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A B S T R A C T

Emission inventories for particulate matter (PM2.5 and PM2.5-10) from natural sources were created for the
Athens and Thessaloniki metropolitan areas and the greater area of Volos for the period 2010–2013. The in-
ventories include primary windblown dust emissions from agricultural and vacant lands, primary sea salt par-
ticles emissions from the breaking of waves at the Sea Shore-surf zone and the bursting of bubbles from oceanic
whitecaps - Open Ocean, and emissions of BVOCs (Biogenic Volatile Organic Compounds), precursor to PM. The
objective of this work was to study the seasonal variation of natural PM emissions in the areas of interest and
their spatial allocation. Weighting factors, specific to each pollutant, source and area, were calculated for the
disaggregation of annual emissions to monthly and daily values and their allocation on high resolution grids.
There was no significant seasonal variation observed in the natural PM emissions while BVOCs emissions were
increased during the warm period due to the enhanced solar radiation and temperature. The results of the
calculations were compared to values of the period 2000–2010 and it was found that natural BVOCs emissions
during the period 2010–2013 were enhanced compared to 2000–2010 whereas natural PM emissions have
lowered. Moreover, the analysis focused on the effects from possible future changes in land cover and en-
vironmental conditions to the temporal and spatial variation of natural emissions over the areas using specific
scenarios.

1. Introduction

The air quality deterioration related to ambient particulate matter
in urban areas is associated with human health problems as highlighted
from a number of epidemiological studies (e.g. Katsouyanni et al.,
2001; Pope et al., 1995, 2002). In addition, the quantification of gas-
eous precursors and particulate air pollutant emissions from natural
sources is an important task in order to quantify their ambient con-
centrations and to determine the importance of the different sources
(e.g. Winiwarter et al., 2009; Aleksandropoulou et al., 2011, 2015;
Hodnebrog et al., 2012).

Emission inventories including spatiotemporally allocated emissions
from natural sources in Greece were presented in a number of studies
(e.g. Aleksandropoulou and Lazaridis, 2004; Aleksandropoulou et al.,
2015; Symeonidis et al., 2008; Athanasopoulou et al., 2010). Emission
inventories for Greece from natural sources were incorporated also in
European studies (e.g for Biogenic Volatile Organic Compounds
(BVOCs) Oderbolz et al., 2013; for windblown dust (WB) Korcz et al.,
2009).

In this work a spatially and temporally resolved emission inventory
was used to examine the temporal evolution of PM emissions in the
metropolitan areas of Athens, Thessaloniki and Volos for the period
2010–2013 (Fig. 1). The inventory includes the emissions of PM2.5 and
PM2.5-10 from natural sources i.e. emissions of windblown dust from
agricultural and vacant lands and sea salt particles emissions from the
breaking of waves at the Sea Shore-surf zone (SS_SS) and the bursting of
bubbles from oceanic whitecaps - Open Ocean (SS_OO). In addition, the
inventory includes gaseous emissions from natural sources, in particular
biogenic gaseous pollutants (BVOCs) emissions from vegetation during
photosynthesis, plant respiration and vaporization from stores within
the plant tissue. These gaseous emissions have the potential to form
secondary organic particles in the atmosphere through chemical reac-
tions. The methodology for the spatial and temporal disaggregation of
the emission inventory is described and the analysis then is focused on
the seasonal/monthly variation of particulate matter and their pre-
cursor gases emissions from natural sources and their spatial distribu-
tion. The temporal and spatial evolution of natural emissions in the
metropolitan areas of Athens, Thessaloniki and Volos during the period
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2010–2013 is examined and compared to the previous decade
2000–2010. Additionally, future temporal and spatial variations of
natural emissions under different scenarios are presented.

