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introduced a warm SST bias in winter. Radiation fluxes 
were slightly better represented in coarse-grid simulations. 
Still, only the higher-resolution coupled simulations could 
reproduce the observed net outgoing total heat flux over 
the Mediterranean Sea. Investigation of the impact of sub-
diurnal SST variations showed a strong effect on sub-daily 
heat fluxes and wind speed but minor effects at longer time 
scales. Therefore, a coupled atmosphere–ocean climate 
model should be preferred for studying the Mediterranean 
Sea climate system. Higher-resolution models should be 
preferred, but they are not yet able to perform better than 
their coarse-resolution predecessors in all aspects.

Keywords  Mediterranean Sea · Ocean coupling · Sea 
surface fluxes · Wind speed

1  Introduction

The semi-enclosed Mediterranean Sea, with its intricate 
coastline and topographic features, functions as a source 
of moisture and heat and has a substantial impact on local 
and remote climate conditions (Artale et  al. 2010). A 
wide range of oceanic processes and air-sea interactions 
of global and regional interest occur in the Mediterranean 
basin. The Mediterranean climate is known for its large 
seasonal temperature variations, strong winds (e.g., Mis-
tral, Tramontane, and Bora winds), heavy precipitation, and 
cyclones (e.g., Medicanes). This region is also known as a 
“hot spot” in future climate change projections because of 
a substantial decrease in mean precipitation and increase 
in precipitation variability during warm and dry seasons 
(Giorgi 2006). The formation of intermediate and deep-
water masses in the northwestern Mediterranean Sea is of 
fundamental importance for regional and global meridional 
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overturning circulations (Calmanti et al. 2006; Josey 2003). 
Net sea surface heat flux (NH) anomalies play a significant 
role in the local climate (Roether et  al. 2005; Theocharis 
et  al. 1999). Therefore, an accurate representation of the 
ocean and atmosphere, especially the air-sea interactions, is 
crucial for accurate modeling of the Mediterranean climate. 
The NH is defined as:

 where SW and LW are short-wave and long-wave radia-
tion, respectively, and LH and SH are latent and sensible 
heat flux, respectively.

In general, coarse-resolution global models cannot suffi-
ciently resolve the local and mesoscale processes that char-
acterize the Mediterranean region. Therefore, these global 
models cannot correctly describe air-sea exchanges and 
their variability (Elguindi et al. 2009). On the other hand, 
high-resolution global models for studying regional pro-
cesses are not yet feasible from a computational standpoint. 
This issue can be resolved by downscaling using uncou-
pled regional climate models (RCMs), which can have grid 
spacing finer than 50 km with a more realistic representa-
tion of regional features (see for example, Gao et al. 2006; 
Herrmann and Somot 2008; Elguindi et al. 2009). The rela-
tively high resolution of RCMs directly impacts the air-sea 
exchange and improves the representation of temperature, 
wind, humidity, and the exchange of other hydrological 
parameters (e.g., Ruti et  al. 2008 ; Ruiz et  al. 2008; Her-
rmann and Somot 2008; Dell’Aquila et al. 2012; Obermann 
et al. 2016).

However, the high-resolution and high-frequency inter-
actions between the ocean and the atmosphere are miss-
ing in RCMs, which results in large uncertainties in air-
sea fluxes (Dell’Aquila et al. 2012; Herrmann and Somot 
2008; Herrmann et  al. 2011). An RCM’s sea-surface 
temperature (SST) is provided via reanalysis (e.g., ERA-
Interim and NCEP/NCAR) or from Atmosphere–Ocean 
Coupled General Circulation Model (AOGCM) simu-
lations. The spatial and temporal quality of the SSTs in 
these datasets is too coarse to resolve eddies (the internal 
Rossby radius of deformation is of the order of 15  km) 
and other high-frequency variations that characterize the 
Mediterranean Sea. Another important feature of the SST 
is its diurnal variation, which is missing or not well repre-
sented in the reanalysis and the majority of the AOGCM 
datasets as a result of coarse spatial and temporal resolu-
tion (e.g., ERA-Interim has daily values over the ocean). 
The SST diurnal variations affect the atmospheric con-
ditions and in turn exert feedback on the SST. They can 
increase surface heat fluxes by roughly 10 Wm−2 (Fairall 
et al. 1996), which can influence the atmospheric variabil-
ity on sub-daily to intra-seasonal time scales (e.g., Kawai 
and Wada 2007). In general, SST diurnal variations are 

(1)NH = SW − LW − LH − SH,

small but have important effects on the physical and bio-
logical processes in seas and oceans (Kawai and Wada 
2007). Therefore, an atmosphere–ocean regional coupled 
climate model (AORCM) with high-resolution and high-
frequency (e.g., hourly) air-sea exchanges appears to be 
important for a good representation of Mediterranean cli-
mate characteristics.

