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• We found that the short fetch of air flow affects the regional air–sea exchanges.
• Latent heat fluxes were influenced by the intense SST spatial variability.
• The drag coefficient was found to be a constant function of wind speed.
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Micro-meteorological measurements within the surface Marine Atmospheric Boundary Layer took place at the
shoreline of two islands at northern and south-eastern Aegean Sea of Greece. The primary goal of these experi-
mental campaigns was to study the momentum, heat and humidity fluxes over this part of the north-eastern
Mediterranean Sea, characterized by limited spatial and temporal scales which could affect these exchanges at
the air–sea interface. The great majority of the obtained records from both sites gave higher values up to factor
of two, compared with the estimations from the most widely used parametric formulas that came mostly from
measurements over open seas and oceans. Friction velocity values from both campaigns varied within the
same range and presented strong correlation with the wind speed at 10 m height while the calculated drag co-
efficient values at the same height for both sites were found to be constant in relation with the wind speed.
Using eddy correlation analysis, the heat flux values were calculated (virtual heat fluxes varied from −60 to
40 W/m2) and it was found that they are affected by the limited spatial and temporal scales of the responding
air–sea interactionmechanism. Similarly, the humidity fluxes appeared to be strongly influenced by the observed
intense spatial heterogeneity of the sea surface temperature.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

It is well known that air–sea interaction strongly influences the
world's climate. The complexity of the physical processes involved, is
still not fully understood although numerous studies addressed this
issue over the past decades (Foreman and Emeis 2010, Smith et al.
1996). Flux measurements of mass and energy within the surface
Marine Atmospheric Boundary Layer (MABL) are of fundamental im-
portance in order to understand its structure and characteristics. They
are considered essential for weather and climate predictions since
they provide to models parameterization schemes for surface turbulent
fluxes of momentum, heat and water vapor. The accurate prediction,
particularly of momentum flux, is of crucial importance since it affects
additionally, heat and water vapor vertical transportation as well as
wave generation and upper sea circulation.
poulos).
Momentum transfer within the surface MABL is usually parameter-
ized in terms of drag coefficient (CD), which is defined as,

CD ¼ −u0w0=ρU2 ð1Þ

where u0w0 is the momentum flux at the sea surface, ρ is the air density
and U is the mean wind speed at a reference height (10 m). Drag coef-
ficient parameterization is in the form of a linear function of wind
speedmostly for highwind speed values (Smith 1980) while at moder-
ate wind speed, many investigators have proposed constant values
(Large and Pond 1981). It is worth mentioning that, CD depends on sta-
bility and togetherwithwind speed are both usually corrected and their
neutral values are estimated (see Section 2.3). Geernaert and Katsaros
(1986) suggested that since wind stress varies with stability for equal
wind speed reference, the sea state or the surface roughness must also
vary and the final drag coefficient should be calculated from the neutral
drag coefficient and the stability. On the other hand, Sethuraman and
Raynor (1975) reported that for height less than 10 m, wind profiles
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were found to follow logarithmic low even for moderately stable condi-
tions (z/L b 0.1). They suggested that CD estimations fromdifferent cam-
paigns that stand for near neutral conditions, do not really suffer from
large deviations due to stability, comparing to the increase of the
resulting uncertainty that comes with corrections.

The choice of using the drag coefficient regression equation under
neutral conditions is regionally dependent (Byrne 1983, Geernaert
and Plant 1990) and recent studies underline the need of improved
parameterization (Edson et al. 2007). The differences that were found
between independent experiments are thought to be a function of the
sea state (Drennan et al. 2003, Foreman and Emeis 2010, Hwang
2005). The fetch or the duration of air flow over sea plays crucial role
to the development of the wave field and the momentum transfer of
short fetched flows is documented to be greater over young and devel-
oping wave fields than over older wave fields, which are in equilibrium
with thewind (Drennan et al. 2003, Hwang 2005, Smedman et al. 2003,
Vickers andMahrt 1997a). Sea surfacemotion due to waves is addition-
ally an important parameter since the relation between wave phase
speed and wind speed can significantly alter the wind profile. Vickers
and Mahrt (1997a) noticed that the young age of wind driven waves
could also be the result of phase speed reduction caused bywave break-
ing that usually accompanies wind accelerations and may be site
specific. There have been several promising attempts lately towards
parameterization of CD in terms of wave parameters such as age, height
or steepness of the wave (Gao et al. 2009, Hwang et al. 2011).

