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Résumé 

 

Variabilité des espèces à longue durée de vie au-dessus du bassin 

méditerranéen : Implication dans les processus de transport 

 

Nous avons étudié des gaz à longue durée de vie (dioxyde de carbone(CO2), méthane (CH4), 

protoxyde d'azote (N2O), monoxyde de carbone(CO)) au-dessus du bassin méditerranéen, au travers 

du model de transport chimique MOCAGE ainsi que les jeux de données des sondes orbitales AIRS, 

IASI et GOSAT. Nous avons utilisé ces gaz pour caractériser les processus de transports et les 

particularités de la région ne termes de climatologie, de transport à moyennes et longues distances, 

variabilités saisonnière et temporelles, ainsi que les récentes tendances de ces gaz.   

Nous avons mis en évidence une variabilité des ces gaz et les processus de transports qui en sont 

partiellement responsables. Une évaluation de la qualité des données utilisés a aussi été possible 

grâce à la comparaison des différents jeux de données et différentes versions disponibles. 

La variabilité des gaz étudiés a montré qu'elle était à la fois temporelle et spatial. L'étude de la 

composante spatiale à été menée entre l'Ouest et l'Est du bassin méditerranéen. Les résultats ont 

montré une grande similarité entre le CO et le CH4. Leur variabilité saisonnière est en phase, 

montrant un maximum en hiver et un minimum en été et la plus grande différence Ouest-Est en été. 

Cette différence est partiellement provoquée par un afflux d'Asie dans la haute troposphère en été 

accompagné d'une forte subsidence dans l'Est du bassin. Cela met en évidence une interconnections 

et un couplage entre le méthane et le monoxyde de carbone. Les analyses de N2O ne montrent pas 

d'aussi bonnes correspondances bien que les jeux de données de IASI et MOCAGE montrent une 

variabilité plus importante que prévu par l'analyse global. Les analyses du dioxyde de carbone 

montrent des divergences entre AIRS et IASI, alors que AIRS offre des données proche des mesures 

de surface.  
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La région méditerranéenne est un croisement pour les chemins de masses d'air. De nombreux 

courants agissent sur la région, produisant des particularités régionales à l'origine des variabilités 

mises en évidence pour les gaz étudiés. En été, la stagnation de l'air, forte à l'Ouest de bassin, la 

subsidence à l'Est ainsi que les afflux en provenance de l'Europe dans la basse troposphère et d'Asie 

dans la moyenne et haute troposphère, contribuent à apporter des polluants au-dessus du bassin.  
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1. Introduction 

Recent years have been marked by bigger concerns on the impact and the role that trace gases play 

in climate and air pollution changes. The ongoing changing of our atmosphere is very well 

documented (IPCC FAR, 2007). The changes include changes in composition, climate, air pollution, 

radiation. Trace gases like for example methane (CH4), carbon-dioxide (CO2), carbon-monoxide (CO), 

nitrous oxide (N2O) (gases which are subjects of this research) have an important role in changes of 

the atmosphere because their concentration are strongly  influenced by human activities. 

Understanding of changes of the atmospheric composition nowadays is just limited to explaining the 

trends of concerned gases (IPCC FAR, 2007). Long lived gases with atmospheric lifetimes from about 

10 years for methane, till 100 years for nitrous-oxide, or even more for carbon-dioxide are believed 

to be very well-mixed and evenly distributed throughout the lower atmosphere (NOAA, 2008). On 

contrary, shorter-lived gases, like CO with the lifetime of a few months, are believed to have 

concentrations that are very variable in both, spatial and temporal ways, and they are more 

concentrated in the lowest part of the atmosphere, closer to their sources (NOAA report) for the 

reason of their shorter life-time. Beside this, it is believed that all gases could have different regional 

climate responses due to regional particularities and differences, but also there is a strong link 

between regional and global climate.  

The research in trace gases over the Mediterranean basin is in a scope of MISTRALS project 

(Mediterranean Integrated STudies at Regional And Local Scales)  which aim is that for a decade 

systematically observe and research the Mediterranean region, and region’s position and role in 

global trends (website: http://www.mistrals-home.org), and its campaign CHARMEX (Chemistry-

Aerosol Mediterranean Experiment) which focuses on atmospheric environment and chemistry and 

its impact in the Mediterranean basin. The research of trace gases is part of two CHARMEX working 

packages: WG Recent-term trends and variability and WG Transport processes and air quality. Trace 

gases show an interannual variability (IPCC FAR,2007), but it is still an open question about their 

variability in different seasons, or depending on different parameters, meteorological or their 

sources, or depending on different regions (variability in space). Trends of concentration and 

variability could depend on emissions and the long-range transport. A goal is to describe and 

quantify all of these mentioned processes over the Mediterranean basin.  
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The Mediterranean basin is a region of different impacts and strong influences from different sides, 

because it is at the juncture of 3 continents, Europe, Africa and Asia. The basin is surrounded by high 

mountainous regions over 1500 m high. From the west there are Iberian Peninsula Mountains, 

Pyrenees, Masif Central, Alps, Apennines, Dinaric Alps, Rhodopes and Balkan Mountains, Anatolian 

plateau and Taurus Mountains and at the south in northern Africa there are Atlas Mountains. Only 

coast of Libya, Egypt and Israel are not characterized with high relief. The mountainous barriers 

make Mediterranean sea a rather enclosed system. Often, the sea is divided in Western, Central and 

Eastern basin.  Boundary between the Western and the Central basin goes by Apennines, Sicily and 

to the North Africa. Central and Eastern basin are divided by a north-south line from the Balkan 

peninsula to the Libyan coast (Millan et al, 2002). Because of its position, atmospheric circulation 

over the Mediterranean basin experiences the influence of different large-scale circulation systems. 

The mountains of Iberian Peninsula with Alps, Apennines and Dinaric Alps make a barrier to the 

west-east movement of the weather systems. In the similar way Atlas Mountains and high Anatolian 

peninsula limit north-south movement. The Mediterranean Sea is at confluence of Atlantic and 

westerly winds from the west, The Sahara and subtropical high pressure belt from the south, and 

Asian monsoon system from the east (Millan et al, 2002). These circulation systems together with 

specific orographical characteristics of the basin make a special climate type in this region known as 

the Mediterranean climate.  The Mediterranean climate is characterized by rainy winters , and dry, 

warm summers. These different influences on the region make the Mediterranean region very 

sensitive of climatic changes and Intergovernmental Panel on Climate Change (ICPP TAR, 2007) 

identified the region as one of the “future climatic hot spots”. Thus, investigations of the 

Mediterranean Sea and human induced changes are essential in predicting and planning for future 

climate in the Mediterranean area. 

All geographical characteristics and climatic properties of the Mediterranean basin can make big 

spatial and temporal variability in pollutant gases (Kallos et al, 2007). There are postulated and some 

observed (dominantly in Western basin) pathways of air-pollutants; on a regional scale (ozone study 

- Millan et al, 1997; particulate matter study - Kallos et al, 2007), but also on larger scales (Lelieveld 

et al, 2002, Global Air Pollution Crossroads over Mediterranean). It is questionable how different 

systems that make these pathways and differences in air pollution in the Mediterranean region, and 

the specific atmospheric circulation that is created could influences in pollutants and gases that 
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have longer atmospheric lifetime. Long-lived gases are believed to be very well mixed with almost 

no variability (except interannual for some gases).  

This research is about to use medium (carbon monoxide (CO)) to long-lived gases (carbon dioxide 

(CO2), methane (CH4), nitrous oxide (N2O)) as a benchmark to characterize transport processes over 

the Mediterranean basin and to investigate particularities of the Mediterranean region in terms of 

climatology and medium to long-range transport, seasonal and temporal variability and recent 

trends of concerned gases.  

In Section 2 the gases which will be part of the research will be described. After it, in Section 3, tools 

that are used in the research are introduced. In Section 4 we presented our results, which are 

discussed in Section 5. This report ends with conclusion and reference sections in Section 6 and 7, 

respectively.  
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2. Gases 

Trace gases in atmosphere have an overall share in total atmosphere volume less than 0.1%. 

Nevertheless, their radiative impact influence is important. Their most important role is contributing 

to the greenhouse effect where the biggest significance is of CO2, N2O, O3, CH4, etc. 

2.1. N2O  

Nitrous oxide (N2O) is a long-lived green-house gas. It is the third most important green-house gas 

produced by human activities (Forster et al, 2007). Another its significance is in its extensive role in 

stratospheric ozone depletation (Ravishankara  et al, 2009). N2O concentration has a constant rise of 

about 0.26% per year with value of 319 ppb in 2005 (Forster et al., 2007). This trend is going to 

continue because it is already a long term trend (from 1800s increased from the value about 270 

ppb) and there will be changes in it because N2O is not a Montreal protocol gas which emission are 

tried to lower. N2O emissions are constantly larger than its sinks, largely because of the strong 

agricultural intensification. The production of synthetic nitrogen fertilizers by the Haber-Bosch 

process has a big expansion in the last 50 years. It is believed that about one third of overall world 

population is sustained by the usage of synthetic fertilizers (Holland et al, 2005). Keeping in mind the 

big world population expansion, synthetic fertilizers are getting even bigger importance and usage.  

