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Abstract. The characteristics of the atmospheric circulation 1  Introduction

over Europe and the Mediterranean associated with the for-

mation and the dissipation of fog in Greece are examinedFog is a meteorological phenomenon that limits the horizon-
The data used consists of: i) 3-hourly meteorological ob-tal visibility to less than 1 km, due to the existence of water or
servations recorded at 16 meteorological stations in Greecee droplets in the atmosphere near the ground. The droplets
and ii) daily (00:00 UTC) 2.%2.5 grid point values of mean size ranges from 2m to 65um (Jiusto, 1981). They are
sea-level pressure, 500 hPa geopotential height, 850 hPa aridrmed when the water vapor condensates because of either
500 hPa air temperatures and 1000-500 hPa thickness overdecrease in air temperature or an increase in absolute hu-
Europe for the period 1957-2002. 1055 fog events are exmidity. The low visibility induced by fog may cause major
tracted from the 3-hourly meteorological observations. Abackups in transportation and may be responsible even for
specific methodology scheme including S-mode Factor Anal-accidents.

ysis and k-means Cluster Analysis is applied to the grid Fogs can be classified in various types according to the
point data sets for the first day of a fog event (D day), themechanisms of their formation. Willett (1928) categorized
day prior to D day (D-1 day) and the day that follows the fogs in two major types, advection fogs and radiation fogs.
last day of a fog event (END day) and the 1055 evolutionsAdvection fogs then were subdivided into those of warm air
of the atmospheric circulation associated with fog events inadvection over cold surface (monsoon fog, sea fog, tropical
Greece are classified into 10 clusters. The mean patterns efir fog) and those of cold air advection over warm water
MSL Pressure, 850 hPa and 500 hPa air temperatures, 100Gurface (sea smoke, steam mist over lakes and rivers). On
500 hPa thickness and 500 hPa geopotential height show thalte other hand, radiation fogs are characterized by a marked
in most of the clusters, the presence of anticyclonic condi-temperature inversion near the surface due to the cooling of
tions over the Balkans, a warm front passage, or a weakihe boundary layer during cloudless nights. In the middle
humid southerly flow induced by the presence of a shallow|atitudes, where cyclonic circulation and front passages are
depression over the western Mediterranean favor fog formacommon, front fogs are also frequent. These fogs are formed
tion in Greece, while the dissipation of fog occurs when drier due to the mixing of nearly saturated air masses of different
air masses are transferred over the Balkans. The main differemperatures.

ences among the 10 clusters refer to the exact position, the From the beginning of the previous century, the scien-
intensity and the specific evolution of the surface and the up+ific community recognized the importance of the accurate
per air systems, the season of their predominance and th@mporal and spatial prediction of fog and many researchers
area of the Greek territory that mainly refer to. studied the physical processes that take place in the air
masses before and during such a phenomenon (see e.g. Tay-
lor, 1917; Douglas, 1930; Lamb, 1943; Emmons and Mont-
gomery, 1947). Fog is still studied in detail and many cli-
matological studies have been carried out (see e.g. Cereceda
and Schemenauer, 1991; Nakanishi, 2000; Friedlein, 2004,
Tardif and Rasmussen, 2007), focusing on the seasonality,
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studies refer to the prediction of fog by using various ap- i [ ) e P
proaches. Some approaches are based on mathematical mo 5 St . poli (7Tm
els, which take into account the physical processes that ar Kozahi(634m) 8~ %, & o Toolml o Gan
X A R ] =) “a f o

responsible for fog formation (see e.g. Guedalia and Bergot,\scorfustgg) Larida (73] L
1994; Leipper, 1995; Bott, 2002), while some others are E qamnina {480mI) T myos{
based on the identification of the circulation types that fa- AgrigigiZim)  <Eit. % Wil (3m). &
vor fog formation (see e.g. Meyer and Lala, 1990; Croft and X o & :
Burton, 2005; Tardif, 2006). Andravida o), @ T 07 a2

For the Greek area, which is located in the eastern Mediter- e ~;~‘.‘.§§‘;’,; e
ranean region, many efforts have been made in order to & Be TN odes (5
study and predict fog. For example, Kyriazopoulos and Li- ) Heraklion (37m)_{
vadas (1961) conducted a case study of steam fogs in the -

. . . . ferapetra (13m)
Greek seas. Angouridakis (1973) examined the connection

between the occurrence of fog in Thessaloniki and the prevag;y 1 The name, the location and the altitude (m) of the 16 mete-
lence of certain weather types. Later on, Angouridakis antyroogical stations.