Several modeling studies have investigated the impact 
of atmosphere–ocean coupling over the Mediterranean 
Sea. These studies have shown that two-way, high-fre-
quency interactions and higher SST spatial resolution 
improve the representation of surface heat fluxes, hydro-
logical parameters, winds, and extremes events (e.g., 
cyclogenesis, medicanes, and heavy precipitation events) 
in the Mediterranean region (Lebeaupin Brossier and 
Drobinski 2009; Sanna et  al. 2013; Lebeaupin Brossier 
et al. 2014; Akhtar et al. 2014). In a recent study, Panthou 
et  al. (2016) show that high-resolution regional atmos-
pheric models coupled with Mediterranean Sea models 
improve the representation of hot days and droughts more 
than heavy precipitation events. Somot et al. (2008) show 
that a high-resolution AORCM amplifies the climate 
change signal compared to an RCM in future projections 
in the Euro-Mediterranean region. They explained this 
result based on better consistency among the SST, air-
sea fluxes, and vertical structure of the atmosphere in the 
AORCM. Artale et  al. (2010) show that high-resolution 
AORCMs can yield a more reliable estimate of air-sea 
fluxes than RCMs because of better SST simulations and 
wind fields. In another study, Sevault et al. (2014) show 
that ocean coupling improved the NH, but large errors 
occurred in individual components (particularly in latent 
heat flux and long wave radiation). Dubois et  al. (2012) 
used an ensemble of five AORCMs and showed that the 
basin-wide average of the NH components differed sig-
nificantly between the ensemble members.

All the studies noted above used an atmospheric grid 
resolution in the range of 20–50 km to investigate the added 
value of ocean coupling over different timescales. These 
studies show that even though the AORCMs improved the 
representation of air-sea fluxes over the Mediterranean Sea, 
large uncertainties still persist.

In this study, we investigated the spatial patterns and 
basin-wide averages of all of the components of NH, 10-m 
wind speed, and SST on seasonal and annual timescales to 
address the following questions:

1.	 Does ocean–atmosphere coupling improve the simula-
tion of sea surface heat flux and 10-m wind speed over 
the Mediterranean Sea?

2.	 Does horizontal atmospheric grid resolution affect the 
sea surface heat flux and 10-m wind speed over the 
Mediterranean Sea?
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3.	 Are certain areas and seasons more sensitive than oth-
ers to the ocean coupling and atmospheric grid resolu-
tion?

4.	 What is the impact of SST diurnal variation on air-sea 
fluxes of heat and wind speed on sub-daily and longer 
timescales?

The paper is organized as follow. Section 2 explains the 
modeling system and experimental setup of our simula-
tions. The results are presented and discussed in Sect.  3. 
The paper concludes in Sect. 4 with a summary of results 
and prospective future research.

2 � Modeling system and experiment setups

In this study, we employ the RCM COSMO-CLM 
v4.21 (CCLM), based on non-hydrostatic equations 
(Rockel et  al. 2008) in uncoupled and coupled (atmos-
phere–ocean) configurations. For the coupled ocean–atmos-
phere model, CCLM is coupled to the regional ocean 
model NEMOMED12.

We used an atmospheric grid resolution of 0.44° 
(~50 km; 114 × 79 grid points and 32 σ levels) and a finer 
atmospheric grid resolution of 0.088° (~9  km; 596 × 386 
grid points and 32 σ levels) in both the uncoupled and cou-
pled configurations. The initial and boundary conditions for 
CCLM were taken from the ECWMF’s ERA-Interim rea-
nalysis data (Dee et al. 2011), except the soil temperature 
and water content values for initialization. Here, the clima-
tological values (2000–2010) of soil temperature and water 
content were taken from uncoupled CCLM simulations 
for a better soil initialization following the suggestion of 
Kothe et al. (2014). In the uncoupled configuration, SST is 
prescribed using the ERA-Interim’s daily SST. In the cou-
pled configuration, SST is also prescribed from the ERA-
Interim data except over the Mediterranean Sea, where it is 
calculated using the regional ocean model NEMOMED12. 
The aerosol optical depth data from MACC (Monitoring 
Atmospheric Composition and Climate), which is a global 
reanalysis product of the ECWMF (http://www.copernicus-
atmosphere.eu), are used in CCLM. For both the uncoupled 
and coupled configurations, CCLM uses numerical time 
steps of 150 s and 40 s for the coarse and high-resolution 
simulations, respectively, with a third-order Runge–Kutta 
numerical integration scheme. In CCLM, we used the one-
dimensional prognostic turbulent kinetic energy scheme 
for vertical turbulent diffusion parameterization and a 
delta-two-stream radiation scheme proposed by Ritter and 
Geleyn (1992). The simulation domain follows the Med-
CORDEX requirements indicated in Fig.  1 of Ruti et  al. 
(2015).

