we must rely on other a 
priori information to obtain a unique solution for the atmosphere at high 
altitudes.  For this a priori information we introduce mc refractivities taken 
from a climatological model above the receiver. These independent data are 
added as constraints and the problem becomes a constrained least squares 
calculation. 
   The atmosphere is thus modeled as a set of concentric layers of specified 
thickness, with refractivity varying exponentially as a function of radius 
with a fixed scale height for each layer. This exponential model consists of 
m layers, with m = mp + mn + mc . The model is constrained such that the 
refractivity (but not its derivative) is continuous across the boundaries of 
different layers.  Thus, refractivity can be formulated as a function of the 
radius r as: 
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where Rj is the lower boundary of the jth layer,  ∆ and Hi are the ith layer 
thickness and scale height, respectively. Nnorm is a normalized refractivity, 
taken as the refractivity value at the lower boundary of an arbitrary layer 
referred to as the normalized layer. Initial values of the Hi are obtained from 
the a priori model. Note that the domain of the radius r given for each part 
of Eq. (7), is given by: 

                     1+≤≤ Jj RrR                   (8) 

   The inversion consists of finding the optimal set of scale heights and an 
overall Nnorm that best fits the measured bending angles. For the simula-
tions, the bending angle is calculated using numerical integration of Eq. (2)  
 

A. EL-KUTB MOUSA, T. TSUDA



DOWN LOOKING GPS OCCULTATION 

 

285 

 

(Zuffada et al., 1999) and the a priori constraints, weighted by their res-
pective measurement uncertainty. The error in the refractivity, used as 
constraints above the receiver position, is assumed to have a Gaussian 
distribution with standard deviation equals 0.05 N. The errors in bending 
angles are also assumed to be random with a standard deviation given by 
0.01α + 10–5 radians.  Because the problem is highly nonlinear, a few itera-
tions are required before a solution is obtained.   

3. Results and Discussion 

In order to compare the capability of the two algorithms to retrieve the 
refractivity when a receiver is inside the atmosphere, we constructed three 
sets of simulated measurements; a dry and a wet case from the MSIS-90 
model atmosphere (Mass-Spectrometer-Incoherent-Scatter model, which 
describes the temperature and densities in Earth’s neutral atmosphere from 
ground to thermospheric heights (Hedin, 1991)) and a wet case with some 
vertical variability given by a radiosonde profile. The receiver is assumed to 
be stationary at 3.8 km altitude and tracking GPS satellite signals at both 
positive and negative elevations.   
   In all cases, starting with a model refractivity to be the truth, a set of rays 
linking the transmitter to the receiver were constructed with specified 
tangent heights, ranging from the Earth’s surface to the receiver’s height.  
In a similar fashion, a set of rays linking the GPS satellite to the receiver 
was constructed to represent positive elevation angles above the receiver 
horizon. Like the negative measurements, the positive measurements have 
impact parameter given by Eq. (1), where r is the radius of the receiver but 
ϕ is between 90° (0° elevation) and 180° (zenith).  
   We start the simulation by calculating the bending angle as a function of 
impact parameter using the refractivity profile. Then white noises (random 
errors of zero mean) are added to the calculated bending angles (standard 
deviation, SD = 0.01α + 10-–5 radians). This random error is intended to 
include the error due to the spherical symmetry approximation and to 
receiver thermal noise. Next we used this profile of bending angle as input 
to the two inversion methods. The errors of the inversion, height range of 
the results as well as the computer CPU time are considered in the com-
parison.  Results are summarized in Figure 3 through 6 in terms of the 
inversion errors for both cases. 
   The results show that the accuracies of both inversion methods are 
similar. The relative errors are always better than 0.2% (as is clear from 
Figure 3 through 5). The least squares method requires much more CPU 
time than the Abel inversion (the ratio is about 60 to one on a P4 PC 
running Windows XP).  In addition, the least squares inversion requires an 
a priori model of refractivity, which is not required by the Abel inversion. 
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However, the least squares method can estimate the refractivity to about 2 
km above the receiver positions in addition to elevations below the 
receiver, while the Abel method can only estimate the refractivity below the 
receiver. 
   We also compared the effect of biases in the bending angles on the two 
methods. A constant bias makes no difference at all for the Abel inversion. 
However, a constant bias greater than 1.454 * 10– 4 radian (30 sec) in the 
 

