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ȹȽȺɅȺɈɁȼɆȼ ɇɋɁ ɄȷɅȷũɃɁɇɋɁ ɄɃɈ ȺɄȼɅȺȷȻɃɈɁ ɇȼɁ ɉɋɅȽȾȼ 

ȾȷɇȷɁɃɀȼ ɇɋɁ ȷȽɋɅɃɈɀȺɁɋɁ ɆɋɀȷɇȽȹȽɋɁ ɆȺ ȷɆɇȽȾȷ ȾȺɁɇɅȷ  
 

ɀ. ȿȽȷɁɃɈ
1
, M.- C. CHALBOT

2
, ȼ. ȾȷȸɃɈɅȷɆ

2
  

 
(1)

 
ȽɜůŰɘŰɞɨŰɞ ȺɟŮɡɜɩɜ ɄŮɟɘɓɎɚɚɞɜŰɞɠ əŬɘ ȸɘɩůɘɛɖɠ ȷɜɎˊŰɡɝɖɠ,  

Ⱥɗɜɘəɧ ȷůŰŮɟɞůəɞˊŮɑɞ ȷɗɖɜɩɜ 

(2) Division of Atmospheric Sciences, Desert Research Institute, Las Vegas, USA 

 
ɄȺɅȽȿȼɊȼ 
ȷɜŰɘəŮɑɛŮɜɞ Űɖɠ ɛŮɚɏŰɖɠ ŮɑɜŬɘ ɖ ŮəŰɑɛɖůɖ Űɖɠ ŮˊɑŭɟŬůɖɠ ůŰɘɠ ůɡɔəŮɜŰɟɩůŮɘɠ Űɤɜ ŬɘɤɟɞɨɛŮɜɤɜ 

ůɤɛŬŰɘŭɑɤɜ. ɆɡɜŮɢŮɑɠ ɛŮŰɟɐůŮɘɠ Űɤɜ ůɡɔəŮɜŰɟɩůŮɤɜ ɛɎɕŬɠ əŬɘ Ŭɟɘɗɛɞɨ ŬɘɤɟɞɨɛŮɜɤɜ ůɤɛŬŰɘŭɑɤɜ, ůŮ 

əŮɜŰɟɘəɧ ůŰŬɗɛɧ əŬɘ ůŰɞɜ ŮɝɤŰŮɟɘəɧ ɢɩɟɞ əŬŰɞɘəɘɩɜ ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŬɜ ůŰɖɜ ŮɡɟɨŰŮɟɖ ˊŮɟɘɞɢɐ Űɤɜ 

ȷɗɖɜɩɜ (7 ɖɛɏɟŮɠ ŬɜɎ əŬŰɞɘəɑŬ). ȼ ŭɘŬəɨɛŬɜůɖ ůɢŮŰɘəɐɠ ŭɘŬűɞɟɎɠ ɛŮŰŬɝɨ Űɤɜ ůɡɔəŮɜŰɟɩůŮɤɜ ůŰɞ 

əŮɜŰɟɘəɧ ůŰŬɗɛɧ əŬɘ ůŰɞɜ ŮɝɤŰŮɟɘəɧ ɢɩɟɞ Űɤɜ əŬŰɞɘəɘɩɜ ŮɝŮŰɎůɗɖəŮ ɔɘŬ ůɡɔəŮəɟɘɛɏɜŬ ŮɝɤŰŮɟɘəɎ 

ŭɞɛɘəɎ ɢŬɟŬəŰɖɟɘůŰɘəɎ Űɤɜ əŬŰɞɘəɘɩɜ, ɢŬɟŬəŰɖɟɘůŰɘəɎ Űɞɡ ɔŮɘŰɜɘɎɕɞɜŰŬ ɞŭɘəɞɨ ŭɘəŰɨɞɡ əŬɘ Űɞɡ 

əɡəɚɞűɞɟɘŬəɞɨ űɧɟŰɞɡ. ȼ ůɡɔəɏɜŰɟɤůɖ ůŰɞɜ əŮɜŰɟɘəɧ ůŰŬɗɛɧ ŮɑɜŬɘ ɞ ůɖɛŬɜŰɘəɧɠ ˊɟɞůŭɘɞɟɘůŰɘəɧɠ 

ˊŬɟɎɔɞɜŰŬɠ. Ƀɘ ůɡɔəŮɜŰɟɩůŮɘɠ Űɤɜ ŬɘɤɟɞɨɛŮɜɤɜ ůɤɛŬŰɑŭɘɤɜ ůŰɘɠ əŬŰɞɘəɑŮɠ ůŰŬ ˊɟɞɎůŰŮɘŬ ɐŰŬɜ Ŭˊɧ 14 

ɤɠ 94% ɛɘəɟɧŰŮɟŮɠ Ŭˊɧ Űɘɠ ůɡɔəŮɜŰɟɩůŮɘɠ ůŮ əŬŰɞɘəɑŮɠ ŮɜŰɧɠ Űɞɡ ŭŬəŰɡɚɑɞɡ. ũɘŬ əŬŰɞɘəɑŮɠ ˊɞɡ 

ɓɟɑůəɞɜŰŬɘ ůŮ ŬˊɧůŰŬůɖ ɛɘəɟɧŰŮɟɖ Űɤɜ 10 ɛɏŰɟɤɜ Ŭˊɞ ɞŭɘəɐ ŬɟŰɖɟɑŬ, ɞɘ ůɡɔəŮɜŰɟɩůŮɘɠ ɐŰŬɜ Ŭˊɧ 20 ɤɠ 

133% ɛŮɔŬɚɨŰŮɟŮɠ Ŭˊɧ Űɘɠ ůɡɔəŮɜŰɟɩůŮɘɠ ůŮ əŬŰɞɘəɑŮɠ ˊɞɡ ɓɟɘəɧɜŰŬɘ ůŮ ɛŬɔŬɚɨŰŮɟɖ ŬˊɧůŰŬůɖ. 

ɆɡɔəŮɜŰɟɤŰɘəɎ, ɖ ŬˊɧɚɡŰɖ ŮˊɑŭɟŬůɖ (ˊɞůɞŰɘəɐ) ŭɘŬəɟɘŰɩɜ ɢŬɟŬəŰɖɟɘůŰɘəɩɜ Űɤɜ əŬŰɞɘəɑɤɜ əŬɘ Űɞɡ 

ɞŭɘəɞɨ ŭɘəŰɨɞɡ ůŰɖɜ ŭɘŬəɨɛŬɜůɖ Űɤɜ ůɡɔəŮŰɟɩůŮɤɜ Űɤɜ ŬɘɤɟɞɨɛŮɜɤɜ ůɤɛŬŰɘŭɑɤɜ ɡˊɞɚɞɔɑůŰɖəŮ ůŰɖɜ 

ůɡɔəŮəɟɘɛɏɜɖ ɛŮɚɏŰɖ.  
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(1) Institute for Environmental Research and Sustainable Development,  

National Observatory of Athens 
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ABSTRACT 
The impact of residential characteristics, the configuration of the traffic network in the vicinity of the 

residence and traffic load on outdoor residential particulate matter concentrations was investigated. 

Particulate mass and number concentrations were continuously measured in a fixed ambient site and 

outside of 35 residences in the greater metropolitan area. The relative difference between the fixed site 

and outdoor residential concentrations was investigated, indicated that suburban residencies experienced 

lower levels than those measured for residencies in the Inner Ring, while traffic in major arteries resulted 

in substantially higher concentration in residencies within 10m, as compared to those located farther 

away. This study provided a quantitative evaluation of the contribution of discrete characteristics of the 

residence and traffic network. 

 

 

1. INTRODUCTION  

Recent studies have shown important spatial variations in PM10 and PM2.5, in a city, 

at urban areas in California and Canada (Brook, et. al. 1999; Pinto et. al. 2004), mostly 

due to topography, automobile emissions and meteorological patterns (Ito et al., 2001; 

Goswami et al., 2002; Nerriere et al. 2005). The main source of fine and ultra-fine 

aerosols, in an urban area, with no influence from industrial sources, is traffic (Hitchins 
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et al., 2000; Morawska et al. 1999). ȷ concentration gradient has been measured, as a 

function of distance from busy roadways, within 50 meters from the road, depending on 

pollutant and meteorological conditions.. However, the relationships between PM 

concentrations and traffic characteristics, like the distance from the major street and 

other relevant factors are not well explained (Kingham et al., 2000). 

The objective of the study is to investigate how outdoor PM levels are influenced by 

traffic characteristics. This was achieved by direct comparison of outdoor PM levels 

with those measured on a fixed site, for a large number of locations, within the 

metropolitan area on Athens. In addition, the role of community characteristics, such as 

the type of buildings and the width of roads were also considered. This investigation 

was part of a larger study that involved measurements in other urban areas within the 

European Union. 

 

 

2. METHODOLOGY  

Daily samples of PM10 and PM2.5 were collected with Harvard impactors, operating 

at 10 l/min (Air Diagnostics and Engineering Inc., Naples, ME, USA) in a fixed, 

ñreferenceò, site for the entire monitoring period (from October 2002 to March 2004) 

and outside of 35 residencies in the Athens metropolitan area. The locations of the 

reference and residential sites are presented in Figure 1. In each residence, 

measurements were taken during one week. Particle mass was determined by 

gravimetric analysis using an ɀɉ-5 analytical microbalance with a precision of 1 ɛg 

(Mettler-Toledo Inc.) according to the method ȺɁ-12341 (Air  Quality Field Test 

Procedure to Demonstrate Reference Equivalence of Sampling Methods for the PM10 

fraction of particulate matter). Absorbance (a surrogate for black carbon) was measured 

by reflectance on PM2.5 filters. At the same time, 1-min measurements of particle 

number concentrations (PNC) were continuously obtained using a TSI 3022A 

Condensation Particle Counter (CPC), in the fixed site and outdoors. The CPC was 

equipped with single channel silica gel diffusion dryer, to control condensation of water 

vapour. The 1-min PNC measurements were integrated to 30-min, 1-hr and 24-hr 

average concentrations.  

The structural characteristics of the residence and the configuration of the nearby 

traffic network were recorded in a questionnaire. These characteristics were selected in 

order to obtain a uniform database, satisfy the largest majority of residencies in Athens 

and in the other participating urban areas and reduce any conflicts of personal 

information included: residence location (1: centre, 2: suburb); residence age (before 

1980 (1), after 1980 (2)); residence type (attached (2)- detached homes/apartments (1)); 

outdoor sampling height (0ï3m (1), 3ï6m (2), >6m (3)); position of outdoor sampling 

(faces the backyard (1), to the street (2)); proximity to cross-road and canyon effect (0: 

no, 1: yes); areas of light (1) and heavy (2) traffic; distance from the fixed site (0ï5 km 

(1), 5ï10 km (2), >10 km (3)); traffic-classified residence (0: no, 1: traffic); total vehicle 

flow; proximity to nearest street (0ï5m (1), 5ï10m (2), >10m (3)); proximity to nearest 

major street and traffic light (0ï100m (1), 100ï500m (2), >500m (3));. The residences 

located on streets having uninterrupted buildings, on both sides of the street, for at least 

20m, and the ratio of the building height, divided by 2 times the distance between street 

sides, being higher than 1.5, were identified as canyon-type microenvironments. 
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FIGURE 1. The locations of fixed ambient site and residencies. 

 

Multivariate regression analysis was applied to resolve and examine the 

relationships between home outdoor concentrations, fixed ambient concentrations, 

categorized residential/traffic features variables and fixed ambient measurements.  

 

 

3. RESULTS AND DISCUSSION 

The relative difference (%ȹC/Cfixed) was computed, as the percentage of the 

concentration difference between measurements at the residential outdoor and fixed site, 

to the fixed site concentration. The negative values of the relative differences indicated 

greater values of PM in the fixed site. Median relative differences provided an 

indication of systematic differences between the fixed site and outdoor concentrations 

Figure 2 shows that PNC and absorbance had greater concentrations at the fixed site, 

while PM mass concentrations did not show great divergences, with median and mean 

values close to zero. Coarse PM have a wider range of values, as compared to PM2.5 and 

absorbance that can explained by mechanically generated dust from traffic and 

construction activities (for the preparation of the 2004 Olympic Games). 
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FIGURE  2. Boxplot of the median relative difference (%ȹC/Fixed) of the outdoor and fixed site 

concentrations.  

 

To further examine the intensity of the impact of each characteristic, a regression 

model using the median relative difference as the dependent variable and a subset of 

residential/traffic characteristics as independent variables was constructed. The 

standardized coefficient ɓ was used as a metric. Table 1 show that the most important 

factors were related with vehicle flow. More specifically, total vehicle flow (cars/day) 

had a great influence at %ȹC/Cfixed mostly for absorbance (0.5) and PNC (0.6) but less 

for PM10 (0.4) and coarse particles (0.4). The location of the residence (centre-suburb) 

seemed to affect mostly absorbance (-0.5) and PNC (-0.7) differences. In this case, the 

negative values show that the relative difference of the concentrations was greater for 

residences located in suburbs with decreased outdoor concentrations. Traffic homes 

affected positively mass differences but mostly absorbance (0.4) although canyon effect, 

affected mostly PNC and absorbance (0.4) implying that in these cases the 

concentration differences were greater with increased outdoor concentrations. The 

sampling height of outdoor measurements affected negatively the differences of coarse 

and PM10, which implies that the increase of the height gives greater concentration 

differences. 

 
TABLE 1. The standardized coefficient B of multivariate regression analysis of the median 

%ȹC/Fixed and outdoor residencies characteristics. 

 PM10 PM2.5 PM(10-2.5) Absorbance PNC 

Centre -Suburb -0.25 -0.18 -0.13 -0.53 -0.67 

Areas with high vehicle flow 0.39 0.32 0.29 0.52 0.56 

Detached home / Apartment -0.07 -0.41 -0.04 -0.21 -0.36 

Building age -0.10 -0.29 -0.06 -0.19 -0.13 

Total vehicle flow  0.44 0.19 0.36 0.50 0.56 

Distance from the nearest road -0.13 -0.27 -0.04 -0.26 -0.21 

Distance from major street -0.14 -0.33 -0.02 -0.26 -0.31 

Distance from crossroad -0.21 -0.27 -0.11 -0.39 -0.41 

Distance from traffic lights 0.20 -0.18 -0.09 -0.22 -0.26 
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Distance from the fixed site -0.12 -0.12 -0.10 0.19 -0.18 

Height of outdoor sampling -0.45 -0.08 -0.51 -0.11 -0.37 

Position of outdoor sampling 0.26 0.27 0.23 0.20 0.24 

Distance from parking lot 0.15 -0.06 0.23 0.20 0.22 

Distance from small industry 0.09 0.04 0.05 0.17 0.36 

Traffic homes 0.38 0.35 0.31 0.42 0.34 

Canyon effect 0.10 0.04 0.09 0.35 0.43 

Season -0.16 -0.02 -0.08 -0.05 0.13 

 

The multivariate regression of the outdoor concentrations against the 

residential/traffic characteristics was carried out in order to estimate the contribution of 

residential and traffic factors to the outdoor PM concentrations. The regression analysis 

indicated that the most important factors were the distance from major street (28.5ɛg/m
3 

for PM10; 21.8ɛg/m
3 

for PM2.5) and the cross-road (58.3ɛg/m
3 

for PM10; 18.9ɛg/m
3 

for 

PM2.5). Also important factors for PM10 were the outdoor sampling height (25.0ɛg/m
3
) 

and the position of outdoor samplers (30.1ɛg/m
3
). Traffic homes (8.21ɛg/m

3
) and 

canyon effect (5.6ɛg/m
3
) were also important contributors to PM10. The location of the 

residence (centre- suburb) seems important factor for PM2.5. For coarse particles, the 

most important factors were the position and the height of outdoor sampling with a 

contribution of 41.1ɛg/m
3
 and 26.2ɛg/m

3
 respectively. Also important factors were the 

proximity to a cross-road (32.5ɛg/m
3
) and to a major street (16.4ɛg/m

3
) as well as the 

residence location (12.2 ɛg/m
3
).The factors that influence absorbance mostly were the 

proximity to major street (4.1Ĭ10
-5

/m) and cross road (1.8Ĭ10
-5

/m) (Lianou et. al., 

2007). A factor of less positive influence is ótraffic homesô (0.8Ĭ10
-5

/m). For PNC, the 

greater influence comes from sampling height and position to the street as well as 

proximity to cross road.  
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FIGURES 2-6. Contribution of fixed site concentrations, residential characteristics and traffic 

characteristics on PM10, PM2.5, PM(10-2.5), absorbance and PNC.  

 

 

4. CONCLUSIONS 

The relative difference (%ȹC/Cfixed) was computed as the percentage of the 

concentration difference to the fixed site concentration, in order to study the spatial 

variation of outdoor concentration from a standard point (fixed site). The particle 

number concentration (PNC) and absorbance exhibited greater concentrations at the 

fixed site while no variability was observed for different fractions of PM mass. 