NEMOMED12 is a regional configuration of the ocean 
circulation model (OGCM) NEMO (Madec and the NEMO 
Team 2008) for the Mediterranean Sea (Lebeaupin Brossier 
et  al. 2011, 2012). It has a horizontal resolution of 1/12° 
(~6.5–8.0  km in latitude and ~5.5–7.5  km in longitude; 
567 × 264 grid points) and 50 vertical levels. The changes 
in horizontal grid resolution are due to the use of the stand-
ard three-polar ORCA grid of NEMO (Beuvier et al. 2012). 
The NEMOMED12 grid encompasses the entire Mediter-
ranean Sea and a small part of the near Atlantic Ocean as a 
buffer zone; it does not include the Black Sea. The vertical 
levels were defined in z-coordinates using the partial step 
formulation. We adopted a numerical time step of 720  s 
in this configuration. NEMOMED12 was initialized using 
the MEDATLAS-II (Rixen 2012) monthly mean seasonal 
climatology (1945–2002) in the Mediterranean Sea and 
in the Atlantic buffer zone using the climatology of Levi-
tus et  al. (2005). To obtain an initial equilibrium state of 
the Mediterranean Sea, NEMOMED12 coupled with the 
coarse-grid CCLM was spun-up for 25  years. The ERA-
Interim data (1979–1985) were used to drive the CCLM 
with a random-year strategy. To model the river discharge 
of fresh water into the Mediterranean Sea, the climatologi-
cal average of the inter-annual data of Ludwig et al. (2009) 
was used to compute the monthly river discharge values 
(Beuvier et al. 2012). For a more detailed discussion of the 
NEMOMED12 configuration, we refer the reader to Beu-
vier et al. (2012).

The CCLM and NEMOMED12 models are coupled 
via OASIS3-MCT (Valcke 2013) with a 3-h coupling time 
step. The NEMOMED12 sends SST to CCLM through 
OASIS3-MCT and in turn receives solar energy, non-solar 
heat, momentum, and freshwater fluxes. OASIS3-MCT 
uses a bi-cubic scheme to interpolate the fields from one 
grid to another.

We conducted the coupled and uncoupled model evalu-
ation runs for the periods of 1979–2011 and 2000–2003 
with the coarse and fine atmospheric grids, respectively. 
The coarse-coupled simulations were initialized with the 
ocean spun-up state of 1979 (the first year is used as an 
adjustment period for the ocean and atmosphere). The sea 
state of 2000 from the coarse-coupled simulations was then 
used to initialize the high-resolution coupled simulations 
from 2000 to 2003; a 1 year spin-up was used to adjust to 
the high-resolution atmospheric forcing.

Additionally, we performed a sensitivity experiment to 
analyze the effects of coupling and SST diurnal variations 
of sea surface heat fluxes on seasonal and sub-daily time-
scales. Hence, we averaged the SST over the Mediterranean 
Sea calculated by NEMOMED12 in the high-resolution 
coupled simulations over periods of 5 days. These simula-
tions were designed to include the same climatology and 
sub-monthly variations without the diurnal SST variations, 

http://www.copernicus-atmosphere.eu
http://www.copernicus-atmosphere.eu
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short-term extreme variability and two-way active inter-
action of the Mediterranean Sea and the atmosphere. The 
temporally smoothed SSTs over the Mediterranean Sea 
combined with the ERA-Interim boundary conditions were 
then used to drive the high-resolution uncoupled CCLM 
simulations for the period of 2000–2003. This allowed for a 
fair investigation of SST diurnal variations and ocean cou-
pling impacts.

Hereafter, we use the abbreviations “CPLxx” for the 
coupled simulations, “CCLMxx” for the uncoupled simula-
tions, and CCLMxx_SSTavg for simulations with averaged 

SSTs, where “xx” refers to atmospheric grid resolution 
(i.e., “44” for 0.44° and “08” for 0.088°).

For the evaluation of the simulations, we used the fol-
lowing datasets:

•	 The NOAA Daily Optimum Interpolation SST (OISST), 
available from 1981 to present. This dataset contains 
global ocean SST data at 6-h intervals on a 0.25° grid. 
Observations from different platforms (satellites, ships, 
and buoys) were used to construct the OISST dataset 
(Reynolds et al. 2007).