Besides momentum transfer, significant amount of sensible and
latent heat are also exchanged at the air–sea interface. Heat fluxes are
driven by the air–sea temperature difference and enhanced with in-
creased turbulent mixing over the sea. Under strong winds and conse-
quent wave breaking, sea spray effects are also thought to include a
significant contribution to heat exchange, besides the transfer at the in-
terface (Andreas 2010). Over open and homogenous seas, the surface
MABL was found mostly under neutral conditions. Near ocean currents,
the air flow along large sea surface temperature (SST) gradients, chang-
es the characteristics of the air masses and heat fluxes are produced due
to the advection of air over sea surfaces with different temperatures
(Small et al. 2008). The Frontal Air–Sea Interaction Experiment
(FASINEX), among other studies, revealed the response of the lower
marine atmospheric boundary layer to sharp changes in SST. Frieche
et al. (1991) reported that for flow towards warm water, a well-mixed
thermal internal boundary layer (TIBL) can form presenting upward
heat fluxes while the main boundary layer height and air temperature
Fig. 1. The Aegean Sea, located at the n
and moisture content increases. Along SST gradients, resulting spatial
pressure differences have also been recognized due to differential
surface heating that can induce wind speed acceleration towards the
warm side and increase turbulence (Small et al. 2008). For air flow to-
wards cooler water, a shallow, stable TIBL is reported with typically
lower air temperature and moisture, while increased stability can
force the initiation of Low-Level Lets (LLJ) above the surface layer
(Vihma et al., 1998). Increased temperature differences over the sea
and responding stable or unstable conditions are also usually found
downwind of any mainland, similar due to advection.

Up today, the vast majority of relevant studies were conducted
mostly over open seas and oceans. Only two relative experimental
expeditions have been reported over the Mediterranean, both at its
western part (Drennan et al. 2003). During the FETCH experiment that
took place in the Gulf of Lion (Fig. 1), mainly near neutral and unstable
conditions were observed, with the latter corresponding to downward
heat fluxes (Pedreros et al. 2003). These conditions were attributed to
the negative air–sea temperature differences that resulted due to cold
outbreaks of strong Mistral winds. The air–sea heat exchanges were
also found to be influenced from the presence of intense orography
and sheltered regions upwind the Gulf, according to Hauser et al.
(2003). Regarding momentum transfer, the results from this campaign
based on measurements around 50 km southerly from the coasts
of south France, underlined the significance of wave age effects on
the drag coefficient, which was found weaker under longer fetched
(south-westerly flows) than under the much sorter fetched northern
flows at common wind speed range (Drennan et al. 2003). The impact
of wave age to the drag coefficient over thewaters of theMediterranean
was already been pointed out from the early study of Volkov (1970).
Similar conclusions came also from the Östergarnsholm field experi-
ment in the Baltic Sea which has relative scales (Smedman et al.
2003). It is worth to notice that both the Baltic and western Mediterra-
nean Sea, lack of the complex topography found over the Aegean Sea
and this seems to both areas act favourable for the longer waves to
gain importance and have an impact on the wind profile, by reducing
the total drag with growing fetch due to swell formation. Thus, it is
evident that the air–sea interaction mechanism over a semi-closed sea
as the Aegean with complex topography will be probably sensitive to
the local fetch and the local scales in time and space. Regarding the
relation of the drag coefficient with wind speed, in the case of growing
seas which are very frequent in coastal and bounded regions, Smedman
et al. (2003) observations resembled the air flow over the Baltic as over
orth-eastern Mediterranean Sea.
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a solid, rough surface, in accordance with the wide accepted constancy
or near constancy of the drag coefficient with wind speed, for moderate
winds (Pond and Pickard, 1983). Under a different point of view and for
stronger winds, the study of Foreman and Emeis (2010) that used data
from different experiments of various fetch (including Östergarnsholm
field and FETCH experiment), illustrated the corresponding variety of
momentum fluxes and they showed that over the rough flow regime,
e.g. for U N 8 m/s and u* N 0.27 m/s, a linearity exists between u* and
wind speed of the examined data sets.