Statistical analysis using multivariate regression analysis showed that the most 

important factors affecting (%ȹC/Fixed) were related to vehicle flow and emissions, 

especially for absorbance, PNC, PM10 and coarse particles. The ótrafficô homes and 

canyon effect factors, affected positively (%ȹC/Fixed) absorbance and PNC, 

respectively, though sampling affects negatively the concentration differences for PM10 

and coarse particles. The most important determinants of outdoor residential 

concentrations were traffic features such as, residence proximity to major streets, traffic 

homes and canyon effect. Also, the location of the residence and outdoor sampling 

details, like height and position of samplers (face to the street), played an important role 

to absorbance and PNC.  
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ABSTRACT 
This study presents an adjoint (backwards) sensitivity analysis of ground level ozone for an episodic 

event (June 24, 2003), in the Greater Athens Area (GAA) at the receptor site of Agia Paraskevi. The 

adjoint version of the Community Multiscale Air Quality (CMAQ v4.5) model has been employed to 

perform the simulations. Adjoint sensitivity analysis allows us to assess the areas that have the largest 

impact on a given receptor site. The sensitivities have been calculated with respect to pollutant 

concentrations and emissions. The meteorology fields are calculated by the Mesoscale Model 5 (MM5, 

Penn State University version 3.7.2). The MM5 output is used to produce high resolution daily air 

emissions inventories for the main anthropogenic and biogenic pollutants with 1-hour time step by an in-

house built processor named EMISLAB. The meteorological prediction fields in combination with the 

emissions inventories are used as inputs to the CMAQ model. The distribution of the sensitivities in the 

computational domain for different times, (iso-surfaces) delineates the influence regions, i.e., areas where 

perturbations in some concentrations will result in significant changes in the ozone concentrations in the 

area of interest (Agia Paraskevi) at the final time. It was concluded that the most significant influence was 

that from the transported O3 and NOx concentrations from the industrial area in the north of the GAA and 

the traffic from the city centre.  

 

 

1. INTRODUCTION  

Three-dimensional atmospheric chemical transport models (CTMs) are tools used by the 

scientific community to predict the temporal and spatial distribution of air pollutants. 

Recent advancements in computational methods and resources have allowed the 

calculation of sensitivities of pollutant concentrations with respect to a large number of 

model parameters, improving our understanding of the changing chemical state of key 

atmospheric constituents in relation to their sources and sinks. The sensitivity analysis 

results in the calculation of the sensitivity coefficients (derivatives) of model outputs 

with respect to various inputs. Such sensitivity information can be used effectively in 

emission control strategies and air quality management. 

There are two general techniques for computing sensitivity analysis, the forward and 

backward methods. In the forward approach, any perturbation in one or more input 

variables is propagated forward in time into various receptors (e.g. Dunker 1984; 

Hakami et al., 2003). In the backward (adjoint) mode, a perturbation in a receptor based 

metric is propagated backward in time through an auxiliary set of equations resulting in 

the calculation of its sensitivities with respect to a large number of perturbed input 

parameters (e.g. Cacuci and Ionescu-Bujor, 2005).  

The mathematical formulation of the adjoint sensitivity for nonlinear dynamical systems 

has been presented by Cacuci (1981a, 1981b) and Marchuk (1995) and Marchuk et al., 

(1996). The mathematical description of the adjoint sensitivity method applied to three-

dimensional air transport and chemical models could be found in Sandu et al., (2005).  
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This paper presents an adjoint sensitivity analysis of ozone concentrations with respect 

to emissions performed for the Greater Athens Area (GAA), at the receptor site of Agia 

Paraskevi, using the adjoint version of the Community Multiscale Air Quality (CMAQ 

v4.5) model (Hakami et al., 2007).  

 

 

2. METHODOLOGY  

 

2.1. Input data and domain description 

CMAQ is a 3-D atmospheric chemical transport model (e.g. Byun, 2006) and is part of 

the operational meteorology and air quality forecasting system currently under 

development by the Environmental Research Laboratory (EREL) of NCSR 

ñDemokritosò (Greece). The meteorology fields are calculated by the Mesoscale Model 

5 (MM5, Penn State University version 3.7.2), which has been parameterized for 

application to the particular geographical and climatic characteristics of the GAA. The 

MM5 output is used to produce high resolution daily air emissions inventories for the 

main anthropogenic and biogenic pollutants with 1-hour time step by an in-house built 

processor named EMISLAB. The meteorological prediction fields in combination with 

the emissions inventories are used as inputs to the CMAQ model.  

 

 
FIGURE 1. Modelling domain and location of the two meteorological station (Elefsina, El. 

Venizelos) and the receptor (Agia-Paraskevi) used in the adjoint analysis. 

 

The computational domain covered an area of 103³103 km
2
 with 1 km³1 km spatial 

resolution (Fig. 1). The case study considered was a pollution episode that occurred in 

the area in June 23-24, 2003. Concentrations of air pollutants (O3, NO and NO2) were 

available from pollution monitoring stations, operating on a continuous basis under the 

supervision of the Greek National Air Pollution Monitoring Network (Ministry of 
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Environment, MINENV). Ambient concentration values of O3 and NO2 were available 

from the Aliartos background station operated by MINENV.  

 

2.2. Meteorology simulation 

Two consecutive days (23-24, June 2003) have been selected in order to study the 

combined meteorology and chemistry effects on the concentration of O3 in two selected 

locations in the Greater Athens Area. The MM5 model was initialized at 00:00 UTC on 

June 23, 2003 using input meteorological data from the National Centres for 

Environmental Prediction (NCEP) Global Forecasting System (GFS) (6-hours 

resolution). The model results compared well with observational data (Hellenic National 

Meteorological Service) available from two stations, Elefsina and the El. Venizelos 

(Athens airport) (Fig. 2).  

 

 

Comparison of Wind speed at El. Venizelos and MM5 output
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Comparison of Wind speed measured at Elefsina station & MM5 

output
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FIGURE 2. Comparison of the MM5 calculated wind speed (m/s) results and observations at the 

El. Venizelos airport (left) and Elefsina (right) stations. 
 

 
 
FIGURE 3. Wind fields (near surface) calculated by MM5 for June 24, 2003, at 00:00 UTC (left) 

and 15:00 UTC (right). 

 

In general, the calculated meteorological fields showed that the both days were 

characterized by sea breeze conditions and rather low near surface winds that favoured 
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the air pollution episode formation (Fig. 3). Temperatures ranged from 30̄-35̄ C 

between the two days, the highest temperature occurred on June 24, 2003 (Fig. 4).  

 

Comparison of temperature values at El. Venizelos
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FIGURE 4. Surface Temperature temporal profiles as calculated by MM5 and observed at El. 

Venizelos (23-24, June, 2003). 
 

2.3. Air quality  

Firstly, the anthropogenic and biogenic emissions of NO, NO2, NMVOC, SO2 and PM 

were obtained using EMISLAB, on an hourly basis for the specific grid (1³1 km
2
) (e.g. 

Fig. 4). The calculated emissions were used as input to the CMAQ model. 

 

  
 

 
FIGURE 5. Emissions of NO2 (Layer 1) calculated by EMISLAB for June 24, 2003, at 00:00 

UTC (left) and 15:00 UTC (right). 
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The chemistry-transport model CMAQ was started at 00:00 UTC on June 23, 2003 and 

performed a simulation of 48 hours. An example of the calculated O3 concentration 

profile at Agia Paraskevi (suburban) station is shown in Figure 6. The near-surface 

concentration contours of NO2 as predicted by CMAQ at 9:00 UTC on June 24, 2003 is 

shown in Figure 7. 

 

O3 Concentrations by CMAQ at Agia-Paraskevi

0

20

40

60

80

100

120

140

0 10 20 30 40 50 60

Hours

C
o

n
c
e
n

tr
a
ti

o
n

 (
u

g
/m

3
)

 
FIGURE 6. Temporal ozone profile from CMAQ at Agia Paraskevi station for 23-24 June, 2003. 

 

 
FIGURE 7. CMAQ calculated NO2 concentrations on June 24, 2003, at 9:00 UTC. 
 

 

3. RESULTS 

One suburban station Agia Paraskevi has been selected for the adjoint sensitivity 

analysis which according to the annual report of the Ministry of the Environment 

exhibits the highest amount of episodic events (i.e. exceedances of maximum 8-h 

average value) on an annual basis. The adjoint model of CMAQ was run 12 hours 

backwards of the target time (output at 12:00, 09:00, 06:00, 03:00 UTC ,June 24, 2003). 
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The sensitivities of ground level ozone concentrations (model-calculated) with respect 

to concentrations and emissions of NOX, CO, VOCs have been obtained. The 

distribution of the sensitivities in the computational domain for different times, (iso-

surfaces) delineate the influence regions, i.e., areas where perturbations in some 

concentrations will result in significant changes in the ozone concentrations in the area 

of interest (Agia Paraskevi) at the final time. The calculated sensitivities of ozone with 

respect to concentrations of pollutants (O3, NO2 and SO2) are shown in Figures 8-10. 

The calculated sensitivities of O3 with respect to emissions of pollutants (NO, NO2) are 

shown in Figure 11.   

 
FIGURE 8.  Calculated sensitivities (dO3/dO3) at the surface layer (at 3:00, 6:00, 9:00 and 12:00 

UTC) (24 June, 2003).  

 
FIGURE 9.  Calculated sensitivities (dO3/dNO2) at all model layers (at 3:00, 6:00, 9:00 and 

12:00 UTC) (24 June, 2003).  
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FIGURE 10.  Calculated sensitivities (dO3/dSO2) at all model layers (at 3:00, 6:00, 9:00 and 

12:00 UTC) (24 June, 2003). 

 

  
FIGURE 11.  Calculated sensitivities with respect to emissions of NO2 (dO3/dNO2) (left) and 

NO (dO3/dNO) (right) at all model layers (at 3:00, 6:00, 9:00 and 12:00 UTC) (24 June, 2003). 

 

 

4. CONCLUSIONS 

An adjoint sensitivity study for ground ozone has been performed with the adjoint 

model of CMAQ for the receptor station of Agia Paraskevi (June 24, 2003). The 

difference on the areas of influence is evident depending on the prevailing wind field. 

Concerning the day with wind breeze conditions that correspond to high O3 levels in the 

GAA, the impact of the large emissions sources can be easily traced (city centre / 

traffic, airport and shipping emissions). Transported pollutant concentrations (O3, NOx 

and SO2) influence the ozone values at the receptor. The influence of NMVOC 

emissions on ozone at Agia Paraskevi was not found to be important, in contrary to the 
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NMVOC concentrations for the particular pollution episode. The study indicated that 

focus must be placed on the improvement and updating of the high resolution emission 

inventories particularly that concerning the NOx emissions. Moreover, since the 

meteorological influence on the emissions and pollution levels is significant, the 

meteorological model over the urban canopy must be configured and evaluated against 

observational data.  
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ABSTRACT 

 
Global vertical distribution datasets for the mid-visible aerosol optical depth by ECHAM global 

modelling have been applied to investigate the spatial and temporal variability of its vertical distribution 

in the Mediterranean basin. Three sites representing different aerosol regimes (maritime, desert-dust, 

urban) were selected. The direct radiative effect (DRE) of aerosols on solar radiation at these sites has 

been calculated using a spectral radiation transfer model. The analysis made separately for fine, coarse 

and total aerosol shows that the aerosol DRE values vary significantly, being much larger for coarse than 

fine particles. 

 

 

1. INTRODUCTION  
 

During the last decades, the scientific community has been trying to estimate the sign 

and magnitude of the well-established and proven climate change since pre-industrial 

times. In order to do so, many physical processes have been thoroughly investigated and 

modeled. One of the greatest uncertainties in todayôs overall picture is the interaction 

between clouds, aerosols and radiation (IPCC, 2007). Aerosols are small particles with 

anthropogenic or natural origin. They reflect solar radiation, reducing its amount reaching 

the surface. Furthermore, they absorb it, hence warming the atmosphere. Cooling the 

surface and warming the atmosphere can have a negative impact on evaporation from the 

surface. This, in turn, implies reduced cloud formation and possibly reduced precipitation. 

For semi-arid regions, such as the Mediterranean basin, the amount of water that is being 

evaporated and the amount of precipitation is very important. The sources of aerosols are 

numerous: pollution, fires, deserts, oceans and even the stratosphere provide the 

atmosphere with aerosols daily. The difficulty of understanding the complete effect of 

aerosols is based on the fact that these particles have only a lifetime of a few days or 

possibly weeks (Vardavas & Taylor, 2007). However, the great advance in monitoring 

instruments has largely enhanced our ability to measure the atmospheric column aerosol 

load on a planetary scale. The combination of ground-based stations and space-borne 

instruments provides a great view of the spatial and temporal distribution of aerosols and 

clouds within the atmosphere. Nevertheless, not only the horizontal but also the vertical 

distribution of aerosols (and clouds) is a great matter. For example, knowledge of the 

vertical distribution of aerosols is essential for estimating the semi-direct effect of 

aerosols, consisting in the modification of cloud microphysical structure because of solar 

absorption by aerosols (e.g. Penner et al., 2006). In addition, because of the significant 

warming potential of absorbing aerosol (e.g. dust and biomass) over bright cloud systems, 
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the determination of the correct relative altitude of aerosols and clouds is essential for 

estimating accurately the aerosol direct radiative effect at the top of the atmosphere.  

AeroCom is an international science initiative to improve detailed aerosol modules in 

global modeling through model intercomparison and through comparisons against 

observational data. The observations include satellite retrievals (MODIS, AVHHR, 

TOMS and MISR) for aerosol amount and aerosol size (via aerosol optical depth and its 

spectral dependence) as well as high quality data for all aerosol column properties from 

the ground-based sun-/sky-photometer network of AERONET. To derive characteristic 

aerosol properties on a global scale, complete and consistent fields - defined by an 

AeroCom median - were improved with quality multi-annual statistics by ground based 

sun-/sky-photometry (Kinne et al., 2005). The merged products constitute monthly maps 

(distributions) for aerosol properties, namely aerosol optical depth (AOD), single 

scattering albedo (ɤaer) and Angstrom parameter (AnP). Furthermore, based on AnP the 

AOD is attributed to coarse and fine size mode AOD contributions (as the AnP is zero for 

the coarse mode and prescribed for the fine mode as function of boundary layer relative 

humidity). This simplifies the definition for anthropogenic aerosol, which is assumed only 

to affect the fine mode AOD. The vertical distribution for fine and coarse aerosol is based 

on simulations performed with the HAM aerosol module within the global circulation 

model ECHAM5 (Stier et al., 2007). 

Section 2 provides information about the sites and the methodology used. In Section 

3 vertical profiles of aerosols on an annual and seasonal basis and results from runs of the 

radiation transfer model are presented for the sites. Finally, certain conclusions and 

further research description can be found in Section 4. 

 
 

2. DATA  AND METHODOLOGY  
 

The research area covers the broad Mediterranean basin (29.5ÁN-46.5ÁN and 10.5ÁW-

38.5ÁE), as shown in Figure 1. The analysis was performed for the entire study area, but 

emphasis was also given on specific sites, which are representative of characteristic 

aerosol regimes in the Mediterranean Basin. 

 
FIGURE 1. Study area and the selected three representative aerosol sites. 

 

The spatial distribution of AeroCom-based fine, coarse and total AOD (Figure 2) 

reveals a strong variability and distinct south-to-north- and west-to-east gradients. Large 

fine AOD values appear over Europe, especially over the central and eastern European 

countries, but significant fine aerosol loads are also found in Balkan peninsula, in northern 

Africa and Middle East. On the other hand, large coarse AODs are mainly limited over 

North Africa, leading thus to maximum total AODs there. There is a distinct area with 

large total AOD over the Adriatic and Black Seas and the Balkan peninsula. 

Subsequently, a selection of representative sites was made based on the AeroCom 

climatology. Three sites, Tripoli, Barcelona and Thessaloniki were selected, to represent 
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different aerosol types based on the different contributions of fine and coarse mode AOD. 

Coarse mode aerosols are primarily of natural origin, such as maritime aerosols (sea-

spray) and desert dust. Fine-mode aerosols are more numerous (Vardavas and Taylor, 

2007) and include soot (carbon particles) and sulphate particles (mainly originating from 

the combustion of fuels and to a smaller degree from volcano eruptions and biomass 

burning). For each site, its surrounding 2.5Á x 2.5Á latitude-longitude area has been 

selected and the values of all original (1Á x 1Á) grid-points within the 2.5Á x 2.5Á region 

were averaged. 

Barcelona is an urban area with significant amount of pollutants (annual fine aerosol 

AOD is 0.10, or 59% of total AOD), but AOD attributed to natural (coarse) aerosols is 

also quite large (0.07) (Figs. 2a and 2b). A fraction of coarse aerosols there should be 

maritime, coming mainly from the Mediterranean. However, there are also frequent dust 

outbreaks, especially in summer (Gkikas et al., 2009) that enrich the coarse aerosol load. 

Thessaloniki is the second largest city in Greece, with a lot of pollution, due to traffic and 

heavy industry (fine aerosol AOD equal to 0.18, or 69% of total AOD) but also with 

significant coarse AOD (0.08). Tripoli, on the north side of Libya, is right on the pathway 

of the transportation of desert dust (coarse aerosol) and thus has a large aerosol load, 

consisting almost equally of coarse (0.18 or 58%) and fine AOD (0.16 or 42%).  
 

(a) (b) 

(c) 

FIGURE 2. Geographical distributions of annual mean visible (at 550 nm) AOD for (a) fine 

aerosols, (b) for coarse aerosols and (c) for total aerosols.    
 