Nitrous oxide is a part of big global nitrogen cycle. Nitrogen (and nitrogen compounds) circulates 

between the atmosphere and land/ocean. The biggest roles in this cycle have microorganisms, by 

the breaking down nitrogen in soils and ocean. Molecular nitrogen is taken from the atmosphere 

and put into the soil in form of ammonium. This process is called nitrogen fixation and it is done by 

microorganisms diazotrophs. Ammonium is the form of nitrogen which is used by plants.  By other 

microorganisms ammonium is converted into nitrite, nitrate and some N2O. In the absence of 

oxygen, oxygen from nitrate is used by denitrifying organisms. As the result of this reaction N 2O and 

N2 are realized into atmosphere which closes the circulation. This way of producing of nitrous oxide 

is the most important of the natural sources and accounts for about 60% of all natural sources 

(Denman et al 2007). It is more intense in tropical soils rich with natural vegetation. The ocean 

accounts for another 35 percent of the natural emissions. And 5% comes from atmospheric reaction 

source (ammonia oxidation). Total natural sources give ~11 Teragrams of nitrogen (Tg N) per year 

(Forster et al, 2007, Denman et al, 2007).  
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Anthropogenic emissions make more than 30% of emissions, or about 6.7 Tg N per year. The largest 

source comes from synthetic and organic fertilizers. That with other agriculture related sources like 

production of nitrogen-fixing crops, or usage of stock manure causing about 4.5 Tg N per year, or 

about 25 percent of overall N2O emission. Other human induced emissions are fossil fuel 

combustion, human sewage, biomass and biofuel burning.  

Nitrous oxide is very stable in troposphere, and the main sink is in the stratosphere (middle to upper 

stratosphere) which leads to the long lifetime of about 120 years (e-folding).  Uplifting from the 

tropical region is believed to be the major way of transition to stratosphere. In stratosphere N2O is 

destroyed by photolysis by ultraviolet solar radiation and smaller amount by reaction with 

electronically excited atom of oxygen which is produced mainly by photolysis of ozone (and smaller 

part of N2O) to produce nitric oxide, NO. 

            1    

       1          (58%) 

          (42%) 

As a result of these reactions, mixing ratio of N2O in stratosphere is far smaller compared to the 

tropospheric N2O mixing ratio.   

Nitric oxide has easy and fast interconversion with nitrogen dioxide (NO2). N2O is a primary source of 

stratospheric NOx (NOx = NO and NO2) (Ravishankara et al, 2009) and those two species show strong 

anticorrelation (Brasseur et al, 1999). That has big climate effect because NOx catalytically destroy 

ozone (Krutzen, 1970,  Johnson, 1971) 

             

            

               

where ozone is destroyed and NOx are conserved (and they interconvert).  



 
 

12 
 

About 10% percent of N2O is converted in NOx, but as a result of NOx high reactivity with ozone, 

nowadays in the stratosphere NO x (and by this also N2O) destroy more ozone than any other 

reactive chemical group (Wuebbles, 2009), and concentration of N2O is constantly rising.  

As a green-house gas, N2O is a powerful trapper of infrared radiation. Its global warming potential 

(GWP) index is 310 in 100 years period (Forster et al, 2007) which means that on a molecular basis, a 

molecule of nitrous oxide is 310 times more efficient in trapping heat in atmosphere than carbon 

dioxide over period of 100 years. This high value is due to longer atmospheric lifetime and different 

heat trapping than CO2.  

2.2. CH4 

Atmospheric methane is a gas emitted for the surface. More than 50% of sources are related to 

human activitites as a result is natural gas distribution, agriculture, animal farming. Methane is also 

released from natural processes that occur, for example, in wetlands. In 2005 the average mixing 

ratio at the surface was 1178 ppb (IPCC FAR, 2007). The mean global growth for the period 1983–

2000 is estimated as 8.5 ppbv yr −1; over the last decade growth rates in the atmosphere have 

generally decreased for the reason that is not well understood. It is believed that CH4 emission did 

not increase currently (IPCC FAR, 2007). Methane has relatively long life-time of about 8.4 years 

(IPCC FAR, 2001). The main sink of CH4 is reaction with OH radicals, which are produced 

photochemically in the atmosphere. 

2.3. CO 

Carbon monoxide is does not absorb strongly enough thermal Earth radiation to be classified as a 

greenhouse gas, but it has important role on greenhouse gases. It is a precursor to tropospheric 

ozone, it influences methane over OH, and it is a source of carbon dioxide. More than 50% of CO 

emissions come from human activities, the most from fuel and biomass burning; and the oxidation 

of hydrocarbons stands out as natural atmospheric source. It is a medium-lived gas with a lifetime in 

troposphere of about 1 month, so it can show big gradients in the atmosphere. Its mixing ratio 

varies in range about 60-200 ppb. 
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2.4. CO2 

CO2 is the most important greenhouse gas, because it substantially influences greenhouse effect. 

The global mean concentration of CO2 in 2005 was 379 ppm. Past human activity induced emissions, 

like of fossil fuels and cement production, have contributed about three-quarters of the radiative 

forcing (climate effect). CO2 concentration increases with time and the growth rate is about 2 ppm 

per year (IPCC FAR, 2007). The main sinks are oceans and biosphere (uptake by plants). No single 

lifetime can be defined for CO2 because of the different rates of uptake by different removal, but it 

is a long-lived specie. 

2.5. Couplings 

The atmosphere is a complex system, as well the chemistry in it. In such system connections and 

couplings between different constituents could be important. Among the considered trace gases 

connection between CH4 and CO stands out among others. Although the majority of emitted CO has 

anthropogenic origin, the major natural CO source is oxidation of methane by hydroxyl free radicals 

(OH) (Brasseur G. et al, 1999, Atmospheric chemistry and global change; Wang C, Prinn R, 1999, 

Impact of emissions, chemistry, and climate on atmospheric carbon monoxide: 100-year predictions 

from a global chemistry-climate model, Chemosphere – Global change science, vol. 1, pp. 73-81). 

Oxidation by OH produces formaldehyde (CH2O) and then carbon monoxide. This leads to a 

conclusion that more methane would produce more carbon monoxide.  CH4-CO coupling maybe 

could be identified in our research, so attention will be made to see if variability of these species 

mutually follow each other or show similar signatures.  

Another coupling among considered gases is between N2O and CH4, but it is less important. 

Mechanism of linked reactions again goes over OH molecules, but has different a different sign. 

Increased concentration of N2O molecules would lead to the depletion of stratospheric ozone, which 

would change solar ultraviolet penetration into atmosphere. Subsequently bigger hydroxyl 

abundances due to more UV radiation would oxidize more CH4 molecules. Change of 10% in N 2O 

would lead to -0.65% decrease of CH4. (Prather M, Hsu J, 2010). This coupling is probably not 

possible to notice in this research because a concentration changes due to other sources could have 

bigger magnitudes. On other hand, CH4-CO coupling maybe could be identified, and attention will be 

made to see if variability of these species mutually follow each other or show similar signatures.  
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3. Tools 

For the investigation of the long-lived gases over the Mediterranean region have been used two 

distinctly different tools, which should be complement with each other. One tool is MOCAGE, 

chemistry-transport model, which as a model could give as modeled data over the region in the 

different vertical levels with great temporal and spatial resolution. Besides MOCAGE, data from 

various satellite sounders have been used. The used satellite datasets were available trace gas 

retrievals from sounders which are the most sensitive to the troposphere. In the following sections, 

the details about the used tools follow. 

3.1. MOCAGE 

MOCAGE (Modèle de Chimie Atmosphérique à Grande Echelle, Model  of atmospheric chemistry at 

large scale) is a global numerical model of the atmosphere that simulates dynamical, physical and 

chemical processes (CTM – chemistry and transport model) from the ground level till the lower 

stratosphere. It is developed by Météo-France on the basis of REPROBUS model of the stratosphere 

(Simon et al, 2003) and RACM scheme for troposphere (Stockwell et al, 1997). Chemical scheme is 

called RACMOBUS which combines two previously mentioned schemes.  It includes 119 gases and 

372 chemical reactions. Chemical composition with meteorological properties of the troposphere is  

mainly understood from CTM simulations (Josse et al, 2004). In MOCAGE, ARPEGE meteorological 

analysis is used to force dynamics of CTM. MOCAGE has 47 levels till about 5 mbar, where is located 

level. Vertical resolution is not uniform, but MOCAGE levels have irregular grid. They are more 

packed nearer to the surface with resolution of 40 to 400m in the planetary boundary layer and 

about 700-800 meters in upper troposphere and lower stratosphere. Simulations are done either in 

global mode with resolution of 2° x 2°, or high resolution mode of 0.5° x 0.5° only over particular 

regions.  

