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Turbulent fluxes at the air-sea interface were estimated with data collected in 2011-2020 with a low-profile
platform named OCARINA during eight experiments in five regions: 2011, 2015, and 2016 in the Iroise Sea;
2012 in the tropical Atlantic; 2014 in the Chilie-Peru upwelling; 2017 and 2018 in the Mediterranean Sea,
and 2018 and 2020 in Barbados. The observations were carried out with moderate winds (2-10 m s~!) and
average wave heights of 1.5 m. In this study, the authors used the fluxes calculated by the bulk method using

OCARINA-sampled data as the input. These data can validate the fluxes estimated from ERA5 reanalysis data. The
OCARINA and ERA5 data were taken concomitantly. To do this, the authors established an algorithm to extract
the OCARINA data as closely as possible to the reanalysis data in time and position. The measurements of the
OCARINA platform can conclude on the relevance of the widely used reanalysis data.

1. Introduction

The challenge of scientific observation of the oceans is immense ow-
ing to the complexity of spatial and temporal scales. Nevertheless, our
knowledge of the ocean has progressed in recent years thanks to in-
creasingly sophisticated measurement methods and satellite observation
techniques (Tavakoli et al., 2023). The reliability of our real ocean sim-
ulation models has improved considerably, further favored by the expo-
nential increase in the performance of computational resources. Assimi-
lation methods have made it possible to correct defects in models using
observations.

The aerodynamics and size of measurement platforms influence the
precision of the flow estimates collected. Thus, the latter can differ de-
pending on whether measurements are carried out by buoy or on board
an 80-m-long oceanographic vessel.

There are different types of platforms used for taking measure-
ments: fixed platforms, platforms towed behind a boat (Edson et al.,
1998), and floating platforms (Anctil et al., 1994; Weller et al., 2012;
Graber et al., 2000). Some measurements are even carried out directly
on large research vessels using an instrumented mast (Katsaros et al.,
1993; Christensen et al., 2013). These different platforms each have
their strengths. Research vessels equipped with an instrumented flux
mast can collect good quality data for the estimation of air-sea tur-
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bulent fluxes. This is the method most currently used to study ocean—
atmosphere exchanges.

Satellite, model, and ship data used in the work of
Weill et al. (2003) showed that mesoscale ocean-atmosphere tur-
bulent exchanges are not fully interpretable based on data from the
ECMWF’s model.

In order to increase the quantity and quality of in situ ocean data,
buoys are essential. They allow, depending on the model used, for pre-
cise parameters (e.g., temperature, salinity) to be recorded. Recent work
by Mounet et al. (2023) showed that the data collected by buoys can
be used to calibrate and validate data from satellites or those from ob-
servation ships. One of the best-known buoys dedicated to measuring
turbulent fluxes at the ocean-atmosphere interface is the ASIS (Air-Sea
Interaction Spar) buoy developed at the Rosenstiel School of Marine and
Atmospheric Science (Graber et al., 2000).

Flow parameterization is a physical model based on theories
(Kolmogrov, 1941; Monin and Obukhov, 1954). Note, however, that
these theories involve empirical relationships, the determination of
which involves taking measurements at sea. The experimental estima-
tion of these relationships remains a challenge owing to the difficulty in
obtaining reliable measurements at sea in all types of conditions.

Fluxes can be estimated by different independent methods, the re-
sults of which are not always consistent, depending on environmental
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Fig. 1. Photo of OCARINA, along with its locations and years of deployment during eight campaigns at sea.

conditions. Thus, the parameterizations that we adjust to the data col-
lected are not as universal as we would like. For example, the relation-
ship between surface flux and sea state is an open question, particularly
for momentum flux. Existing parameterizations do not completely con-
verge.

It was in an attempt to answer these different questions that a new
measurement platform called OCARINA (Ocean Coupled with the At-
mosphere: Instrumental Research on Annex Ship; Fig. 1), designed by
LATMOS (Atmospheres, Space Observations Laboratory, France) was de-
veloped (Bourras et al., 2014, 2019). This facility allows us to remedy
a large number of defects in existing platforms and it brings several
improvements—for example, by reducing the impact of aerodynamic
distortion to the point that the use of correction functions is now un-
necessary. The platform was designed to follow the movement of the
surface as closely as possible and provides us with measurements of at-
mospheric turbulence at a height of 1.5 m, which allows us to precisely
study not only the turbulent fluxes at the interface, but also the rela-
tionships on a small scale between wind and vertical movements of the
surface.

To increase the number of measurements at sea and participate in
a greater number of campaigns, OCARINA was designed to be easily
transportable and sufficiently versatile to be adaptable to most research
vessels, with the same instrument configuration, the same position, and
the same spacing between them, to ensure a common basis in the mea-
surements and thus facilitate data comparisons between different cam-
paigns.

The platform, consisting of a small trimaran (Fig. 1), instrumented
for measurements of turbulence near the surface, was designed to be
repeatedly deployed in the open sea from a ship (research vessel in par-
ticular) and left in autonomous operation for around 10 h at a distance
from the host ship. Bourras et al. (2014) validated the very first flow
estimates from a time-limited dataset, obtained during the FROMVAR
campaign in the Iroise Sea in 2011. Following the good performances
observed, OCARINA was proposed and selected to participate in various
oceanographic projects and campaigns and provide precise data for the
estimation of energy balances at the air—sea interface.

