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Abstract. The aim of this work is to study the response of an ocean circulation model in the Eastern
Mediterranean Sea, using a new drag coefficient formula based on observations at this area. Thirty twin
simulation experiments of 5-days, using two different drag coefficient parameterizations were carried out by the
Aegean-Levantine Eddy Resolving Model in a forecasting mode, covering all seasons and different wind field
patterns for the year 2013. The new formula’s forcing is based on measurements over the Aegean Sea while the
second one is currently used by the model. The results show that the sea surface circulation was enhanced using
the new parameterization giving wind stress values greater about 30%. The forecasting skill of the model was
tested by comparing the daily sea surface temperature averaged estimations using the two formulas, with satellite
observation records. Significant differences were found between the two formula’s forecasts, both in space and
in time, over the Aegean Sea and over the areas of the Levantine basin. Improved SST forecasts were found
during spring over the Aegean Sea, while during autumn and winter, the differences were almost negligible. At
summer, the bias was increased with undesired effects regarding SST forecasts, close to the coastal regions of
the Eastern Mediterranean Sea that favor coastal upwelling.
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Introduction

It is well known that the ocean models are highly
sensitive to the open boundary conditions of the air-
sea interface. This issue remains a main subject in
operational oceanography and numerous studies
have assessed the impact of wind stress induced
errors upon ocean forecasting models (e.g. Burillo et
al. 2002) [1].

For numerical simulations, the surface fluxes are
usually estimated using bulk formulas in a so called
one-way air-sea interaction scheme (Rosati and
Miyakoda 1988) [2]. This method has been
extensively used in ocean forecasts and in coupled
ocean-atmosphere studies. Other methods include the
turbulence-based formulations (Fairall et al. 2003)
[3] or prescribed flux fields (Korres 2003) [4]
although the last one eliminates any feedback
mechanism between the atmosphere and the ocean.
By using bulk formulas, the momentum exchange at
the sea surface is parameterized using the drag

coefficient (Cp) that is defined as, Cp = - u'w’

Ip-U?, where u’w’ is the momentum flux at the sea

*Corresponding author: Vassilis E. Kostopoulos
E-mail address: vkostopoulos@phys.uoa.gr
DOI: http://dx.doi.org/

surface, p is the air density and U is the mean wind
speed at a reference height, usually at 10 m (Cpyp).
The drag coefficient has been found to increase
approximately linearly with the wind speed at
moderate and strong winds (e.g. Smith 1980) [5],
depending on stability (e.g. Paulson 1970) [6]. The
various regression equations from independent
experiments, under neutral conditions, present
considerable differences, usually related to the sea
state (Drennan et al. 2003) [7]. Over the Aegean Sea
which is characterized by relatively short spatial
scales (up to 10? km), increased drag coefficient
values were found, a factor of two compared to
typical values measured over the ocean, possibly
related to the variable fetch conditions (Kostopoulos
and Helmis 2014) [8].

Regarding the ocean’s response, it is reported
from relative studies (e.g. Burillo et al. 2002) [1] that
inconsistent surface forcing may result at misleading
thermal content of the upper ocean as well as at
horizontal patterns of the sea surface temperature
(SST) due to horizontal advection processes, for
short time scales forecasts (order of few days). Over
the Aegean Sea which is a semi-enclosed basin with
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complex coastline (Fig. 1), the surface circulation
has been proved to be significantly affected by the
boundary mixing processes and especially from the
momentum transfer across the air-sea interface
(Sofianos et al. 2010) [9]. The aim of this study is to
evaluate the forecasting differences of the ocean
circulation forecasting system Aegean-Levantine
Eddy Resolving Model (ALERMO) over the Aegean
and the Levantine Seas, using two different
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parameterizations for the drag coefficient; the one
that is currently used by the model which is based on
the Hellerman and Rosenstein’s (1983) [10] formula
and a new one resulting from field measurements
over the Aegean Sea. The evaluation is based on
comparison between satellite observation records of
SST and the corresponding SST estimations from
ALERMO using both formulas.
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Fig.ure 1. The areas of the Aegean and the Levantine Seas. The experimental sites where turbulent

measurements took place are indicated with blue dots.