Flocas (1983) created a mathematical formula, which can be
used in radiation fog prediction in the same region. Anthis
and Cracknel (1999) using satellite data attempted to detect

fog areas in central Greece and to predict the dissipation ok total of 1970 fog days and 1055 fog events are extracted

fog. Finally, further work on fog occurrences in Thessaloniki from the first dataset. The first fog day of a fog event is char-
has been done recently by Stolaki et al. (2008) and Houssogcterized as D day, the 24-h period prior to D day is charac-

etal. (2008). In this study, a statistical approach, employingterized as D-1 day and the 24-h period that follows the last

tr\nNoirTukl]t'\;a”?tﬁ r‘gethofdti, IS ];?rilowid,rlin oirrderl tct)i |dnetrr11t|ftyfthve rfog day is characterized as END day. An analytic scheme of
ain cnaracteristics of the atmospheric circuiation that favoly, o se gefinitions is presented in Fig. 2.
the formation of fog in Greece.

For the 1055 fog events, 5 105273 matrices consist-

ing of the mean sea-level pressure, 850 hPa air tempera-

ture, 1000-500 hPa thickness, 500 hPa air temperature and
2 Data and methodology 500 hPa geopotential height values respectively are con-

structed for each of D-1, D and END days. In these matrices
Two data sets are used in the present study. The first one coithe rows correspond to the 1055 fog events and the columns
sists of 3-hourly meteorological observations recorded at 160 the 273 grid points over Europe. The 5 matrices of each
meteorological stations in Greece (Fig. 1), kindly provided of D-1, D and END days are unified into one matrix. Thus,
by the Hellenic National Meteorological Service. The secondthree 105% 1365 matrices are constructed, one for each of
one consists of daily (00:00UTC) 2.5 grid point val-  D-1, D and END days. Then, S-mode Factor Analysis is ap-
ues of mean sea-level pressure, 500 hPa geopotential heighglied separately to each one of the three matrices in order
850 hPa and 500hPa air temperature and 1000-500 hPa thicke reduce their dimensionality. 10 factors are revealed for
ness over Europe (20V—40° E and 30-6C° N). Both data  D-1 and D day data sets, while 11 factors are revealed for
sets refer to the period 1957-2002 (ECMWF ERA40 Reanal-END day data set, accounting for at least 85% of the total
ysis Project). variance in each case. Thus, three new matrices of factor

A 24-h period from 12:00 UTC to 12:00 UTC of the next Scores are constructed (10650 for D-1 day, 105510 for

day is characterized as fag dayin Greece if in one or D dayand 105511 for END day). These three matrices are
more of the 8 3-hourly synoptic observations (15:00 UTC, unified into one and each row then represents the evolution
18:00 UTC, 21:00 UTC, ...12:00UTC) fog is reported for Of the atmospheric circulation for a specific fog event.
the present and/or the past weather (ww=41 to 49 and/or K-means Cluster Analysis is applied to the unified
W=4) at least at 2 meteorological stations. Isolated cased4055x 31 matrix of the factor scores and the 1055 evolutions
of fog in one station only are excluded since the basic aimof the atmospheric circulation associated with fog events in
of this work is to examine the role of the large-scale atmo-Greece are classified into 10 clusters. The number of clus-
spheric circulation in the formation of fog and not the role of ters is decided by taking into account the “jump method”
the local factors. The definition of the 24-h period from noon (Sugar and James, 2003). Finally, the mean 00:00 UTC pat-
to noon was preferred in order to ensure, as much as possterns of 500 hPa geopotential height, 850 hPa air tempera-
ble, that a series of fog reports will not be split into two days ture and mean sea-level pressure are presented for each of
as most of them take place during the night and early in thehe 10 clusters (500 hPa air temperature and 1000-500 thick-
morning. The 00:00 UTC was selected for grid point data, asness patterns are not presented). The above patterns are con-
it is in the middle of the 24-h period defined (fog day). structed, by averaging the corresponding grid point values