In atmospheric studies a vertical coordinate is usually height, pressure, normalized pressure or 

potential temperature. In the models, vertical coordinate is more sophisticated.  First, natural choice 

is to use terrain-following coordinate system, which is also called normalized pressure coordinate or 

sigma coordinate:   
 

  
   where ps  is a surface pressure (Eckerman 2008). This coordinate 

system follows a sky-line of the terrain. The drawback is that over steep orography, levels even high 

in stratosphere will have marks of it. 
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Levels which will smoothly transit from terrain following to other variable surfaces (like pressure, 

potential temperature height) at bigger heights are called hybrid levels. The function that describes 

one of these systems was given by Simmons and Struefing (1983) in their sigma-pressure 

coordinates:  

                    

Vertical levels are defined by two coefficients A and B which have influence on isobaric and terrain-

following properties, respectively. For     and     the system has isobaric nature, and that 

happens in stratosphere. Near the surface     and     which makes system to follow terrains 

features. Sigma-pressure system has an advantage over isentropic coordinate system in which 

coordinate surfaces intersect with Earth’s surface (Arakawa & Konor 2007). 

MOCAGE uses hybrid sigma-pressure coordinate system. When plotted all the way in troposphere 

and stratosphere, all levels have signatures of terrains, even in the highest levels, which means that 

surface coefficient (B coefficient) still has influence and it does not have zero value even in the 

highest level (~32km). MOCAGE levels are similar to CMAM levels or Laprise-Girard levels (details 

Eckerman 2008).  

MOCAGE uses a vertical discretization grid where the atmosphere is divided into L layers with 

indices increasing downward. Between these layers there are layers with half -integer indices for 

which pressure is predicted. (Konor SC, Arakawa A, 1996).  

Thickness of one layer could be calculated by hypsometric equation 

   
    

 
    

  

  

  

Where R is the gas constant of dry air, g is the gravitational acceleration, and p1 and p2 are 

pressures at the boundaries of the layer. T_v is the mean virtual temperature of the layer: 

    
         

  

  

     
  

  

 

Which can be approximated for T because the difference between T and T_v is not big when air is 

not humid. 
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3.1.1. Emissions in MOCAGE 

The set of emissions that is used in MOCAGE for our research is from “2030 Photocomp Experiment” 

(2030PE) for CO and CH4 (details in Dentener et al, 2006), and Global Emission Inventory Activity 

(GEIA) for N2O. The reference year to which these datasets have a baseline emission is year 2000 for 

2030PE and year 1990 for GEIA. In MOCAGE the 2030PE dataset is complemented in the way 

explained in Teyssedre et al (2007). The CH4 and CO emission datasets are monthly and the N2O 

dataset is yearly. 

Potential temperature 

Potential temperature is a temperature that a parcel of dry air would have if it brought to standard 

pressure of 1000 mbar. Lines of constant potential temperature are natural flow pathways. That is a 

reason why for vertical coordinate is useful to use the potential temperature.  Air that is moving will 

have a path that follows the same value of potential temperature, although it can compress, 

expand, cool ,or warm while changing height during its flowing (due to for example obstacle in a 

form of a mountain, for example). Potential temperature can be expressed as  

    
  

 
 
    

 

Where ps is a surface pressure, R is the gas constant of air and cp is the specific heat capacity.  

Potential temperature values rise with the height from the ground. If that is violated, then the 

atmosphere is not stable to vertical motions which indicate to convection processes going on.  

Number density 

Pressures in the atmosphere are enough low that the ideal gas law is valid and obeyed to within 1% 

(Jacob D., 1999). Then, the number density can be calculated as  

  
 

  
 

where p is pressure, T temperature, and k is the Boltzmann constant.  

Mixing ratio 

Mixing ratio of some gas is a ratio of number of moles (or molecules) of that gas per number of 

moles of air. It is expressed in percent or it is unitless with value between 0 and 1. For example, the 
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mixing ratio of oxygen in the atmosphere is 0.21. Volume mixing ratio is a ratio of number densities 

of a gas and of air. Mixing ratio is useful to use for vertical profiles, because it has a property that it 

does not change with a change of the air density (so and height), so it is a reliable measure of 

composition of the atmosphere (Jacob D. 1999).  

Atmospheric column or total column is the number of molecules of some particular gas (or air in 

total) in an imagined vertical column extending from the surface of Earth till the top of the 

atmosphere. It can be expressed by number density as the integral over all height of the 

atmosphere.  

               
 

 
 

where ng is a number density of a gas g whose column is calculated. 

Number of molecules (and therefore number density) of certain gas will influence degree of 

absorption and scattering of photons that pass through the column. Every molecule or atom can 

absorb or scatter light of certain wavelength. Total column indicate how this process is efficient. For 

example, the total ozone total column will determine how much UV radiation will reach surface of 

the Earth. Also this efficiency can help us to determine amount of the gases in the atmosphere by 

characteristics of absorption line/lines of the gases after passing through atmosphere.  

Total column mixing ratio is total column expressed in percent (ppm or ppb for trace gases). By the 

nadir satellite measurements usually total column is measured in unit of number of molecules per 

m2, because the nadir instrument from above sees a column as a surface on its field view.  

3.2. Satellite measurements  

In this study we have been used various satellite data: IASI, GOSAT and AIRS dataset. 

3.2.1. IASI 

IASI (Infrared Atmospheric Sounding Interferometer) is an infrared nadir-viewing instrument 

launched in 2006 onboard the METOP-A satellite. Instrument is in a sun-synchronous orbit in 

altitude of about 800 km. Goal of IASI is to improve meteorological forecasting and climate research. 

IASI achieves global coverage twice a day thanks to its wide swath of about 2400 km. It is the most 
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sensitive in the middle troposphere. Its spectral range is 3.6-15.5 μm, and resolution at the surface is 

about 12 km. IASI data for CO, CO2 and CH4 is Level 2 EUMETSAT product obtained as total columns. 

3.2.2. GOSAT 

Japanese Aerospace Exploration agency (JAXA) launched Greenhouse gases Observing SATellite in 

2009, with TANSO-FTS spectrometer which operates in thermal and near infrared. It is designed for 

a greenhouse gases research, and we have used official FTIR CH4 and CO2 GOSAT data which allowed 

as to look at vertical distribution of methane and carbon dioxide. GOSAT’s spectrometer is also 

nadir-viewing instrument sensitive to 0.7-14.3 μm radiation. Its orbit is at about 650km and makes 

swatch up to 800km wide and one measurement has resolution of 10.5 km. GOSAT FTIR provides 

vertical profiles of CH4 and CO2 along 7 vertical levels, but data were still available for just 4 months 

in 2010. 

3.2.3. AIRS 

AIRS (Atmospheric Infrared Sounder) is a nadir-viewing instrument on the NASA Aqua satellite which 

was launched in 2002 in a sun-synchronous orbit. AIRS is designed to  improve weather forecasting 

and its main products are atmospheric temperature and water vapor products. Also AIRS measure 

some important greenhouse gases: CO, CO2 and CH4 that are used in this study. As other infrared 

sounders, AIRS sensitivity is highest in mid-troposphere region. AIRS makes wide cross track swaths 

of 1600 km, which makes possible to cover the globes twice a day. We have used v5 Level 3 AIRS 

data. AIRS data with vertical profile for CO with 7 levels, and 3 levels in CH4 data, and mixing ratio for 

CO2, from 2002 till nowadays.  

3.2.4. Usage of satellite data in our analyses 

In our study only pixels over the sea have been taken into account. Maritime pixels are the least 

contaminated with emissions, which on the land could have important impact on a measured value. 

Emissions on the sea should be a lot smaller and be spatially lot more uniform than compared to 

land emissions. Measurements over land could also have a different sensitivity depending on the 

surface type that makes retrieval more difficult. Different types of surfaces can have different 

reflectivity, temperature variations which influence measurements. Maritime pixels have smaller 



 
 

19 
 

diurnal variation than points over land, so the sensitivity between different parts of the day changes 

less for measurements over sea.  

Infrared sounders measurement errors can be rather large: up to 20% for single pixel for IASI N2O for 

example. That means that we need a big number of measurements to make error and uncertainty in 

our results small. To obtain more than thousand measurements it is necessary to make a seasonal 

average of the data, and in that way we can lower our random error to less than 1 %. Systematic 

errors, if any, will be unchanged.  
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4. Results 

4.1. Mediterranean - climatology 

Model MOCAGE is forced by ARPEGE meteorological analyses which can give a detailed perspective 

about climatic patterns of the Mediterranean region. ARPEGE analysis is based on observed data 

and modeling, and give past meteorological data with high reliability. Analyses include data about 

temperature, pressure, winds. 

4.1.1. Surface pressure and temperature 

For a start of an overview of climatic characteristics of the Mediterranean area, and to recognize 

differences among the different basins of the sea, a starting point will be reviewing and investigating 

surface parameters. The surface parameters that are considered are surface pressure and surface 

air temperature. 

Monthly MOCAGE analyses show that there are two regimes in surface pressure data values which 

could be roughly separated in the winter and the summer time. During the summer in the Western 

basin there is clearly higher pressure regime than in the Eastern basin (Figure 1a). This regime is 

fairly constant and does not have big variations, and it is roughly in pe riod from May until October. 