2. Methodology

2.1. Input data and assumptions affecting the spatial and temporal variation
of natural emissions

A detailed description of the methodology used for evaluating the
spatiotemporal distribution of natural emissions is presented by
Aleksandropoulou et al. (2015). The temporal disaggregation is per-
formed using calculated disintegration coefficients based on monthly
and daily averages of meteorological conditions (monthly meteorology
from FOODSEC Meteodata distribution page: action developed in the
framework of the EC Food Security Thematic Programme; European
Centre for Medium-Range Weather Forecast data ECMWF ERA IN-
TERIM reanalysis model data; temporal analysis 10-days; spatial re-
solution 0.25°; daily meteorology from NCEP Reanalysis Derived data
provided by the NOAA/OAR/ESRL PSD, Boulder, Colorado, USA, from
their Web site at http://www.esrl.noaa.gov/psd/; Kalnay et al., 1996).
The temporal resolution of meteorological data can affect the emission
estimates especially on local scales as it has been previously shown by
Ashworth et al. (2010) for global isoprene emission estimates.

The effects of using monthly averaged wind speed values instead of
hourly data (particularly 3 h averages) in predicting the emissions of
dust due to wind erosion and of sea salt particles in the calculations
have been examined in Aleksandropoulou et al. (2013). It was found
that although emission rates can differ substantially from the actual
ones, the results as regards monthly emissions are acceptable since the
error introduced by the above assumptions can be considered the same

to that introduced by uncertainty in other parameters (i.e. the soil
moisture content and texture, the surface roughness length, and con-
straining factors like the vegetation coverage and the presence of non-
erodible elements). Moreover, the use of daily temperature data instead
of monthly (NOAA/OAR/ESRL PSD data vs. ECMWF ERA INTERIM
reanalysis model data) resulted in a difference in annual BVOCs emis-
sions of −4.3% for AMA, −23% for TMA and 14% for GVA. With re-
gards to the seasonal variation in BVOCs emissions the use of daily
temperature values resulted in differences in the range of 4% and
−58% for the warm and cold period in AMA, respectively while the
corresponding values were −18% and −82% for TMA and 22% and
−79% for GVA. Similar findings concerning isoprene emissions were
derived by Pugh et al. (2013).

In the absence of other relevant data, it was assumed that the
landcover remains unchanged throughout the period (Land Cover 2000
database of the European Commission programme to COoRdinate
INformation on the Environment across Europe; EEA CLC 2000, v2009)
(Aleksandropoulou et al., 2015). As with the annual natural emissions,
the variation in monthly values due to changes in land cover caused
from forest fires during the period 2000–2008 in the Athens Larger
Urban Zone was examined in Aleksandropoulou et al. (2013).

2.2. Temporal disaggregation of emissions

The variation in natural emissions depends on the meteorological
conditions, the emission factors and changes in land use. Since land use
data remained unchanged throughout the period, temporal disintegra-
tion coefficients depend solely on the meteorological conditions and the
seasonal and hourly variation in emission factors.

The annual PM emissions are temporally disaggregated to hourly
emissions using the function (Eq. (1)):

Fig. 1. Areas of interest and distribution of land cover (main classes; EEA CLC, 2009).
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where Emh,y,j,k is the emission for hour h, month m, and year y, of
pollutant j from source k; Ey,j,k is the emission for year y, of pollutant j
from source k; My,m,j,k, Dy,m,j,k and Hy,m,j are the monthly, daily and
hourly disintegration coefficients for month m and year y, of pollutant j
from source k; j= [PM2.5; PM2.5-10; BVOCs]; k= [SS_SS; SS_OO; WB;
BVOCs]; y = (2000, 2010); m = (January, December); h = (1, 24).

The emission estimation methodology used in this study resulted in
the calculation of emissions either in the form of hour/day averages
(BVOCs) or as average emissions per second (SS, WB) for specific month
and year which were then combined to produce annual emissions.
Consequently, the monthly coefficients, My,m,j,k, for month m and year
y, for pollutant j from source k were calculated based on the equation
(Eq. (2)):
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where Ey,m,j,k is the emission for year y, of pollutant j from source k and
month m.