Any sequence of fog days is characterized &sgaevent
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Fig. 2. A graphical representation of the definition of fog events in Greece.

for the days (D-1, D and END) classified to each of the 1060-70gpm over the Mediterranean to 100-120 gpm over

clusters. Also, the standard deviations of the correspondingnorthern Europe. On the mean sea-level pressure maps the

grid point values are calculated for each cluster and for eaclstandard deviation values increase from southeast to north-

day (D-1, D and END), as a measure of the variability of the west. Specifically, their values are around 3—4 hPa over the

mean patterns of the cluster. southeastern Mediterranean, 6 hPa over the north Mediter-
ranean and central Europe and up to 10hPa over north-

_ . western Europe. The larger variability in the higher lati-
3 Results and discussion tudes could be attributed to two reasons: (i) at higher lati-

Prior to the presentation of the results, it has to be underline(ﬁdes the pressure systems are generally stronger than in the
. editerranean and therefore differences from case to case
that each cluster consists of the whole set of the 15 mean

._may be larger and (ii) as this study is focused on fog events
weather maps (only 9 mean weather maps are shown), whic o . .
: . . In Greece, a specific Mediterranean pressure pattern causing
present the horizontal and the vertical structure and evolutio

of the atmospheric circulation associated with fog in GreeceqOg in Greece, may be combined, in the same cluster, with

.y - e pressure systems in higher latitudes centered in slightly dif-
Some striking characteristics of maps of a specific day o e .
. ; ferent positions. Finally, for 850 hPa temperature, the stan-
level, although they may play a very important role in the

. : . dard deviation values vary fron?@ over the Mediterranean
formation of a cluster, they present its features partially only.

L and southwestern Europe to 3€tover central Europe and

For each mean weather map, the standard deviation of the

. o : ver wi rn Asi fr nt influen fth
presented parameter at each grid point is calculated. It Iupto &C over western Asia, due to frequent influence of the

found that, for each parameter, the patterns of standard dev%'Iberlan cold air masses.

ation for all clusters and days present a great similarity (fig-
ures not shown). For 500 hPa height the standard deviation
values appear increasing from south to north varying from
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1st Cluster

500hPa geop. height

850hPa air temp.

MSL pressure
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Fig. 3. Cluster 1: (a—i) Mean patterns of 500 hPa geopotential height, 850hPa air temperature and Sea-level pressure for D-1, D and
END days.(j) Intra-annual variationk) fog events duration and) percentage (%) of fog days at each station for this cluster (dots indicate
the location of the 16 meteorological stations).

Cluster 1 (95 fog events — 9% of all the events). One the dissipation of fog, a trough in the middle troposphere
day before the formation of fog, an upper air ridge is appar-appears over the western Mediterranean (Fig. 3c), accom-
ent in the middle troposphere from Algeria to the Tyrrhenian panied by a low pressure system on the surface (Fig. 3i),
Sea (Fig. 3a), causing a warm advection over the westermvhich intensifies the pressure gradient and the southerly flow
Mediterranean (Fig. 3d). On the surface, a weak low pressurever Greece. The frequency of fog events associated with
system over Cyprus is affecting southern Greece (Fig. 3g)the above conditions presents maximum in middle and late
On the first day of fog formation in Greece, the middle tro- spring, while a secondary maximum is shown in November
posphere ridge has moved eastwards (Fig. 3b) and the warifFig. 3j). The duration of these fog events rarely exceeds one
advection is now more intense over the central Mediterraneanlay (Fig. 3k) and this seems logical, as the barometric col
and the western Balkans (Fig. 3e). On the surface, the lowconditions usually do not last for long. The spatial distribu-
pressure system has also moved eastwards and as a restidin of the number of each station fog days divided by the to-
Greece is found in a barometric col between an anticyclondal number of fog days (%) classified in this cluster (Fig. 3l),
over southwestern Russia and a depression over Spain arghows that stations in western mainland are mainly affected
Morocco (Fig. 3h). The lack of pressure gradient along with by this type of atmospheric circulation.
the warm advection favors fog formation. On the day after
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Fig. 4. As in Fig. 3, but for Cluster 2.