Experimental Section

The Eastern Mediterranean Sea

The Eastern Mediterranean Sea can be divided
into two well distinguished greater areas: the Aegean
and the Levantine Sea (Fig. 1). The Levantine Sea is
the open, south-eastern area of the basin. The
Aegean Sea is the northern part of the eastern
Mediterranean Sea, an Archipelago characterized by
its complex topography with approximately 3.000
islands and isles scattered between the main lands of
Greece and Turkey. According to Sofianos et al.
(2010) [9], the sea surface circulation patterns in the
Aegean, present a seasonal character and they are
associated with the seasonal wind field patterns as
well as  with  theseasonal  thermohaline
characteristics. Regarding the SST, satellite
observations from 1985 to 2006 indicate an intense
spatial variability over the Aegean Sea during
summer, with the highest SST changes found during
August (Skliris et al. 2011) [11]. This variability is
mostly attributed to the entering of fresh Black Sea
Waters (BSW) from the northeast of the basin with
maximum inflow during summer (Tzali et al. 2010)
[12] and the seasonal north etesian winds (e.g. Rizou
et al. 2013) [13] during the same period, that cause
upward transport of deep cold water on the east
coasts due to coastal upwelling and relevant

turbulent mixing processes (Sofianos et al. 2002)
[14].

The new bulk air-sea momentum flux
parameterization

The proposed parameterization of the neutral
drag coefficient (Cpnyo) is a function of the wind
speed at 10 m height (Uy) and it is based on recent
turbulent flux measurements within the surface
Atmospheric Boundary Layer (ABL) of the Aegean
Sea, using eddy correlation analysis. Regarding the
flux measurements, metorological masts where
installed close to the shoreline of two islands at
northern (Skyros) and south-eastern (Karpathos)
Aegean Sea of Greece (Fig. 1), during summer 2011
and 2012, equiped with sonic anemometers. In total,
226 hours of quality controlled observations where
available for analysis, 55h from the north and 171h
from the south-eastern Aegean. A detailed
description of the two experimental sites, the
instrumentation and data analysis can be found in
Kostopoulos and Helmis (2014) [8]. According to
the results of this work, the estimated Cp,o values
appeared to be characterized by higher values
relative to the typical values measured over the
ocean, regardless stability which was found to be
near neutral on both sites (-0.04<z/L/<0.2). Based on
the available data from the southern-eastern Aegean
expedition, with 92 hours of observations (neutral
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conditions only Cpnig), Conio IS given as an
increasing linear function of the wind speed (Uy), at
0.01 confidense level (r=0.12, s,’= 0.34-107),
according to the following eq.1 (K&H formula).

Conio= Co + €1+ Uy 1)

Where ¢y and c; coefficients are given at table 1
(first line). As neutral conditions were considered
data with stability paremeter (z/L) asbolute values
less than 0.02, according to Karlsson’s (1986) [15]
classification. In  Figure 2, this proposed
parameterization of Cpyyo is plotted as a function of
the wind, along with the one based on Hellerman and
Rosenstein (H&R) results. H&R formula which is
currently used by the ALERMO model and has been
widely used in ocean models is a second degree
polynomial function of wind speed (eq.2), under
neutral stability conditions.

Conio = Co + €1+ Ugg + o Uye? )

Where ¢y, ¢; and ¢, coefficients are given at table
1 (second line). It is noted, that the H&R formula
also includes the influence of air-sea temperature
difference (eq.3, see also table 1 third line), so the
comparison between the application of the linear
regression formula (K&H) for Cpnig, With the more
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complex H&R formula, is conducted assuming that
air and sea close to the surface have the same
temperature (AT=0).

Cpig = Co + €1+ Ug + Co- U102+ C3*AT + ¢4 ATZ +
Cs5*AT-Uyg ©)]

Where c3, ¢4 and cs coefficients are given at table
1 (third line). The neutral stability assumption
separates the influence of the wind speed from the
influence of the temperature and it was noticed very
clearly during both experiments over the Aegean Sea
(Kostopoulos and Helmis 2014) [8].