 

3. RESULTS 
 

3.1 Vertical profile of aerosols 

 

Figure 3 shows the vertical profile of aerosol load for total, fine and coarse aerosols 

for the three selected sites. The largest value of total AOD (0.054) appears for Tripoli, due 

to the Sahara desert in its vicinity. This maximum occurs within the boundary layer, at the 
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height of 1.5 km, above which AOD gradually decreases.  This is true for all sites, 

implying that the largest part of the columnar total AOD is within the boundary layer, or 

in the first 2 km. The smallest AODs through the entire troposphere are observed in 

Barcelona. As far as fine aerosols are concerned, Thessaloniki has the largest AOD value 

(up to 0.039 near surface) among the three sites, while the largest coarse AOD is clearly 

found for Tripoli due to desert dust loadings coming from Sahara desert in the south. 

Despite this, however, Tripoli is affected almost equally by fine aerosol as well, probably 

due to its pollution (its population is almost 2 million people). For both Thessaloniki and 

Barcelona fine aerosol loads dominate the coarse ones in the boundary layer.  

                     (a) 

(b) (c) 

FIGURE 3. Vertical profile of: (a) total, (b) fine and (c) coarse aerosol AOD for the 3 selected 

Mediterranean sites (Barcelona-dotted, Thessaloniki-dashed-dotted, Tripoli-solid).  
 

3.2 Seasonal variability of vertical aerosol profiling 

 

Figures 4 to 6 show the seasonal (averaged over the three months of each season) 

variability of total, fine and coarse aerosols (AOD), respectively, for the 3 sites. The 

decreased convection during winter does not allow aerosols to rise high in the 

troposphere, the main aerosol loadings being thus confined in the lower (<5 km) 

troposphere. On the contrary, during the rest of year, and especially in summer, the 

increased mixing depth of the atmospheric boundary layer permits aerosols to rise to 

higher altitudes. Synoptic conditions are known to affect significantly the distribution of 

aerosols, both in horizontal and vertical dimensions. For example, Tripoli has larger 

aerosol loadings than Thessaloniki and Barcelona, which are frequently affected by 

cyclonic conditions and receive much more precipitation. On the other hand, summer and 

spring are the seasons with the greatest total AOD for all sites (cf. Table 1, end of paper), 

indicating thus the role of either spring cyclonic conditions leading to lifting and transport 

of dust from the Sahara desert into the Mediterranean basin or of summer stable 
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anticyclonic conditions and absence of wet removal processes leading to the accumulation 

of particulate matter in the atmosphere.  

The examination of seasonal variability of the vertically resolved fine and coarse 

aerosol AOD separately, verifies the nature of aerosols for each one of the sites. For 

example, Tripoli has larger coarse AOD than Thessaloniki and Barcelona throughout the 

atmosphere and the year. On the contrary, the latter two regions have larger fine AOD 

fractions (AODfine/AODtotal in %, Table 1) than Tripoli throughout the year, due to their 

larger degree of urbanization. Only in summer, Tripoli has similar fine AOD fraction 

(62%) with Thessaloniki (74%) and Barcelona (61%), which may indicate possible 

transport of air pollution (from Europe) or increased surface emissions. Thessaloniki is 

found to have larger fine AOD (0.18 or 69% of AODtotal) than Barcelona (0.10 or 59% of 

AODtotal), indicating a stronger anthropogenic particulate pollution, whereas it has smaller 

coarse AOD fraction (31% against 41% but similar absolute fine AODs), both cities 

frequently suffering from dust transport from Africa.  

 
FIGURE 4. Seasonal variability of total AOD for (a) winter, (b) spring, (c) summer, (d) autumn. 

 
FIGURE 5. Seasonal variability of fine AOD for (a) winter, (b) spring, (c) summer, (d) autumn. 

 
FIGURE 6. Seasonal variability of coarse AOD for (a) winter, (b)spring, (c)summer, (d) autumn. 
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3.2 Direct Radiative Effect of aerosols 

 

Using the spectral radiative transfer model described by Hatzianastassiou et al. 

(2007), the direct radiative effect (DRE) of coarse, fine and total aerosols at 550nm has 

been calculated for the region and each one of the selected sites, using the AeroCom 

spectral aerosol properties (AOD, single scattering albedo and asymmetry parameter). The 

DRE has been calculated using the columnar annual values: a) at the top of atmosphere 

(DRETOA) (not shown here), b) within the atmosphere (DREatm), and c) at the surface of 

the study region (DREsurf), allowing thus an examination of the role of aerosols for the 

atmospheric and surface radiation budgets and heating/cooling rates.   

Both fine and coarse aerosols significantly warm the regionôs atmosphere through 

absorption of solar radiation, by up to 11 (fine) and 16 Wm
-2
 (coarse), respectively. 

Nevertheless, while the atmospheric warming due to coarse aerosols appears above North 

Africa only (Fig. 7b), the warming due to fine aerosols appears to be significant also 

above the Balkan Peninsula and up to the central and Eastern Europe. This warming is 

due to urban/industrial/biomass aerosols emitted from anthropogenic activities in those 

areas. Thus, Thessaloniki undergoes a significant atmospheric warming due to fine 

aerosols (å9 Wm
-2

, Fig. 7a) opposite to Barcelona and Tripoli, where fine aerosol DREatm 

does not exceed 5 Wm
-2
. As expected, the annual mean coarse (natural) aerosol DREatm 

(Fig. 7b) shows a south-to-north gradient having maximum values in Northern Africa. It is 

known that transported dust can reach both Thessaloniki and Barcelona. However, due to 

the quite large distance and induced dispersion, and also to the significant precipitation, 

both cities have much smaller coarse aerosol DREatm values than Tripoli (with Barcelonaôs 

value being slightly smaller than Thessaloniki).  

(a) (b) 

FIGURE 7. Annual aerosol DREatm (in Wm
-2
) for: (a) fine (left) and (b) coarse (right) aerosols. 

(a) (b) 

FIGURE 8. Annual aerosol DREsurf (in Wm
-2
) for: (a) fine (left) and (b) coarse (right) aerosols. 

 

Negative values of aerosol DREsurf at the regionôs surface imply less incoming (and 

absorbed) shortwave radiation due to scattering and absorption by aerosols. The decrease 

can be as much as 22 Wm
-2

 (Fig. 8b). The effect of fine aerosols is larger primarily in 
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Thessaloniki and secondarily in Tripoli, with DREsurf values of -13.0 Wm
-2

 and -11.0 Wm
-

2
, respectively, while in Barcelona it is -7.3 Wm

-2
.  The effect of coarse aerosols has a 

more profound south-to-north gradient, resulting in a DRE of -15 Wm
-2

 for Tripoli, -8.0 

Wm
-2
 for Thessaloniki and -4.9 Wm

-2
 for Barcelona. Although the columnar value of fine 

AOD for Tripoli is only 16% larger than the value of coarse AOD, the DREsurf attributed 

to fine aerosols is 26.7% smaller than the one attributed to coarse aerosols indicating the 

non linear dependence of aerosol radiative on their optical properties s. The results are 

similar for the rest of the sites. 
 

 

4. CONCLUSIONS 
 

The use of climatological AOD patterns for fine and coarse size aerosol modes in 

combination with information on the vertical distribution from global modeling has 

allowed the examination of the vertical profiling of aerosol loadings in the atmosphere of 

the Mediterranean basin and above three selected sites which are representative of specific 

aerosol regimes. For all sites, aerosols rise higher up in the atmosphere during spring and 

summer, because of the increased convection and mixing depth of the boundary layer. 

However, there are encountered significant spatial and seasonal differences in the vertical 

distribution of AOD, which highlight the importance of consideration of the vertical 

profiling of aerosol optical properties. Coarse aerosols are found to affect more than fine 

ones the amounts of solar radiation that are either absorbed in the atmosphere or reaching 

the surface of the region. Thus, the area of Tripoli, which has the largest coarse mode 

aerosol load, undergoes a strong surface radiative cooling of 26 Wm
-2
 (contributed by 58 

and 42 % by coarse and fine aerosols, respectively). The obtained results prove that the 

different modes of aerosols have a different impact on the radiation budget. In addition, 

the differences in vertical distribution of aerosols and their relative position to clouds 

could also be another factor that partly explains differences in the calculated DRE from 

site to site. The present study is planned to include further detailed information on the 

altitude of aerosols and clouds, using recent satellite products like those of CALIPSO. 
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TABLE 1.  Selected sites and results of the analysis for each site and type of aerosol. The 

numbers are values of aerosol optical depth (no units) for mid-visible wavelength (at 550 nm) 

while values in parentheses provide the fractions of total AOD contributed by fine and coarse 

aerosols. Seasonal and annual values are averages of the corresponding monthly values. 

 Cities Barcelona Thessaloniki Tripoli  

Coordinates 41Á 24ôN, 2Á 9ôE 40Á 37ôN, 22Á 57ôE 32Á 52ôN, 13Á 11ôE 

Type of aerosol 
Maritime and 

pollutants 
Pollutants Desert dust 

Aerosol 

Optical 

Depth 

WINTER 

TOTAL 0.10 0.16 0.15 

FINE 0.06 (60%) 0.10 (63%) 0.07 (47%) 

COARSE 0.04 (40%) 0.06 (37%) 0.08 (53%) 

SPRING 

TOTAL 0.20 0.32 0.42 

FINE 0.12 (60%) 0.20 (63%) 0.16 (38%) 

COARSE 0.08 (40%) 0.12 (37%) 0.26 (62%) 

SUMMER 

TOTAL 0.23 0.31  0.37 

FINE 0.14 (61%) 0.23 (74%) 0.23 (62%) 

COARSE 0.09 (39%) 0.08 (26%) 0.14 (38%) 

AUTUMN 

TOTAL 0.14  0.25 0.30 

FINE 0.08 (57%) 0.17 (68%) 0.12 (40%) 

COARSE 0.06 (43%) 0.08 (32%) 0.18(60%) 

ANNUAL  

TOTAL  0.17 0.26 0.31 

FINE 0.10 (59%) 0.18 (69%) 0.18 (58%) 

COARSE 0.07 (41%) 0.08 (31%) 0.16 (42%) 
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ABSTRACT 
ɇhe Atmospheric Research Team (ART) at the National Observatory of Athens (NOA) developed the 

MRM (Meteorological Radiation Model) broadband code for the estimation of hourly values of solar 

radiation on a horizontal plane. The goal of the MRM is to derive solar radiation data at places where 

these are not available. To do that the implementation of the more widely-available meteorological data 

(viz. air temperature, relative humidity, barometric pressure and sunshine duration) in the algorithm has 

been considered. In this paper, the 5
th
 version of the MRM is presented; its performance on cloudless days 

is examined by comparing its results against solar radiation data from three different locations; Greece 

(Athens), Spain (Almeria) and Moldova (Kishinev). 

 

TɃ ɀȺɇȺɋɅɃȿɃũȽȾɃ ɀɃɁɇȺȿɃ ȷȾɇȽɁɃȸɃȿȽȷɆ: ȺȾɇȽɀȼɆȼ ɇȼɆ 

ȺɁɇȷɆȼɆ ɃȿȽȾȼɆ ȼȿȽȷȾȼɆ ȷȾɇȽɁɃȸɃȿȽȷɆ ɈɄɃ ȷɁȺūȺȿɃ ɃɈɅȷɁɃ 
 

ɊɈȿɃũȿɃɈ  ȸ.   ȾȷȽ   KȷɀɄȺȻȽȹȼɆ  ɉ. 
 

ɃɛɎŭŬ ȷŰɛɞůűŬɘɟɘəɐɠ ȰɟŮɡɜŬɠ, ȽɜůŰɘŰɞɨŰɞ ȺɟŮɡɜɩɜ ɄŮɟɘɓɎɚɚɞɜŰɞɠ əŬɘ  

ȸɘɩůɘɛɖɠ ȷɜɎˊŰɡɝɖɠ, Ⱥɗɜɘəɧ ȷůŰŮɟɞůəɞˊŮɑɞ ȷɗɖɜɩɜ 
 

ɄȺɅȽȿȼɊȼ 
H ɃɛɎŭŬ ȷŰɛɞůűŬɘɟɘəɐɠ ȰɟŮɡɜŬɠ Űɞɡ Ⱥɗɜɘəɞɨ ȷůŰŮɟɞůəɞˊŮɑɞɡ ȷɗɖɜɩɜ ŬɜɏˊŰɡɝŮ Űɞɜ ɞɚɞűŬůɛŬŰɘəɧ 

əɩŭɘəŬ MRM (Meteorological Radiation Model) ɛŮ ůəɞˊɧ Űɖɜ ŮəŰɑɛɖůɖ Űɤɜ ɤɟɘŬɑɤɜ Űɘɛɩɜ Űɖɠ 

ˊɟɞůˊɑˊŰɞɡůŬɠ ɖɚɘŬəɐɠ ŬəŰɘɜɞɓɞɚɑŬɠ ůŮ ɞɟɘɕɧɜŰɘŬ ŮˊɘűɎɜŮɘŬ, ůŮ ˊŮɟɘɞɢɏɠ ɧˊɞɡ ŭŮɜ ŮɑɜŬɘ ŭɘŬɗɏůɘɛŮɠ 

ɛŮŰɟɐůŮɘɠ Űɖɠ. Ƀɘ ˊŬɟɎɛŮŰɟɞɘ Ůɘůɧŭɞɡ ůŰɞɜ əɩŭɘəŬ ɏɢɞɡɜ ŮˊɘɚŮɔŮɑ ɏŰůɘ ɩůŰŮ ɜŬ ŬˊɞŰŮɚɞɨɜ Ůɡɟɏɤɠ 

ɛŮŰɟɞɨɛŮɜŮɠ ɛŮŰŮɤɟɞɚɞɔɘəɏɠ ɛŮŰŬɓɚɖŰɏɠ (ɗŮɟɛɞəɟŬůɑŬ əŬɘ ůɢŮŰɘəɐ ɡɔɟŬůɑŬ ŬɏɟŬ, ɓŬɟɞɛŮŰɟɘəɐ ˊɑŮůɖ 

əŬɘ ŭɘɎɟəŮɘŬ ɖɚɘɞűɎɜŮɘŬɠ). ɆŰɖɜ ŮɟɔŬůɑŬ ŬɡŰɐ ˊŬɟɞɡůɘɎɕŮŰŬɘ ɖ ŬɜŬɜŮɤɛɏɜɖ 5
ɖ
 ɏəŭɞůɖ Űɞɡ əɩŭɘəŬ əŬɘ ɖ 

Ŭɝɘɞɚɧɔɖůɖ Űɤɜ ŬˊɞŰŮɚŮůɛɎŰɤɜ Űɞɡ ɔɘŬ ůɡɜɗɐəŮɠ əŬɗŬɟɞɨ ɞɡɟŬɜɞɨ, ůɡɔəɟɑɜɞɜŰɎɠ ŰŬ ɛŮ ɛŮŰɟɐůŮɘɠ Ŭˊɧ 

Űɘɠ ˊŮɟɘɞɢɏɠ Űɖɠ ȺɚɚɎŭŬɠ (ȷɗɐɜŬ), ȽůˊŬɜɑŬɠ (Almeria) əŬɘ ɀɞɚŭŬɓɑŬɠ (Kishinev). 

 

 

1. INTRODUCTION  
 

The demand of exact knowledge about the availability of solar energy at different 

locations on the earthôs surface has been increasing recently because of its use as one of 

the most promising renewable energy sources. Solar data, on the other hand, are 

nowadays used in diverse disciplines, including climatology, micro-meteorology, 

biology, agriculture, glaciology, urban planning, architecture, mechanical and 

environmental engineering. The design of many solar conversion devices, such as 

thermal appliances, requires the knowledge of solar radiation availability on horizontal 

as well as sloped surfaces. Also, the estimation of solar radiation on inclined surfaces 

starts with the determination of its corresponding values on horizontal plane. 

It is well known that the number of the existing solar radiation stations is not 

adequately large throughout the world. On the other hand, long-term solar radiation 

measurements are needed by scientists and solar-energy system designers for various 



10ʋ COMECAP 2010, ɩɪɚɣɬɢɣɚ ɫɭɦɞɝɪɢɨɭ    --    10th COMECAP 2010, CONFERENCE PROCEEDINGS 
 

25 ɀ 28/5/2010, PATRAS, GREECE 874 

applications. Nevertheless, because of the ample lack of such data worldwide, most of 

the above applications must primarily rely on simulation techniques. 

In the context of the above, various solar radiation models (mostly broadband) have 

started being developed since the middle of the 20
th
 century to calculate solar radiation 

components on horizontal surface, under clear-sky conditions mostly. 

The Atmospheric Research Team (ART) at the National Observatory of Athens 

(NOA) has developed the so-called Meteorological Radiation Model, or MRM in 

brevity (Kambezidis and Papanikolaou, 1989; 1990; Kambezidis et al., 1993; 

Kambezidis et al., 1997). The initiative of this development was to derive solar 

radiation data for places where these are not available because of lack of such 

measurements. To do that, the MRM employed meteorological data only (viz. air 

temperature, relative humidity, barometric pressure and sunshine duration) that are 

available worldwide. 

The original form of MRM (MRM v1) worked efficiently under clear-sky 

conditions, but it could not work under partly-cloudy or overcast skies. MRM v2 

introduced new analytical transmittance equations and, therefore, became more efficient 

than its predecessor. MRM v3 was included in a book edited by Muneer (1997). 