Figure 3. Refractivity retrieval error (%) for the dry model case. The receiver is at 
3.8 km height. The thick line shows the results for abel while the thin line is used 
for least squars results 
 

 
Figure 4. Refractivity retrieval error (%) for the wet model case. The thick line 
shows the results for abel while the thin line is used for least squars results 
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Figure 5. Refractivity retrieval error (%) for the radiosonde case. The thick line 
shows the results for abel while the thin line is used for least squares results 
 

Figure 6. Refractivity retrieval error (%) for the radiosonde case for the Abel inver-
sion. Elevation-dependant bias errors are added to the bending angles (about 10%) 

bending angle prevents the convergence in the least squares method. An 
elevation-dependent bias (the value of the bias is taken as zero at the zero 
degree elevation angle and increases as a linear function of the elevation 
angle until it reaches 10% of the bending angle at the lowest elevation 
angle) prevents convergence for the least squares method. Table 1 summa-
rizes the limitations and promises of the two methods. 
 



288 

TABLE 1. Overall comparison of both Least squares and Abel inversions 

Refractivity Model Not needed 
Accuracy Better than 0.25% Better than 0.2% 
Constant bias No convergence if >30 arc 

second (1.454 * 10– 4  radians)  
No problem at all 

Elev. Depen. bias No convergence Few errors 
CPU time > 5 sec. < 0.08 sec. 
Height range ~2km above receiver Below receiver 

4. Conclusions  

Least squares and Abel inversion techniques are compared for retrieving 
DL GPS occultation data. Occultation data are simulated using profiles 
from a climatological model (MSIS-90) and radiosondes. 
   Both the least squares and Abel inversions can retrieve the refractivity with a 
very good accuracy. The relative errors are better than 0.2% for the obser-
vational error model used in this study. The least squares method can extend 
the height range to a few kilometers above the receiver but it requires an a 
priori refractivity model. However, the Abel inversion does not require an a 
priori model. The Abel inversion is also less sensitive to biases in the data. Abel 
inversion solution is much faster than least squares one. 
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Abstract In this contribution we intend to present a summary of a joint 
European project in frame of MEDA-TEMPUS program. The main aim of 
this project is to set up in Algeria (USTO University) a Master Degree that 
will focus on Air Pollutant Dispersion Modelling. To the best knowledge of 
the author, this is the first time that this level of diploma in this specialized 
field is setup in Algeria. The first promotion will be composed by ten Master 
and then will be conducted successively. In parallel, the future Master candi-
date will be involved in PhD thesis and post doctoral research. Another 
great advantage of that project is the creation of a very high quality com-
puting center (80 Xeon node, 160 Go of Ram memory and 4 To of storage 
capacity). This will be also the first and more powered computing center in 
Algeria and will be used mainly to run atmospheric models as the eta/skiron, 
CAMx codes. Among other partners the project is supported by the highly 
skilled Atmospheric Modelling & Weather Forecasting Group from Athens. 
The ten students involving in the first promotion will beneficiate from six 
month training in France and Greece and will be involved in different 
research areas such as: 

 Study of the cyclogenesis in the Mediterranean Region. 
 Investigation of the dust budget in the Mediterranean Region. 
 Evaluation of the operational photochemical model CAMx. 

1. Specific Objectives of the TEMPUS JEP MADEPODIM project 

The main aim of this TEMPUS project is to create a high level curriculum 
and a Master degree diploma at the USTO University that focus on Air 
Pollutant Dispersion Modelling. 
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   This large training project also lies in: 
 

1.  Improving teaching abilities of the staff members, 
2.  Creating a computing centre, 
3.  Setting up all teaching equipments, 
4.  Training Master Degree researchers. 