Fig. 1   Mean differences in sea surface temperatures (in °C) for win-
ter, spring, summer, and autumn (columns) in the period 2001–2003. 
The rows show the differences between CCLM08 and observations 
OISST, between CPL08 and observations OISST, between CPL08 

and CCLM08, and CPL08 and CPL44, respectively. The numbers 
given in the panels are the total mean differences (MD) and the mean 
RMSEs as MD/RMSE
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•	 NOAA (SeaWinds), available from July 9, 1987 to pre-
sent. This dataset contains global ocean 10-m winds and 
wind stresses at 6-h intervals on a 0.25° grid. Observa-
tions from multiple satellites were combined to generate 
the dataset (Zhang et al. 2006).

•	 Objectively Analyzed Air-sea Fluxes (OAFlux). This 
dataset of sea surface fluxes of heat, SST, and 10-m 
wind speed for the global oceans is available on a 1° 
grid and provides monthly means for the period of 1958 
to present and daily means for 1985 to present. This 
product integrates satellite observations with mooring 
and ships reports and reanalyzed surface meteorology 
from atmospheric models (Yu et al. 2008).

3 � Results and discussion

Here, we discuss the impact of ocean coupling and hori-
zontal atmospheric grid resolution on simulated SST, 10-m 
wind speed, and NH and its components. Our discussion 
focuses on simulations for the period 2001–2003. The dif-
ferences between coarse-coupled and -uncoupled simula-
tions (CPL44 vs. CCLM44) for the periods 1980–2011 
and 2001–2003 are systematic. Therefore, the choice of a 
shorter period (2001–2003) does not affect the results of 
our study. However, for the sake of completeness, further 
comparisons of long-term simulations for the period of 
1980–2011 are presented in the supplementary information 
(SI). It is worth noting here that we have explicitly analyzed 
the impact of the European 2003 heat-wave in our results. 
We found that ocean coupling does not change the inten-
sity of heat-waves, which is also shown by Tomassini and 
Elizalde (2012). The total mean difference (MD) and root 
mean square error (RMSE) of daily values of the respective 
seasons are used as simple statistical measures in the fol-
lowing discussions.

3.1 � SST

Figure  1 illustrates the effect of ocean coupling and of a 
finer atmospheric grid resolution on the mean seasonal 
simulated SST. The first row of Fig. 1 compares the SST 
simulated with the high-resolution uncoupled CCLM08 
with the observed OISST. The differences are small, as 
expected, because analyzed SST observations are applied 
in the ERA-Interim SST, thus forcing the CCLM08 simu-
lation. The differences are larger near the coastal areas 
(RMSE ranges from 0.5 to 1.1 °C), mainly due to interpo-
lation artifacts in preparing ERA-Interim SSTs as forcing 
data.

The second and third rows of Fig.  1 compare the 
CPL08 SST simulation with observations and with 
the CCLM08 simulation, respectively. The CPL08 is 

warmer in winter (MD = 1.3 °C) and colder in summer 
(MD = −1.0 °C). Locally, these differences are up to 
±3 °C (RMSE is 1.8 °C in winter and 1.2 °C in summer). 
This finding can partly be explained by the calculation 
method of SST in the coupled model: the SST is the mean 
temperature of the uppermost ocean layer, which is 1 m 
thick in NEMOMED12 (Lebeaupin Brossier et al. 2014). 
The observed SSTs are derived from satellite radiometer 
data representative of the uppermost few millimeters of 
the ocean. The annual mean value of CPL08 over the 
simulated period is 0.3 °C higher than CCLM08. Similar 
differences can be seen in the coarse-coupled (CPL44) 
simulation for the period of 1980–2011 (Fig. SI-1).

A comparison of CPL08 and CPL44 reveals that the 
atmospheric grid resolution also impacts the simulated 
SST (Fig. 1, last row). The CPL08 is colder than CPL44 
in all seasons except summer. The winter warm bias in 
the coarser CPL44 simulation is stronger (1.8 vs. 1.3 °C) 
than CPL08, which might be due to better near-coastal 
simulation of 10-m wind speed in the finer atmospheric 
grid in CPL08 (discussed in detail in the next subsection) 
and in return better SST in CPL08. Higher wind speed 
increases the latent heat release and hence lowers the 
SST. The local differences in summer between coarse and 
fine simulations are almost as large as they are in win-
ter (RMSE values of 0.8 and 1.0 °C, respectively). This 
disappearing systematic effect correlates with the smaller 
wind speeds in summer in the Mediterranean basin.