The emissions are equally distributed to each day of the month for
SS while for WB and BVOCs emissions daily disintegration coefficients
have been calculated based on the intermonth variation in daily wind
speed and temperature values (data from NOA stations and NCEP
Reanalysis Derived data provided by the NOAA/OAR/ESRL PSD,
Boulder, Colorado, USA, from their Web site at http://www.esrl.noaa.
gov/psd/; Kalnay et al., 1996). In particular, daily averages of BVOCs
emissions have been calculated. Accordingly, the daily coefficients,
Dy,m,j,k, for month m and year y, for pollutant j from source k in
equation (1) equals to (Eq. (3)):
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where Nm,y are the number of days in month m of year y, Ud m y, , is the
day average of windspeed for day d of month m in year y, Um y, is the
monthly average of windspeed in year y, Ed,y,m,j,k is the daily emission
for month m of year y for pollutant j from source k and Ey,m,j,k is the
emission for year y, of pollutant j from source k and month m.

In addition, emissions can be equally distributed to each hour of the
day, i.e. Hy,m,j equals to (1/24). The latter applies only to PM emissions
since BVOCs emissions depend also on light. The final temporal re-
solution of emissions is 1 h for PM2.5 and PM10-2.5 and 1 d for BVOCs.

Finally, the contribution of gaseous pollutants to aerosol formation
was calculated for each source sector according to the methodology of
De Leeuw (2002) and the application by Aleksandropoulou et al.
(2015).

2.3. Future climate scenarios

Expected impacts from climate change to southern Europe relevant
to natural emissions are decreased precipitation, increased temperature
by 2.4 – 4 °C by 2071–2100 mostly during the summer, increased risk of
forest fires, increase of growing season, reduction in summer soil
moisture and increased aridity, contraction of forests, sea level rise and
reduction in extent and duration of snow cover (EEA, 2012). Based on
the above the following future scenarios were examined as regards
BVOCs emissions:

(1) increase in artificial land by 2.7% with subsequent decrease in areas
with natural, semi-natural and agricultural land cover (values ac-
cording to changes in European land cover from 2000 to 2006; EEA,
2013) - the meteorological conditions are same as in 2013,

(2) all forests and semi-natural areas are burnt - unchanged meteor-
ological conditions, and

(3) increase in temperature by 1–4 °C – land cover remains unchanged
and same as for 2013.

In addition, the following scenarios were examined as regards soil
dust emissions:

(1) intermediate case: periods with rain are considered inactive for dust
emissions and all surfaces have unstable soil (unlimited erosion
potential) – land use remains unchanged,

(2) worst case: no rain or ice is considered – dry conditions - – land use
remains unchanged, and

(3) all forests and semi-natural areas are burnt-the meteorological
conditions are same as in 2013 simulations for the worst case sce-
nario.

The methodology for the calculation of biogenic emissions was
based on the work of Aleksandropoulou et al. (2013, 2015).

Dust emissions (g/cm2s) from wind erosion of agricultural and va-
cant lands were estimated as a function of landcover, soil texture, wind
friction velocity and threshold friction velocity at the study. The sea salt
emissions (in g/m2s μm) by the breaking of waves at sea shore were
estimated using the source function provided by De Leeuw et al. (2000)
modified according to Zhang et al. (2005). The length of the coastline
covering sea shore was calculated from relevant spatial data available
from the Hellenic Ministry for the Environment, Energy and Climate
Change (geodata.gov.gr) and the surf zone width was assumed equal to
50m (mean surf-zone).

Hourly sea-salt particle emissions (particles/m2s) from the sea sur-
face (PM10 disaggregated in eight size bins) were computed as a func-
tion of the wind speed and the size of particle which depends on the
relative humidity (RH) of the atmospheric layer above the sea surface,
according to Grini et al. (2002).

Finally, BVOCs emissions (in μg/month) were estimated using the
modification of the methodology presented in the EMEP/CORINAIR