The trimaran shape was specifically chosen to significantly reduce
rolling movements compared to a monohull type design. In addition,
this configuration allows all the load to be gathered in the central float.
However, like any trimaran, OCARINA tends to have small precession
movements, but these do not influence the measurements, at the fre-
quencies we use.

OCARINA typically drifts 10 km during 10 h of operation, in winds of
~5m s, Despite the lightness of the platform and its small dimensions,
OCARINA carries a complete set of instruments allowing the estimation
of turbulent fluxes at the ocean-atmosphere interface. The acquisition
system samples data from the mast instruments at a frequency of 50 Hz.

The aerodynamic distortion of the platform has been evaluated by
numerical simulations. In the most unfavorable situation, when the wind

cuts across the platform, the vertical distortion at the highest point of
the platform, at 1.5 m, is around 3°. This is half as much as on a research
vessel 50-80 m long, where the vertical distortion of the wind is 7°~10°
when the wind comes from the front (Bourras et al., 2009). For OCA-
RINA, when the wind comes from another direction, the distortion is
less than 3°, which is again better than on a research vessel, where the
minimum value found is 6° (Atalante, for example). On research ves-
sels, distortion increases with the relative angle between the boat’s axis
and the wind direction, to the point that when the angle is greater than
about 40°, the data are no longer used. In practice, it was found on
FROMVAR 2011 that the distortion angles are even lower than in the
simulations, with an average angle of 1.27°. It is therefore not necessary
to apply distortion correction to the data from the OCARINA platform;
the distortion does not need to be corrected.

The work presented in this paper concerns the study of turbulent
fluxes at the ocean—atmosphere interface based on data collected by the
OCARINA platform during eight cruises at sea, in five regions: 2011,
2015, and 2016 in the Iroise Sea; 2012 in the tropical Atlantic; 2014
in the Chilie-Peru upwelling; 2017 and 2018 in the Mediterranean Sea;
and 2018 and 2020 in Barbados (Fig. 1). These data were used to val-
idate the parameters of the fifth major global reanalysis produced by
ECMWEF (ERAS5; Hersbachet al., 2020). We chose this product, in partic-
ular, for its reliability mentioned in several works (Slocum et al., 2022;
Kondylia et al., 2022; Truong et al., 2022; Giovanni, 2021).

In the following section, we present the data and methods used to
perform our OCARINA-ERAS comparisons. Then, in section 3, we dis-
cuss the results obtained, before ending the paper with our conclusions.

2. Data and methods

To calculate turbulent fluxes at the ocean—atmosphere interface from
data recorded by the OCARINA platform, we used four different methods
(Bourras et al., 2019), each involving a specific part of the wind power
spectrum and sonic temperature: the eddy-correlation method, the
inertio-dissipative method, the bulk method, and the profiles method.
However, in order to streamline the presentation of our findings in this
paper, we chose to focus on comparing OCARINA and ERA5 by us-
ing parameters from the bulk method (Fairall et al., 2003), which is
a direct application of Monin-Obukhov similarity theory (Monin and
Obukhov, 1954). This method is widely used in oceanographic and at-
mospheric models because it involves only average quantities, as com-
pared to the turbulent quantities on which the inertio-dissipative and
eddy-correlation methods are based.

The ERAS data used were the air temperature at 2 m above the sea
surface and at the surface of the sea, the temperature of the sea near
the surface, the “neutral wind”, and the friction velocity. We gathered
hourly ERAS data that covered the OCARINA data in date-time and lat-
itude/longitude. The study areas are visible on the maps in Fig. 1, and
the date-times for the different campaigns are given in Table 1.
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Table 1 Date times (local time) of different campaigns. For the dates, we indicate the month-day of the start and that of the end.
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Campaign 2011 2012 2014 2015 2016 2017 2018 2020
Dates 12 Sep. 27 Aug. 27 Jan. 22 Oct. 21 Oct. 13 Sep. 6 May 25 Jan.
15 Sep. 10 Sep. 19 Feb. 27 Oct. 27 Oct. 14 Sep. 9 May 17 Feb.
Start time 7 a.m 12 am. 12 am. 8 a.m. 6 a.m. 8 a.m. 10 a.m. 10 a.m.
End time 5 p.m. 11 p.m. 11 p.m. 4 p.m. 2 p.m. 12 p.m. 3 p.m. 9 p.m.

In practice, we retrieved the ERAS fields at a 1-h resolution for each
year, and we wrote an algorithm that allowed us to extract the OCARINA
data at close to the reanalysis data in time and position (0.25° x 0.25°
latitude/longitude grid). We proceeded in two steps: first, we searched
for the ERA5 data closest in time to within +30 min of each available
piece of OCARINA data, which required preparing sequences of ranges
using the algorithm, i.e., date-times corresponding to each measurement
campaign. Then, we searched for the data of the ERA5 pixel closest to
OCARINA in latitude/longitude. More precisely, we calculated the dis-
tance in kilometers from each piece of OCARINA data to each ERA5
pixel using the radius of the Earth to make the conversion (Eq. (1)), and
then required from the code a minimum distance among those found
for each iteration of calculation—a distance that allowed us to have the
best quality of comparison.