The pressure difference is usually between 5 and 15 hPa in east-west direction, or can be even 

higher than 20 hPa (Kallos et al, 2007) and it is a consequence of two major weather systems at 

different sides of the basin. The western basin is under the influence of the North Atlantic Ocean 

(Azorean) anticyclone that extend toward the Mediterranean Sea, and the Asian monsoon system at 

the east over the Indian Ocean and the Middle East that influences the Eastern basin (Kallos et a l, 

2007; Millan et al, 2002). The Central basin works as natural boundary between them, and both of 

them have an influence on it. Edges of both systems are over the Central basin and even smaller 

changes of one of systems affect conditions in it strongly because it makes one system to dominate 

over the region, or determine whether local or synoptic processes prevail (Millan et al, 1997). In the 

winter, monthly data show that surface pressure is usually bigger in the Eastern basin. The 

difference is not as big as in the summer, and it is better pronounced during the first months of the 

winter than in the late winter and the early spring. In the winter-time cyclones from Atlantic can 

enter the Mediterranean basin, but the majority develops in the basin itself,  and dominantly in the 

Western basin, which gives lower surface pressures to this part of the sea. These depressions are  
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Figure 1 – ARPEGE meteorological analysis used in Meteo-France’s CTM MOCAGE. Upper maps (a, b) represent surface 

pressure over the Mediterranean Sea for the winter (December, January and February - DJF) and the summer (June, July 
and August - JJA). Lower graphs (c, d) are the same just for the surface temperature.  
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Figure 2 – MOCAGE vertical fields along the Mediterranean Sea from the coast of Spain till the coast of Israel (line 
represented on the map below) of N2O for the winter (a) and the summer (b). Also wind vector field is presented 
(vertical velocity is multiplied by 100), the tropopause pressure, and isentropes. 
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the most frequent in the Gulf of Genova, and they give a big amount of precipitations (Rohling and 

Hilgen, 1991). On the other hand, over the winter-time the influence of the Asian monsoon system 

works the other way around than in the summer, and rises surface pressure in the Eastern basin 

(Ribeira e al, 2000) 

These large systems influence the winds in the lower troposphere in the region during the summer. 

And also they affect total column measurements. A different surface pressure affects the column of 

air because it gives a clue about an amount of air above a certain point on the surface of Earth. So it 

could give misleading information about concentrations of a certain gas between two separate 

points with different surface pressure by making differences bigger or lower than it actually is.  

The difference in air surface temperature over the sea between the Western and the Eastern basin 

is constantly in favor of the Eastern part for a few degrees, and it could be connected with slightly 

lower average latitude (about 5° lower) which brings The Eastern basin closer to the equator and 

gives bigger solar insolation. But this difference does not have a big importance. More important is 

the difference in surface temperature between land and sea. The difference in the temperature can 

be seen on Figure 1c and 1d. During the winter sea is warmer than land, and acts as a heat reservoir.  

In a contact with colder continental air this can lead to convection and development of thermal lows 

over the sea which enhances precipitations (Millan et al 2002). In the summer-time land is warmer 

than sea and that develops sea breezes and/or upslope winds which are important for general 

circulation and air pollution, obviously especially near the coastline (Millan et al 1997).  

4.1.2. Circulation and transport  

Analysis of the wind over the Mediterranean basin reveals two totally different cases which, like 

with surface pressure regimes, are associated with the winter and the summer time. From the 

seasonally averaged vertical field graphs along the line that goes from the Western till the Eastern 

basin shown on Figure 2 the difference in wind patterns between the seasons is obviously visible. In 

the winter the averaged flow is smooth and in west-east direction without other features visible in 

the middle and upper troposphere and the lower stratosphere. In the lower troposphere it could be 

seen flows shaped by topographic features and also flows due the interactions between sea and 

land, due to their different temperatures. The similar situation is also in spring and fall. At the coast 

line it is noticeable inshore flow. That is a land breeze that blows seaward because land has lower 

temperature than sea and also produces a downward motion down topographic features (hills and  
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Figure 3 –Vertical CH4 MOCAGE fields in the winter along different latitudes (presented also on the maps above in the 
figure): 7°E (a), 19°E (b), 29°E (c) with the wind vector field (vertical velocity is multiplied by 100) and the tropopause 
pressure. Below are shown surface temperature plots, and mixing ratio total column plots.  
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Figure 4 - Vertical CH4 MOCAGE fields in the summer along different latitudes (presented also on the maps above in the 

figure): 7°E (a), 19°E (b), 29°E (c) with the wind vector field (vertical velocity is multiplied by 100) and the tropopause 

pressure. Below are shown surface temperature plots, and mixing ratio total column plots.  
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mountains), as well above land and mountains (it is noticeable even at 4 km above sea level over the 

Iberian Peninsula).  During the bigger part of year solar insolation is not big and thermally driven 

circulation on more local scale are considerably weaker than compared to the summer-time (Millan 

et al, 2002). And that is a reason why on vertical field in the summer there are more features and 

they are more pronounced. The temperature difference between the sea and land in the colder 

months can make quite strong upwards motions, as seen on Figure 3 in the Western, Central and 

Eastern basin. This upward motion can make injections of the air from the lower troposphere to the 

free troposphere. The strongest flow is seen at the entrance of Adriatic Sea. There, this produces 

convection and the mixing of this warmer air with the colder air from the land and mountains makes 

the Montenegreen coast one of the wettest places in Europe (Bruci E, 2008).  

In the summer over the Mediterranean region dominates large-scale subsidence (Kallos et al, 2007; 

Kallos et al, 1997) which is visible on Figures 2 and 4. These figures indicate that the subsidence is 

particularly intensive over the Central and Eastern basin which is confirmed by Tyrlis et al. (2011). It 

is visible that wind arrows clearly cut isentropes, lines of the same potential temperature values, 

which indicate that the air is not lowered only because it follow isentropes, but it is real subsidence. 

This subsidence in the free troposphere is the most intense near Crete and its downward motion is 

the strongest for the whole Northern hemisphere during the summer (Ziv B. et al, 2004). Its origin is 

linked with the Asian monsoon system (Rodwell and Hoskins, 1996) and it has strong impact on air 

pollution and other gas concentrations in the Eastern Mediterranean.  

On the Figure 2 at the Spanish coastline in the summer-time it is visible a large thermal circulation 

cell. This coastal cell is created because of the diurnal flow described by Millan et al. (Millan et al, 

1997) and it is not particular only for the Spanish coast. Strong sea breeze can form because of the 

temperature difference between temperature of the sea and the land. Also, coastal mountains get 

heated during the day, and their east and south sides can get strongly heated early in the day 

provoking the formation of upslope winds. So, depending on the mountain-coast orientation 

combination of sea breeze and upslope winds can form, the “combined breeze”. This wind can inject 

surface air to higher in the atmosphere, to more than 4000 m as shown in Figure 2 and Millan et al.  

in the layers at various heights and distances from the coast (Millan et al, 2002). There the air 

catches a return flow and due to subsidence over colder waters, the stratified air returns to the sea 

and makes the “reservoir layers” over the sea. In this cycle mountains act as “orographic chimneys”.  

During the night this circulation stops and the layers move along the coast, until morning when a 
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Figure 5 – MOCAGE CH4 horizontal fields at different levels: 850 mbar (a), 500 mbar (b), 100 mbar (c) with the wind 

vector fields for the summer 2009.  
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new cycle starts and lower layers formed days before are moved inland by sea breeze. This makes a 

recirculation pattern which is seen on Figure 2. Tracers showed that a recirculation period is every 2-

5 days (Millan et al, 1997b). This has an impact on air pollution because it returns the pollution to 

the coast which with new emissions could make higher concentration of the medium-lived gases (as 

CO which concerns us). This high recirculation tendency makes longer residence times for air 

masses. In the western basin in the summer time to renew 80% of air masses below 3500 m it takes 

about 10 days (Gangoiti et al, 2001; Millan et al, 2005), while for UK in the same period it takes 2 

days. This recirculation and stagnation mechanism is not limited only to Iberian Peninsula; it is 

noticeable along Apennines, southern Turkish coast, Tunisia. However, stagnation in the summer is 

the strongest in the Western basin and in the region around Cyprus (Schicker et al, 2010).   

The Mediterranean region is a crossroad of the air masses (Lelieveld et al, 2002; Schicker et al, 

2010). The region is characterized by complex air mass trajectories, complex inflow and outflow in 

the lower, middle and upper troposphere. Within the lower troposphere the dominant flow 

direction is from north to south or south-east (Figure 5). Generally this flow is north-south direction 

during whole year, but it is the most pronounced and noticeable in the summer. As mentioned 

before, during the summer the Mediterranean basin is under anticyclonic activity from west and 

cyclonic influence from east (Kallos et al, 2007). These systems make that air masses near the 

surface come from north because Azorean high pressure system have clockwise, and monsoon low 

pressure system counter-clockwise motion. More prominent is northerly flow in the Eastern and it is 

known as the Etesian winds. They are the summer circulation flow across the southeastern Europe 

to the Eastern basin and they represent a part of Asian monsoon pressure system. They make 

residence times in the Eastern basin short, and also lower stagnation and residence times than in 

the Western basin (Schicker et al, 2010). The Etesian winds are stronger than the northerly flow in 

the Western basin formed by Azorean high pressure system because they can easily move through 

the Black Sea and the Aegean Sea, and lack of topographic barriers as in t he western part. Also, the 

Azorean high partially contributes to the Etesian winds (Ziv et al, 2004). The Etesian winds and the 

Eastern basin subsidence are connected and formed and balanced by the Asian monsoon system 

(Ziv et al, 2004). Stronger monsoon activity leads to the stronger Etesian winds and the stronger 

subsidence, and lower winds corresponds to the decreased subsidence. In the middle troposphere 

flow from west and northwest dominates in all seasons, bringing air from the Atlantic to the region.  