3. Results and discussion

3.1. Monthly variation of natural emissions

The monthly emissions of primary PM from natural sources in the
three areas of interest during the period 2010–2013 and comparison
with the period 2000–2010 are depicted in Figs. 2 and 3. Based on the
assumptions made in the calculations it was found that the monthly
variation of PM2.5-10 windblown dust and sea-salt sea-shore emissions is
the same as to PM2.5 emissions but with higher values (therefore it is
not presented in Fig. 3). In addition, it is observed that most of the
emissions of natural PM occur during the cold period of the year at all
areas. In particular, in AMA natural PM2.5 and PM2.5-10 emissions ex-
hibit their lowest value in May (PM2.5 SS_SS: 327.6 ± 27.9 t, SS_OO:
107.3 ± 37.6 t, WB: 17.4 ± 6.9 t; PM2.5-10 SS_SS: 2552.2 ± 217.6 t,
SS_OO: 601 ± 164 t, WB: 157 ± 61.8 t) and the highest in August
(PM2.5 SS_SS: 455.5 ± 55.6 t, SS_OO: 347.1 ± 124.3 t, WB:
77.7 ± 31.5 t; PM2.5-10 SS_SS: 3548.7 ± 433.1 t, SS_OO:
1629 ± 528.7 t, WB: 699.4 ± 283.2 t) with a Warm/Cold period
emission ratio equal to 0.91 for PM2.5 and PM2.5-10 SS_SS emissions,
0.96 for PM2.5 and PM2.5-10 WB emissions, 0.75 for PM2.5 and 0.78 for
PM2.5-10 SS_OO emissions.

Likewise, in TMA natural PM2.5 and PM2.5-10 emissions exhibit their
lowest value in November for sea-salt sea-shore particles and wind-
blown dust (PM2.5 SS_SS: 32.4 ± 2 t, WB: 2.6 ± 1.1 t; PM2.5-10 SS_SS:
252.6 ± 15.8 t, WB: 23 ± 10 t) and in August for sea-salt particles
from open ocean (SS_OO PM2.5: 2.3 ± 0.3 t; PM2.5-10: 32.4 ± 1.7 t)
while the highest values are observed in January for sea-salt sea-shore
particles (SS_SS PM2.5: 37.4 ± 2.9 t, PM2.5-10: 291.2 ± 22.9 t) and in
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Fig. 2. Comparison between 2000-2010 and 2010–2013 of monthly variation of PM2.5 emissions in (a) AMA, (b) TMA and (c) GVA. Average, minimum and
maximum monthly emission values are depicted.
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February for sea-salt particles from open ocean and windblown dust
(PM2.5 SS_OO: 7.7 ± 2.4 t, WB: 7.8 ± 2.7 t; PM2.5-10 SS_OO:
55.4 ± 11.2 t, WB: 69.8 ± 24.2 t). The Warm/Cold period emission
ratio equals to 0.96 for PM2.5 and PM2.5-10 SS_SS emissions, 0.8 for
PM2.5 and PM2.5-10 WB emissions, 0.71 for PM2.5 and 0.85 for PM2.5-10

SS_OO emissions.
Finally in GVA natural PM2.5 and PM2.5-10 emissions exhibit their

lowest value in June for sea-salt sea-shore particles (SS_SS PM2.5:
27.5 ± 0.1 t, PM2.5-10: 214.6 ± 0.6 t) and in July for sea-salt particles
from open ocean and windblown dust (PM2.5 SS_OO: 7.1 ± 1.3 t, WB:
1.9 ± 0.4 t; PM2.5-10 SS_OO: 68.9 ± 6.1 t, WB: 17.4 ± 3.7 t) whereas
the highest amount is emitted in January for sea-salt sea-shore particles
(SS_SS PM2.5: 34.3 ± 3.8 t, PM2.5-10: 267.5 ± 29.4 t) and in February
for sea-salt particles from open ocean and windblown dust (PM2.5

SS_OO: 28.6 ± 7.9 t, WB: 6.6 ± 2.1 t; PM2.5-10 SS_OO:
161.4 ± 34.9 t, WB: 59.4 ± 18.7 t). The Warm/Cold period emission
ratio equal to 0.89 for PM2.5 and PM2.5-10 SS_SS emissions, 0.61 for
PM2.5 and PM2.5-10 WB emissions, 0.52 for PM2.5 and 0.67 for PM2.5-10

SS_OO emissions.
Compared to the monthly variation of emissions in the period

2000–2010, it is observed that monthly emissions of the period
2010–2013 primarily have smaller variation (smaller variation in wind
speed values). The monthly trend in sea salt sea-shore emissions is al-
most the same during both periods except for April, August, November

and December in AMA for which the monthly contribution has changed
27.5%, 28.6%, 60% and −31.7%, respectively. The monthly trend in
sea salt emissions from open ocean and windblown dust is different
among the two periods (change of monthly contribution in absolute
values WB: 42%–124% in AMA, 12%–156% in TMA, 16%–118% in
GVA; PM2.5 SS_OO: 36%–241% in AMA, 12%–144% in TMA,
18%–106% in GVA; PM2.5-10 SS_OO: 31%–206% in AMA, 6%–74% in
TMA, 17%–63% in GVA).