Cluster 2 (118-11%). A deep low pressure system over Cluster 3 (93-9%). On the surface, on D-1 day, a well
northern Europe appears well developed in all the atmo-developed anticyclone is located over the northern Balkans
spheric levels during all the days of the events (Fig. 4a, b,(Fig. 59), tilting northwestwards with height (Fig. 5a), to-
¢, g, h, i). This synoptic system causes an intense pressungards higher temperatures (Fig. 5d). On D day, the corre-
gradient over northern and central Europe, associated with aponding upper air ridge is moving eastwards covering conti-
strong zonal flow. On the contrary, in the Mediterranean thenental Greece (Fig. 5b), causing subsidence, stability and fair
pressure gradient is very weak during D-1 and D day andweather conditions. On the same time, on the surface, the
especially on D day, a constant pressure field, causing calrpressure gradient weakens (Fig. 5h) favoring radiation fog
conditions, prevails over Greece (Fig. 4h). These conditionspver continental Greece (Fig. 51). The advection of colder
along with a weak advection of warm and humid air massesand drier air from northeast, which is shown on END day
from southwest, are responsible for the formation of fog on(Fig. 5f), is responsible for the dissipation of fog. These an-
D day (Fig. 4e). These conditions occur mainly during win- ticyclonic conditions are more common from November to
ter (Fig. 4j) while the duration of the events is generally shortJanuary (Fig. 5j) and they present high persistence, as the
(Fig. 4K). duration of two and three days appears relatively frequent

(Fig. 5k).
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3nd Cluster

500hPa geop. height

850hPa air temp.

MSL pressure

Number of events
3

Sep Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug | .

Fig. 5. As in Fig. 3, but for Cluster 3.

Cluster 4 (82—8%). In the middle troposphere, on D-1and  Cluster 5 (81-8%). On D-1 day the extended anticy-
D days, an anticyclonic circulation prevails over the west-clone over central Europe along with the cyclonic circula-
ern and central Mediterranean. On the surface, this circution over the western Mediterranean and northwestern Africa
lation is related with an anticyclone over the Balkans with (Fig. 7g) cause an easterly flow over Greece. On D day the
a weak pressure gradient (Fig. 6a, b, g, h). These synoptiflow is weakened and the prevailing anticyclonic conditions
conditions favor the formation of radiation fog in the area of over the Balkans (Fig. 7h) favor the formation of radiation
central continental Greece (Fig. 6l). On END day the anti-fog over continental Greece (Fig. 7l). On END day, the ap-
cyclone moves eastwards over the eastern Balkans and th@roach of a depression from southwest (Fig. 7i), results to
Black Sea (Fig. 6¢, i). In the same time, the approach ofthe enhancement of the easterly flow and the arrival of cold
a depression from ltaly (Fig. 6i) causes the intensificationand dry air masses (Fig. 7f), dissipating fog. The seasonal
of the pressure gradient and the prevalence of a moderateariability of the frequency of this cluster presents a primary
southerly flow over Greece, conditions not favoring fog for- maximum in November and a secondary maximum in March
mation. The maximum frequency of this cluster appears in(Fig. 7j). The duration is relatively short, hardly exceeding
February-March (Fig. 6j). The duration is relatively short, as 4 days (Fig. 7k).
most of the events last for one day only (Fig. 6k).
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Fig. 6. As in Fig. 3, but for Cluster 4.

Cluster 6 (93—9%). During D-1 Day, on the surface, Cluster 7 (132-12%). During D-1 day, the deep depres-
the combination of a depression centered over the westsion over Great Britain, which is well developed in all the
ern Mediterranean and an anticyclone centered over westatmospheric levels, causes a moderate to strong southwest-
ern Russia (Fig. 8g), causes a moderate humid southeastergrly flow over the western and the central Mediterranean
flow over Greece. In the middle troposphere, the circula-(Fig. 9a, g). The air masses that are transferred to the north-
tion over the central Mediterranean is almost zonal with itsern Mediterranean coasts are humid, because of their pas-
weak meridional component (Fig. 8a, b, ¢) being weakest orsage over the sea. In Greece, this flow is weak, especially
D day; conditions causing a north to south temperature graen D day (Fig. 9h) when fog formation is favored, in most
dient (Fig. 8e). The lack of a considerable southerly flow, in parts of the mainland (Fig. 91). On END day cyclonic circu-
the surface (Fig. 8h), allows the formation of radiation fog, lation is developed over the central Mediterranean (Fig. 9c,
mainly in central and southern continental Greece (Fig. 8l).i) causing southwesterly flow and the cessation of the calm
Fog dissipates when the cyclonic circulation over the west-conditions which had favored fog. Fog events classified in
ern Mediterranean is intensified in the whole vertical extentthis cluster occur mainly during late autumn and early winter
of the atmosphere (Fig. 8c, i), causing the enhancement offig. 9j). The duration of the events is high, relatively to the
the southeasterly flow. The duration of fog events is shortother clusters, as they may last even for 5 or 6 days (Fig. 9K).
and they occur mainly during winter (Fig. 8}, k). The latter may be due to the fact that such circulation patterns