But, in the summer there is a flow from Africa transported by the Hadley circulation, and the Eastern  
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Figure 6 - Vertical N2O MOCAGE fields from equator till mid latitude along longitude 19°E with isentropes and the wind 

vector field (vertical velocity is multiplied by 100) in the winter (a) and the summer (b) 
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basin is more affected. In the upper troposphere and the lower stratosphere westerly and 

northwesterly flow dominates in all seasons in the Western basin, and in the Eastern basin except 

for the summer when air masses come from southeastern direction: Arabian Peninsula and Asia. 

These findings (shown on Figure 5) are in accordance with findings of Lelieveld et al. (2002) and 

Mariotti et al. (2002). 

The Hadley circulation has an effect on the Mediterranean basin. In the summer Hadley cell is 

located more northward than in the winter, and it extends till the southern coast of the Eastern 

Mediterranean where a descending branch of Hadley circulation is clearly visible (Figure 6). It can be 

seen that in the winter the northern Hadley cell extends from equator to latitude of 25°-30°N, and 

during summer is located northern from latitude of 10°N till 30°-  

 

35°N, and it has an effect of the Mediterranean, especially the eastern part. This subtropical hi gh 

pressure system, together with effect of the Asian monsoon system (Ziv et al, 2004) make large-

scale subsidence which inhibit convection and gives The Mediterranean dry and hot summer with 

cloud-free conditions and high solar radiation intensity, provoking often droughts (Thyrlis et al, 

2011; Rohling and Hilgen, 1991).  

A subtropical jet stream flows over the Mediterranean basin. In all seasons it is nearly at the height 

of tropopause. The jet stream over the region is a consequence of the thermal contrast between 

Europe and Africa. The position and strength of the jet stream depend on seasons. It the winter it is 

located more equatorwards, over the northern rim of Africa, and it is of much bigger intensity. 

Cyclonic systems are usually directed by the mountains around the basin on the northern side. But if  

the polar jet stream is not far, more cyclonic perturbation enter the basin, and provoking bigger 

rainfall. In the summer it is located more northwards, and it is weaker. The weather over the region 

in the summer is influenced by a distance of two jet streams, subtropical and polar (Baldi et al, 

2006). The minimal distance provokes a subsidence because of the high pressure, thus making 

temperatures higher in the region. 

It is already mentioned that the Mediterranean region is a crossroad of air masses. The main inflow 

of the air is from the northwest. For the outflow, there are two major directions. First one continues 

in the same eastward direction toward the Central Asia. Another one is towards the North Africa 

and then it continues in the southwest direction towards Atlantic Ocean and then North America 
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following easterlies. Finding of Schicker et al. (2010) and Lelieveld et al. (2002) are in accordance 

with MOCAGE analysis. Of course, the main inflow and outflows are supplemented by smaller flow, 

some of which are mentioned when are mentioned air masses flows, and some will be mentioned 

later, because although they are of less intensity, they are important for air pollution and transport.  

Vertical transport contributes to the overall circulation in the region. Mechanisms of the vertical 

transport can inject the air or descend it.  Mechanisms for air ascension are: transport layers in 

already mentioned summer recirculation pattern which can inject the air to 2-3 km high, the south 

facing coastline mountains work as orographic injectors to the middle troposphere up to 5 km, and 

convective pumping by cumulus growth in the summer afternoons which can transport the air to the 

upper troposphere up to 10-14 km (Millan et al, 1997). Other mechanisms are the upward flows 

during the winter because of the temperature difference between land and sea; but there are also 

downward processes as the descending Hadley branch and the large-scale subsidence both in the 

summer, gravity ridden depositions, or depositions assisted by the rain.  

4.2. Trace gases 

The meteorological particularities of the Mediterranean region presented previously could have an 

impact on trace gases in the atmosphere. We are going to investigate CTM MOCAGE and satellite 

datasets to explore this point. 

4.2.1. Variability in MOCAGE 

The horizontal MOCAGE maps of N2O concentrations are presented for various months in different 

seasons in Figure 7a (N2O is used just as an example; similar maps are produced and analyzed for 

different gases, years, months; this remark applies to others figures as well). These total column 

maps are treated in a way that only total column values over the sea are considered. Values over the 

land are lower, and they are out of the range specified by a color table of the figures. This way it is 

possible to see what kind of differences in total columns could be found for different parts of the 

Mediterranean basin. A MOCAGE analysis shows that even long-lived gases show variability in space 

and time and these differences are up to 4% for N2O, 10% for CO, 2% for CH4 between the Western 

and the Eastern basin.  
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These differences could be a consequence of different surface pressures over different parts of the 

sea which could influence the total column values. For that reason fields of constituents are 

converted to the total column mixing ratio maps (Figure 7b) which indicate a fraction of a certain gas 

in the column and it is not affected by the surface pressure values. Also, relief features are not 

visible anymore, except for high mountains where their height influences mixing ratio values by 

“cutting” a larger part of vertical profile because a surface is significantly different that for lower 

points and sea. Nevertheless, the conversion to total column mixing ratio maps showed variability of 

long-lived gases with almost the same values which lead us to the conclusion that surface pressure 

differences do not have important influences of variability of long-lived gases over the 

Mediterranean sea.  

At a closer look at the maps at Fig 7, N2O shows a clear latitudinal difference with higher values 

toward equator, so the bigger values in the Eastern basin than in the Western are partially 

influenced by the latitudinal gradient. But as the difference between different parts of the basin is 

not always constant (Figure 15c in the case of N2O), latitudinal difference cannot be the only cause 

of spatial variability. It is also evident that there is a seasonal variability, and the highest N 2O mixing 

ratio values are found in summer 

For other gases, CO is a medium-lived gas, and it is not well mixed as long-lived gases. Its bigger 

concentrations are close to its emissions. The Western Europe is a big producer of this gas, and the 

Western basin has usually more CO than the eastern part. In the summer MOCAGE analysis shows a 

transport of CO (and other gases) from Asia, and the Eastern basin should have bigger mixing ratios 

that the western part. The winter has maximum concentrations of CO, and in the summer the 

Eastern Mediterranean has another maximum. CH4 shows in the winter similar levels in both parts 

of the basin, but in other seasons the Easter basin has higher CH4 mixing ratio values. 

4.2.2. Variability in satellite data 

IASI total column data (Figure 8 as an example with CH4 data), also show the variability of the long-

lived gases. The found variability is both spatial (different parts of the basin) and temporal (different 

seasons). Analysis of the satellite data is focused only on maritime pixels and seasonally averaged 

for the reasons discussed in 3.2.4. When using 0.5°x0.5° bin, for one season there are couple of  
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Figure 7 – MOCAGE N2O maps of total column (a) and mixing ratio total column (b) for January, April and July 2009.  
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Figure 8 – Total column IASI seasonal CH4 maps. Boxes for the Western and the Eastern basin are also drawn.  
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hundreds measurements per pixel, which gives the estimated error for IASI data of about 1-2% 

which is below the observed variability in total column values. IASI data shows variability of 3% for 

N2O, 8% for CO, 1% for CH4 between the different parts of the basin and 4% for N2O, 50% for CO, 6% 

for CH4 changes over a year. Mixing ratio analysis gives the same findings and confirms conclusions 

from MOCAGE analysis that differences in surface pressure does not have a big influence in the 

variability of long-lived gases.  

4.2.3. Analysis along the vertical 

MOCAGE gives a possibility to look more closely to the vertical dimension. Satellite measurements in 

the troposphere can give us only limited info and hints on the vertical. Nevertheless, comparison 

between modeled and satellite data will help characterize some processes.  

4.2.3.1.  Vertical fields 

The vertical analysis can tell us more about the long-lived gases around the basin and about their 

variability. MOCAGE vertical fields are shown in Figures 2,3,4 (as examples of types of the graph 

used in analysis of vertical distribution of the gases). Figure 2 presents the vertical field along the 

longest possible line on the sea without encountering land, from the coast of Spain to Israel. N 2O 

and CH4 in this analysis have maximum mixing ratio in the free troposphere, in contrast to CO for 

which MOCAGE shows the maximal mixing ratio near the surface. CO has a maximum in winter, N2O 

in summer, and CH4 in spring. Mixing ratio plots along the vertical field line are located as the lowest 

plot in Figure 3 and 4. For all three gases in the summer in middle and upper troposphere MOCAGE 

shows in the Eastern basin increased concentrations of concerned gases. Reason seems to be the 

flow of air that comes from direction of Asia and North Africa. With the subsidence appearing in the 

summer in that part of the basin, air from the bigger altitude could get to the lower height. On the 

vertical field figures, there is plotted also the tropopause location. Tropopause data is from the 

National Centers for Environmental Prediction (NCEP) and the National Center for Atmospheric 

Research (NCAR) NCAR/NCEP Reanalysis project (Kalnay et al, 1996). Tropopause over the 

Mediterranean in the summer is quite steep and just over the sea tropopause goes lower.  