The complex topography of the Aegean Sea and the special oceano-
graphic features that consist of different spatial (up to 102 km) and tem-
poral scales (Sofianos et al. 2002), shorter than theworld oceans or even
compared to the rest ofMediterranean Sea, is expected to have different
impact on the exchanges at the air–sea interface. The two experimental
campaigns at the north and the south-eastern Aegean Sea provided
measurements with different fetch but of similar scales of air–sea
interaction and is worth to mention that there are no other published
measurements over this region. The primary goal of this work is to in-
vestigate the characteristics of the wind stress over the Aegean Sea
and propose a regional bulk parameterisation with wind speed. Addi-
tionally, the surface heat fluxes are studied in relation to the variable
air–sea temperature differences found over the Aegean, due to the
limited scales of the basin and to the increased SST variability.

2. Field data

2.1. The Aegean Sea

The Aegean Sea is located at the north-eastern Mediterranean Sea,
extends 600 km longitudinally and 300 km latitudinally between the
main lands of Greece and Turkey, with approximately 3.000 islands
and isles (Fig. 1). The Aegean waters present complex and variable
circulation patterns and have an intense SST spatial variability (more
details will be given). A surface thermal seasonal cycle is found climato-
logically to extend from north to south (during October to May) and
from east to west (during June to September) while the satellite obser-
vations from 1985 to 2006 indicate that SST maximum changes are
found during August (Skliris et al. 2011). According to Sofianos et al.
(2002), the intense SST variability of the Aegeanwaters ismostly attrib-
uted to the entering of Black Sea waters through Dardanelles Strait at
Fig. 2. Surface isobaric map (2 mbar) at Mean Sea Level (MSL) of 02/08/2012 at 12:00LTC. The
38°55′29.05″N 24°34′48.21”E, South site, Karpathos island, 38°27′34.46”N 27°05′52.99”E). Num
39°97′N 24°72′E, (3) Lesvos 39°16′N 25°81′E, (4)Mykonos 37°52′N 25°47′E, (5) North Cretan S
is presented in Figs. 9b, c, d, e.
the north, the warm Levantine (Fig. 1) waters through eastern Crete
straits and the upward transports of deep cold water due to the turbu-
lent mixing and upwelling processes mostly during summer along the
eastern coasts of the basin, due to stronger northerlywinds, the etesians
(also known as meltemi).

On annual mean basis, north winds prevail over the Aegean, its
strength and persistence maximum values occur during the middle of
winter and summer, while the wind speed maximum is observed over
the center Aegean along its central axis. During summer, the seasonal
etesian winds that are caused by the interaction of the thermal low of
India and the high pressure field of the Azores or by the dominance of
one of them, start from June and last until October (Rizou et al. 2013).
Their sequence and intensity increase and maintain high levels until
the middle of September, when they start to decay. In general they
blow from north to northeast directions and their highest intensities
occur during daytime while during night the wind speed usually
decreases.

2.2. Experimental sites and Instrumentation

The island of Skyros hosted the first experimental campaign, from
August 29 until September 10, 2011. This island is located at the north-
ern Aegean (Fig. 2) and the experimental site was located at the north-
eastern part of the island, an area of more than 1 km2 with mean alti-
tude less than 10 m with gentle slope at a distance of several hundred
meters to few kilometers from ground elevations (Fig. 3a). Data corre-
sponding to wind direction values, which are related with small reefs
located downwind a few hundred meters off shore, was excluded
from the analysis while pure marine flow was expected to have for
wind direction values between 20 to 67 degrees. The second campaign
took place from July 30 to August 9, 2012, at Karpathos Island at the
south eastern Aegean, approximately 150 km from the centre Aegean
(Fig. 2). The site was at the south-westerly part of the island (Fig. 3b)
which is relatively flat, at a distance of 300 m from the ground height
contour of 20 m. As pure marine flow was considered for the wind
directions that ranged from 270 to 345 degrees.