Figure  2 shows the annual cycles of basin-averaged 
SSTs of the different simulations and the observa-
tion data. As noted above, the SSTs of the uncoupled 

Fig. 2   Annual cycle of SST (°C)
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simulation are similar to the observational data. The SSTs 
calculated in the coupled simulations reveal a warm bias 
in winter and a smaller cold bias in summer. The high-
resolution simulation improves this bias slightly.

3.2 � 10‑m wind speed

Figure  3 illustrates the effect of ocean coupling and of a 
finer atmospheric grid resolution on simulated seasonal 
10-m wind speed. The comparison of simulated and 
observed 10-m wind speed reveals that the differences are 
particularly large in near-coastal areas, especially in areas 
that are associated with intense wind systems (e.g., Ven-
daval and Levante winds in the Alboran Sea; Mistral and 
Tramontane in the Gulf of Lions and Ligurian Sea; Bora 

winds in the Adriatic Sea; Libeccio winds in the central 
Mediterranean Sea). These wind systems are generally 
more intense in winter and autumn (Perry 2001). The first 
row of Fig.  3 compares the 10-m wind speed simulated 
in high-resolution uncoupled CCLM08 with the NOAA 
observations. The CCLM08 underestimates the mean 10-m 
wind speed with MD = −1.2  ms−1 in winter (observed 
mean 8.1  ms−1) and −0.2  ms−1 in summer (observed 
mean 4.5  ms−1). Locally, CCLM08 underestimates the 
10-m wind speed by up to 3  ms−1 in winter and autumn 
(RMSEs, 1.4 and 1.0 ms−1, respectively). These differences 
are slightly reduced in CPL08 (winter: MD = −0.8  ms−1, 
RMSE = 1.1  ms−1), except in summer (MD = −0.5  ms−1, 
RMSE = 0.7  ms−1; Fig.  3, row 2). Figure  3, row 3 shows 
a comparison of 10-m wind speed in the CPL08 and 

Fig. 3   As in Fig. 1, but for 10-m wind speed (in ms−1)
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CCLM08 simulations. The ocean coupling improves the 
10-m wind speed simulation by about 1% over the simu-
lated period; the largest improvement (about 5%) occurs in 
the winter (Fig. 3, row 4). This correlates with a deepening 
of the surface pressure in CPL08 (0.5–1.0 hPa) compared 
to CCLM08, yielding increased pressure gradients in win-
ter and vice versa in summer (Fig. SI-4).

The last row of Fig. 3 shows that the impact of atmos-
pheric grid resolution is more pronounced than the impact 
of coupling in the simulation experiment set-up that we 
tested. The high-resolution coupled CPL08 revealed an 
improvement over the coarse-coupled CPL44 of about 
2–3  ms−1 (RMSE = 0.6–1.0  ms−1), mostly in near-coastal 
areas. The use of a fine atmospheric grid improved the sim-
ulation of fine-scale orography-related local and regional 
processes (such as in Louka et al. 2008 and Obermann et al. 
2016). The high resolution simulation revealed an added 
value of 4–7%, with the minimum in spring and maximum 
in winter. The comparison of the high-resolution uncoupled 
CCLM08 to the coarse-resolution uncoupled CCLM44 
exhibited similar patterns (not shown here). Additionally, 
the higher-resolution simulations showed lower sea level 
pressure (1.5–2  hPa) and higher pressure gradients (Fig. 
SI-5), resulting in higher wind speeds during the winter 
half of the year.

Figure 4 shows the annual cycle of basin-averaged 10-m 
wind speeds of different simulations and observation data. 
The simulated and observed wind fields attained their max-
imums during winter and their minimums in summer. With 
a fine atmospheric grid and ocean coupling, the simulated 

10-m wind speeds were closest to the observation data, 
although coupling has an adverse impact in summer (con-
sistent with a negative bias in SST and higher sea level 
pressure than without coupling).

3.3 � Sea surface heat fluxes

The Mediterranean Sea exchanges energy with the atmos-
phere through turbulent and radiative fluxes (Eq. 1). Here, 
we compare the NH and its components simulated in cou-
pled CPL08 and uncoupled CCLM08 models with the 
OAFlux observations. Conversely, a detailed comparison 
of high-resolution CPL08 and coarse CPL44 is provided 
in the SI (Fig. SI-3). Additionally, the mean values for the 
periods 2001–2003 and 1980–2011 over the Mediterranean 
Sea for all the simulations are summarized in Table 1. The 
heat loss terms, LH, SH, and LW, are positive upward and 
the heat gain terms, SW and NH, are positive downward.