Through the EC JOULE IȽI project on Climatic Synthetic Time Series for the 

Mediterranean Belt (acronym: CliMed), a further development of the MRM was 

achieved, which is referred to as version four (MRM v4), providing further 

improvement in relation with the partly-cloudy and overcast skies. On the other hand, 

Gueymard (2003), in an inter-comparison study employing various broadband models, 

used MRM v4 and found it not to be performing well in relation to others. These tests 

forced ART to reconsider the source code of MRM. The effort resulted in discovering 

further errors in the transmittance and solar geometry functions. Therefore, there was 

derived MRM v5. Also the recent solar constant of 1366.1 Wm
-2 

was incorporated in 

version 5. 

It must be emphasized that MRM is capable in performing calculations in various 

time steps, i.e., from one hour to one minute. The time step is dictated by the 

availability of the meteorological input data. The majority of them are provided on 

hourly basis. Nevertheless, there are stations rendering data as average values less than 

hourly, e.g., 5-minute or 1-minute values. On the other hand, the measured sunshine 

duration, another input parameter to MRM, is usually given as either a total daily or an 

hourly value. 

The objective of this study is to test the performance of the MRM v5 for the 

prediction of global irradiance under clear-sky conditions and time intervals of 1 hour. 

This is done by comparing the MRM simulations with real global solar radiation values 

from three different locations; Athens (37.97
o 

N, 23.72
o 

E, 107 m a.m.s.l.) in Greece, 

Almeria (36.83
o 

N, 2.41
o 

W, 20 m a.m.s.l) in Spain and Kishinev (47.00
o 

N, 28.82
o 

E, 

205 m a.m.s.l.) in Moldova.  

 
 

2. MODEL DESCRIPTION  
 

Only a short description of the newly developed MRM, version 5 is provided in this 

section. A detailed description is given in Psiloglou and Kambezidis (2007). 

 



10ʋ COMECAP 2010, ɩɪɚɣɬɢɣɚ ɫɭɦɞɝɪɢɨɭ    --    10th COMECAP 2010, CONFERENCE PROCEEDINGS 
 

25 ɀ 28/5/2010, PATRAS, GREECE 875 

 

2.1. Transmittance functions 
 

The general transmittance function, Ti, for seven atmospheric gases (H2O, O3, CO2, 

CO, N2O, CH4 and O2) is (Psiloglou et al., 1994; 1995a; 1996; 2000): 
 

 Ti = 1 ï {A m l i / [(1 + B m li)
C
 + D m li]}  (1) 

where li is the vertical column for each of the gases and A, B, C, D coefficients. The 

values of the coefficients are given in Table 1. 
 

TABLE 1. Values of the coefficients A, B, C and D, in Eq. (1). 

Gas A B C D 

H2O 3.0140 119.300 0.6440 5.8140 

O3 0.2554 6107.26 0.2040 0.4710 

CO2 0.7210 377.890 0.5855 3.1709 

CO 0.0062 243.670 0.4246 1.7222 

N2O 0.0326 107.413 0.5501 0.9093 

CH4 0.0192 166.095 0.4221 0.7186 

O2 0.0003 476.934 0.4892 0.1261 

 

The transmittance function for the mixed gases, Tmg, is given by: 

 

 Tmg = TCO2 TCO TN2O TCH4 TO2 (2) 

where all Tôs in the right-hand side of Eq. (2) are the transmittance functions of the 

specific gases; the values of the corresponding liôs have been considered to be 350, 

0.075, 0.28, 1.6 and 2.095x10
5 

atm-cm, respectively for the gases shown in Eq. (2) 

(Psiloglou et al., 1995a; 2000; Psiloglou and Kambezidis, 2007). 

The Rayleigh scattering transmittance function is given by the expression proposed 

by Psiloglou et al. (1995b): 

 

 Tr = exp[-0.1128 m' 
0.8346

 (0.9341 ï m' 
0.9868

 + 0.9391 m' )] (3) 

The Mie scattering transmittance function is given by Yang et al. (2001): 

 

 Ta = exp{-m b [0.6777 + 0.1464 m b ï 0.00626 (m b)
2
]
-1.3

}  (4) 

where the ¡ngstrºmôs turbidity parameter, b, is in the range 0.05-0.4 for low-to-high 

aerosol concentrations. Some indicative values of b are given in Iqbal (1983). 

If the ¡ngstrºmôs turbidity parameter is not known from measurements, it can be 

estimated from the following expressions, which relate b to the geographical latitude, j, 

and the altitude of the station, H (Yang et al., 2001). These expressions are: 

 

 b = b' + Db (5a) 

 b' = (0.025 + 0.1 cosj) exp(-0.7 H /1000) (5b) 

 Db = ° (0.02 ~ 0.06) (5c) 

where b' represents the annual mean value of the turbidity and Db the seasonal deviation 

from the mean, i.e., low values in winter, high values in summer. 

The aerosol absorption function, Taa, is (Bird and Hulstrom 1980, 1981a, 1981b): 

 

 Taa = 1 ï 0.1 (1 ï m + m
1.06

) (1 ï Ta) (6) 

The expression for the aerosol scattering, Tas, is: 
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 Tas = Ta/Taa (7) 

The parameter m' is the pressure-corrected air mass, which is estimated by the 

expression: 
 

 m' = m (P / Po) (8) 

where P is the atmospheric pressure at the stationôs height (in hPa), and Po=1013.25 hPa 

is the mean atmospheric pressure at sea level. 

The optical air mass, m, given by Kasten and Young (1989), has been used here 

only for ozone, water vapor and aerosols, whereas m' is used for the Rayleigh scattering 

and mixed-gases absorption. 

 

2.2. Solar irradiance for clear sky 

 

From Bird and Hulstrom (1981b), the direct-beam radiation (Ib) on an horizontal 

surface is estimated through the following equation:  

 

 Ib = Iex cosqz Ta Tr To Tw Tmg (9) 

where Iex is the normal incidence extra-terrestrial solar radiation on the ni-th day of the 

year. During the earthôs movement around the sun, Iex varies approximately by °3.5 % 

of its value at the equinoxes. 

As for calculating the diffuse radiation (Id), this is taken by the relevant expressions 

developed by Atwater and Brown (1974) (see also Psiloglou et al. 2000): 

 

 Ids = Iex cosqz Taa To Tw Tmg 0.5 (1 ï Tas Tr) (10a) 

 Idm = (Ib + Ids) [ g a / (1 ï g a)] (10b) 

 Id = Ids + Idm (10c) 

where Ids is the circumsolar diffuse radiation produced by a single-scattering mode of 

molecules and aerosols, and Idm the diffuse component reflected by the ground and 

backscattered by the atmosphere, and: 

 

 a = 0.0685 + 0.16 (1- a1.66) (11) 

where Ta1.66 implies the value of  Ta  at  m=1.66 (or qz=53̄ ). 

The global horizontal irradiance (Ig) is then given (Psiloglou et al. 2000): 

 

 Ig =  Ib + Id (12) 
 
 

3. RESULTS AND DISCUSSION 
 

In order to evaluate the performance of the version 5 of the MRM algorithm under 

clear-sky conditions, 1-hour mean global and diffuse horizontal solar irradiance data (in 

Wm
-2

) for three sites were used, i.e. for NOA (period: 2004-2007), Athens; Almeria 

(period: 1990-1995), and Kishinev (period: 2004-2006), together with concurrent values 

of dry-bulb temperature, relative humidity, sunshine duration, and atmospheric pressure 

at the stationôs height. The diffuse irradiance was only used in the quality control test 

described below. 

To establish a valid set of measurements for the validation of the MRM code, the     

1-hour mean global and diffuse horizontal irradiance values were thoroughly tested for 
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errors. A routine quality-control procedure was applied following the criteria set by the 

Daylight Research Group (1993) of the European Commission; all erroneous data were 

excluded. The quality tests screened out all (i) diffuse horizontal values greater than 

110% of the corresponding global horizontal ones; (ii) global horizontal values greater 

than 120% of the seasonally-correct solar constant; (iii) diffuse horizontal values greater 

than 80% of the seasonally-correct solar constant; (iv) global horizontal values equal to 

or less than 5 Wm
-2
, during sunrise and sunset, due to the pyranometersô sensitivity; (v) 

data for solar altitude less than 5 degrees; and (vi) data with the direct-beam solar 

component (obtained from global and diffuse measurements) exceeding the 

extraterrestrial solar irradiance value. 

Finally, visual inspection of the daily courses of the 1-hour global and diffuse 

irradiances was performed to discard the total or partly-cloudy days. From the available 

data, only the ñclearò or almost ñclear daysò at each experimental site were selected for 

the validation of the model. A day was characterized as ñclearò if the measured sunshine 

duration (n) was greater than the 90% of the maximum (astronomical) sunshine duration 

(N) of that day. For this sub-dataset the MRM ran using its clear-sky routine. This was 

achieved by equating the daily sunshine durations to the theoretical ones at the site and 

using these values in the input data file. 

After applying the quality-control tests, the valid sets consisted of 4545, 5716 and 

1351 1-hour data points for Athens (Greece), Almeria (Spain) and Kishinev (Moldova), 

respectively. 

For the ozone total column daily values (in DU, 1 atm-cm = 1 DU ³ 10
-3

) from 

TOMS satellite for Athens (Greece), Murcia (Spain, 36.83¯
 
N, 2.41̄

 
W) and Odessa 

(Ukraine, 46.48̄
 
N, 30.36̄

 
E) were used covering the period between July 1996 and 

December 2005. The areas of Murcia and Odessa were selected as the closest sites to 

Almeria and Kishinev, respectively, with available TOMS ozone total column data for 

the MRM validation. The average total ozone column for the whole experimental period 

was found to be equal to 319.35 DU for Athens, 313.01 DU for Murcia and 331.26 DU 

for Odessa. 

The Root Mean Square Error (RMSE) and the Mean Bias Error (MBE), both 

expressed in percent of the measured mean values, were used as indicators for the MRM 

performance, i.e.: 

 RMSE (in %) = {[S (Igm - Igc)
2
 / N] 

1/2
 / (S Igm / N)} ³ 100 (13) 

 MBE (in %) = {[S (Igm - Igc) / N] / (S Igm / N)} ³ 100 (14) 

where Igm and Igc are measured and model-estimated values of global radiation, N is the 

number of hourly data points during the examined period and the summation is 

performed N times. 

The RSME and MBE results, in percent of the measured mean values, for the global 

horizontal radiation components along with its mean measured values are given in Table 

2. 

From Table 2 it is easily seen that the MBE (%), a measure of the overestimation or 

underestimation of the computed values with respect to the measured ones, lies between 

-3.4% and -2.6% for the global component on the clear-sky days for the three sites 

considered, which is an indication of slight MRM overestimation. The bias of the global 

horizontal radiation is in totally acceptable limits for energy-oriented applications and 

stands on firm grounds even for research studies, wherever only this component is of 
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importance. Also, the RMSE (%) estimator, a measure of the power contained in the 

estimated values in excess to that possessed by the real ones, lies between 5.7% and 

6.2% for the global component on the clear-sky days for the three sites. Taking into 

account the detailed time step of the MRM estimations (one hour), the above low 

RMSE and MBE values are quite indicative of the good performance of the MRM v5 

model. 

 

TABLE 2. RMSEs and MBEs (in %) for the MRM-modeled hourly global horizontal 

radiation component together with its mean measured value for each experimental site. The 

brackets in the RMSE and MBE columns indicate the values expressed in Wm
-2
. The available 

1-hour data points (M) are also given for each location. 

 

Location 

Available          1-
hour data points (M) 

Mean global radiation 

(Wm
-2
) 

RMSE  

(%, Wm
-2
) 

MBE   

(%, Wm
-2
) 

Athens 4545 549.8 5.7 (31.6) -2.9 (-16.1) 

Almeria 5716 509.0 6.0 (30.5) -2.6 (-13.4) 

Kishinev 1359 499.6 6.2 (31.0) -3.4 (-17.0) 

 

 

FIGURE 1. Estimated vs. measured values of hourly global solar radiation on horizontal surface 

for Athens, Greece, for all clear days in the period 2004-2007. The best-fit equation (solid line), 

the determination coefficient value (R
2
) and the number of available data (M) are also given. 

The y=x (dashed) line shows the ideal case of complete agreement between estimated and 

measured values. 
 

Figures 1-2 present the estimated vs. measured values of the global radiation on 

ñclear daysò. It is easily seen that in all three cases the 1-hour data points are along the 

y=x line with minimum dispersion around it. The slope of the linear best-fit curves is 

the same (between 0.96 and 1.02) as well as the coefficient of determination (about 

0.99) in all three cases. This is a self-evident feature of the efficiency of the MRM v5. 
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FIGURE 2. As in Fig. 1, but for Almeria, Spain, in the period 1990-1995, and for Kishinev, 

Moldova, in the period 2004-2006. 
 

 

4. CONCLUSIONS 
 

The MRM v5 model is able to estimate solar irradiation values from most 

commonly-available meteorological parameters, viz. barometric pressure, relative 

humidity, ambient air temperature and sunshine duration. The code incorporated recent 

expressions for the transmittance, solar geometry, air mass, gas absorption and aerosol 

scattering optical depths and new equations derived by ART for the total ozone column, 

the aerosol transmittance and other gases. 

MRM v5 was tested with datasets from three different locations in Europe (Athens, 

Almeria, and Kishinev). Errors were about 6 % and an overestimation of almost 3 % 

was found for all three sites. The overestimation could be due to the presence of thin 

clouds, leading to the experimental measurements to present lower values than the 

corresponding estimates. In any case, the results proved that MRM is a reliable 

broadband solar code capable of handling simulations for various applications. The 

MRM can be used as a tool to fill solar radiation data gaps in a series of measurements, 

and can also become extremely useful in the generation of a Solar Atlas. 
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            ABSTRACT 
The three-year time series of atmospheric optical thickness are being derived, using Bouguer - 

Lambertôs equation, with irradiance measurements at constant solar elevations: 50Á, 60Á, 70Á. 

Simultaneous data of the wind direction and precipitable water depth are being used for the correlation of 

the atmospheric optical thickness with precipitable water depth, during the prevalence of continental and 

of maritime air masses. The time series of the simultaneous values of atmospheric optical thickness and of 

precipitable water depth show the same annual variation with a summer maximum and a winter 

minimum. The regression analysis of atmospheric optical thickness with precipitable water depth is being 

made on the occurrences of continental and, separately, of maritime air masses. Two families of 

regression curves of the atmospheric optical thickness with precipitable water depth are being obtained, 

one family of curves for continental and one for maritime air masses. The aim of this work is, firstly, the 

explanation of the physical phenomenon of intense solar irradiance during some cold-dry winter days, and 

of weak irradiance during some warm, dust-laden summer days, and secondly, the computation of 

atmospheric optical thickness from the derived regression equation by means of simple atmospheric data. 

 

Keywords: atmospheric optical thickness, precipitable water            
 

ȺɂȽɆɋɆȼ ɆɈɆɉȺɇȽɆȼɆ ɇɃɈ ȷɇɀɃɆūȷȽɅȽȾɃɈ ɃɄɇȽȾɃɈ ɄȷɉɃɈɆ ɀȺ ɇɃ 

ɈȺɇȽɆȽɀɃ ɈȹɋɅ ȾȷȽ ɇȼ ɆɉȺɇȽȾȼ ȷɇɀɃɆūȷȽɅȽȾȼ ɀȷȻȷ (ɀȺɅɃɆ ȽȽ) 
 

ȷ. Ɇ. ɅȷɄɇȼ, ɉ. Ʉ. ɄȷɁɇȽɆȾȷ, ɀ. ȹ.. ɄȷɁȷũȽɋɇɃɄɃɈȿɃɈ 
 

ȺɟɔŬůŰɐɟɘɞ ūɡůɘəɐɠ Űɖɠ ȷŰɛɧůűŬɘɟŬɠ, ɄŬɜŮˊɘůŰɐɛɘɞ ɄŬŰɟɩɜ 
 

         ɄȺɅȽȿȼɊȼ 
ɈˊɞɚɞɔɑɕɞɜŰŬɘ Űɟɘɩɜ ŮŰɩɜ Űɘɛɏɠ Űɞɡ ŬŰɛɞůűŬɘɟɘəɞɨ ɞˊŰɘəɞɨ ˊɎɢɞɡɠ, ɢɟɖůɘɛɞˊɞɘɩɜŰŬɠ Űɖɜ 

Ůɝɑůɤůɖ Bouguer ï Lambert, ɛŮ ɛŮŰɟɐůŮɘɠ ŬəŰɘɜɞɓɞɚɑŬɠ ůŮ ůŰŬɗŮɟɎ ɖɚɘŬəɎ ɨɣɖ: 50Á, 60Á, 70Á. 

ɉɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ůɨɔɢɟɞɜŬ ŭŮŭɞɛɏɜŬ Űɖɠ ŭɘŮɨɗɡɜůɖɠ Űɞɡ Ŭɜɏɛɞɡ əŬɘ Űɞɡ ɡŮŰɑůɘɛɞɡ ɨŭŬŰɞɠ ɔɘŬ Űɖɜ 

ůɡůɢɏŰɘůɖ Űɞɡ ŬŰɛɞůűŬɘɟɘəɞɨ ɞˊŰɘəɞɨ ˊɎɢɞɡɠ ɛŮ Űɞ ɡŮŰɑůɘɛɞ ɨŭɤɟ, əŬŰɎ Űɖɜ ŮˊɘəɟɎŰɖůɖ ɖˊŮɘɟɤŰɘəɩɜ 

əŬɘ ɗŬɚɎůůɘɤɜ ŬŮɟɑɤɜ ɛŬɕɩɜ. Ƀɘ ɢɟɞɜɞůŮɘɟɏɠ Űɤɜ ůɨɔɢɟɞɜɤɜ Űɘɛɩɜ Űɞɡ ŬŰɛɞůűŬɘɟɘəɞɨ ɞˊŰɘəɞɨ ˊɎɢɞɡɠ 

əŬɘ Űɞɡ ɡŮŰɑůɘɛɞɡ ɨŭŬŰɞɠ ˊŬɟɞɡůɘɎɕɞɡɜ Űɖɜ ɑŭɘŬ ŮŰɐůɘŬ ɛŮŰŬɓɞɚɐ ɛŮ ɛɏɔɘůŰɞ Űɞ əŬɚɞəŬɑɟɘ əŬɘ ŮɚɎɢɘůŰɞ 

Űɞɜ ɢŮɘɛɩɜŬ. ȼ ůɡůɢɏŰɘůɖ Űɞɡ ŬŰɛɞůűŬɘɟɘəɞɨ ɞˊŰɘəɞɨ ˊɎɢɞɡɠ ɛŮ Űɞ ɡŮŰɑůɘɛɞ ɨŭɤɟ ɔɑɜŮŰŬɘ ɔɘŬ Űɘɠ 

ˊŮɟɘˊŰɩůŮɘɠ ˊɞɡ ŮˊɘəɟŬŰɞɨɜ ɖˊŮɘɟɤŰɘəɏɠ əŬɘ, ɝŮɢɤɟɘůŰɎ, ɗŬɚɎůůɘŮɠ ŬɏɟɘŮɠ ɛɎɕŮɠ. ȿŬɛɓɎɜɞɜŰŬɘ ŭɨɞ 

ɞɘəɞɔɏɜŮɘŮɠ əŬɛˊɨɚɤɜ ůɡůɢɏŰɘůɖɠ Űɞɡ ŬŰɛɞůűŬɘɟɘəɞɨ ɞˊŰɘəɞɨ ˊɎɢɞɡɠ ɛŮ Űɞ ɡŮŰɑůɘɛɞ ɨŭɤɟ, ɛɘŬ 

ɞɘəɞɔɏɜŮɘŬ əŬɛˊɨɚɤɜ ɔɘŬ Űɘɠ ɖˊŮɘɟɤŰɘəɏɠ əŬɘ ɛɘŬ ɔɘŬ Űɘɠ ɗŬɚɎůůɘŮɠ ŬɏɟɘŮɠ ɛɎɕŮɠ. ȼ ˊɟɞůűɞɟɎ Űɖɠ 

ŮɟɔŬůɑŬɠ ŬɡŰɐɠ ŮɑɜŬɘ, ˊɟɩŰɞɜ, ɖ Ůɝɐɔɖůɖ Űɞɡ űɡůɘəɞɨ űŬɘɜɞɛɏɜɞɡ Űɖɠ ɏɜŰɞɜɖɠ ɖɚɘŬəɐɠ ŬəŰɘɜɞɓɞɚɑŬɠ 

ɛŮɟɘəɏɠ ɣɡɢɟɏɠ-ɝɖɟɏɠ ɢŮɘɛŮɟɘɜɏɠ ɖɛɏɟŮɠ, əŬɘ Űɖɠ ŬůɗŮɜɞɨɠ ɖɚɘŬəɐɠ ŬəŰɘɜɞɓɞɚɑŬɠ ɛŮɟɘəɏɠ ɗŮɟɛɏɠ, 

ˊɚɐɟŮɘɠ ɛŮ ůəɧɜɖ ɗŮɟɘɜɏɠ ɖɛɏɟŮɠ, əŬɘ ŭŮɨŰŮɟɞɜ, ɞ ɡˊɞɚɞɔɘůɛɧɠ Űɞɡ ŬŰɛɞůűŬɘɟɘəɞɨ ɞˊŰɘəɞɨ ˊɎɢɞɡɠ Ŭˊɧ 

Űɖɜ Ůɝɑůɤůɖ ůɡůɢɏŰɘůɖɠ ɓɎůŮɘ ŬŰɛɞůűŬɘɟɘəɩɜ ŭŮŭɞɛɏɜɤɜ.   

 

ȿɏɝŮɘɠ əɚŮɘŭɘɎ: ŬŰɛɞůűŬɘɟɘəɧ ɞˊŰɘəɧ ˊɎɢɞɠ, ɡŮŰɑůɘɛɞ ɨŭɤɟ       

 

 

1.  ȽNTRODUCTION  
 

The atmospheric optical thickness increases with the increase of the atmospheric 

comprehensiveness in water vapor and aerosols. Precipitable water depths obtained 
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from Lecknerôs (1978) formula, which is based on the surface atmospheric parameters, 

have been used by Vaxelaire et al. (1991) in order to determine the influence of the 

water vapor and aerosols on the atmospheric optical properties. Values of the 

precipitable water depth can be calculated using the relation, produced by Gueymard 

(1994), between the mean monthly precipitable water depth and absolute humidity 

(g/m
3
), using the water vapor mixing ratio (g/kg) from radiosonde data by Manzato 

(2003), and using the correlation of the precipitable water depth w (cm), from Vaisalaôs 

radiosonde data, with the air specific humidity (g/kg) by Rapti (2005). 

A wide range of aerosol optical thickness occurs for the precipitable water depth 

range of 4-6 cm, and this may be the result of the influences of hygroscopic growth of 

aerosols (Eck et al., 2001). The aerosol size influences the atmospheric optical thickness 

(Tanr® et al., 2001; Dubovik et al., 2002), and the aerosols effects on the UV radiation 

are very crucial both for health and for the photochemical activity (Zerefos et al., 2002).  

De Tomasi and Perrone (2003) have found that the aerosols advected over Lecce from 

northeastern Europe uptake water, thus affecting their size significantly, and that 

maritime aerosols are transported at Lecce by the air masses from the Atlantic Ocean. 

In the present work the atmospheric optical thickness data are being regressed on 

the precipitable water depth simultaneous data during the prevalence of continental air 

mass and separately of maritime air mass, as the distinction of the continental air mass 

optical thickness from the maritime air mass optical thickness has been made by Rapti 

(2000). The effect of the relative atmospheric mass, m, on the variation of the 

atmospheric optical thickness with precipitable water depth is being researched with 

solar data at constant solar elevation angles (s. e. a.) i.e. at constant values of relative 

atmospheric mass, m, i.e. m = 2.92 (s. e. a. 20
o
), m = 2.0 (s. e. a. = 30

o
), m =1.56 (s. e. a. 

= 40
o
), m =1.31 (s. e. a. = 50

o
), m =1.15 (s. e. a. = 60

o
), and m =1.06 (s. e. a. = 70

o
). 

    

 

2.    DATA  
 

In this work are being used values of the direct irradiance intensity at the solar 

elevation angles 20Á, 30Á, 40Á, 50Á, 60Á and 70Á during the sunny days of three-year 

measurements period and simultaneous values of the precipitable water depth. Using 

measurements of direct irradiance intensity at constant solar elevations we ensure 

constant irradiation intensity at the top of the atmosphere transmitted through constant 

atmospheric path length for every solar elevation angle, i.e. for constant relative 

atmospheric mass. The precipitable water depth values are being calculated from the 

correlation between the precipitable water depth from Vaisalaôs radiosonde 

measurements of the lower atmosphere and the air specific humidity. The simultaneous 

values of the atmospheric optical thickness and precipitable water depth were seperated 

in two data sets, one for the continental east-northeastern winds and another for the 

maritime west-southwestern winds (Rapti, 2000). Table 1 presents the number of the 

simultaneous values of the atmospheric optical thickness and precipitable water depth at 

constant solar elevations, during the prevalence of continental and maritime air masses. 

It is elucidated that due to the latitude of the location, the sun elevates to 20 ̄

during all the days yearly, 30̄ during the days between January 10 and December 12, 

40̄  between February 22 and October 20, 50 ̄between March 17 and September 27, 

60̄  between April 12 and September 1, and 70̄ between May 14 and July 31.     
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TABLE  1. Number of the atmospheric and solar measurements, at each selected solar elevation, 

during the prevalence of continental and maritime air masses.       
Solar elevation angle  20̄  30̄  40̄  50̄  60̄  70  ̄

Continental air mass 257 293 193 134 69 58 

Maritime air mass 324 432 238 153 78 67 

 

 

3.   ANALYSIS 
 

3.1 Atmospheric optical thickness dependence on the precipitable water depth. 

                                                                                                                  

Values of the atmospheric optical thickness, Ű (m), which is dependent on the 

relative atmospheric mass, m, can be determined using Bouguert-Lambertôs exponential 

extinction law on the direct irradiance intensity, I, by means of the expression: 

                                       m)m(
2

0
0 e
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R
I Ö-Öö

÷

õ
æ
ç

å
I= t                                                (1) 

where I0 = 1380 w/m
2
 denotes the solar beam irradiation intensity on the top of the 

atmosphere in the mean, R0, sun-earth distance, R is the sun-earth distance at the 

measurement day and m=1/cosɗ, (ɗ<80
o
), is the relative atmospheric mass, which 

indicates the atmospheric path length of the solar beam propagation. 

The aerosol optical thickness is the most variable component of the atmospheric 

optical thickness, Ű (m), due to the aerosols type i.e., if they are absorbent continental 

dust particles or, soluble maritime aerosols. The correlation of the atmospheric optical 

thickness with the precipitable water depth is being done here during the prevalence of 

continental air mass including dusts and separately of maritime including sea-salts. 

Figure 1 shows the annual variation of the mean monthly atmospheric optical 

thickness (1a) and precipitable water depth (1b). From Figs. 1a, 1b it is evident that the 

atmospheric optical thickness and the precipitable water depth present the same annual 

variation with a summer maximum and a winter minimum (Rapti, 2000 and 2002). 
          (a)                                                                 (b) 
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FIGURE  1. Annual variation of the mean monthly (a) atmospheric optical thickness, Ű (m=2), 

and (b) precipitable water depth, w (cm), with a winter minimum and a summer maximum. 
 

 

3.2 Atmospheric optical thickness of continental and maritime aerosols 

 

From Fig. 1a it can be seen that nearly maximum atmospheric optical thickness 

has been observed in the month of September. The prevailing winds in September, 

during the measurements time period, were the continental east-northeastern winds. 

w
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Probably, the peak in September (Fig. 1a) is due to absorbent continental dust particles 

(Rapti, 2000) in association with the heavy water vapor content in summer (Fig. 1b). 

So, the atmospheric optical thickness data points for m=2 are being separated in two 

data sets, one for the continental and another for the maritime air masses.  

Figure 2 shows the three year time series of the atmospheric optical thickness, Ű 

(m=2), during the prevalence of continental air mass (Fig. 2a), carried by the continental 

east-northeastern winds, from the east-northeastern Europe and during the prevalence of 

maritime air mass (Fig. 2b), carried by the maritime west-southwestern winds, from the 

Atlantic Ocean. From Fig. 2a it is evident that the atmospheric optical thickness 

minimum and maximum are observed with continental air mass. From Fig. 2b it can be 

seen that the maritime air mass optical thickness takes intermediate values, between the 

continental air mass optical thickness minimum in winter and maximum in summer.                    

 
                (a)                                                                                  (b) 
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FIGURE  2. Seasonal variation of the atmospheric optical thickness, Ű (m=2), with the 

measurement day, for (a) continental and (b) maritime air masses. 
 

Continental dust particles in the warm and humid atmosphere in summer turn in 

wet growing dusts, due to their hygroscopic insoluble matter. So, the dust scattering 

process of irradiation by the growing dusts increases in summer. Sea-salt crystals 

consist of soluble matter, and in moisture laden atmospheric air in summer they are 

being dissolved in dilute water sea-salt solutions. So, the sunlight scattering on the sea-

salt crystals in the dry atmospheric environment in winter, turns to sunlight absorption 

by the dissolved maritime aerosols and water vapors in summer. 

Figure 3 shows the correlation of the atmospheric optical thickness, Ű (m=1.31), 

with the precipitable water depth, w (cm), simultaneous data, during the prevalence of 

continental (Fig. 3a) and maritime (Fig. 3b) air masses. Figure 3c shows the dependence 

of the atmospheric optical thickness, Ű (m=1.31), on the precipitable water depth, w 

(cm), for the continental (dotted line), and for the maritime (solid line) air masses. 

From Fig. 3c it can be seen that the continental dust optical thickness increases in 

the precipitable water depth high region in summer. This can be attributed to the wet 

dust particles sunlight scattering, which is the main attenuation process of the direct 

irradiance in the warm and wet summer season. The maritime aerosols optical thickness 

in the precipitable water depth low region in winter is higher than that of the continental 

aerosol, because of the dry sunlight scattering on the marine aerosol. Indeed, the sea-salt 

crystals are giant particles with dry radius r²1 ɛm, while the dry dust particles are large 

particles with dry radius, r, in the region:  0.1 ɛm¢ r ¢1 ɛm. So, in winter the dry 

sunlight scattering on the sea-salts dominates against the scattering by the dry dusts. 
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FIGURE  3. Atmospheric optical thickness Ű (m=1.31), at solar elevation 50̄ , regressed on the 

precipitable water depth w (cm) simultaneous data, for (a) continental and (b) maritime aerosol. 

(c) Regression curves for continental (dotted line) and maritime (solid line) aerosol. 
 

3.3 The influence of relative atmospheric mass on the atmospheric optical 

thickness 

 

As the relative atmospheric mass decreases the maximum of the direct irradiance 

intensity shifts to the shorter wavelengths, in the visible of the solar spectrum, which are 

being absorbed and scattered by the atmospheric constituents and aerosols in a major 

extent than the longer wavelengths, i.e. the atmospheric optical thickness increases. By 

means of the experimental data of precipitable water depth and atmospheric optical 

thickness for different values of relative atmospheric mass, it is possible to determine 

the increase of the atmospheric optical thickness with the decrease of the relative 

atmospheric mass. Figures 4 and 5 show the correlation of the atmospheric optical 

thickness Ű (m=1.15) and Ű (m=1.06), i.e. at solar elevations 60
o
 and 70̄, respectively, 

with the precipitable water depth w (cm) simultaneous data, during the prevalence of 

continental (4a, 5a) and maritime (4b, 5b) air masses. From the curves shown in Figs. 3 

(m=1.31), 4 (m=1.15), and 5 (m=1.06), it can be seen that the decrease of the relative 

atmospheric mass, m, results in increase of the atmospheric optical thickness, Ű (m).     
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FIGURE 4. Atmospheric optical thickness Ű (m=1.15), at solar elevation 60̄ , regressed on the 

precipitable water depth w (cm) simultaneous data, for (a) continental and (b) maritime aerosol. 
 

Also, from Figs. 4a, 5a it can be seen that in high solar elevations and precipitable 

water depths in summer, the continental dust optical thickness in summer is higher than 

the maritime aerosol optical thickness (Figs. 4b, 5b). This can be attributed to the wet 

dust sunlight scattering, which is stronger attenuation process of irradiance than that due 

to the dissolved sea-salts and water vapors absorption. From Fig. 5a, (m=1.06), it can be 

Ű
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seen that the highest atmospheric optical thickness appears during the prevalence of 

continental air mass in the precipitable water depth summer maximum.  
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FIGURE  5. Atmospheric optical thickness Ű (m=1.06), at solar elevation 70̄ , regressed on the 

precipitable water depth w (cm) simultaneous data, for (a) continental and (b) maritime aerosol. 

 

Figure 6 shows the two families of the regression curves, which present the 

atmospheric optical thickness Ű (m) dependence on the precipitable water depth w (cm) 

and relative atmospheric mass, with one family of curves for continental (dotted line) 

and one family of curves for maritime (solid line) air masses, with the upper curve 

corresponding to relative atmospheric mass m=1.06 and the following curves 

corresponding to m=1.15, 1.31, 1.56, 2.0, 2.92. From Fig. 6 it can be seen that the wet 

dust particles optical thickness maximum is observed with precipitable water depth 

summer maximum, in the nearly lowest value of relative atmospheric mass m=1.06, 

which corresponds to the nearly highest solar elevation angle 70,̄ in summer. 

Atmospheric optical thickness maximum means that the direct irradiance intensity, 

(W/m
2
), is very weak. This is why in some warm, wet and dust turbid summer days, 

even when it is noon, we observe that ñthe sunrays are not very hotò. 

Also, from Fig. 6 it is evident that the atmospheric optical thickness minimum is 

observed during the prevalence of continental air mass, in the precipitable water depth 

winter minimum and in high relative atmospheric mass, m, i.e. in low solar elevation. 

Atmospheric optical thickness minimum means that the direct irradiance intensity, 

(W/m
2
), on the surface remains strong. This is why in some clear and cold-dry winter 

days we observe that ñthe sunrays are very hotò. This can be attributed to the fact that as 

the dry dust optical thickness is being minimized, taking the value 0.1-0.2, the dry dust 

sunlight scattering is very weak, resulting to the intense direct irradiance on the surface. 
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FIGURE  6. The atmospheric optical thickness Ű (m) dependence on the precipitable water depth 

w (cm), during the prevalence of continental (dotted line) and of maritime (solid line) aerosol. 
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The Ű (m) dependence on w (cm), presented by the regression curves shown in Fig. 6, is: 

                                     () () () ()mc
dry wmamm Ö+=tt                                        (2)    

where Űdry(m) is the dry atmospheric optical thickness, which is dependant on the 

relative atmospheric mass m, w (cm) is the precipitable water depth in cm, and a(m), 

c(m), denote the coefficient and exponent of precipitable water depth, respectively. The 

dependence of Ű (m) on the relative atmospheric mass, m, shows that the direct 

irradiance intensity maximum shifts to shorter wavelengths in the visible solar spectrum 

as the relative atmospheric mass decreases and to longer wavelengths as the relative 

atmospheric mass increases. Table 2 presents the Űdry, a, and c values of the Ű (m) 

dependence on w (cm) during the prevalence of continental and maritime air masses. 
 