Meteorological masts were installed very close to the shoreline (at a
distance of 30 m), instrumented with a sonic anemometer and a fast
open path hygrometer at the height of 10 m at Skyros site (Gill Wind
Master, LICOR-7500) and at 14.5 m height at Karpathos site (Campbell
locations of the experimental sites are indicated with cross sign (North site, Skyros island,
bered rectangles stand for the buoys locations: (1) Skyros 39°12′N 24°465′E, (2) Limnos

ea 35°78′N 24°92′E. The selected area corresponds to the satellite SST spatial coverage that



Fig. 3. Topographymaps of the islands of Skyros (a) at the north and Karpathos (b) at the south-eastern Aegean Sea. The exact location of the sites is indicatedwith cross sign. The straight
lines in both figures bound the wind direction range of pure marine flows for each site, as described in Section 2.2.
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Scientific CSAT3 and KH20), in order tomeasure the threewind compo-
nents, virtual temperature andwater vapour density fluctuationswith a
sampling frequency of 20 and 10 Hz respectively. At the same masts
slow response sensors provided measurements of the wind speed and
direction, temperature and relative humidity (1Hz sampling frequency)
at three levels (2, 6 and 10 m at Skyros; 3, 9 and 13 m at Karpathos). A
buoy located 36 km north-westerly from the site at Skyros1 and four
other buoys of the Hellenic Centre of Marine Research (HCMR), operat-
ed near the islands of Limnos2, Lesvos3,Mykonos4 andnorth fromCrete5

(see Figs. 2 and 4), provided additional meteorological (wind speed
and direction and temperature, three hours averages) and sea state
(temperature, significant wave height and period) data, during the
first campaign while during the second, the great majority of these
buoys were not in operation. Finally, sea surface temperature (SST)
daily images with 1/16 degrees resolution from the geosynchronous
satellite INMARSAT-C were collected for both campaigns and atmo-
spheric surface pressure records were obtained from the nearby air-
ports located within 10 km distance from both sites (Fig. 3a and b)
that were used for the calculations of sensible temperature and specific
humidity.

It is worth to mention that the selection of the mast locations was
based on the fact that the internal boundary layer (IBL) which forms
Fig. 4. Surface isobaric map (2 mbar) at MSL of 06/08/2012 at 1200 LTC Numbered rectangles
Cretan Sea. The locations of the experimental sites are indicated with cross sign.
due to the change in roughness and/or surface land heating (Garratt
1990), at a distance of 30m from the shorelinewas expected to be char-
acterized with heights much less than the fluxes measuring height. The
IBL's height is known to be a function of both roughness and downwind
stability and it is reported to be greater under unstable conditions over
the land (Savelyev and Taylor 2004). In order to reveal the influence of
the developed IBL, the vertical temperature and humidity profiles from
the slow response sensorswere examined carefully for each 10min seg-
ment in relation with the corresponding stability values estimated by
the fast sensors at 10 and 14.5 m height. In most of the cases the IBL
was affectedmainly the layers close to the ground (from 2 to 6mheight
at the north and 3 to 9m at the south site)while the higher layers reveal
the characteristics of the marine flow (near neutral or slightly stable
conditions) that are in accordance with the estimated stability values
from the fast sensors at 10 and 14.5 m height respectively. All the
cases (10 min segments) where the influence of the IBL was evident
at the higher level, for both sites, were excluded from the analysis.

2.3. Data processing

Data was initially treatedwith quality control procedures in order to
find and exclude instrumentation errors. Recording gaps, values over
stand for the buoys locations: (1) Skyros, (2) Limnos, (3) Lesvos, (4) Mykonos, (5) North



Fig. 5.Wind speed and direction (1 m), air and sea surface temperature (+/−1 m) andmean wave period from buoy No 2 during the first campaign, near Limnos island at northern Ae-
gean Sea (Fig. 2).
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absolute limits and spikeswere visually inspected and replacedwith the
average of their neighboring points, as suggested by Vickers and Mahrt
(1997b). Less than 10−2% of corrections over about 10−1% of the total
records were applied. Higher-moment tests (skewness and kurtosis)
were also employed. About 0.5% of temperature and water vapor re-
cords at the south site and 7% of temperature and less than 1% of all
wind components records at the north site were excluded from the
analysis.

Tilt corrections were made using the planar fit method (Wilczak
et al. 2001) in order to align the coordinate system with the mean
flow streamlines, using 10 min average. The proposed orthogonality
conditions were used, since the angles that were found (less than 10°)
are considered as relatively large. According to Wilczak et al. (2001)
due to the correction of tilt angles (around 10 degrees), a change in
the corrected stress as large as 10% of the true stress should be expected,
mostly at Karpathos records.