Nitrous oxide and methane show a latitudinal difference in the way that the bigger concentrations 

are towards the equator; this is especially noticeable for N2O. On the other hand, CO shows a halo 



 
 

36 
 

around Europe which is a big anthropogenic source of carbon-monoxide. This gas transfuses to the 

Mediterranean, but over the Mediterranean and North Africa there is less CO than over Europe. 

4.2.3.2.  Vertical profiles  

The vertical profiles can tell us whether the spatial variability that is seen on total column and mixing 

ratio maps is spread to all heights. To examine more closely spatial variability, two representations 

of the Western and the Eastern basin are selected as two boxes shown in Figure 8. That way it is 

possible to precise and quantify more accurately differences between two parts of the basin.  
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Figure 9 – Vertical profiles of CO for summer 2008 (a) and CH4 for spring 2010 (b). 
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Some of vertical profiles that are used in the analysis are presented in Figure 9. Profiles of CO and 

CH4 are more significant because they can be plotted with some more datasets. CO MOCAGE data 

shows bigger mixing ratios close to the surface, and usually when there are bigger CO 

concentrations in one part of the basin, that situation prevails throughout the atmosphere. Only in 

the upper troposphere and the lower stratosphere as a rule the Eastern basin has bigger mixing 

ratios at the same pressure levels. That can be explained by the fact that tropopause is higher in the 

Eastern basin because it is located more on south and on certain pressure level over the Eastern 

basin we are lower in the troposphere than on the same level over the Western basin.  

Usually, the Western basin has more CO and profiles has very similar shapes, except in the summer 

when Asian air brings more CO to the middle and upper troposphere over the Eastern basin, and 

that makes a visible feature in the vertical profile (Figure 9a). When comparing MOCAGE and AIRS 

data, some similar conclusion appears. Usually bigger amounts of CO are in Western basin, and that 

is true to all season except in the summer where Eastern basin has more CO, and sometime in the 

winter as well. In the summer AIRS also sees more CO in the middle and upper troposphere but the 

difference between parts of the sea is not that big as in the MOCAGE data. Differences between the 

two basins are similar or smaller in AIRS data, and near the surface, mixing ratios are not always 

bigger in comparison to the middle troposphere. Also AIRS shows that differences between the east 

and the west are conserved in all levels of the atmosphere. The overall agreement between AIRS 

and MOCAGE vertical profiles is very encouraging, especially where AIRS has the best sensitivity, and 

should be confirmed and tested with more analysis.  

CH4 vertical profiles (one as an example in Figure 9b) are filled with three datasets; MOCAGE, and 

two satellite sounders datasets, from AIRS and GOSAT. MOCAGE profiles show very similar or 

slightly bigger mixing ratio in the middle troposphere than in the lower troposphere. Differences 

between different basins are slight and only more noticeable in the summer, when the Eastern basin 

has more methane. Also, similar to CO data, higher in the upper troposphere and lower stratosphere 

there is more CH4 in the Eastern part of Mediterranean due to latitudinal gradient. GOSAT data is 

available for spring 2010 and accordance with MOCAGE profile is quite good in a shape of profile, 

and sign and values of a difference between the east and west. There is more CH4 close to the 

surface, as shows the MOCAGE data in the same period. There is no bigger time span to be able for 

more detailed analysis. AIRS data profile has 3 point in the upper troposphere and lower  

stratosphere and its gradient and sign of the difference between the east and west is different from 
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the one in MOCAGE and more importantly in GOSAT data, so no particular conclusion can be drawn 

from AIRS CH4 dataset. 

Nitrous oxide and carbon dioxide vertical profiles were available only from one dataset; MOCAGE 

for N2O and GOSAT for CO2. For nitrous oxide the bigger mixing ratios are in the Easter basin, and 

bigger values are in the free troposphere than in the lower troposphere. For the GOSAT data, more  

CO2 is in the east of the Mediterranean, but as already mentioned, there are data only for one 

season. 

A concern about vertical profile data is that vertical resolution of infrared measurements is usually 

very poor with a maximum of two independent points along the vertical. Consequently, different 

points in the measured profile would depend on each other and it would not give us separate, 

independent information for a particular level.  

4.2.3.3.  Time series plots 

To better examine variability of the concerned gases, we also analyzed plots of mixing ratio both for 

the Western and the Eastern basin as a function of time. Datasets that provide data with big time 

span are used, and this way it was possible to make 3.5 years plots. Like that it is possible to 

examine periodicity of observed variability of the gases. In Figures 10-13 are presented such time 

series plots for the various gases.  

4.2.3.3.1. CO 

Carbon-monoxide shows a yearly oscillation in IASI and AIRS data which is visible in Figure 10a. Both 

IASI and AIRS show very good agreement. AIRS does not provide whole column data, just for 

particular levels. Here is analyzed a level where AIRS has the biggest sensitivity. MOCAGE does not 

have a mass conservation (which makes global amounts of the gas variable in the quite short 

periods of time) thus MOCAGE data could not be used to reveal anything about oscillations of CO, 

the only obvious point there is a spatial variability between the Western and the Eastern basins. 

Measured carbon-monoxide has maximum values in spring in April, and minimal in autumn in 

September-October, with the variation of about 30%.  

If we look at differences between the Eastern and the Western basin (Figure 10c), agreement 

between all three datasets is good, with correlations between IASI and AIRS       , IASI-MOCAGE 
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       and AIRS-MOCAGE       . Data show that the Eastern basin has significantly more CO 

during the summer and quite similar levels in the winter. In other seasons bigger values of CO are in 

the Western Mediterranean. The difference can go up to 8% as seen in both satellite datasets, and 

up to 15% as shown in MOCAGE data. If we average data to have a monthly variation of the east-

west difference we get a confirmation that all datasets show CO evolution in the same way. 

Correlations in Figure XXX are        for IASI-AIRS,        for AIRS-MOCAGE, and correlation 

coefficient between IASI and MOCAGE is       . 

4.2.3.3.2 CH4 

Methane in IASI data shows oscillations, which seems to be on yearly basis (Figure 11a ). In post-

2009 v4 data, a maximum is in the winter and a minimum in the summer, and conversely in pre-

2009 v4 data. On the monthly averaged plots in Figure 11b it is clear 2009 v4 data vice versa. On the 

monthly averaged plots in Figure 11b it is clear 
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Figure 10 - Time series plots of CO over the Western and the Eastern Mediterranean basins: from the beginning of 2008 

till summer 2011 from various datasets (a); different versions of datasets in monthly averaged plot (b); difference 

between the east and the west of the Mediterranean 01/2008 – 06/2011 (c) and in monthly averaged plot (d)  
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Figure 11 – Time series plots of CH4 over the Western and the Eastern Mediterranean basins: from the beginning of 2008 

till summer 2011 from various datasets (a); different versions of datasets in monthly averaged plot (b); difference 

between the east and the west of the Mediterranean 01/2008 – 06/2011 (c) and in monthly averaged plot (d)  
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that these two data subsets are out of phase. MOCAGE data (by lack of mass conservation in the 

model CH4 decreases constantly) is in accordance with pre-2009 v4 data, but not post-2009 v4 data. 

It is not obvious whether this post-2009 v4 discrepancy is due to IASI retrieval software change or 

because methane really showed such variation in that period of the time. Other datasets did not 

provide a definitive answer on this. Our IASI v5 data still did not contain a summer data to check 

whether the summer 2011 showed minimum or maximum of CH4. So far, v5 data did not show any 

big variation of methane during the time. AIRS data are not validated and are sensitive only in the 

upper troposphere and the lower stratosphere but it seems that the data show maxima in the 

summer. With time methane mixing ratios can change as much as 7% in observed period. A slow 

increase of methane is visible during period with the IASI data which is in agreement with global 

methane trends (IPCC FAR, 2007).  

In the plot of time evolution of the east-west difference (Figure 11c), the different versions of IASI 

and the lack of mass conservation in MOCAGE do not have an effect and these two datasets show 

good correlation. Usually the Eastern basin is the part of the Mediterranean with bigger amounts of 

CH4, and the difference is the biggest in the summer. The correlation coefficient between two 

datasets is       . In IASI and MOCAGE data, the difference is up to 4% between the east and the 

west. Monthly averaged data (Figure 11d) clearly shows summer CH4 maximum in the east, while in 

another seasons usually there is more methane in the east but the difference is smaller, less than 

1%. The IASI-MOCAGE correlation in this averaged graph is        giving excellent agreement.  