TABLE  2. The dry atmospheric optical thickness, Űdry(m), the relative atmospheric mass, m, 

dependant coefficient, a(m) and the exponent, c(m), of the precipitable water depth, w (cm), in 

the regression equation of atmospheric optical thickness, Ű (m), with precipitable water depth, w 

(cm). 
 continental air mass maritime air mass 

solar height m Űdry (m) a(m) c(m) Űdry (m) a(m) C(m) 

20̄  2.92 0.170 0.065 0.75 0.215 0.051 0.80 

30̄  2.00 0.220 0.074 0.75 0.245 0.056 0.60 

40̄  1.56 0.332 0.063 0.75 0.342 0.045 0.60 

50̄  1.31 0.394 0.069 0.75 0.415 0.052 0.55 

60̄  1.15 0.479 0.063 0.75 0.482 0.035 0.45 

70̄  1.06 0.481 0.058 0.75 0.520 0.035 0.45 

 

 

4.   CONCLUSIONS 
 

In this work is being studied the physical phenomenon of intense direct irradiance 

during some cold-dry winter days and of weak irradiance during some wet dust-turbid 

summer days, by means of the atmospheric optical thickness dependence on the 

precipitable water depth and air mass type. The precipitable water depth, along with the 

water vapor absorption, is responsible for the aerosol wetting and increase of the 

continental particle size and in dissolution of maritime aerosols.  

The atmospheric optical thickness and precipitable water depth simultaneous data 

show the same annual variation with a summer maximum and a winter minimum. The 

regression analysis of the atmospheric optical thickness, at constant values of the 

relative atmospheric mass, on the precipitable water depth is being made during the 

prevalence of continental and, separately, of maritime air masses. This method leads to 

two families of regression curves of atmospheric optical thickness with precipitable 

water depth, one family of curves for continental air mass and another for maritime. 

In wet atmosphere in summer during the prevalence of continental air mass the 

wet dust optical thickness is nearly in the highest values 0.7 ï 0.8, resulting in weak 

direct irradiance some warm and dust-turbid summer days. This demonstrates that the 

scattering of the shorter wavelengths in the visible region of solar spectrum by the wet 

dusts is the main extinction process of direct irradiance. 
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In the precipitable water depth winter minimum and low solar elevations the 

atmospheric optical thickness decreases, mainly during the prevalence of cold-dry 

winter continental air mass in the lowest values 0.1 ï 0.2, resulting in intense irradiance. 

The maritime air masses optical thickness takes intermediate values between the 

cold-dry air mass optical thickness minimum and the wet dust optical thickness summer 

maximum. So, in winter dry atmospheric environment the maritime aerosol optical 

thickness is about 0.3ï0.4, and in summer wet atmospheric environment about 0.5 ï 0.6.   
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ABSTRACT 
The region of Eastern Attica provides a case study of special interest, due to its rapid urbanization in 

recent years and the subsequent environmental degradation it has experienced. The construction of major 

development projects, such as the New Athens International Airport and Attiki Odos (Athens Orbital 

Highway) have provided easy access to the region, but at the same time have contributed towards the 

deterioration of the atmospheric environment. The aim of the study is to measure air pollution and noise 

levels in the wider region of Eastern Attica and to determine the main emission sources, so as to enable 

the development of suitable policies for the restriction of repercussions.  

Air pollution measurements and the application of a dispersion model showed that the region faces 

frequent exceedances with respect to certain pollutants, such as PM and ozone. Nitrogen oxides 

concentrations were measured at critical levels and need to be controlled, while other air pollutants, at 

present, were found at acceptable levels.  

With regard to noise levels in the region, measurements in combination with noise mapping 

indicated a significant contribution of aircraft noise to the deterioration of the acoustic environment, with 

frequent exceedances of key indicators in residential areas. 
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1
 IɜůŰɘŰɞɨŰɞ ȺɟŮɡɜɩɜ ɄŮɟɘɓɎɚɚɞɜŰɞɠ əŬɘ ȸɘɩůɘɛɖɠ ȷɜɎˊŰɡɝɖɠ,  

Ⱥɗɜɘəɧ ȷůŰŮɟɞůəɞˊŮɑɞ ȷɗɖɜɩɜ 

 
ɄȺɅȽȿȼɊȼ 
ȼ ˊŮɟɘɞɢɐ Űɖɠ ȷɜŬŰɞɚɘəɐɠ ȷŰŰɘəɐɠ ˊŬɟɞɡůɘɎɕŮɘ ɘŭɘŬɑŰŮɟɞ ŮɜŭɘŬűɏɟɞɜ, ɚɧɔɤ Űɤɜ ŭɡůɛŮɜɩɜ 

ˊŮɟɘɓŬɚɚɞɜŰɘəɩɜ ŮˊɘˊŰɩůŮɤɜ ˊɞɡ ɡűɑůŰŬŰŬɘ ŮɝŬɘŰɑŬɠ Űɖɠ ŮˊɏəŰŬůɖɠ Űɞɡ ŬůŰɘəɞɨ ɘůŰɞɨ Űɖɠ ˊɟɤŰŮɨɞɡůŬɠ 

ˊɟɞɠ ŰŬ ŬɜŬŰɞɚɘəɎ Űɞɡ ȿŮəŬɜɞˊŮŭɑɞɡ. ȾɨɟɘŬ ŬɘŰɑŬ Űɖɠ ŮˊɏəŰŬůɖɠ ŬɡŰɐɠ ɐŰŬɜ ɖ ŭɖɛɘɞɡɟɔɑŬ Űɞɡ ȹȷȷ əŬɘ 

ɖ ɚŮɘŰɞɡɟɔɑŬ Űɖɠ ȷŰŰɘəɐɠ Ƀŭɞɨ, ˊɞɡ ŭɖɛɘɞɨɟɔɖůŬɜ Űɘɠ ˊɟɞɦˊɞɗɏůŮɘɠ ɔɘŬ Ůɨəɞɚɖ ˊɟɧůɓŬůɖ ůŰɖɜ Ůɜ ɚɧɔɤ 

ˊŮɟɘɞɢɐ. Ɇəɞˊɧɠ Űɖɠ ɏɟŮɡɜŬɠ ŮɑɜŬɘ ɖ əŬŰŬɔɟŬűɐ əŬɘ ɛŮɚɏŰɖ Űɤɜ Ůˊɘˊɏŭɤɜ Űɖɠ ŬŰɛɞůűŬɘɟɘəɐɠ ɟɨˊŬɜůɖɠ 

əŬɘ Űɞɡ ɗɞɟɨɓɞɡ ůŰɖɜ ŮɡɟɨŰŮɟɖ ˊŮɟɘɞɢɐ Űɖɠ ȷɜŬŰɞɚɘəɐɠ ȷŰŰɘəɐɠ əŬɘ ɞ ˊɟɞůŭɘɞɟɘůɛɧɠ Űɤɜ əɨɟɘɤɜ 

ˊɖɔɩɜ Ůəˊɞɛˊɩɜ, ɩůŰŮ ɜŬ ɡˊɎɟɝŮɘ ɖ ŭɡɜŬŰɧŰɖŰŬ ůɢŮŭɘŬůɛɞɨ ɛɘŬɠ əŬŰɎɚɚɖɚɖɠ ˊɞɚɘŰɘəɐɠ ɔɘŬ Űɞɜ 

ˊŮɟɘɞɟɘůɛɧ Űɤɜ ŮˊɘˊŰɩůŮɤɜ ůŰɞɡɠ əŬŰɞɑəɞɡɠ Űɖɠ ˊŮɟɘɞɢɐɠ. 

Ƀɘ ɛŮŰɟɐůŮɘɠ ŬŰɛɞůűŬɘɟɘəɐɠ ɟɨˊŬɜůɖɠ əŬɘ ɖ ŮűŬɟɛɞɔɐ Űɞɡ ɛɞɜŰɏɚɞɡ ˊɟɞůɞɛɞɑɤůɖɠ ŭŮɑɢɜɞɡɜ ɧŰɘ ɖ 

ˊŮɟɘɞɢɐ ŬɜŰɘɛŮŰɤˊɑɕŮɘ ˊɟɧɓɚɖɛŬ ɔɘŬ ɞɟɘůɛɏɜɞɡɠ ɟɨˊɞɡɠ, ɧˊɤɠ ŰŬ ŬɘɤɟɞɨɛŮɜŬ ůɤɛŬŰɑŭɘŬ əŬɘ Űɞ ɧɕɞɜ. ɇŬ 

ɞɝŮɑŭɘŬ Űɞɡ ŬɕɩŰɞɡ ɓɟɑůəɞɜŰŬɘ ůŮ ɛɘŬ əɟɑůɘɛɖ ůŰɎɗɛɖ əŬɘ Ŭɜ ŭŮɜ ŮɚŮɔɢɗɞɨɜ ɛˊɞɟɞɨɜ ɜŬ ˊŬɟɞɡůɘɎůɞɡɜ 

ůɞɓŬɟɐ ŬˊŮɘɚɐ, Ůɜɩ ɞɘ ɡˊɧɚɞɘˊɞɘ ɟɨˊɞɘ, ˊɟɞɠ Űɞ ˊŬɟɧɜ ŰɞɡɚɎɢɘůŰɞɜ, ɓɟɑůəɞɜŰŬɘ ůŮ ŮˊɑˊŮŭŬ 

ůɡɔəŮɜŰɟɩůŮɤɜ ˊɞɡ ɛŮ ɛɘŬ ůɤůŰɐ ůŰɟŬŰɖɔɘəɐ Ůə ɛɏɟɞɡɠ Űɖɠ Űɞˊɘəɐɠ ŬɡŰɞŭɘɞɑəɖůɖɠ əŬɘ Űɖɠ ˊɞɚɘŰŮɑŬɠ 

ɛˊɞɟɞɨɜ ɜŬ ŮɚŮɔɢɗɞɨɜ. 

ȳůɞɜ ŬűɞɟɎ ŰŬ ŮˊɑˊŮŭŬ ɗɞɟɨɓɞɡ ůŰɖɜ ˊŮɟɘɞɢɐ, ŰŬ ŬˊɞŰŮɚɏůɛŬŰŬ Űɤɜ ɛŮŰɟɐůŮɤɜ ůŮ ůɡɜŭɡŬůɛɧ ɛŮ 

Űɖɜ ůŰɟŬŰɖɔɘəɐ ɢŬɟŰɞɔɟɎűɖůɖ, ŬɜɏŭŮɘɝŬɜ Űɖɜ ůɖɛŬɜŰɘəɐ ůɡɛɓɞɚɐ Űɞɡ ŬŮɟɞˊɞɟɘəɞɨ ɗɞɟɨɓɞɡ ůŰɖɜ 
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ɡˊɞɓɎɗɛɘůɖ Űɞɡ ŬəɞɡůŰɘəɞɨ ˊŮɟɘɓɎɚɚɞɜŰɞɠ, ɛŮ ɡˊŮɟɓɎůŮɘɠ Űɤɜ ɛŮůɞůŰŬɗɛɘəɩɜ ŭŮɘəŰɩɜ ůŮ ŬɟəŮŰɞɨɠ 

ɞɘəɘůɛɞɨɠ. 

 

 

1. INTRODUCTION  
 

Exposure to air pollution and noise in Eastern Attica, and particularly in the region 

of Messogia, is attributed to a number of sources. The increased road traffic that has 

been observed in recent years and the expansion of the road network in the region 

(construction of Attiki Odos, expansion of Marathonos and Lavriou Avenues etc.), has 

been the cause of increasing pollution incidents and significant noise annoyance. 

Economic development was followed by the expansion of the construction sector, 

which is another significant noise source in the area, together with other economic 

activities such as new industrial units, tourism and the operation of illegal quarries. 

However, the predominant feature in the area of study and one that is highly associated 

with the occurrence of atmospheric pollution and noise in its neighbouring areas is 

Athens International Airport. More specifically, with regards to aircraft emissions, the 

exhaust gases from the combustion of jet kerosene in aircraft engines contain nitrogen 

oxides (NOx), hydrocarbons (HCs), carbon monoxide (CO), carbon dioxide (CO2), 

sulphur oxides (SOx) and particles (PM10, PM2.5). The quantities of pollutants emitted 

depend on many factors, such as the flight stage (landing, take-off or taxiing), aircraft 

and engine types, and aircraft weight. Moreover, aircraft noise which is caused by an 

increasing number of domestic and international flights has stirred protests by local 

authorities and residentsô associations, particularly in the neighbouring municipalities of 

Artemida, Rafina, Spata and Koropi.  

Previous studies in the wider region of Attica have shown that pollution levels are 

generally lower for all pollutants except ozone, compared to the capital region, as a 

result of the following characteristics: 

Á The enclosed topography of the Attica basin restricts air circulation, and therefore 

the dispersion of pollutants from central Athens to the surrounding areas. 

Á Prevailing northeastern and southwestern winds in the region, favour the dipersion 

of locally produced pollution towards uninhabited areas (sea). Northern winds are 

concise and contribute to the rapid dispersion via the Parnitha ï Hymettus opening 

towards the Saronic Gulf.  

Á In the event of low or no concise flow, southern winds result from local circulation 

systems (sea breeze), which favour transport from central areas of the capital to 

Attica, and the formation of high concentrations of secondary pollutants in the 

northern sector of the basin. In the event of southern concise circulation, the 

occurrence of local inversions is frequent, due to transport of warm air masses from 

northern Africa.  

 

 

2. DATA AND METHODOLOGY  
 

On-site measurements were performed using IERSDôs mobile air quality station, 

for the main air pollutants (Ƀ3, ɁɃx, SO2, CH4, NMHC, CO, and PM10), as well as for 

various meteorological parameters (air temperature, relative humidity, pressure, wind 

speed and direction). The measurements were carried out at seven different sites, with a 



10ʋ COMECAP 2010, ɩɪɚɣɬɢɣɚ ɫɭɦɞɝɪɢɨɭ    --    10th COMECAP 2010, CONFERENCE PROCEEDINGS 
 

25 ɀ 28/5/2010, PATRAS, GREECE 891 

sampling time of at least 9 days at each location, covering a 6-month period from 

23/05/2008 to 8/12/2008. Horiba automatic analysers were used for the detection of 

gaseous pollutants in the air stream, and an automatic Eberline PM detector for 

measuring suspended particle concentrations. Primary data consisted of 15-minute 

measurements, which were then used for the calculation of further statistics and metrics. 

At the same time, noise was monitored at ten different locations around Athens 

Airport during the period 23/5/2008 ï 30/12/2008, using portable Type I noise meters 

(Bruel & Kjaer 2250 and 2250L, Casella CEL-490.A1 analysers), which comply with 

international and national standards for environmental noise monitoring. The equivalent 

A-weighted sound level was recorded (LAeq calculated every s), at a height of 3.8 to 4.2 

meters above ground, according to the requirements of CMD 13586/724/2006. Average 

noise metrics (Leq, Lday, Levening, Lnight, Lden) were then calculated and stored every 

15min, together with the maximum sound level (Lmax). 

In both cases, sampling locations were chosen according to certain criteria:  

 

Á Full coverage of the study area, ranging from residential areas close to road or air 

traffic (ósensitiveô), to remote areas where background pollution and noise levels 

could be measured. 

Á Availability of road traffic data and information about aircraft movements and 

trajectories during take-off and landings.  

Á Availability of meteorological data and the probability of transport and 

dissemination of atmospheric pollutants to certain directions. 

Á Availability of electrical supply for powering the mobile air quality station. 

 

The following table lists the locations where air pollution and noise were measured 

during the 6-month trial period: 

 
TABLE  1. List of monitoring sites 

Site code Location District  Air Pollution  Noise 

S1P Private residence Rafina x x 

S2P Agia Triada Monastery Artemis x x 

S3 Karamanli Avenue Artemis  x 

S4P Koropi Health Center Koropi x x 

S5P Agios Ioannis 

Monastery 

Koropi x x 

S6 Agia Marina Nea Makri  x 

S7 Mati Nea Makri  x 

S8P Parking lot Athens Airport x x 

S9P Spata Health Center Spata x x 

S10P Artemis beach Artemis x x 
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3. RESULTS 
 

3.1  Air Quality Measurements 
 

A summary of results from the 6-month trial period is presented in Table 2 below. 

Also, a number of selected graphic charts show the hourly variations of different 

pollutants, in Figure 2. 

Hourly fluctuations of nitrogen oxide concentrations (NO and NO2) roughly follow 

the fluctuations of sulfur dioxide (SO2), as central heating operating hours coincide with 

road traffic peak hours. On the other hand, they are reversely proportional to ozone 

fluctuations (O3), as they participate in the formation of the particular pollutant. Emissions 

of non-methane hydrocarbons (NMHC), methane (CH4) and carbon monoxide (CO) seem 

to follow a similar trend, implying a common source of incomplete combustions, while 

suspended particles (PM10) are characterized by intense peaks. 