Records were furthermore examined for stationarity as proposed by
Mahrt et al. (1996). Approximately 226 hours of observations (171 h
from Karpathos and 55 h from Skyros data) of marine wind flow were
Fig. 6.Wind speed and direction (3m), air and sea surface temperature (+/−3m) andmeanw
Sea (Fig. 2).
available. The calculation of the turbulent fluxes was conducted using
the eddy correlation analysis with averaging time of 10 min. The
Obukhov length over the sea is defined as

L ¼ −u�
3Tv=gk w0T0v ð2Þ

where u*= ((u0w0)2 + (v0w0)2)1/4, is the friction velocity, u, v andw are
respectively the stream-wise, cross-stream and vertical components of
wind, Tv is the virtual temperature, w0T0v is the virtual heat flux, g the
acceleration of gravity and k the von Karman constant (k= 0.41). Abso-
lute values of the stability parameter (z/L) less than 0.02 were consid-
ered that correspond to neutral conditions, where z is the measuring
height. Neutral values of wind speed at 10 m height for Skyros site
were calculated as

U10N ¼ U10 þ u�=kð Þ ln z=Lð Þ ð3Þ

Thewind speed at 10m for Karpathos datawas produced using sim-
ilarity theory wind profile equations, according to Large and Pond
ave period from buoy No 4 during thefirst campaign, nearMykonos island at north Aegean



Fig. 7.Wind speed and direction (3m), air and sea surface temperature (+/−3m) andmeanwave period from buoy No 1 during thefirst campaign, near Skyros island at the center of the
Aegean Sea (Fig. 2).
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(1981) and neutral drag coefficient values were calculated according to
the formula

CDN10 ¼ CD10 1þ CD10
1=2

� �
1=kð Þ ψ z=Lð Þð Þ−2

�
ð4Þ

where ψ (z/L) is the dimensionless stability parameter as defined by
Paulson (1970).

Sensible and latent heat fluxes were calculated using both sonic
anemometer's and fast hydrometer's records that were available at
the south site. Sensible temperature (Ts) was calculated according to
the formula

Ts ¼ Tv 1þ Tv 1−ɛð ÞρυRυp
−1 10�3

� �h i−1 ð5Þ

, where ρυ is the absolute humidity, p is the atmospheric pressure, ε
(=0.622) is the ratio (Rd/Rυ) of the universal gas constants of dry (Rd)
and moist air (Rυ = 461.5 JK−1 kg−1) respectively. Combined with the
available satellite SST measurements, sensible temperature was used in
order to estimate the air–sea temperature differences at the south site.
Fig. 8.Wind speed anddirection (1m), air and sea surface temperature (+/−1m) andmeanwa
the Aegean Sea (Fig. 2).
3. Synoptic and surface conditions

3.1. Air–sea conditions

During both campaigns, air temperature fluctuated from 25 °C to less
than 31 °C at both sites, relative humidity from 50% to 85% and water
vapor density from 15 to 20gr/m3 (Karpathos records) at fluxes mea-
surement height. Also, moderate to strong etesian winds were recorded
that ranged up to 12m/s andwind direction varied from north to north-
west (NW) at the south and from north to north-east (NE) at the north
site (Figs. 7, 12). During the first campaign, buoys records additionally il-
lustrated the dominant north direction of the etesian winds (Figs. 5, 6, 7,
8) while wind speed records also varied up to 12m/s at the centre Aege-
an (Fig. 6). The recorded mean wave periods that are also presented in
Figs. 5 to 8, ranged at all buoys locations from 2 to 8 s and revealed the
dominance of wind driven waves (e.g. Hasselmann et al., 1973).