As previously mentioned, the monthly variation of natural PM
emissions depends on the meteorological conditions. It is observed that
sea salt emissions from the sea-shore do not exhibit significant seasonal
variation. On the other hand, sea salt emissions from the open sea are
more enhanced during the cold period of the year. This is attributed to
the higher wind speeds during the cold period of the year. In AMA
enhanced emissions of sea salt particles in summer can be attributed to
the Etesians. As regards WB dust emissions, it was found that cold
period emissions are enhanced and particularly in GVA are almost twice
the warm period values.

The results of the calculations for monthly emissions of BVOCs
during the period 2010–2013 are summarized in Fig. 4. It was found
that BVOCs emissions are enhanced from April to September (warm
season) due to the enhanced solar radiation and temperature. In addi-
tion, the maximum monthly emissions were observed in August at all
areas (AMA: 6266 ± 428 t, TMA: 10388 ± 604 t, GVA:
2329 ± 175 t) and the minimum during February in AMA
(469 ± 47 t) and GVA (97 ± 11 t) and during January in TMA
(410 ± 38 t). During the warm period are emitted 86.9 ± 0.6%,
91.3 ± 0.4% and 91.9 ± 0.4% of annual BVOCs emissions in AMA,
TMA and GVA, respectively. Compared to the previous period emissions
remain relatively unchanged during the cold period and are slightly
enhanced during the warm season. In addition, the maximum monthly
emissions were observed in July during 2000–2010 whereas in the
period 2010–2013 during August.

Aleksandropoulou et al. (2015) showed that the contribution from
natural sources to PM10 emissions was significant for the period
2000–2010 (∼79% for AMA; ∼46% for TMA). Similar contribution is
expected for the period 2010–2013 since no considerable changes were
observed in the meteorological conditions. However, the economic
crisis in Greece after 2009 may change the picture due to reduction in
vehicular traffic and industrial production and an increase of wood

Fig. 3. Comparison between 2000-2010 and 2010–2013 of monthly variation of PM2.5-10 emissions from open-ocean in AMA, TMA and GVA. Average, minimum and
maximum monthly emission values are depicted.

Fig. 4. Comparison between 2000-2010 and 2010–2013 of monthly variation
of BVOCs emissions in AMA, TMA and GVA.
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Fig. 5. Spatial distribution coefficients for PM2.5 and PM2.5-10 emissions of sea
salt (open-ocean), sea salt (surf zone) and windblown dust for AMA and TMA.

Fig. 6. Spatial distribution coefficients for PM2.5 and PM2.5-10 emissions of sea
salt (open-ocean), sea salt (surf zone) and windblown dust for GVA.
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Fig. 7. Comparison between warm and cold period spatial weighting factors for BVOCs emissions in AMA, TMA and GVA. The values in the legend correspond to the
1%, 10%, 25%, 33%, 50%, 75%, 90% and 100% percentile of weighting factor values for each period.
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Fig. 8. Comparison between 2000-2010 and 2010–2013 of spatial weighting factors for BVOCs emissions in AMA, TMA and GVA. The values in the legend cor-
respond to the 10%, 25%, 50% and 100% percentile of weighting factor values of the period 2010–2013.
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burning during winter.

3.2. Spatial distribution of natural emissions

Figs. 5–6 present the weighting factors which were used for the
spatial disaggregation of natural PM emissions for the period
2010–2013. Based on the assumptions the spatial distribution coeffi-
cients remain unchanged throughout the period 2000–2013. In parti-
cular, no land cover changes are incorporated in the calculations and
the values of meteorological conditions are averaged over each area of
interest thus the spatial disaggregation coefficients are the same for
every year for PM emissions and the same for PM2.5 and PM2.5-10. Inter-
annual changes were found only in the cells including coastal areas
which were considered insignificant (up to 5.6×10−18).