Higher concentrations for primary (NO, SO2 and CO) as well as for secondary 

pollutants (NO2) and NMHC were detected during morning (7:00-10:00) and evening 

(21:00-23:00) hours, when the accumulation of increased automobile and central heating 

emissions, is favoured by the prevailing meteorological conditions. Ozone concentrations 

on the other hand, reach their maximum during afternoon hours, when solar radiation, 

which is necessary for the formation of this pollutant, reaches its highest intensity. 

The effect of meteorological conditions on pollution dynamics is evident from the 

analysis of the results. In Rafina (S1P), wind velocity was maintained at low levels during 

the sampling period, a fact that favoured the accumulation of pollutants near the sources 

of emission. On the contrary, in Agios Ioannis (S5P), during the period 29/7 ï 5/8 when 

the prevailing northern ï northeastern winds reached their highest intensity (speeds up to 

11.2 m/s), pollutant concentrations were low because of high dispersion.  

Ozone concentrations were noticeably lower at the last three sampling sites (Airport 

parking lot, Spata and Artemis), which is attributed inter alia (e.g. wind velocity) to the 

lower temperatures as measurements took place during the winter period. On the contrary, 

measurements at sampling points S1P, S2P, S4P and S5P, were conducted during 

summer, when solar radiation intensity and air temperature are high enough to allow the 

photochemical reaction of nitrogen oxides and VOCs to form ozone. 

Pollutants which seem to be present in significant concentrations include ozone, 

nitrogen oxides and suspended particles. The three pollutants are present throughout the 

year, and in certain time periods, can be detected at high concentrations. It is known that 

background concentrations of ozone in the wider region of Attica are high, due to air 

transport from neighbouring areas. This was verified by results in the Agia Triada and 

Agios Ioannis sites (S2P and S5P), where average concentrations reached 120 ɛg/m
3
 and 

109.5 ɛg/m
3
 respectively. Nitrogen oxides were also found at high concentrations in 

certain locations, as can be seen in Figure 2, especially where emission sources (e.g road 

traffic, airport) were near (Spata and Koropi Health Centers, Airport parking lot). 

Marginal PM10 values were detected in certain locations, attributed not only to emissions 

by the transport sector but also to the terrain morphology (enclosed land), land use 

(agricultural activities contribute to airborn dust) and the operation of quarrying activities 

in the Markopoulo vicinity. Peak concentrations frequently exceed 100 ɛg/m
3
 (Figure 2), 

while average concentrations reach 34 ɛg/m
3
 (Spata Health Center). These findings verify 

previous measurements in the region, which indicated average PM10 concentrations of 

over 50 ɛg/m
3
 in Markopoulo. 
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TABLE  2. Results of pollution measurements in Eastern Attica 

 
 

O3 

(ɛg/m3) 

NO 

(ɛg/m3) 

NO2 

(ɛg/m3) 

SO2 

(ɛg/m3) 

CO 

(mg/m3) 

CH4 

(mg/m3) 

NMHC 

(ppm) 

PM10 

(ɛg/m3) 

S1P 

Rafina 

 

Average value 83,7 8,7 21,1 3,7 0,43 1,10 0,18 28,5 

Standard Deviation 47,6 16,0 12,1 3,9 0,20 0,08 0,07 31,3 

Minimum value 0,1 0,0 2,7 0,3 0,14 0,89 0,06 0,0 

Maximum value 157,6 135,0 63,7 63,5 1,44 1,41 0,56 487,5 

 

S2P 

Agia 

Triada 

 

Average value 120,0 1,5 3,9 4,6 0,23 1,16 0,09 21,4 

Standard Deviation 18,4 1,0 4,4 3,2 0,02 0,02 0,02 21,8 

Minimum value 47,5 0,1 0,1 0,3 0,15 1,10 0,04 0,0 

Maximum value 185,4 5,0 40,4 23,7 0,28 1,21 0,16 398,2 

 

S4P 

Health 

Center 

Koropi  

Average value  5,9 13,5 5,5 0,31 1,14 0,10 24,6 

Standard Deviation  8,1 9,6 4,3 0,10 0,05 0,04 14,2 

Minimum value  0,9 1,0 0,3 0,19 1,04 0,05 0,2 

Maximum value  51,2 45,9 24,4 0,75 1,30 0,26 104,3 

 

S5P 

Agios 

Ioannis 

Koropi  

Average value 109,5 1,4 6,5 2,6 0,21 1,03 0,09 24,9 

Standard Deviation 15,2 0,7 4,9 1,4 0,04 0,03 0,04 20,7 

Minimum value 48,2 0,5 1,4 0,5 0,15 0,97 0,05 0,4 

Maximum value 154,3 5,9 38,5 10,2 0,40 1,11 0,53 219,7 

 

S8P 

Parking 

lot 

Airport  

Average value 59,9 7,7 14,9 4,2 0,27 1,15 0,13 14,5 

Standard Deviation 31,3 15,0 8,9 2,3 0,17 0,05 0,04 11,1 

Minimum value 0,2 0,2 1,3 1,1 0,08 1,01 0,07 0,0 

Maximum value 104,0 148,0 50,0 13,7 0,96 1,33 0,29 87,0 

 

S9P 

Health 

Center 

Spata 

Average value 42,2 26,6 18,7 3,8 0,61 1,14 0,08 33,8 

Standard Deviation 25,6 33,8 9,9 5,5 0,48 0,08 0,07 29,8 

Minimum value 0,2 0,8 3,6 0,8 0,16 0,87 0,00 0,0 

Maximum value 172,4 210,7 60,8 101,4 4,10 2,18 0,34 190,0 

 

S10P 

Artemis 

beach 

Average value 47,0 4,9 12,5 2,8 0,37 1,17 0,11 24,0 

Standard Deviation 20,8 7,8 8,6 1,4 0,19 0,04 0,04 23,5 

Minimum value 0,2 0,3 2,0 1,1 0,17 1,07 0,04 0,0 

Maximum value 89,2 79,3 48,6 9,9 1,40 1,35 0,56 180,4 
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FIGURE 2. Selected graphic charts of pollution measurements in Eastern Attica 

 

 

FIGURE 3. Map of populated areas in Eastern Attica, that are expected to experience the long-term 

effects of air pollution from Athens Airport and major motorways, according to the results of air 

quality measurements and dispersion simulations. Red circles indicate areas which are more 

vulnerable due to prevailing meteorological conditions. Brown circles indicate medium 

vulnerability and green circles low exposure to long-term pollution. 

 

3.2  Noise Measurements and Strategic Noise Mapping in Eastern Attica 
 

As shown in Figure 4, the highest noise levels were detected in areas that were either 

affected by road traffic noise or aircraft noise, or a combination of the two. The highest 

Lden values were monitored in Spata Health Center (68.7 dB(A)), Artemis (67.7 dB(A)), 

Athens Airport Parking lot (67.5 dB(A)) and Koropi Health Center (67.5 dB(A)). The 

high noise levels in Spata and Koropi can be explained by the fact that the noise recorders 
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were situated close to the main road. In the two other cases (Artemis and Athens Airport), 

high Lden values resulted from the combination of road and aircraft noise. 

Noise measurements in Agia Triada and Agios Ioannis are of particular interest. In 

both cases, the noise meters were placed inside remote monastery courtyards, far from 

residential areas, main road arteries and other terrestrial noise sources. Thus, the noise 

recorded was almost exclusively the product of air traffic, and therefore it became 

possible to compare noise monitoring data with the results from the noise simulation. In 

Agia Triada, the recorded levels of 61 dB(A) Lden and 54 dB(A) Lnight correspond to the 

results of strategic noise mapping and they appear to confirm the model, despite the small 

time duration of the sampling period. On the contrary, the recorded levels of 62.2 dB(A) 

Lden and 54.3 dB(A) Lnight in Agios Ioannis were 5 and 9 dB(A) higher than the 

corresponding values calculated by the noise simulation. This difference is probably due 

to the seasonal variability of noise in the particular region (as measurements were 

conducted during the summer period when there is a peak in air traffic). 

The statistical treatment of results provided important information about distribution 

frequencies and the occurrence of noise during specific time periods, related to the 

operation of the airport or other urban activities. 

For example, the Leq curve for Rafina, which is a relatively urbanized area, shows no 

major peaks, but a rather constant level of noise attributed to the continuous flow of road 

traffic towards recreational destinations, while Leq curves for areas like Spata or Koropi 

show characteristic peaks, mainly during morning hours, when commuters are travelling 

to work. In regions where aircraft noise is prevailing (S2P Agia Triada, S3 Artemis, S5P 

Agios Ioannis), noise distribution is centered on the hours with the highest air traffic. 

Thus, in Agia Triada, the noise peaks observed between 14:00 - 18:00, coincide with take-

offs from runway 03L (western runway) during the same time interval. Also in Artemis 

(S3), the high noise distribution between 08:00 - 14:00 is again related to the increased air 

traffic from runway 03L (eastern runway) during these hours.  

Finally, with respect to maximum noise levels (Lmax noise metric), we see that 

according to the frequency distribution, the areas facing an increased noise exposure are 

those nearest to Athens Airport. This is indicated by the fact that, in areas far away from 

the airport where road traffic noise prevails, the Lmax frequency curve is distributed around 

75 to 77 dB(A), whereas in areas close to the airport it is distributed around 85 dB (A) 

(Karamanlis Av. Artemis, Airport parking lot, Artemis beach). 

 

 

 

 

 

 



10ʋ COMECAP 2010, ɩɪɚɣɬɢɣɚ ɫɭɦɞɝɪɢɨɭ    --    10th COMECAP 2010, CONFERENCE PROCEEDINGS 
 

25 ɀ 28/5/2010, PATRAS, GREECE 897 

45,0

50,0

55,0

60,0

65,0

70,0

75,0

23/5 25/5 27/5 29/5 31/5 2/6 4/6 6/6 8/6 10/6 12/6 14/6 16/6 18/6

N
o

is
e
 (

d
B

)

Leq(08-20) Ld

Le Lden

Ln

S1P

B&K 

40,0

45,0

50,0

55,0

60,0

65,0

70,0

20/6 22/6 24/6 26/6 28/6 30/6 2/7 4/7 6/7 8/7 10/7 12/7 14/7 16/7

N
o
is

e
 (

d
B

)

Leq(08-20) Ld

Le Ln

Lden

S2P

B&K 

 

45,0

50,0

55,0

60,0

65,0

70,0

75,0

21/6 23/6 25/6 27/6 29/6 1/7 3/7 5/7 7/7 9/7 11/7 13/7 15/7

N
o

is
e
 (

d
B

)

Leq(08-20) Ld

Le Ln

Lden

S3

CEL490

S3

B&K 

2250L

45,0

50,0

55,0

60,0

65,0

70,0

75,0

15/7 16/7 17/7 18/7 19/7 20/7 21/7 22/7 23/7 24/7 25/7

N
o

is
e
 (

d
B

)

Leq(08-20) Ld

Le Ln

Lden

S4P

ȸ&Ⱦ 

2250

 

45,0

50,0

55,0

60,0

65,0

70,0

75,0

25/7 26/7 27/7 28/7 29/7 30/7 31/7 1/8 2/8 3/8 4/8 5/8

N
o

is
e
 (

d
B

)

Leq(08-20) Ld

Le Ln

Lden

S5P

CEL490

40,0

45,0

50,0

55,0

60,0

65,0

70,0

6/8 7/8 8/8 9/8 10/8 11/8

N
o

is
e
 (

d
B

)

Leq(08-20) Ld

Le Ln

Lden

S6

CEL490

 

45,0

50,0

55,0

60,0

65,0

70,0

75,0

11/8 12/8 13/8 14/8 15/8 16/8 17/8 18/8

N
o

is
e
 (

d
B

)

Leq(08-20) Ld

Le Ln

Lden

S7

CEL490

45,0

50,0

55,0

60,0

65,0

70,0

75,0

10/11 12/11 14/11 16/11 18/11 20/11 22/11 24/11

N
o

is
e
 (

d
B

)

Leq(08-20) Ld

Le Ln

Lden

S8P

CEL49

0

 

45,0

50,0

55,0

60,0

65,0

70,0

75,0

24/11 26/11 28/11 30/11 2/12 4/12 6/12 8/12

N
o

is
e
 (

d
B

)

Leq(08-20) Ld

Le Ln

Lden

S9P

CEL490

45,0

50,0

55,0

60,0

65,0

70,0

75,0

8/12 10/12 12/12 14/12 16/12 18/12 20/12 22/12 24/12 26/12 28/12

N
o

is
e
 (

d
B

)

Leq(08-20) Ld

Le Ln

Lden

S10P

CEL490

 
FIGURE 4. Variation of different noise metrics with time, at the ten monitoring sites. 
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FIGURE 5. Strategic noise mapping for Athens International Airport. Map on the left shows 

average noise exposure (Lden coverage in 2008). Map on the right shows average nighttime 

exposure (Lnight coverage in 2008). Populated areas are shown in black.  
 

 

4. CONCLUSIONS 
 

Summarizing the main findings from the analysis of on-site measurements, model 

outputs, and other air quality data for the region, it is concluded that: 

¶ SO2, CO and hydrocarbon atmospheric concentrations are relatively low and do 

not present a significant health problem, although the situation could change in the 

future if there is a large increase in the number of cars or industrial activity in 

certain districts. 

¶ On the contrary, O3, NOx and PM10 concentrations were detected at high levels 

and in certain occasions exceed legislated limits.  

¶ With regards to ozone, concentrations were found to be marginally lower than the 

legislated mean 8-hour limit of 120 ɛg/m
3
. Ozone pollution is not limited to the 

region of Messogia, but is rather linked to the high concentrations occuring in the 

northern and north-western suburbs of Athens (Parnitha, Kapandriti, Marousi).  

¶ Nitrogen dioxide was measured at relatively high levels, but in any case lower 

than national air quality limits. The presence of nitrogen oxides is linked to local 

urban and industrial emission sources. Airport emissions contribute significantly 

to the high NO2 concentrations, as it appears from on-site measurements in the 

airport area and downwind neighbouring residential areas that are affected by the 

transport of pollution.   

¶ Marginal PM10 values were detected in certain locations, attributed not only to 

emissions by the transport sector but also to the terrain morphology (enclosed 
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topography), land use (agricultural activities contribute to airborn dust) and the 

operation of quarrying activities in the Markopoulo vicinity. 

 

With respect to environmental noise, the main findings were the following: 

¶ The predominant sources of noise in the region are road transport and aircraft 

noise. Both sources are responsible for high noise exposure in some areas, with 

road transport creating higher Lden levels but fewer peaks than aircraft noise. 

¶ With respect to aircraft noise, strategic noise mapping revealed that the regions 

mostly exposed are Artemis (Lden and Lmax) and Rafina (Lnight). According to 

demographic and land-use data for the region, the total residential area covered by 

the 60 dB(A) Lden noise curve was 1.315 km
2
 in 2008, while the corresponding 

area covered by the 50 dB(A) Lnight noise curve was 1.892 km
2
. On-site noise 

measurements carried out in the second half of 2008 at ten different locations 

around the airport, seem to confirm these results. 
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ABSTRACT 

        This study describes a recent calculation algorithm for isoprene, based on the MEGAN model 

(Guenther et al., 2006), simulating isoprene emissions in Europe during the period 25/04- 09/05/2006. 

This period was unusually hot and dry with low-wind conditions characterized by widespread wild-land 

fires especially over northern Europe. The daily isoprene emissions were higher in southern areas, where 

the Iberian Peninsula, displayed values of up to 4mg /m
2
. A sensitivity analysis was then performed, using 

the chemistry model CAMx to examine how isoprene emissions can influence the levels of tropospheric 

ozone. The simulations revealed increases of the order of 2-8 ppb in the area.  