Regarding air–sea temperature difference values, apart from buoy
No 5 (Fig. 8) at the south, all the other buoys which were located close
to the eastern coasts, presented characteristics that are close to land's
diurnal air temperature variation (Figs. 5, 6 and 7). In these figures as
veperiod frombuoyNo5 during thefirst campaign, north fromCrete island, at the south of



Fig. 9. Satellite SST image of the south-eastern Aegean for 05/09/2011 (a), 01/08/12 (b), 03/08/12 (c), 05/08/12 (d) and 08/08/12 (e). The spatial SST coverage corresponds to the selected
area seen in Fig. 2. The grid (≈6.5 × 6.5 km2) upwind the south site is marked.
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well as in Fig. 10, where the prevailing conditions at the north site are
presented, a daily variation of temperature over the sea is evident that
was related with the advection few hours forward in time, depending
on the wind direction and strength and the corresponding distance
from the shores of Asia Minor. This fact resulted to air–sea temperature
differences that ranged from −2 up to 4 °C. Figs. 2 and 4, present the
change of the direction of the background flow with respect to the
south site location, during the second experiment. At this site, when
the direction of the backgroundwindflowwasparallel to the east coasts
of Asia Minor (before August 5th, Fig. 2), air masses were brought from
the center Aegean to the measuring site, with air temperature values
close to SST ones andwith no sign of diurnal variation (Fig. 12), similarly
to buoyNo 5 records during the first experimental period (Fig. 8).When
the flow traveled from the southern-eastern coasts (after August 5th,
Fig. 4), the air temperature presented diurnal variation with maximum
temperature values found before or after sunset (Fig. 12).

This change of the direction of the background wind flow was also
evident on the measured stability values of the air masses that became
weak stable (44% of the data) from neutral (51%) or slightly unstable
(5%) conditions (−0.02 N z/L N −0.04) during this second period. The
limited range of the recorded wind direction values at the north site
(≈45 degrees), correspond to rather similar fetch conditions. The
great majority of the flow records (97%), were found to be characterized
by neutral conditionswhile the remaining 3% recordswere characterized
by slightly unstable conditions, whichwas probably due to the small neg-
ative air–sea temperature differences according to the near by buoy re-
cords (Fig. 10). This is in accordance with a recent study by Mahrt et al.
(2012) according to which, the observed slightly unstable conditions
are probably due to the increased sea surface temperature heterogeneity
which was observed in our case upwind of both measuring sites (Fig. 9).

In fact, extended and variable spatial SST gradients were found all
across the Aegean (max ≈ 1 °C/50 km), with cooler waters located
from the center up to the north eastern coasts of the basin and temper-
ature ranging from 22 to 26 °C, during both experimental periods
(Fig. 9). The observed SST gradient upwind the north sitewas constantly
present during the first experimental period (Fig. 9a). At the south site,
the SST field got warmer close to the site comparing to the center Aege-
an from the 1st up to the 4th of August (Fig. 9b and c). In Fig. 12, we no-
tice that during this period, very weak unstable conditions are recorded
at the south site located downwind of the observed SST gradient. After



Fig. 10.Wind speed, virtual temperature, air andwater temperature, friction velocity, virtual heat flux and stability parameter during the first campaign at north Aegean. Tickmarks stand
for 18:00 LTC.
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the 5th of August, gradually developing warmer surface waters ap-
peared at the south-eastern coasts of the basin and relatively cooler
near the site (Fig. 9d, e). The slight increased stability conditions seen
in Fig. 11 correspond to air–sea temperature differences up to 4 degrees
and could be possibly due to phenomena (discussed in Section 3.2)
related with the increased spatial SST variability that was observed
upwind the south site. In the same figure (Fig. 11), where the scatter di-
agram of friction velocity (u*) towards stability parameter (z/L) is
0

0.1
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0.3

0.4

0.5

0.6

-0.1 0 0.1 0.2 0.3 0.4 0.5

u* (m/s)

z/L

South site North site

Fig. 11. Friction velocity versus stability parameter from both campaigns. Pairs of records
(z/L, u*) outside the presented range of stability are (−0.17, 0.23) for the north site and
(0.69, 0.16), (0.94, 0.13), (1.21, 0.10), (1.43, 0.17), (1.57, 0.19) for the south site respective-
ly. The vertical dashed lines bound the cases that are considered to respond to neutral con-
ditions (|z/L| b 0.02).
given, it is evident that the range of the recorded stability parame-
ter values varies mainly from−0.04 up to 0.2 for both experiments,
while the vertical dashed lines bound the cases under neutral con-
ditions (|z/L| b 0.02) which are the majority of the observed values.
It is also evident that friction velocity near neutral conditions presents a
wide range of values which tend to increase as expected with decreas-
ing stability.