The two formulas, according to table 1, give
almost the same first order equation coefficient (cy,
linear slope). The slight change in the slope due to
the second degree coefficient (c,) causes the
estimated Cpnig Values to be reduced less than 10%
for wind speed values of the order of 20 m/s. This is
the reason why in Figure 2, H&R line presents an
almost linear pattern for winds up to 11m/s. The
K&H formula gives a greater zero order coefficient
(co, Y-intercept) by 30%. This means that for the
average annual wind speed range over Aegean, the
atmospheric forcing using the new formula will be
greater by one third, under neutral conditions.
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Figure 2. Scatter diagram between the measured neutral drag coefficient (Cpn1o) Values and the wind speed from
observations (+), the estimated by the diagram regression line (blue - solid line, K&H formula) and the
Hellerman and Rosenstein (red - dotted line, H&R) formula as functions of wind speed (Uy,). The dotted blue
and light blue lines correspond to the 0.01 confidence intervals for the slope (c;) and the axis intersept (co)
respectively of the regression.
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Table 1. The drag coefficient (Cpn1o) formula’s with the wind speed and air-sea temperature difference (AT)

coefficients for K&H and H&R schemes.

K &H 1.34.10°° 7.98:10° -
H&R 47 0.93-10° 7.88:10” -6.16:10"
H&R 0.93-10° 7.88-10° -6.16:10"

Model and Data

The ALERMO (Aegean-Levantine Eddy
Resolving Model) forecasting system (Korres et al.
2002) [16] covers part of the Eastern Mediterranean
Sea (30.7°- 41.2° N, 20°- 36.4° E). It was first
developed  within the framework of the
Mediterranean Forecasting System (MFS) (Tonani et
al 2014 [17], Dombrowsky et al. 2009 [18]). It is
based on the Princeton Ocean Model which is a
sigma layer model. The model’s horizontal
resolution is approximately 3.5 km (1/30 degrees)
and uses 25 logarithmic vertical distributed layers so
the surface layer extends from few centimeters up to
several meters depending on the region’s variable
bathymetry. The model is forced by the (1/10°)
SKIRON atmospheric forecasting fields (Kallos
1997) [19] and is nested in the MyOcean forecasting
system. More explicitly, the model’s open boundary
conditions use one way nesting with an (1/16°)
Ocean General Circulation Model (OGCM) based on
NEMO-OPA (Nucleus for European Modelling of
the Ocean-Ocean Parallelise) version 3.4 (Madec et
al. 2008) [20] that runs operationally and initialises
ALERMO on a daily basis.

In order to investigate the effect of the use of the
new parameterization for Cp, two twin simulation
experiments (H&Rar=, and K&H runs) were
performed, implementing the corresponding drag
coefficient formulas as functions of wind speed. Also
two more, twin simulation experiments (H&R and
K&H,r runs) were performed, implementing the two
formulas as functions of the air-sea temperature
difference in addition to the wind speed. This was
performed in order to investigate the influence of the
stability at the model’s forecast using the H&R
formula, while the ad hoc implementation of the
stability factors (c4, Cs, Cg) at K&H,r formula proved
to act favorable in the forecast’s accuracy, as it is
discussed in section 5.3.

The impact on the forecast was estimated by
comparing the model’s daily averaged estimated SST
values for the first sigma (1o) layer that was used for
validation, with satellite SST observations with a
resolution of 6.5 Km (1/16 degrees). These daily
mean records are the Copernicus SST operational
product for the Mediterranean Sea (Nardelli et al.
2013) [21] and were interpolated to the model’s grid
in order to be compared with the model’s results.
Satellite SST products cover large areas and periods
of time and were selected for the purposes of this
work rather than other possibly available in situ

8.68-10° -1.20-10° -2.14-10°

mesurements like ARGO profiles or buoys data,
since the latter provide scarse and local, comparing
to the grid of the model, records that could mislead
validation results.

The differences as well as the root mean square error
(RMSE) were computed, for each grid and day of the
test period. In addition, in order to investigate the
response of the model’s surface circulation, daily
averages of the mean kinetic energy and surface
horizontal velocity, temperature and salinity of the
sea were estimated, along with the applied tangential
stress, the drag coefficient and the wind at 10 m
height, for all four case studies.