are generally characterized by high persistence.
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Fig. 7. As in Fig. 3, but for Cluster 5.

Cluster 8 (137-13%). This cluster could be named as higher relative humidity values early in the morning. These
“warm season cluster” as there is a complete lack of eventgvents do not last for more than one day (Fig. 10k) and they
during the winter months (Fig. 10j). In the middle tropo- mainly occur in the inland areas of western and southern
sphere the circulation over southern Europe and the MediterGreece (Fig. 10I), which are not so much affected by the
ranean is almost zonal prior, and during the fog eventsnorth-northeasterly etesian winds that blow over the Aegean
(Fig. 10a—c) and the temperature gradient is oriented fromSea during this season.
north to south (Fig. 10d—f). This is not the case for the
eastern Mediterranean where the atmospheric circulation is
cyclonic in all the atmospheric levels. On D-1 day, the
surface pressure gradient over the Balkans is relatively low
(Fig. 10g), resulting to moderate to low wind speed. On
D day, the pressure gradient over continental Greece seems
to be further weakened (Fig. 10h), contributing to calm con-
ditions, favoring fog formation especially during early au-
tumn (Fig. 10j). In this season of the year, the duration of
the night is longer relatively to the summer one, resulting
to longer night cooling and thus to lower temperature and
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Fig. 8. As in Fig. 3, but for Cluster 6.

Cluster 9 (101-9%). In the middle troposphere, an al- Cluster 10 (123-12%). On D-1 day, the cyclonic circu-
most stationary trough is located over Italy and the Adriatic lation in the middle troposphere over western Europe is as-
(Fig. 11a—c). In the lower troposphere, on D-1 day, a de-sociated with a surface low pressure system over the west-
pression is located over Italy and the lonian Sea (Fig. 11g)ern Mediterranean. In the same time, the circulation over
The warm sector of the depression affects Greece causing Asia Minor and the Black Sea is anticyclonic (Fig. 12a, g).
southerly flow of warm and humid air masses over the coun-These synoptic conditions result to a southerly flow of warm
try (Fig. 11d, e). On D day, the weakening of the southerly air masses over Greece (Fig. 12d), which are enriched with
flow (Fig. 11h), along with the presence of the humid air water vapor, because of their passage over the sea. During
masses, contribute to fog formation in continental GreeceD day, the warm humid air masses pass over the cold land and
(Fig. 111). Fog dissipates, when the pressure gradient is enthe weakening of the wind (Fig. 12h) allows fog formation,
hanced again as a secondary depression is developed ovespecially over central Greece and the coastal areas of north-
the Aegean Sea (Fig. 11i) and dry cold air masses move ovegrn Aegean. On END day, fog dissipates as the trough and
continental Greece (Fig. 11f). These fog events occur mainlthe corresponding depression approach Greece (Fig. 12c, i)
in winter (Fig. 11j) and the majority of them last for one day worsening the weather conditions over the country. The fre-
(Fig. 11K). guency of fog events of this cluster presents a primary maxi-

mum in March and a secondary one in December (Fig. 12)).
Their duration rarely exceeds 2 days (Fig. 12k).
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Fig. 9. As in Fig. 3, but for Cluster 7.
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As the circulation types are derived from averaged data,
only the general characteristics of the atmospheric circula-
tion are revealed. The detailed dynamical processes associ-
ated with fog formation could be studied by examining some
characteristic cases of fog events for each of the 10 clusters.
The latter could be an object of a future research.
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Fig. 11. As in Fig. 3, but for Cluster 9.
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Fig. 12. As in Fig. 3, but for Cluster 10.
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