Figure 5 compares the turbulent fluxes LH and SH—as 
simulated with the high-resolution uncoupled CCLM08 
and coupled CPL08—with the OAFlux observations. The 
high-resolution uncoupled CCLM08 underestimates LH in 
winter (MD = −31 Wm−2) and autumn (MD = −21 Wm−2), 
and it overestimates LH in summer (MD = 14 Wm−2) and 
slightly overestimates LH in spring. The annual mean LH 
is approximately 10% smaller than the observational data 
(Table 1). The spatial patterns reveal that the differences are 
largest in the Gulf of Lions, the Ionian Sea, and the eastern 
basin of the Mediterranean Sea. The ratios of RMSE and 
mean observation values are 0.26, 0.11, 0.28, and 0.20 for 
winter, spring, summer, and autumn, respectively. The LH 
values in CPL08 are better; the ratios have values of 0.14, 
0.19, 0.17, and 0.18, respectively. The annual mean value 
is approximately 5% smaller than the observational data 
(Table 1).

The SH flux is smaller than the observational data in 
absolute value (Table 1; Fig. 5) but larger near the north-
ern coastlines (where the wind speed differences are large 
as well) compared to other areas of the Mediterranean Sea. 

Fig. 4   Annual cycle of 10-m wind speed (ms−1)

Table 1   Mean values of LH, SH, LW, SW and NH in Wm−2 over 
the Mediterranean Sea of observations (OAFlux) and simulated by 
CPL08, CCLM08, CPL44, and CCLM44

LH SH LW SW NH

OAFLUX (2001–2003) 100 15 79 184 −10
CPL08 (2001–2003) 95 12 86 192 −1
CPL44 (2001–2003) 94 10 82 186 0
CPL44 (1980–2011) 92 10 82 185 1
CCLM08 (2001–2003) 90 10 85 192 7
CCLM44 (2001–2003) 87 8 82 187 11
CCLM44 (1980–2011) 84 7 82 186 14
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On average, the coupled CPL08 (20% underestimation) 
is better than CCLM08 (33% underestimation; Table  1). 
Table  1 shows that the high-resolution simulations repre-
sent the turbulent fluxes better than the coarser-resolution 
simulations. Turbulent fluxes are less well simulated in the 
coarse simulations (Table 1; Fig. SI-3).

Figure  6 compares the LW and SW surface radiation 
fluxes simulated in CCLM08 and CPL08 with the obser-
vations. Long-wave radiation is generally overestimated in 
winter (MD 17–19 Wm−2; mean absolute value 73 Wm−2) 
and underestimated in the eastern Mediterranean Sea in 
summer. Short-wave radiation is overestimated by 17 and 
18 Wm−2 in spring, with mean differences below 10 Wm−2 
in the other seasons. Therefore, the impact of coupling is 
minor; there is about a 10% average error in LW and a 4% 
average error in SW, errors in SW and LW compensating 

each other. The coarser CPL44 and CCLM44 simulations 
are better (4 and 1% errors in LW and SW, respectively; 
Table  1) than the finer CPL08 and CCLM08 simulations 
(for seasonal mean comparison see SI-3). It should be 
noted that the LW observational data exhibit large incon-
sistencies (Sevault et al. 2014).

A comparison of simulated NHs with observation data 
is given in Fig. 7. This figure shows that CCLM08 largely 
overestimates NH in winter and autumn and underes-
timates NH in summer; smaller errors are present in 
spring. This situation largely occurs because of the errors 
in LH, which is better simulated in the coupled CPL08 
(except in autumn). In absolute numbers, winter NHs 
are modeled most poorly because of the large errors in 
LH simulation. In relative numbers, the autumn NH val-
ues are worse in CCLM08 and CPL08 compared to the 

Fig. 5   Mean differences latent heat and sensible heat (in Wm−2; pos-
itive upward) between uncoupled CCLM08 (upper rows) and coupled 
CPL08 (lower rows) with OAFlux observations for winter, spring, 

summer, and autumn (columns) in the period 2001–2003. The num-
bers given in the panels are the total mean differences (MD) and the 
mean RMSEs as MD/RMSE
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observations (errors of 30%). Overall, the coupled NH 
simulations performed better than the uncoupled, and the 
finer resolution simulations improve upon the coupled 
NH simulations.

Table  1 shows that there are compensating errors in 
the simulated SW and LW fluxes. This error compensa-
tion explains why NH is better simulated in the high-res-
olution models despite worse scores in radiation fluxes. 