In total, one hundred fifty (150) days of forecast
were examined from thirty 5-days simulation
experiments that were carried out in a forecasting
mode, for the years 2012- 2013. The selection of the
test period was based on the goal of testing the
forecasting skill of the model in annual basis in order
to take into account all seasons and different wind
field patterns. It is worth mentioning that minimum
two runs per month for year 2013 were chosen,
corresponded to moderate or strong wind periods
according to the prevailing wind directions, as well
as two more runs for year 2012, one during summer
and one during the winter.

Results and Discussion

Surface circulation’s response

The new parameterization formula induces
enhanced surface forcing and this fact was reflected
at the estimated kinetic energy (KE) values of the
surface circulation structures of Levantine and
Aegean Seas. The mean increase of the drag
coefficient values for all runs was 33% and this
increase corresponds to 21% increase of the mean
calculated surface KE value. According to table 2,
the relative KE difference between the two methods,
present a rather small seasonal variation besides a
winter minimum which could be related to the role
of the thickness of the sea mixed layer over the
Aegean (Kara et al. 2009) [22] that can influence a
variety of upper ocean processes, including air-sea
exchange (e.g. Chen et al. 1994) [23]. In fact, Kara et
al. 2009 [22] revealed that the mixed layer depth of
the Aegean Sea is deeper during winter than the rest
of the year so enhanced wind forcing could imply
increased surface Kinetic energy but vertically
distributed within a deeper layer hense the winter
relative first 10m KE difference minimum.
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The circulation patterns remained unchanged
even though the mean increase of the surface KE
values for all runs locally reached twice higher
percentages than the overall average (Fig. 3), leading
to the enhancement of the existing surface structures.

Lat. °N Surface Kinetic Energy Differences
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Small changes in size, shape and position of some
large structures were observed and it is believed that
it is also due to shifts, that locally increases up to
60% of the KE values are seen in Figure 3.

30 32 34 36
Long.’E

Figure 3. Sea Surface (first 10m) Kinetic Energy (KE) percentage relative differences between the two formulas
runs [(K&H-H&R 1=0)/H&R A1=0], for the test period.

Table 2. The seasonal percentage differences of the spatial averaged kinetic energy (KE) of the first 10 m of the
sea, between K&H and H&R zr- schemes [(K&H-H&R y1=0)/H&R sr=¢] for all runs.

KE Difference Winter

% 16 23

Spring

Summer
21 24 |

Effects on model’s predictions

The induced enhancement in surface circulation,
lead to local and seasonal differences in the
forecasting skill of the ALERMO. In Figure 4, the
estimated RMSE of SST differences for H&Rar=o
and K&H runs is presented as time series while
Figure 5 gives the average SST percentage RMSE
differences between the two schemes forecasts of all
forecast days and averaged over areas of 0.5x0.5
degrees. It is evident from both figures that the two
forecasts present differences both in space and time.
As seen in Figure 5, K&H runs present improved
SST forecasts at the west, north and southern coasts
of the Aegean Sea and enhanced bias at the eastern
coasts. The RMSE for all cases gave seasonal
variation with increasing values which were found
mostly during summer but also earlier on spring
(Fig. 4). This is also evident in the corresponding
seasonal spatial differences of RMSE values seen in
figures 7b and 8b that can be clearly identified as
dominant annual contributions according to Figure 5.

During spring, the K&H forecast presents lower
RMSE values than the corresponding H&R’s ones
and the opposite during summer (Fig. 4). The
seasonality of the RMSE differences are also
reflected in terms of seasonal averages which are
presented in table 3 as well as from the
corresponding values of the two additional runs for
the year 2012, as seen in Figure 4. The total RMSE
on the other hand, present negligible differences for
all case studies (Table 3), hiding the different
seasonal effects of the new parameterization scheme
to the model’s predictions. It should be also noticed
that according to table 3, when stability is included
in the Cpnio parameterization scheme, the RMSE
gives much smaller changes, seasonally and on
average, for both schemes.
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Figure 4. RMSE time series of differences with the satellite SST observations for the test period, based on K&H
formula (blue - solid line) and H&R a1 (red - dotted line) forecasts.
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Figure 5. Percentage relative differences between K&H and H&R st forecasts [RMSE with the satellite SST
observations, (K&H-H&Rx1-0)/H&Ra1=0] for all runs, averaged over areas of 0.5x0.5 degrees. Relative
improvement is presented with blue and induced bias with red colors.