3.2. Surface heat and moisture fluxes

Heat fluxes in general were found to augment with increasing fric-
tion velocity but primarily with the increase of temperature difference
between the air and the sea that ranged from −1.5 to less than 0.5 °C
at the north and from −0.5 to 4 °C at the south site. Positive air–sea
temperature differences result to negative heat fluxes and vise versa.
The estimated virtual heat fluxes thus varied correspondingly from
−10 to around 40 W/m2 at the north and from −60 to less than
10W/m2 at the south. That was also the range of the calculated sensible
heat flux (Fig. 12), since the latent heat flux appeared to be very small
(10−1–100 W/m2) and rarely reached values around 10 W/m2. Under
neutral stability conditions, moisture flux varied around zero
(Fig. 12). Under weak stable conditions, moisture flux was mostly
negative and varied proportionally with sensible heat flux (linear cor-
relation R2 = 0.68). The observed downward fluxes corresponded to
air flows from warmer towards cooler waters upwind the south mea-
suring site and it should be mentioned that downward latent heat
fluxes with values one order of magnitude greater have been observed
to respond to sea fog events (Crofoot 2004). It is also worth to mention
that similar studies of turbulent measurements of moisture under rele-
vant conditions are not often found in the international literature.



Fig. 12. Air temperature, wind speed and direction, SST, water vapor, friction velocity and sensible and latent heat fluxes during the second campaign at south-eastern Aegean. Large tick
marks stand for 00:00 and small for 12:00 LTC.
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In Fig. 12, the records of water vapor density presented a type of
diurnal variation which after the 5th of August was also related to the
observed daily variation of air temperature. The fact that water vapor
density increment was accompanied by downward latent heat fluxes
with a similar increasing trend, gives evident that the fine scales of the
Aegean combined with the observed intense spatial and temporal vari-
ability of the SST, are most possibly responsible for phenomena related
with the surface marine TIBL formations that can locally set the direc-
tion of the heat and moisture transfer and alter the temperature and
moisture content of the air. Relevant measurements and simulations
over SST variations of small spatial scales (100–101 km) andmagnitude
during the CBLAST experiment (Edson et al. 2007), have revealed the
difficulty to parameterize the response of the MABL when the air flow
passes from warm to colder waters and vise versa on such scales.

Finally, it should be noted that the observed behavior of air temper-
ature over the Aegean which drive the sign and magnitude of virtual
heat fluxes, could be of some importance regarding the loss of heat
from the sea surface, since the estimated annual mean net heat flux
for the Aegean sea is at 26 W/m2 (Poulos et al. 1997) implying that
the Aegean Sea, on the average, is losing heat through its surface.

4. Momentum fluxes over the Aegean Sea

4.1. Wind stress and bulk parameterization

According to Fig. 11 the friction velocity (under neutral or veryweak
unstable conditions) does not give any certain relation with stability.
Under slightly stable conditions (z/L≈ 0.05–0.1), large values of friction
velocity were found at the south site, which were decreasing with in-
creasing stability values (around 50% for z/L ≈ 0.2). It is worth men-
tioning that high linear correlation values were found between
friction velocity and wind speed (U10N) from both sites records, with
R2 = 0.82 at the north and R2 = 0.73 at the south Aegean respectively.
As seen in Fig. 13, which gives the friction velocity versus wind speed at
10 m height, and according to Table 1, the two regression lines corre-
sponding to the north (NA) and the south Aegean (SA) data respective-
ly, give almost the same slopewhile their addend terms varywithin the
resulting root mean square error (RMSE). Table 1 gives the correspond-
ing regression equations that seem to extend locally and for moderate
winds the linearity between friction velocity and wind speed that was
proposed from Foreman and Emeis (2010) for the range 8–30 m/s
using their extended dataset, which also includes FETCH experiment re-
cords over the western Mediterranean Sea.