   It is expected that, at the end of the MADEPODIM project, a centre of 
excellence for Environmental sustainability training and research centre will 
be established and will provide consulting and services to industry and 
regulatory bodies. The Algerian academic staff trained and the international 
co-operation network that will be created during the project will be the 
background to setup a specialized and very high level teaching team in the 
Faculty of Mechanical Engineering, USTO and ENSET. Technical and human 
infrastructure set up by the present JEP will be used to open successive 
Master degrees after the end of the project. 

2. 

The first JEP year (2004-2005) has been devoted to enhance the skills of 
teaching staff and to prepare the necessary conditions to start the master 
degree courses: 

•  Kick-off meeting, 
•  Special courses and training for Algerian teachers in Greece, France and 

Algeria, 
•  Creation of a specialised library (software, books and academic journals) 

on air pollution modelling, 
•  Preparing and purchasing all necessary teaching equipments and updating 

the existing material (computers, video-projector…etc), 
•  Organising a national competitive exam in order to select the future Master 

students (ten students), 
•  Development of specific curricula and courses at international standards, 
•  First year meeting: project monitoring, progress report and financial report. 

   During the second year (2005-2006), the following activities are currently 
running: 

•  Theoretical lectures at USTO led by Algerian teachers, 
•  Intensives courses (blocked weeks at USTO) given by French and Greek 

specialists, 
• Dissemination seminars for non consortium people, 
•  Submission of Master projects which will be supervised conjointly by 

Algerian and European teachers, 
•  Second year meeting: course and lecture evaluations, progress report and 

The Project Actions  

financial report. 
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The third year (2006-2007) will be spent by the students to prepare their 
Master Thesis.  

developments and co-operative programs, final report. 

3. Summary of lectures  

General lectures: (Semester I) 

 
Specific lectures: (Semestre II) 

4. Final year projects 

Cooperation with Atmospheric Modelling & Weather Forecasting Group, 
Athens University 

   • Study of the cyclogenesis in the Mediterranean Region. 
   • Investigation of the dust budget in the Mediterranean Region. 
   • Evaluation of the operational photochemical model CAMx. 

 

   • Mobility of students and teachers will be planned in both directions, 
   • Accomplishment and presentation of the Master research projects, 
   • Dissemination seminars for non consortium people, 
   • Publication of the JEP results on the web, 
  •  

   • Numerical methods. 
   • Experimental methods & statistics. 
   • Heat & mass Transfer. 
   • Turbulence modelling. 
   • Technical English. 

   • General meteorology and moist atmospheric processes. 
   • Regional meteorology. 
   • Regional water modelling. 
   • Turbulence in the lower atmosphere. 
   • Transport and dispersion of pollutants in urban areas. 
   • Introduction to atmospheric particle pollution. 
   • Introduction to Computational Fluid Dynamic (projects for 

environmental flows). 
   • Photochemistry of the atmosphere.  
   • Photochemistry modelling. 

Final meeting: Overall evaluation of the JEP, perspectives on further 
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entre flux de chaleur convectif et ecoulement de proche paroi. 
   •  Dépôt des particules atmosphériques sur les facades des batiments. 
   •  Modélisation de la turbulence produite par le trafic automobile urbain. 

(Marseille, 2001). 

2001). 

   • Assessing the influence of small scale phenomena to local/meso-scale simu-

   • Assessing the influence of small scale phenomena to local/meso-scale 

   • Simulation numérique du bilan d'énergie de la canopée urbaine en site 
hétérogène : application aux données, de la campagne CLU-ESCOMPTE 

   • Etude numérique du comportement d’un traceur passif dans l’atmosphère 
urbaine de Marseille pendant, la campagne CLU-ESCOMPTE (Marseille, 

simulation results by two-way model coupling. Part II: Mesoscale simu-

lation results by two-way model coupling. Part I: Fast chemistry module 

•    Transferts thermiques entre batiment et atmosphere, etude d’une relation 
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