The weighting factors for VOCs emissions are presented in Fig. 7 – 8.
It is observed that natural PM emissions are scattered over arable land,
areas with sclerophyllus vegetation and the sea. In particular, emissions
of sea salt particles are equally distributed over the open sea whereas
the variation of values at coastal cells corresponds to differences in the
length and complexity of the shoreline. The spatial variation of wind-
blown dust emissions is attributed to differences in the soil texture and
land cover. With regards to land cover, the emission rates increase in
the order of partly built-up areas to dense forest with higher values over
agricultural land. The same trend applies also to the values of weighting
factors with some discrepancy attributed to the aggregation of emis-
sions in grid cells with variable landcover (see Fig. 1).

On the other hand, the weighting factors for BVOCs emissions
spatial disaggregation vary seasonally and from year to year. In Fig. 7
the spatial weighting factors of BVOCs seasonal emissions are depicted.
It is observed that BVOCs emissions in AMA are concentrated over the
Northern part of the area, the Eastern part of the Attica peninsula, Evoia
at the NE and the Gerania mountains at the W part of the domain where
areas with significant natural vegetation occur (forests and semi-natural
areas). In TMA BVOCs emissions are enhanced over the eastern part of
the domain during both the warm and cold periods whereas in GVA
emissions are mainly distributed over agricultural land.

BVOCs emissions scattered over the domains are mainly attributed
to OVOCs which are emitted from every non-artificial surface. Changes
in seasonal emissions weighting factors are attributed to the seasonal
variation in emission factors and foliar biomass densities. For example,
no emissions of BVOCs occur during the cold period over the deciduous
forest in mountain Pilio in GVA.

In addition, in Fig. 8 the average spatial disaggregation coefficients
of periods 2000–2010 and 2010–2013 are compared. As with the pre-
vious period, BVOCs emissions in AMA are concentrated over the
Northern part of the area, the Eastern part of the Attica peninsula, Evoia
at the NE and the Gerania mountains at the W part of the domain where
areas with significant natural vegetation occur. However, the

distribution of emission weighting factors in AMA is shifted to lower
values compared to the previous period. For TMA and GVA the dis-
tributions of emission weighting factors remain relatively unchanged.

3.3. Emissions under different future scenarios

The changes in environmental conditions due to climate change are
expected to affect the spatial and temporal distribution of emissions. In
particular, the effects from changes in land cover and temperature,
according to the three future scenarios examined (1: increase in artifi-
cial land by 2.7% with subsequent decrease in areas with natural, semi-
natural and agricultural land cover - the meteorological conditions are
same as in 2013; 2: all forests and semi-natural areas are burnt - the
meteorological conditions are same as in 2013; 3: increase in tem-
perature by 1–4 °C – land cover remains unchanged and same to 2013).
The temporal distribution of emissions in AMA are presented in Fig. 9
(2013: current emissions; 1: increase in artificial land; 2: all forests and
semi-natural areas were burnt; 3.1–3.4: increase in temperature by
1–4 °C). The same results with similar monthly variation apply also to
TMA and GVA but with higher (y axis scale up to 16000 t) and lower (y
axis scale up to 3500 t) values, respectively.

It is observed, that although the amount of emitted BVOCs varies
significantly among the different scenarios, the monthly distribution of
emissions remains relatively unchanged in all scenarios except for
scenario 2 (applies to all areas). Specifically, for AMA the monthly
contribution to annual BVOCs emissions was lowered during the cold
period, in July and in August and it was enhanced during the rest
months of the warm period (3%–12%). In TMA relatively less BVOCs
were emitted during the period May–August (1%–11%) and in GVA
from May to September (1%–11%). During the rest of the year the
monthly contribution of BVOCs emissions to the annual was enhanced
2%–60% in TMA and 11%–74% in GVA. The above changes in TMA
and GVA are attributed to the fact that more than half of the land
(except for forest and semi-natural areas which are considered burnt) is
covered by non-irrigated arable land that emits more than 50% of
BVOCs during the warm period of the year. The projected increase of
temperature (scenario 3) did not affect the monthly variation of BVOCs
emissions however for an extended and warmer growing season en-
hanced emission rates are expected. On the other hand, the increased
risk of forest fires and the contraction of forests (scenarios 1 and 2) can
decrease the overall BVOCs production in the areas.