Table 3. Total (all runs) and seasonal, spatial averaged RMSE of the differences with the satellite SST
observations, for all cases studies.

SST RMSE Total Winter Spring Summer Autumn
H&R\1=0 0.4866 0.4069 0.4874 0.5478 0.5069
K&H 0.4924 0.4073 0.4822 0.5713 0.5096
H&R 0.4843 0.4066 0.4830 0.5429 0.5074
K&H, 0.4897 0.4072 0.4774 0.5651 0.5099
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During spring and summer, the two forecasts
presented significant spatial differences. According
to Figure 6 during late spring (June 15 2013) and
Figure 8a during summer, under the influence of the
etesian winds, in coastal regions that are favorable
for coastal upwelling (east Aegean close to Turkey,
western Aegean close to Greece and south of Cyprus
coasts) the RMSE values are increased locally on
both schemes forecasts. The use of K&H formula in
fact increased the relative bias with even cooler
surface waters observed over these areas up to 1°C
locally (Fig. 6). This reveals a straight forward
impact of the use of increased forcing by enhanced
coastal surface horizontal advection processes which
are relative to the observed upwelling mechanism. It

K&H - Sat SST Differences
T
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is also obvious in Figure 6 that due to horizontal
advection, these surface waters are circulated from
the corresponding surface patterns away from source
areas. This was also evident at the surface
temperature front at Dardanelles Strait where the
source of BSW is located (Fig. 6) and boundaries
where significantly altered constantly during the
whole year (not shown). These facts allows us to
understand the nature of the forecast’s differences,
mainly due to the combination of horizontal
advection through various circulation patterns and
mixing of surface waters, far from intense SST
variability sources and thus not due to air-sea heat
fluxes.

H&R - Sat SST Differences

Figure 6. Contour plot (0.5°C level step) of spatial SST forecast differences comparing to the satellite
observations (model-satellite), using K&H (left) and H&R z1=o (right) formula, for June 15 2013.

This could explain the appearance of cooler
surface waters using K&H formula (Fig. 6 and 7b)
during spring, when the etesian winds start to build
up, due presumably to a better recirculation of the
corresponding water masses over the Aegean, since
lower bias exists comparing to H&R7=q formula.
There is improvement of increased deviations
(warmer waters) from the satellite records using
H&R scheme, according to figures 7a and 7b, in the

Lt N SST RMSE deg (C)
T T T T T 1.4
41 Py — T
< a3 —
e, aC o a

complex eastern Greek coastline areas as well as in
most northern coasts of the Aegean. Similarly,
reduced bias was found also in the Levantine Sea,
south from Crete Island and on the north-easterly
Africa coasts during spring. So, it becomes evident
that the seasonal spatial differences on the SST
forecast are strongly related to horizontal advection
of cooler surface waters that originate from the
Aegean towards the particular areas.

SST RMSE Differences . %

3y . .
20 22 24 26

20 22 24 26 28 30 32 34 36
Long e

Long E

Figure 7. Spring averaged model output differences (RMSE) with the satellite SST observations for H&Rar=o
forecast on the left (a), averaged over areas of 0.5x0.5 degrees. Similar averaged, percentage relative differences
between K&H and H&R 1= SST forecasts [RMSE, (K&H-H&R sr=0)/H&RA1=0] are shown on the right (b).
Relative improvement is presented with blue and induced bias with red colors.
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The improved forecasts during spring as seen in
figure 7b, locally goes up to more than 10%,
regarding the seasonal averaged RMSE values
averaged over areas of 0.5x0.5 degrees. During the
single 5-days forecasts and without spatial
averaging, the relative improvements reached values
up to 25% over the above mentioned areas. On the
other hand, the induced errors in the vicinity of the
coastal upwelling areas during summer (Fig. 8b),
grew up to 30% (seasonal average over 0.5x0.5
degrees) and up to 50% in 5-days forecasts in few
areas. It should although be mentioned that only at
the northeastern coasts, enhanced differences
corresponded to locations of increased error using
H&R 1= formula, according to Figures 8a and 8b.