Fig. 6   As in Fig. 5 but for 
longwave (in Wm−2; posi-
tive upward) and shortwave 
radiations (in Wm−2; positive 
downward)

Fig. 7   As in Fig. 5, but for neat heat flux (in Wm−2; positive downward)
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This finding is also detectable in the annual cycle of NH 
(Fig.  8). Generally, in open oceans, LH controls the vari-
ability of NH when SW becomes less important (Alexander 
et  al. 2002), which also applies to the Mediterranean Sea 
(Josey et  al. 2011; Papadopoulos et  al. 2012) and is con-
firmed here. A better representation of LH due to the inclu-
sion of ocean coupling results in a better representation of 
NH.

The NH is balanced by the net heat through the Strait of 
Gibraltar, which is also known as the closure hypothesis. 
Using this hypothesis, Sanchez-Gomez et  al. (2011) esti-
mated NH = −1 ± 8 Wm−2 using observational data. Given 
this estimate, the OAFlux value of −10 Wm−2 might be too 
negative. The mean NH values of our uncoupled simula-
tions are probably too positive, with 7  Wm−2 (CCLM08) 
and 14  Wm−2 (CCLM44). However, the coupled simula-
tions have mean NH values of −1 and 1 Wm−2 in CPL08 
and CPL44, respectively, and fit very well. Given the 
utmost importance of the sign of the NH value for the inter-
play between the inflow to the Strait of Gibraltar and the 
Mediterranean overturning circulation, the high-resolution 
coupled CPL08 simulation shows the most realistic esti-
mate of NH. This finding confirms that ocean–atmosphere 
coupling is important for physically consistent simula-
tions of the Mediterranean climate (e.g., Somot et al. 2008; 
Sevault et al. 2014).

Because the results showed the primary impact of errors 
in the LH simulations, we further investigated the impor-
tant variables for its parameterization. LH largely depends 
on the difference between the sea surface specific humid-
ity (Qs) and the air specific humidity (Qa), along with the 
10-m wind speed. As discussed above, the wind speed was 

underestimated in all the simulations, and the best results 
were obtained by the high-resolution CPL08 and CCLM08. 
This explains why LH was better simulated in the higher-
resolution setups (Table  1). Figure  9 shows that the spe-
cific humidity difference was larger (smaller) in winter 
(summer) in CPL08 than in CCLM08, which is consist-
ent with warmer/colder SSTs (compare Fig. 1). This find-
ing explains why CPL08 performs better than CCLM08 
(Fig. 3; Table 1).

Sensible heat flux mainly depends on the difference 
between SST and air temperature (Ta), along with 10-m 
wind speed. Better wind speed simulations with high-reso-
lution CPL08 and CCLM08 than with the coarse-resolution 
setups are consistent with better SH simulations (Table 1). 
Figure 9, row 2 shows that coupling had an impact on the 
temperature difference, which is larger (smaller) in winter 
(summer) in CPL08 than in CCLM08, which in turn influ-
enced SH (Fig.  5; Table  1); CPL08 simulates the winter 
and annual-mean SH slightly better than CCLM08.

Ocean coupling had a minor impact on the LW and SW 
radiation fluxes. However, the performances of CPL08 and 
CCLM08 are worse than those of the coarse experiments 
with respect to radiative fluxes: outgoing LWs and incom-
ing SWs are overestimated. The final row of Fig. 9 shows 
that winter cloud cover is 10% smaller in CPL08 than in 
CPL44. This result is remarkably consistent with the over-
estimated LWs in winter (Fig.  6). Short-wave radiation 
is overestimated in CPL08 and CCLM08, mainly in the 
spring and mainly in the southern part of the sea (Fig. 6). 
These results fit well with the cloud cover difference pat-
tern (Fig. 9). Therefore, a higher resolution seems to have 
an adverse impact on the parameterization of clouds in 
COSMO-CLM.

3.4 � SST diurnal variations

In CCLM44 and CCLM08, daily constant SST values 
were provided by ERA-Interim. Consequently, there was 
no diurnal variation in CCLM SST, except by interpola-
tion in time and space (surface variations over land have 
an impact on near-coastal SSTs). This is shown in Fig. 10, 
with a clear diurnal variation in the observation data (SST 
measured at the Lion buoy) and in the coupled simulations. 
Not surprisingly, the mean SSTs of the CCLM simulation 
fit better than those of the CPL simulations (the bias of 
CPL08 and CCLM08 compared with the Lion buoy data is 
−1.2 and −0.1 °C, respectively); this is not true, however, 
for the temporal variation of SST. Figure 11 shows the SST 
amplitude differences simulated by CPL08 and CCLM08_
SSTavg. The mean amplitude was highest in spring and 
summer seasons with 0.2 and 0.3 °C, respectively (the sea-
sons with the largest amplitudes in NH and the smallest 
vertical mixing in the sea); the largest values occurred in 

Fig. 8   Annual cycle of net heat flux (Wm−2; positive downward)
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the central Mediterranean. The minimum/maximum SST 
occurred at approximately 09:00/18:00 UTC. These ampli-
tudes were on the same order of magnitude as the summer 
differences between the CPL08 and CCLM08 SSTs.