4.2.3.3.3. N2O 

Nitrous oxide IASI v4 data show two minima during a year, a main minimum in the winter, and a 

secondary minimum with small intensity in the summer (Figure 12a). The amplitude of the variation 

is about 6%. V5 data produces a big change in the retrieval for N2O. Measured values are smaller 

and below global measured levels (IPCC FAR, 2007), but for further analysis more data is necessary 

(for the analysis only 8 months of data were available). Although MOCAGE data show constant 

decrease, MOCAGE indicates that maxima are in the summer. Plots of the east-west difference do 

not show good correlation of two datasets. In MOCAGE the Eastern basin always has more N2O than 

the Western basin. In IASI data in the summer bigger mixing ratio values are in the western part of 

the sea, while in other seasons it is in the east. The maximum difference between the Eastern and 

the Western basin is about 3%. 
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4.2.3.3.4. CO2 

Carbon-dioxide was analyzed with data from IASI, AIRS and 4 months dataset from GOSAT. AIRS and 

IASI data have distinctive features (Figure 13a). AIRS data has a clear periodicity and smaller 

variability than IASI data, especially in differences between the Western and the Eastern basin. AIRS 

shows an obvious annual cycle with a minimum in autumn and a maximum in spring, the east-west 

difference is in range of about 1 ppm (which is within margin of the error) and a seasonal variation 

of about 5 ppm. An overall trend of the rise of values is noticeable in the graph. On other hand, IASI 

data shows bigger variability (both, spatial, and temporal), out-of-phase with AIRS by about 4-5 

months. GOSAT data is only available for 4 month period., and The east-west difference measured 

by GOSAT is of similar amplitude as in IASI data. AIRS is not sensitive to the surface, so it is hard to 

compare satellite and surface data. Surface measurements in Israel from the WDCGG station in Sede 

Boker show similar minimum and maximum in the similar times as AIRS data or around Northern 

Hemisphere (Dettinger and Ghil, 1998). Regarding the east-west difference IASI usually shows more 

CO2 in the Eastern Mediterranean, while in AIRS data there is no difference (because the difference 

is within the margin of the error).  

4.2.3.3.5. Datasets shortcomings 

The graphs 10-13 revealed some particularities and shortcomings of the used datasets. CH4 

MOCAGE data (Figure 11a) shows strong decrease over the time. Similar feature is visible in N 2O 

data but at less intensity. This decrease 
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Figure 12 - Time series plots of N2O over the Western and the Eastern Mediterranean basins: from the beginning of 2008 

till summer 2011 from various datasets (a); different versions of datasets in monthly averaged plot (b); difference 

between the east and the west of the Mediterranean 01/2008 – 06/2011 (c) and in monthly averaged plot (d)  
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Figure 13 - Time series plots of CO2 over the Western and the Eastern Mediterranean basins: from the beginning of 2008 

till summer 2011 from various datasets (a); different versions of datasets in monthly averaged plot (b); difference 

between the east and the west of the Mediterranean 01/2008 – 06/2011 (c) and in monthly averaged plot (d 
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cannot be real (and it is overruled by the IASI data, and WMO data), it is too strong, over 15% in 3.5 

years. Further analysis revealed that the problem is in the mass conservation in the model. On the 

global scale the total amounts of different gases in the present runs of MOCAGE is not conserved, 

but it can make quite large oscillations; in the case of CH4 almost 20% in 2.5 years and about 4% for 

N2O in the same period of time. A global amount of CO was showing really large oscillations of more 

than 30% in just couple of months. CO is a medium-lived gas and its total global amount can change 

more than in case of stable long-lived gases but not in those proportions without some very extreme 

events. More important, global CO oscillations are transferred to the Mediterranean region, and a 

big part of variations in the Mediterranean region visible in Figure 10a have their roots in this large 

global variation in the model. Because of this mass conservation issue, MOCAGE data cannot be 

compared to the satellite data in this form. This does not have an effect on the spatial variability of 

the trace gases (between the Western and the Eastern basin), but does have an effect on the 

temporal variability, because real temporal variations are combined with model (unreal) global 

variations. This particularly affects and relates to CO analysis, while in methane and nitrous oxide 

the decrease in the global amount of these gases makes the negative slope from January to 

December.  

Nitrous oxide IASI data shows an abrupt decrease in October 2010. This sudden and consequent 

decrease is unrealistic in the atmosphere and it is related to a change in a retrieval software 

performed by EUMETSAT. There are two major changes that are important for the concerned gases: 

v4 to v5 change at the end of September 2010, and v4.3 change in January 2009. During the whole 

period AIRS data is version 5, no major changes were applied.  

The issues that are mentioned (mass conservation issue in MOCAGE, different retrieval versions in 

IASI, emission inventory underestimates present levels of gases…) are not of concern when 

considering the difference between the Western and the Eastern basin plotted as a function of time 

(Figures 10c-13c, 10d-13d ). In this way all particularities and shortcomings of datasets are removed 

by considering the difference of values between two basins. 
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5. Discussion 

The presented results have brought up interesting findings that are going to be discussed, compared 

with findings of other investigations, and tried to see how they fit and reflect to the knowledge of 

the Mediterranean region in order to get an insight of their quality and reliability, and to put traces 

to the direction of future investigations. 

5.1. Temporal variability 

Our satellite and model analysis revealed the variability in long-lived trace gases over the 

Mediterranean Basin more than it is expected from the fact that they are believed to very well-

mixed and spread in the atmosphere (NOAA, 2008). Temporal variability includes a seasonal 

variability and overall rising trend which is well known change (IPCC FAR, 2007) as they are green-

house gases and their concentrations in the atmosphere rise because of the human activities. 

Seasonal variability is known feature of the concerned gases. CO shows a change of about 50 ppb 

during a seasonal cycle in high mountain measurements (Khalil et al, 1993) consistently with our 

results. This cycle depends on seasonal changes of CO removal by OH, seasonal changes in 

emissions, and in transport (Khalil et al, 1993). CO removal by OH is maximum when OH 

concentrations are maximal, and that is in the summer (Novelli et al, 1998); the emissions over 

Europe and North Africa, which can have a direct effect on CO concentrations over the 

Mediterranean Basin, are minimum during the summer (Gonzi et al, 2011). The role of transport in 

the CO seasonal cycle will be discussed below, but it is obviously not crucial because the first two 

mentioned factors make minimum of CO in the summer. More than 20 years of NOAA-CMDL 

sampling network data revealed that N2O seasonal variation is about 0.8 ppb (Liao et al, 2004). 

Measurements are made from surface stations located in the boundary layer, and in the free 

troposphere. In the available IASI satellite data, we found seasonal variability is more than 10 times 

bigger. Although the satellite is not sensitive to the surface, this difference seems to be huge. There 

is also no correlation about the times of minima and maxima, but also some sampling stations in the 

North hemisphere show lack of correlation (Nevison et al, 2011) which could indicate dependence 

on particularities and conditions on local scale. Regional studies in North America (Kort et al, 2008; 

Kort et al, 2010) showed a disagreement with the overall global analysis and found bigger seasonal 

differences than expected by the analysis. Still the disagreement with surface measurements is big 

(in terms of seasonal variability). Methane in the Northern Hemisphere shows seasonal variation of 
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about 30 ppb (Khalil and Rasmussen, 1983). IASI satellite shows a variation 2-3 times bigger 

although there are noticeable changes in different versions of retrieval. Post-2009 v4 data confirms 

surface measurements of seasonal cycle of methane and its minimum in the summer which, 

similarly in the case of CO, coincides with OH concentration maximum. It is confirmation that CO 

and CH4 are in phase. The seasonal variation of CO2 is visible in both IASI and AIRS data, but they are 

out of phase and AIRS shows agreement with the surface measurements both in time of minimum 

and maximum and amplitude of seasonal changes. 

5.2. Spatial variability 

The analysis of data also showed a significant spatial variability in concerned gases. The main regions 

that are compared are the Western and the Eastern basin. By making the difference between these 

two parts of Mediterranean Basin we get more reliable outcomes. We eliminate spurious systematic 

features (errors) that act on the both part of Mediterranean Basin. For MOCAGE the missing mass 

conservation makes global amount of gases behaving in unrealistic way (show negative trend in 

methane and nitrous oxide, and sharp changes for carbon monoxide), and overdated initial amounts 

of gases in the emission inventory (for example the N2O used inventory is from 1990, and does not 

take in account the positive trends). For satellite data we remove a problem (or significantly lower 

the effect) of different estimations by different retrieval versions (in particular the case of IASI, and 

possibly the effect of minor AIRS retrieval changes). By choosing only maritime pixels we already 

decreased an effect of emissions and various surfaces that affect retrievals above land more than 

above sea; we lowered differences between daytime and nighttime temperature variations (which 

are smaller over sea than over land), and prevented big changes of sensitivity of measurements. This 

approach was tried with CO and gave excellent results. In the Eastern basin there is more CO during 

the summer, and in the west in other seasons. The Western basin is closer to bigger emissions which 

must be important for CO as a medium-lived gas. The analysis of spatial differences over a year 

shows an obvious correlation between different datasets and in Figure 13d correlation between 

three datasets is ranging             . Modeled variations were confirmed by satellite  

observations. That means that emissions were correctly inserted in the model and that chemical 

transport in the model gives good results. Also, sensing the middle troposphere (where the satellite 

sounders are the most sensitive) could provide a clear clue about complete CO information because 

the model (which is of course sensitive in the same way in all its layers) gave very similar resul ts to 
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the satellite data results. These CO results validated our approach and that was applied to other 

gases. 