 

ɀȺȿȺɇȼ ɄɅɃɆɃɀɃȽɋɆȼɆ ɇȼɆ ȺɄȽȹɅȷɆȼɆ ɇɋɁ ȺȾɄɃɀɄɋɁ ȽɆɃɄɅȺɁȽɃɈ 

Ɇɇȷ ȺȽɄɄȺȹȷ ɃȻɃɁɇɃɆ ɆɇȼɁ ɄȺɅȽɃɉȼ ɇȼɆ ȺɈɅɋɄȼɆ 
 

ȷ. ȾȷɅȷȿȼ 
1
, Ⱥ. ɀɄɃɆȽɋȿȼ 

1
, ɀ. ɇɃɀɄɅɃɈ 

1
, ȹ. ɄȷɅɋɁȼɆ 

2
 ȾȷȽ ȷ. ɁɇȷɁɇɃɈ 

1 

 

(1) ɇɞɛɏŬɠ ūɡůəɐɠ ɄŮɟɘɓɎɚɚɞɜŰɞɠ əŬɘ ɀŮŰŮɤɟɞɚɞɔɑŬɠ,ɇɛɐɛŬ ūɡůɘəɐɠ, Ⱥɗɜɘəɧ əŬɘ 

ȾŬˊɞŭɘůŰɟɘŬəɧ ɄŬɜŮˊɘůŰɐɛɘɞ ȷɗɖɜɩɜ 

(2) ȽɜůŰɘŰɞɨŰɞ ȹɘŬůŰɖɛɘəɩɜ ȺűŬɟɛɞɔɩɜ əŬɘ ɇɖɚŮˊɘůəɧˊɖůɖɠ, Ⱥɗɜɘəɧ ȷůŰŮɟɞůəɞˊŮɑɞ ȷɗɖɜɩɜ 

 
ɄȺɅȽȿȼɊȼ 
 ȼ ˊŬɟɞɨůŬ ɛŮɚɏŰɖ ŮűŬɟɛɧɕŮɘ ɏɜŬ ůɨɔɢɟɞɜɞ Ŭɚɔɧɟɘɗɛɞ ɡˊɞɚɞɔɘůɛɞɨ Űɞɡ ɘůɞˊɟŮɜɑɞɡ, ˊɞɡ 

ɓŬůɑɕŮŰŬɘ ůŰɞ ɛɞɜŰɏɚɞ Ůəˊɞɛˊɩɜ MEGAN (Guenther et al., 2006), ɔɘŬ Űɖɜ ˊɟɞůɞɛɞɑɤůɖ Űɤɜ Ůəˊɞɛˊɩɜ 

ɘůɞˊɟŮɜɑɞɡ ůŰɖɜ ˊŮɟɘɞɢɐ Űɖɠ Ⱥɡɟɩˊɖɠ Űɖ ɢɟɞɜɘəɐ ˊŮɟɑɞŭɞ Ŭˊɧ 25/04- 09/05/2006. ȷɡŰɐ ɖ ŬůɡɜɐɗɘůŰŬ 

ɕŮůŰɐ əŬɘ ɝɖɟɐ ˊŮɟɑɞŭɞɠ ɛŮ ɢŬɛɖɚɏɠ ŰŬɢɨŰɖŰŮɠ Ŭɜɏɛɞɡ ˊŬɟɞɡůɘɎɕŮɘ ɘŭɘŬɑŰŮɟɞ ŮɜŭɘŬűɏɟɞɜ əŬɗɩɠ ɖ 

ˊŮɟɘɞɢɐ əŬɘ əɡɟɑɤɠ ɖ ȸɧɟŮɘŬ Ⱥɡɟɩˊɖ, ŮɑɢŮ ˊɚɖɔŮɑ Ŭˊɧ ŮəŰŮŰŬɛɏɜŮɠ ˊɡɟəŬɔɘɏɠ. Ƀɘ ɖɛŮɟɐůɘŮɠ Ůəˊɞɛˊɏɠ 

ɘůɞˊɟŮɜɑɞɡ ˊŬɟɞɡůɘɎɕɞɡɜ ɛŮɔŬɚɨŰŮɟŮɠ Űɘɛɏɠ ůŰɖ ɜɧŰɘŬ Ⱥɡɟɩˊɖ əŬɘ ůɡɔəŮəɟɘɛɏɜŬ ůŰɖɜ Ƚɓɖɟɘəɐ 

ɉŮɟůɧɜɖůɞ, ɛŮ Űɘɛɏɠ ɛɏɢɟɘ əŬɘ 4mg/m
2
. ɀŮ Űɖ ɢɟɐůɖ Űɞɡ ɢɖɛɘəɞɨ ɛɞɜŰɏɚɞɡ CAMx ŭɘŬˊɘůŰɩɗɖəŮ  ɧŰɘ ɖ 

ŮˊɑŭɟŬůɖ Űɤɜ Ůəˊɞɛˊɩɜ ɘůɞˊɟŮɜɑɞɡ ůŰŬ ŮˊɑˊŮŭŬ Űɞɡ ŰɟɞˊɞůűŬɘɟɘəɞɨ ɧɕɞɜŰɞɠ ŮɑɜŬɘ  Űɖɠ ŰɎɝɖɠ Űɤɜ 2-8 

ppb.    

 

 

1. INTRODUCTION  
  

The emissions of biogenic volatile organic compounds (BVOCs) have a substantial 

impact on the chemistry of the atmosphere. Among the BVOCs, isoprene is the most 

widely emitted compound, with global annual emissions of the order of 600 ɇg/year 

(Guenther et al., 2006). Forested areas are the major source of isoprene, while minor 

sources include animals and humans, microbes and aquatic organisms (Wagner et al., 

1999). Oxidation of isoprene and other organic compounds produces variable amounts 

of ozone and secondary organic aerosols, affecting both air quality and climate. The 

objective of this study is to estimate isoprene emissions from forests, shrubs and crops 

over Europe with a new algorithm based on MEGAN model (Guenther et al., 2006) and 
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then to quantify their impact on ambient ozone concentrations levels during the period 

25/04-09/05/2006 characterized by widespread wild-land fires  over western Russia 

(Saarikoski et al., 2007). The impact of isoprene emissions is quantified by analyzing 

the differences between two numerical simulations (with and without isoprene 

emissions) both performed with the Eulerian MM5/CAMx modelling system. 

 

  

2. METHODOLOGY  
 

2.1 Model of biogenic emissions  
 

The net emission rate of a volatile organic compound (mg compound m
-2

 earth surface 

h
-1

) is expressed as  

 Emission= Ůɔɟ                                                                                                             (1) 

  

where Ů (mg m
-2

 h
-1

) is the standard emission factor, ɔ is an emission activity factor 

which represents the response to deviations from standard conditions (303K, PPFD 

transmission 0.6) and ɟ is a factor that accounts for isoprene production and loss within 

plant canopy, taken equal to one in this study. The activity factor ɔ is given by 

 

 ɔ = Cce ɔP  ɔT  LAI age  ɔSM                                                                                          (2)                                                                                                                 

 

where, Cce=0.57 is an adjustment factor that sets the emission activity to unity in 

standard conditions, ɔP is the activity factor for Photosynthetic Photon Flux Density 

(PPFD), ɔT is temperature emission activity factor, LAI is the leaf area index (m
2
 m

-2
) 

and  age, ɔSM  are the leaf age and soil moisture acivity factors, respectively. The soil 

moisture activity factor is set to one in this study. Emission variations due to changes in 

light and temperature are expressed as 

ɔP =                                                                                                            (3) 

 

and 

ɔɇ =                                                                           (4)    

 

respectively, where Cp and Ŭ coefficients depend on past light intensity, CT1= 95000 

Jmol
-1

, CT2= 230000 Jmol
-1

 , Tl (K) is leaf temperature, R(=8.31 JK
-1

 mol
-1

) is the 

universal gas constant, Eopt is the maximum normalized isoprene emission capacity and 

Topt is the temperature at which Eopt occurs.   

 

The leaf age activity factor (age) is calculated for deciduous canopies as 

 

ɔage = FnewAnew + FgroAgro + FmatAmat +FoldAold                                                            (5) 
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where Fnew, Fgro, Fmat, Fold are the fractions of new, growing, mature and old leaves 

respectively.  Anew (=0.05), Agro (=0.6), Amat (=1.125), Aold (=1) are the relative emission 

rates assigned to each canopy fraction. 

 

The biogenic emissions algorithm has been developed as a standalone code. It is based 

on the parameterization of Guenther et al. (2006), only for isoprene emission rates. The 

algorithm requires two types of inputs, landcover and weather data. Regarding the first 

data category, monthly average LAI and standard emission factors (Ů) are available from 

the National Center of Atmospheric Research (NCAR) at a base resolution of 30x30sec. 

The standard emission factors are weighted averages of five different plant types 

(broadleaf trees, needle trees, crops, shrubs and grass) over each cell. Prior to their use 

the landcover data need to be regridded on the required spatial resolution.  For the needs 

of this study, the regrid was achieved by averaging all the 30x30sec pixel values that 

fall within a CAMx cell. The necessary meteorological data, namely fields of surface 

temperature and solar radiation were provided by the non-hydrostatic mesoscale 

meteorological model Penn State/NCAR Mesoscale Model (MM5), version V3-6-1 

(Grell et al., 1994). 

  

2.2 MM5/CAMx modeling system 
 

CAMx (Environ, 2004) is an Eulerian photochemical dispersion model that simulates 

the emission, dispersion, chemical reaction, and removal of pollutants in the 

troposphere by solving the pollutant continuity equation for each chemical species on a 

system of nested three-dimensional grids. The version used in this study (4.02) uses the 

CB-IV gas-phase chemical mechanism (Gery et al., 1989).  

CAMx model was applied in LATLON projection with spatial resolution 0.4
o
 x 0.2

o
 

(135 x 195 cells) while MM5 was applied considering Lambert Conformal Space 

projection with a spatial resolution of 30km x 30km (279 x 178 cells). In the vertical 

axis, 22 ů-levels were considered, with the lowest ů-level (sigma=0.9961) at around 30 

m, and the top layer (sigma=0.02) at about 14 km. All the meteorological fields required 

by both CAMx and the biogenic emission algorithm have been interpolated to CAMx 

LATLON grid by applying the mm5camxv4.3 pre-processor.  

For the simulations, EMEP emissions (2004 reference year) covering 11 SNAP 

categories plus emissions from ships and volcanoes were used.  Gaseous and particulate 

emission fluxes from biomass burning have been also considered. In particular, spatial 

distribution of daily TSP emission fluxes, based on MODIS Fire Radiative Power 

product, has been generated by the FMI Fire Assimilation System (provided in the 

framework of COST728). The chemical (Andreae et al., 1998) and size (Andreae and 

Merlet, 2001) distribution of TSP fire emissions have been based on literature review. 

Gaseous pollutants of CO, NOX, SO2, NH3 and speciated VOC fire emissions were then 

added based on scaling factors (Andreae and Merlet, 2001). The fire emissions were 

distributed in three vertical layers (0-100m, 100-500m, 500-1000m). 

 

  

3. RESULTS 
 

In this section, we present and analyze results for selected days (02/05/2006, 

03/05/2006, 06/05/2006, and 08/05/2006) of the simulation period. First we present 

estimates of hourly isoprene emissions fluxes over Europe highlighting the hot spots. 



10ʋ COMECAP 2010, ɩɪɚɣɬɢɣɚ ɫɭɦɞɝɪɢɨɭ    --    10th COMECAP 2010, CONFERENCE PROCEEDINGS 
 

25 ɀ 28/5/2010, PATRAS, GREECE 904 

Thereafter we discuss their impact on ambient ozone concentrations by analyzing the 

differences between the two model simulations with and without isoprene emissions. 

All the results are presented for noon (12:00 UT).  

 

3.1 Isoprene emissions 
 

The emissions of isoprene depend on many parameters, with most important the 

emission potential, solar radiation reaching the surface and temperature of leaves. 

Throughout the simulation period, it is observed that changes in synoptic scale systems 

cause considerable changes at isoprene emissions. Elevated isoprene emissions are 

found over the Iberian Peninsula, Morocco, Tunisia, parts of Italy, France, Austria, 

Western Turkey and Russia, in accordance with recent studies (e.g. Simpson et al., 

1999; Curci et al., 2009). Spain appears as the major hot spot for isoprene emissions, 

displayed hourly values of up to 1200 ɛg m
-2

 h
-1

. Relative low emissions are observed in 

Scandinavia, Central Europe and the UK (5-300 ɛg m
-2

 h
-1

)  Although, the Scandinavian 

Peninsula has very high emission potential, presented low emissions over all the 

simulation period, as a result of the small amounts of solar radiation and surface 

temperature.   

On 02/05/2006, a low pressure system covered UK affecting also the west Scandinavia, 

while high pressures prevailed over Finland and western Russia. Over Spain, few clouds 

are observed and relative high surface temperatures (24-29 
Ǔ
C). In general, the isoprene 

emissions pattern at 12:00 UT (Fig. 1a left) follows the spatial distribution of solar 

radiation (Fig 1a right) and surface temperature (not shown).  Spain depicts the highest 

emissions fluxes up to 1100 ɛg m
-2 

h
-1

 while lower fluxes are shown over central Europe 

and Russia (up to 60 ɛg m
-2 

h
-1

). It is interesting to mention that this day presents the 

maximum rate of emissions of all the simulation period.  

On 03/05/2006, a cold front passed over north Spain affecting the Iberian Peninsula. As 

a consequence, dense clouds cover the Iberian Peninsula (Fig. 1b right). Cloud cover is 

reduced over northern France and Germany. Compared to the previous day, the changes 

in the isoprene emissions pattern (Fig. 1b left) are mainly associated with radiation 

changes. Specifically, isoprene emissions decrease over Spain and Portugal (10-100 ɛg 

m
-2 

h
-1

) and increase over the central Europe (100-400 ɛg m
-2 

h
-1

).  

A cut-off low, on 08/05/2006, affected UK and northern France. At the same day, a high 

pressure system prevailed over Scandinavia and Finland. So, apart from Spain, 

relatively higher isoprene emission fluxes appear in Finland and western Russia (100-

200 ɛg m
-2 

h
-1

) during this day, due to the elevated solar radiation that reaches the 

surface (Fig. 1c right).  

 

3.2 Ozone concentrations  
 

The simulations reveal that during the examined period the impact of isoprene 

emissions on the hourly ozone concentration levels over Europe ranges between 1 and 8 

ppb. Our results agree with the findings of recent studies modeling the impact of 

isoprene emissions over Europe (Curci et al., 2009). The highest impact is observed 

during the afternoon hours while the areas mostly affected are designated by the 

combination of several factors, such as, relatively high isoprene emissions, abundance 

of NOx emissions and favourable wind flow. Indeed, the simulations reveal that the day 

that experiences the highest impact on ozone concentrations (06/05/2006) does not 
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coincide with the day characterized by the highest isoprene emissions rates 

(02/05/2006).    

In particular, during 02/05/2006 and 03/05/2006, the effect of isoprene emissions on 

ozone concentration levels follows the emissions pattern. Small increases of ozone 

concentrations up to 2 ppb are observed over the Iberian Peninsula, Italy and central 

Europe (Fig. 2a-b) following the spatial distribution of isoprene emission fluxes. 

Increases are also observed along the coastal areas of Spain, Morocco and Tunisia. In all 

cases, the existence of anthropogenic (inland or ships activity) NOX pollutants is a 

prerequisite for efficient ozone production from BVOC oxidation. The ozone increase 

(up to 3 ppb) over Finland and western Russia is the result of the interaction between 

isoprene emissions and the intense biomass burning activity taking place at that area 

during these days (not shown). Specifically, the natural NOX emissions combine with 

the anthropogenic ones and favour isoprene oxidation. Ozone increase at that area is 

further favoured under the extremely low wind speeds (< 1m/s) (not shown). The 

negative ozone differences at the southeastern edge of the domain reflect the absence of 

anthropogenic emissions. In that case, isoprene acts as an ozone sink since the effect of 

the reaction between ozone and isoprene becomes more important.  

On 06/05/2006 and 08/05/2006, the results are somehow different in the sense that the 

ozone differences do not follow the pattern of isoprene emissions. Despite the existence 

of isoprene emissions over Russia (Fig. 1c for 08/05/2006), the absence of enhanced 

fires activity (not shown) does not favour significant isoprene oxidation compared to the 

other two days (02/05/2006 and 03/05/2006). Nevertheless, the impact of isoprene 

emissions is emphasized on another route determined by the organized westwards flow 

over central Europe which then turns towards north-west over UK (not shown). The 

almost negligible impact of isoprene emissions over Spain is due to relatively low 

isoprene emissions over the southern and central Europe and to the low wind speeds 

that eliminate the ozone advection. The negative ozone differences over the 

southeastern Europe are associated again with the absence of anthropogenic activity. 

 

3.3 Comparison with ground observations  
 

In order to investigate whether there is an improvement in simulations when introducing 

BVOC emissions, CAMx simulations are compared with observations at 117 rural 

background monitoring sites available from EMEP (http://www.emep.int). The 

statistical scores are presented in Table 1. The comparison shows an underestimation of 

the predicted surface hourly ozone concentrations. Although the inclusion of isoprene 

emissions improves the results the underestimation is still evident. Adding isoprene 

emissions increases ozone values over the continent by an average of 0.3 ppb.  

 
TABLE 1. Statistics of predicted surface hourly ozone concentrations against observations at 

rural background monitoring stations of EMEP network (threshold 50 ppb) 

 Run without BVOC Run with BVOC 

Bias  (ppb) -23.5 -23.1 

Bias normalized (%) -38.30 -37.70 

Bias fractional (%) -52.00 -51.00 

Error  absolute (ppb) 23.7 23.3 

Error normalized (%) 38.70 38.10 

Error fractional (%) 52.30 51.40 

RMS Error (ppb) 27.2 26.8 
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4. CONCLUSIONS 
In the frame of this study a recent algorithm has been used in order to calculate isoprene 

emissions over Europe for the period between 25/04 - 09/05/2006. Compared to other 

biogenic emission inventories (Simpson et al., 1999, Curci et al., 2009), elevated 

isoprene emissions are estimated for the Iberian Peninsula, France, Italy and western 

Russia during the spring period. The areas mostly affected by ozone concentration 

increases are designated by the combination of several factors such as relatively high 

isoprene emissions, abundance of NOx emissions and favourable wind flow. Small 

increases of ozone concentrations (~2 ppb) are observed over the Iberian Peninsula, 

Italy and central Europe during most of the period following the isoprene emissions 

pattern. The increase of mean hourly ozone concentrations over Finland and Western 

Russia (3-8ppb) is the result of the interaction between isoprene emissions and the 

intense biomass burning activity taking place at that area.  

 
a) 

20 40 60 80 100 120

20

40

60

80

100

120

140

160

180

20 40 60 80 100 120

20

40

60

80

100

120

140

160

180

  20 40 60 80 100 120 140 160 180 200 220 240 260

20

40

60

80

100

120

140

160

60 80 100 120 140 160 180 200 220 240 260

20

40

60

80

100

120

140

160

 
b) 

 

20 40 60 80 100 120

20

40

60

80

100

120

140

160

180

20 40 60 80 100 120

20

40

60

80

100

120

140

160

180

 