Therefore, we investigated the impact of sub-daily vari-
ability of SST. To this end, we smoothed the CPL08 SSTs 
over time (5-day block average; Fig. 10) and conducted an 
additional simulation CCLM08_SSTavg with prescribed 
smoothed SSTs. The diurnal variations were stronger dur-
ing summer when SW radiations are higher and the ocean 
mixing layer depth is shallow. Figure 12 shows the impact 
of SST diurnal variations (largest during summer) on 10-m 
wind speed, LH, SH, and NH amplitudes. The impact on 
LW and SW was approximately zero (not shown here). 
Also, the impact on seasonal means was negligible (the 
summer mean differential for LH and SH between CPL08 

and CCLM08_SSTavg is −0.6 and 0.6  Wm−2 compared 
with a difference between CPL08 and CCLM08 of 12 and 
3  Wm−2, respectively). Therefore, SST diurnal variations 
were of minor importance for the mean seasonal state of 
the atmosphere. However, they modified the turbulent 
fluxes on a sub-daily timescale.

4 � 4. Conclusions

We have discussed the impacts of different grid-spacing 
(~50 vs. ~9 km) of the atmospheric RCM COSMO-CLM 
and the coupling of an ocean model (NEMOMED12) 
on simulations in the Mediterranean Sea area. Our pri-
mary goal was to achieve an optimum performance of the 

Fig. 9   Seasonal mean differences between model set-ups of Qs-Qa (g/kg), SST-Ta (°C) and total cloud cover (1)
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simulations in terms of ocean–atmosphere fluxes and there-
fore 10-m wind speed and net heat flux components.

Our results revealed that the fine-grid simulations repre-
sent the winds better (especially near the coastlines, as also 
found in Obermann et al. (2016) in the western Mediterra-
nean Sea) than the coarse-grid simulations. This fact had a 
positive impact on the simulation of turbulent fluxes. Cou-
pling an active ocean model further improved the turbulent 
fluxes despite a simulated SST bias against available obser-
vations. Radiative fluxes were slightly better simulated 
using the coarser grid-spacing. This is due to the slightly 
worse representation of cloud cover in the high-resolution 
simulations. In terms of the turbulent flux simulations, both 
the coupled fine-grid CPL08 and coarse-grid CPL44 per-
formed better than their uncoupled counterparts. However, 
CPL08 obtained the most realistic estimate of net heat flux, 
with a negative value consistent with observations.

With the coupled COSMO-CLM/NEMOMED12 mod-
eling system, we were able to simulate sub-daily SST 
variations. A sensitivity experiment revealed that the long-
term means were only slightly affected if the daily mean 
SSTs were prescribed (as with using ERA-Interim SSTs) 

Fig. 10   SSTs (°C) of July 2002 at Lion buoy location as simulated 
and observed by the buoy

Fig. 11   Mean SST (°C) ampli-
tude difference between CPL08 
and CCLM08_SSTavg
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Fig. 12   a Mean 10-m wind speed (ms−1) amplitude difference between CPL08 and CCLM08_SSTavg. b Summer mean amplitude difference 
between CPL08 and CCLM08_SSTavg of LH, SH and NH (Wm−2)
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in regional climate modeling. As shown previously in the 
literature, sub-daily variations are essential for extreme 
events such as medicanes (Akhtar et  al. 2014), but given 
the results presented here they are of minor importance for 
the mean atmospheric state in the Mediterranean.

The results presented show that the cloud cover param-
eterization in the COSMO-CLM should be reassessed. 
Given the uncertainties in the radiation fluxes shown and 
the findings in the literature (Nabat et  al. 2013), the pre-
scription of aerosol optical depths should be investigated as 
well. Also, model inter-comparison within the Med-COR-
DEX (http://www.medcordex.eu) project could be useful 
for assessing the source of uncertainty and different model 
physics/parameterizations, but it is also necessary to have 
high-resolution coupled simulations over longer time peri-
ods (~30 years) to obtain robust model climatologies. Fur-
ther, this study could be extended to investigate the impact 
of sub-daily variations in SST on extreme events such as 
heavy precipitation and medicane events. Finally, a high-
resolution coupled system, such as the one presented here, 
could be useful for studying the impact of climate change 
in the Mediterranean region.
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