Removing above explained features of different datasets made a noticeable difference in CH4 data. 

While not so clear in Figure 12a, the methane east-west difference in MOCAGE and IASI is 

considerably correlated; even with correlation coefficient above       in Figure 12d. As with CO, 

the maximum positive difference between east and west is in the summer, and there is generally 

more CH4 in the east. N2O data did not show such correlation between the model and the satellite 

sounder, because of the reference year of N2O emission inventory. With CO and CH4 analysis we 

showed that transport in MOCAGE works well, thus the problem could be the use of the inventory 

GEIA inventory from 1990 for N2O which is not the most recently revised emission estimation 

available. But also IASI showed, as much as available data could suggest, quite big changes between 

N2O retrieval versions which could put a doubt in quality of these retrievals. Spatial variability of CO2 

in IASI data is quite considerable (more CO2 in the east up to about 2% of difference), and in Figure 

14b does not show clear periodicity. AIRS, on the other hand, does not show important spatial 

variability in CO2, and it is lot more similar to surface measurements. The first GOSAT FTIR data 

suggest that the spatial variability is bigger than in AIRS data. 

5.3. Air masses paths 

Mocage gave us a possibility to analyze air masses flow around the Mediterranean, and it also 

showed some interesting features. MOCAGE showed various transport paths: the important 

transport path from Europe to Africa in the lower troposphere that it is proven and good 

documented (Kallos et al, 1997, 2007; Millan et al, 1997, 2005; Schicker et al, 2010). This path is 

continued toward to the Atlantic Ocean across Africa, as discussed also in Kallos et al. (2007). The 

tropopause in the summer slopes sharply, and makes a weak tropo-strato barrier because isentropic 

transport crosses the tropopause. One of the most interesting features in MOCAGE analysis is an 

enhanced gas concentration of CO and CH4 that has an origin from Asia. CO is a medium-lived gas 

and because of such lifetime its concentration could change during the long-range transport from 

Asia to the Mediterranean. Schereen et al (2003) found that the air needs 5-10 days in the upper 

troposphere from Asia to the Mediterranean, and then 2-5 days from the surface to the upper 

troposphere (Traub et al, 2003). This makes in total 7-15 days for the travel which means that to the 

Mediterranean still can come the air enhanced in CO. These larger values in the summer in the east 
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of the Mediterranean in MOCAGE seems to be consistent with IASI satellite data; in Figures 12d and 

13d the difference between the east and east in favor to the east is the biggest in the summer. But 

to check whether this feature is mainly due to the transport from Asia, vertical profiles are analyzed. 

Vertical profiles from AIRS in the summer show more CO in the east and the biggest difference is in 

upper troposphere, at the heights where the Asian air comes from. The feature is not as strong as in 

MOCAGE, but is significant enough to confirm the effect of this long-range transport from Asia. At 

other heights, CO concentrations are greater in the east, which is expected due to strong subsidence 

in the Eastern Basin. 

5.4. Data quality 

The presented analysis of medium- to long-lived gases in the Mediterranean Basin using various 

satellite datasets made possible (and desirable) relies on the quality of products and retrievals. CO is 

in very good agreement between IASI Eumetsat L2 product and AIRS v5 L3 product. AIRS is the most 

sensitive in range 350-600 mbar, and CO vertical profile out of this range is calculated by a help of 

the first guess profile. Where a weighting function shows lower sensitivity, the first guess profile 

complements missing information to calculate a value at that level. This is the case near the surface 

where the sensitivity of AIRS is very low and because the first guess profile is yearly fixed (no 

seasonal changes) the calculated value underestimates surface CO concentration in the winter and 

spring. The point that the mid-troposphere has more CO than the surface in the spring is just a 

consequence of the first guess underestimated value for that season. IASI CH4 Level 2 shows 

noticeable changes in different retrieval software version, and to evaluate, available AIRS Level 3 to 

us cannot help that much because the CH4 retrieval is still unvalidated  

and experimental (AIRS Level-3 V5 Standard Product description: 

http://disc.sci.gsfc.nasa.gov/AIRS/documentation/readmes/README.AIR-3ST.pdf ). IASI N2O 

underwent a huge and unrealistic change in v5 retrieval, and now the averaged N2O level is far less 

(about 25 ppb) that averaged global level (from example IPCC report: Climate Change 2007). 

Seasonal change was well tracked but does not correspond to results from surface measurements, 

which brings a shade on the quality of this data. CO2 data differs a lot in IASI and AIRS, and while 

AIRS correspond well to surface measurements, any definitive conclusion is not possible to make. 

GOSAT TIR products of CH4 and CO2 still did not have a time span big enough to help assessing a 

quality of their retrievals and of other sounders. Overall, changes in retrieval versions can bring a lot 
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of changes in products, and weak spectral lines make problematic to achieve a good retrieval and 

validate it. 

5.5. Prospective 

In order to confirm findings and make them even firmer, and to confirm or dismiss hypotheses that 

have been made when no definitive conclusion could have been found, it is necessary to have data 

over a longer period. Quite recent satellite launches and retrieval changes, etc, made datasets of the 

same characteristics in many cases too short. For example, GOSAT data for four months available 

still could not led us to any findings. IASI v5 that brought big retrieval changes for some gases did 

not make still a full year of data to compare and check differences with previous data in at least one 

full yearly cycle. Longer datasets are preferable and wanted. Some datasets will still be added to the 

research. That includes AIRS Optimal Estimation retrieval of CO, or L2 more extensive vertical profile 

for methane. Also, it is necessary to know averaging kernels, weighting functions, vertical 

resolutions, retrievals etc. in order to better understand limits of the used satellites. 

The found variability of CO and CH4 that are well consistent between more datasets should be 

investigated in the way to quantify how and which processes are responsible for them, and to 

quantify the weight of emissions and transport to produce such variability. By investigating 

emissions and transport in CTM, which led to the variability, we could be able to find out more 

about it.   
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6. Conclusion 

Investigation of gases N2O, CO2, CH4 and CO over the Mediterranean Basin using a chemical-

transport model, and satellite datasets showed variability of the gases, transport processes that are 

partially responsible for the variability, and gave an insight of a quality of datasets that are used.  

The variability that the studied gases showed was both, temporal and spatial. The spatial variability 

was investigated between the Western and the Eastern Mediterranean basin. A big influence on the 

spatial variability have air masses flows, especially inflow from Asia during the summer i n the 

Eastern basin in the upper troposphere, and inflow from Europe in the lower troposphere which is 

particularly important for CO variability. Results for CO and CH4 showed strong resemblance. Their 

seasonal variability is in phase, with maxima in the winter and minima in the summer. The biggest 

east-west difference is in the summer when more CO and CH4 are found in the Eastern basin (8% for 

CO, 1% for CH4). The difference is influenced by the Asian inflow in the upper troposphere in the 

summer and a strong subsidence over the eastern Mediterranean basin. This indicates the 

interconnection and coupling between methane and carbon monoxide. Both modeled CTM 

MOCAGE and satellite data show the east-west differences in the same way. It indicates that 

emissions are well determined, with transport well implemented in MOCAGE, and that these gases 

are well understood with good satellite retrievals from AIRS and IASI for CO, and IASI for CH4. 

N2O analysis did not find such good agreement. Although both datasets, MOCAGE and IASI, show 

significant variability,  bigger than expected by the global analysis , 3% seasonal changes and 4% 

difference between the east and the west. Reasons for the disagreement between datasets could be 

still not really well understood N2O emission budget which could affect MOCAGE, and/or necessary 

refinements in the N2O retrieval which still brings noticeable changes with different retrieval 

versions. To further investigate the observed variability, more data analysis is necessary.  

Carbon dioxide in IASI data has a considerable spatial variability, but seasonal cycle does not 

correspond with seasonal cycle seen in AIRS data. AIRS shows spatial variability which is only almost 

within error, and AIRS data encouragingly corresponds well to surface measurements. GOSAT could 

in the future tell more about CO2 (and CH4) as it started measurements in 2010. 

The Mediterranean region is a crossroad of air masses paths. Many flows act on the region, 

producing a variety of particularities of the region which influence the found varibilities of studied 
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gases. In the summer stagnation of air is strongest in the Western basin, subsidence in the Eastern 

basin. Inflows from Europe in the lower troposphere, and from tropics and Asia in the free and 

upper-troposphere bring air poluttants to the basin. All these mechanisms influence gas 

concentrations and varibilities that have been observed.  

Comparisons of different satellite datasets and their versions made possible to evaluate their 

qualities. Data of same constituent from different sounders can bring different results, like IASI and 

AIRS for CO2. With a feedback and an interaction with retrieving groups we work on improving of 

existing retrievals and data. 
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