It is worth mentioning that, the change in the direction of the back-
groundwindflowbefore and after the 5th of Augustwas also noticeable
at the friction velocity records. Although friction velocity at both north
and south-eastern Aegean, was found to be described by nearly identi-
cal (within the resulting RMSE) linear regression equations with wind
speed, careful selection and examination of the south site records
based on the 6 hour isobaric charts, revealed an increase of the slope
of the regression line for the data that corresponded to air flows over
the extended spatial SST gradient seen in Fig. 9b and c. The SST gradient
reached values up to 1 °C over 50 km,while slightly unstable conditions
were observed on the site during that period (Fig. 12). Since only one
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point for measurements was available, it is not possible to pursue the
question whether this increase is related to air flow acceleration caused
by the observed spatial SST gradient even though relative phenomena
havebeen observed for gradient values of 2 °C/100 km(Small et al. 2008).

4.2. Drag coefficient

Fig. 14 gives the scatter diagram of the neutral wind speed and drag
coefficient values at 10 m height that were calculated according to
Section 2.3 at the two sites. Drag coefficient values at the south site gen-
erally show a slight tendency to increase with wind speed up to 8 m/s,
over which is rather constant for the south site's records. It is worth
mentioning that the drag coefficient values and their neutral estima-
tions varied very little over the range of the observed weak stable con-
ditions during the experiment (not shown). In total, CDN10 values
were found to be higher, almost by a factor of two, compared to the typ-
ical values measured over the ocean (Garratt 1977, Large and Pond
1981, Smith and Banke 1975). The enhanced values found over south
Aegean for wind speed lower than 8 m/s, were related mostly with
background wind flow directions from the centre Aegean. Similar
increased values have been reported from measurements over the
Kattegat Sea (Busch 1977), which is a semi-closed part of the North
Sea, with unobstructed fetch of 135 km, no swell and relatively shallow
waters. At thenorthAegean, CDN10 valueswere found also to be relative-
ly enhanced and almost constant over the whole wind speed range.
During the FETCH experiment, under limited and unobstructed fetch
wind directions with similar scales (around 50 km) and wind speed
range, increased drag coefficient values were also found (Drennan
et al. 2003). These values which correspond to pure or dominant
wind sea conditions, were generally underestimated but still best de-
scribed by Smith's (1980) relation and were very close to the north
site's observations.

The mean 103 · CDN10, from the 226 hours of observations of similar
limited fetch conditions from the north and the south-eastern Aegean
and for wind speed values from 4 to 11 m/s, is 1.72. The relatively
small differences of drag coefficient values that were found between
the north and the south site records could possibly reflect the changes
in the complexity of the topography upwind the two sites (i.e. channeling
effects between the various islands, wave development).
Table 1
Regression formulas of the friction velocity with wind speed at 10 m.

Campaign u*
(RMSE)

Range U10 (m/s)

South Aegean (SA) 0.039 U10 + 0.03 (±0.05) 4–11
North Aegean (NA) 0.040 U10 −0.02 (±0.04) 4–11
5. Conclusions

Turbulent fluxes within the surface MABL were measured fromme-
teorological masts at the shoreline of two islands with different fetch, at
the northern and at the south-eastern area of the Aegean Sea, during
summer 2011 and 2012 respectively. The atmospheric conditions
during both experiments were found to correspond mostly to neutral
conditions at both sites. According to the results, it became evident
that the short fetch of the air flow especially over the centre and north
Aegean, leads to diurnal air temperature variations which depending
on the local SST, drive the magnitude as well as the sign of the surface
heat fluxes. The recorded fluxes augmented mainly with increasing
temperature differences that ranged from −1.5 to 4 °C in total at the
two sites and varied from −10 to 40 W/m2 at the north and from
−60 to 10 W/m2 at the south site. Moisture fluxes were also found
affected by the limited spatial and temporal scales of the responding
air–sea interaction mechanism, when air flows from warmer to cooler
waters resulted to small downward moisture fluxes that ranged up to
fewW/m2, under very weak stable conditions.

The available buoys records during the first experiment revealed
wind driven wave's dominance all over the region. Friction velocity
values were found to be a linear function of wind speed in both sites
while drag coefficient values were found higher up to a factor of two,
compared to typical values measured over the ocean. The proposed
parameterization of the drag coefficient at 10 m height is a constant
function of wind speed (1.72) for wind speed values in the range from
4 to 11 m/s. These enhanced values of drag coefficient should be attrib-
uted probably to the limited and variable fetch conditions within the
complex topography of the semi-closed sea of the Aegean Sea.
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