During winter and autumn, the RMSE values for
all cases were reduced about 30% in average (Fig.
4). The differences between the two forecasts were
almost negligible during winter and very limited
during autumn reflecting the absence of upwelling
processes as source of cooler surface waters due to
the persistence of the etesian winds, that combined
with BSW inflow minimum reduce the basic causes
of extended spatial SST variation over the Aegean
and thus the consequent bias. In fact, major changes
were found between the two forecasts during winter
around the BSW front in the Aegean while during
autumn, the variations were related mostly to the
effects relative to the decaying etesian winds and the
corresponding circulation patterns.

Stability influence

The role of stability was proved to act favorable
on the forecast skill of the model mainly over the
Aegean and its eastern coasts and not favorable over
the open Levantine Sea according to Figure 9. Due to

V. E. Kostopoulos et al.
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Figure 8. Summer averaged model output differences (RMSE) with the satellite SST observations for H&R 7=
forecast on the left (a), averaged over areas of 0.5x0.5 degrees. Similar averaged, percentage relative differences
between K&H and H&R 1= SST forecasts [RMSE, (K&H-H&Rr=0)/H&R A1=0] are shown on the right (b).
Relative improvement is presented with blue and induced bias with red colors.

the seasonal east-west orientation of the SST
variance over the Aegean during summer, etesian
winds from north-western directions can be advected
under relatively large angles towards the
corresponding SST gradients of few degrees over
100 km. The drag coefficient values downwind the
gradient were expected to be depressed (table 3, line
3) since the air flows from warmer to cooler surface
waters, due to the increasing stability (Small et al.
2008) [24]. The effect of variable fetch conditions
and intense SST variability in the observed air-sea
temperature differences and the resulting stability
conditions over the region was pointed out from
Kostopoulos and Helmis (2014) [8], using buoys
records and turbulent measurements within the
marine ABL over the Aegean. Regarding the
model’s wind forcing sensitivity to stability, under
typical SST gradients regarding location (e.g. Figure
6) and strength, the effect summed up to reduce the
applied surface stress up to 50% during summer
downwind SST gradient in the eastern coasts of the
Aegean Sea as well as southerly of the western
Cretan Straits (Fig. 9). This consequently seems to
lead to relative depression of the local influenced
mechanisms of coastal pumping and it is believed to
be the reason for the improvements that are
presented in Figure 9 over the eastern coasts of the
Aegean. The related improvements locally reached
up to about 15% using H&R or K&H,r scheme,
during summer and it is noticed that the described
improvement presented its maximum in the vicinity
of the BSW inflow temperature front and the east
coasts, areas where maximum RMSE values were
found using both schemes under neutral conditions
(Fig. 8a).
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Figure 9. Percentage relative differences between K&H and K&H,r forecasts [RMSE with the satellite SST
observations, (K&H-K&H,1)/K&H] for all runs, averaged over areas of 0.5x0.5 degrees. Relative improvement
is presented with red and induced bias with blue colors.

Conclusions

An observation-based drag coefficient formula
for momentum transfer at the air-sea interface, from
turbulence measurements within the surface marine
ABL of the Aegean Archipelago was implemented.
A comparison between the results of the ocean
circulation forecasting system ALERMO, using the
(H&R) formula and a new (K&H) parameterization
scheme and satellite SST observation records, was
conducted. The new parameterization results to
stronger surface forcing compared to H&R scheme.
A general enhancement of the kinetic energy of
surface circulation of the order of 20% was observed
while the circulation patterns did not present
changes. Regarding the RMSE values between the
model estimations and the SST observations, it was
found that they increase during spring and summer
due to the complexity of the circulation and the
associated SST during this period of the year.
Numerous differences were found in the forecasting
skill using both schemes during these periods,
presumably as the result of horizontal advection and
mixing of different temperature surface waters, far
from intense SST variability sources, like coastal
upwelling areas. During spring, the forecast skill was
improved in the whole domain and in some areas the
improvement reach locally up to 25%, in single 5-
days runs. On contrary, during summer the new
scheme induced increased seasonal errors up to 30%
in the vicinity of coastal upwelling areas mostly at
the eastern coasts of the Aegean. Over these regions
and near the north Aegean temperature front, the
stability was found to improve locally the model’s
accuracy. The results also show the need for further
investigation of coastal processes and the oceanic
response to intense wind forcing in shallow areas.
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