The decrease of precipitation, the contraction of forests, the increase
of aridity and the reduction in extent and duration of snow cover can
increase the windblown dust emissions. In particular, changes in the
temporal distribution of soil dust emissions were examined by com-
paring emissions for the three scenarios (land use kept unchanged
scenario 1: intermediate case – source inactive during and after rain and
unlimited erosion potential, and 2: worst case - dry conditions and
scenario 3: all forests and semi-natural areas are burnt and dry condi-
tions) to 2013 emissions. The results are given in Fig. 10. Compared to
dry conditions (scenario 2), monthly weighting factors of windblown
dust are larger during the summer and lower during the winter when
the effects from rain and snow cover are taken into account in the
calculations (2013 emissions and scenario 1). The contraction of forests
and semi-natural areas together with the prevalence of dry conditions
results in approximately the same variation of monthly weighting fac-
tors with scenario 2. The warm/cold period emission ratios were for
scenario 1: 1.13, 0.71 and 0.66 for AMA, TMA and GVA, respectively,
while for scenarios 2 and 3 the corresponding values were 0.83, 0.59
and 0.52, respectively.

Finally, the increase of temperature and the contraction of forests
can also affect the spatial distribution of BVOCs and windblown dust
emissions. The spatial distribution of BVOCs in AMA and of windblown
dust emissions in GVA under the different future scenarios are given in
Fig. 11. It is observed that significant changes in land use, particularly
with regards to forest and semi-natural areas, can result in different

Fig. 9. Comparison of monthly variation of BVOCs emissions in AMA for dif-
ferent future scenarios. 2013: current emissions; 1: increase in artificial land; 2:
all forests and semi-natural areas were burnt; 3.1–3.4: increase in temperature
by 1–4 °C.
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spatial distributions. On the other hand, small changes in temperature
shift the distribution of weighting factors to higher values (the legend
values correspond to the 1%, 10%, 25%, 33%, 50%, 75%, 90% and
100% percentile of weighting factor values for 2013; the same values
correspond to the 1.1%, 11.4%, 28.6%, 37.7%, 57.1%, 85.7% and
100% for scenario 3.1). Additionally, the spatial distribution of

windblown dust was found significantly altered only under scenario 3
i.e. dry conditions and burnt forests (the 2013 legend values correspond
to the 1.6%, 15.9%, 39.6%, 52.2% and 79.10% of WF distribution for
scenario 3).

Fig. 10. Comparison of monthly variation of PM10 windblown dust emissions for different future scenarios (variation around the mean). 2013: current emissions; 1:
rain and unlimited erosion potential; 2: no rain; 3: no rain and all forests and semi-natural areas are burnt.
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Fig. 11. Comparison of spatial weighting factors for BVOCs emissions in AMA and PM10 windblown dust emissions in GVA for different future scenarios. Scenarios
for BVOCs: 2013 - current emissions, 2 - all forests and semi-natural areas are burnt and 3 - 1 °C increase in temperature. Scenarios for WB dust emissions: 2013 -
current emissions, 1 - rain and unlimited erosion potential, 2 - no rain and 3 - no rain and all forests and semi-natural areas are burnt. The legend values correspond to
the 1%, 10%, 25%, 33%, 50%, 75%, 90% and 100% percentile of WF values for 2013.
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4. Conclusions

Monthly emissions of primary PM from natural sources in three
urban areas in Greece (metropolitan areas of Athens, Thessaloniki and
Volos) were calculated during the period 2010–2013 and for projected
future climatic scenarios.

The current study showed first that the BVOCs emissions during the
period 2010–2013 in the three urban areas in Greece were enhanced
compared to 2000–2010 whereas natural PM emissions have lowered.
These changes reflect mainly the variability of the meteorological
conditions.

In addition, specific climatic change scenarios were introduced
based on future changes in land cover and environmental conditions.
The projected changes in temperature and precipitation did not affect
considerably the temporal and spatial distribution of natural emissions
while considerable emission changes were observed for significant land
use modifications together with the prevalence of dry conditions.
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