For latitude ¢ and longitude A, we calculated the distance as follows:

x= %Zchos (@), y= %231&, d = \/(Ax)? + (Ay), )

Then, we integrated Louis’ parameterization into the comparison
code to calculate the drag coefficient at each time step. The direct
method of Louis (1979) aims to calculate the exchange coefficients
from atmospheric mean fields via the calculation of a Richardson coef-
ficient Ri and a roughness length (Eq. (6)). It is a method that limits the
calculation cost. Louis’ parameterization is a direct analytical method
(Louis, 1979), approximating fluxes and requiring no iterative means. It
therefore appears faster in many cases and particularly in stable situa-
tions. In this approach,

Cp = Cpio,F} . 2)

where Fj, is the stability functions of Louis. The neutral coefficient at 10
m, Cpop, is expressed as a function of the roughness.

k
VCpion = —F——~ > (€)
n(1+2)
20
where k is the Von Karman constant, considered to be universal (k ~
0.40). z is the measurement altitude, generally corresponding to the first

level of the model or 10 m. The 2, the dynamic roughness length, is
calculated from the Charnock relation (Charnock, 1955):

2

2
2o = 0.015"—. @
g

The drag coefficient is generally represented by its neutral value at
10 m, Cpy,, defined thus to refer to similar conditions for all the flow
measurements carried out by bringing them back to neutral stability
conditions and to a standard altitude of 10 m. u* is friction velocity and
g is the gravitational acceleration.

A— bR\ forRi<0
1+CD\/TRI- -
1
Fp(Ri, z, zy) = 2 . (©)
A .
1+b’—Ri fOT' Ri > 0

b \/]+c;)Ri

Ri is a dimensionless parameter indicating the stability of the at-
mosphere. When Ri > 0, the atmosphere is thermodynamically stable;
when Ri < 0, it is unstable; and when Ri = 0, the surface boundary layer
is neutral. Ri is given by

_ Pg(TA—SST)z

Ri [7e

Q]
where # is the thermal expansion coefficient (= 3.67x1073/°C), SST is
the sea surface temperature, TA is the air temperature, U is the modulus
of the horizontal mean wind vector (relative to the surface).

The values of the coefficients A, by, b’p, cp, and ¢’ (Giordani et al.,
1996) are given by

PM
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where z,, denotes the thermal roughness lengths, substantially equal to
2.

3. Results and discussion

Fig. 2 compares ERA5 and OCARINA for the five most significant
campaigns in terms of data density. The correlations between the two
datasets are good for the wind and the drag coefficient calculated by the
Louis method, as well as for the SST minus TA (SST-TA), except for the
2014 campaign. However, overall we found that the two datasets are
consistent.

The average wind reduced to neutral stratification conditions at
10 m, ulOn, was used to calculate the Richardson number and the
roughness lengths used in the Louis parameterization, which were cal-
culated using the friction velocities u*. The SST-TA values were used at
each time step to calculate the drag coefficient, which characterizes the
transfer of momentum between the ocean surface and the atmosphere.
Fig. 2(d) shows a good correlation between the ERA5 and OCARINA
data. The average of the median CD values calculated for each cam-
paigns is 1.218x10~3 for OCARINA and 1.167x10~3 for ERAS5, which
are very close in value and not far from the value usually used: 1.2x1073
(Bourras et al., 2019).

If we take into account the surface current, the results from OCA-
RINA and ERA5 will be close and the comparisons will therefore be
good. Currents play a significant role in air—-sea exchanges. The Research
Activities Dedicated to the Eastern Pacific Oxygen Minimum (AMOP)
2014 campaign took place in the Pacific Ocean, off the coast of Peru
(Fig. 1). The weather conditions were quite mild during this campaign.
Note also the existence in this area of the Humboldt current or Peru
current, which is a surface marine current running through the Pacific
Ocean. Originating near Antarctica, it is cold—about 7°C to 8°C lower
than the average sea temperature at the same latitude—and runs along
the coasts of Chile and Peru. The AMOP 2014 campaign was an at-sea
research campaign whose aim was to study one of the main oxygen-
minimum zones in the ocean, which is located off the coast of Peru. One
of the consequences of global warming is a reduction in the oxygen con-
tent of the oceans. There are areas in the ocean where deoxygenation
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Fig. 2. OCARINA-ERAS5 comparisons: (a) neutral wind speed at 10 m (units: m s~1); (b) friction speed (units: m s~1); (c) SST minus air temperature (units:°C); (d)
drag coefficient. The solid lines are the regression lines with slope a and r corresponding correlations. The dashed line represents the perfect correspondence line;

slope = 1.

is even more significant, and where the oxygen level is close to zero,
and these are called “oxygen-minimum zones”. Climate change induces
a warming of waters, which reduces the solubility of oxygen in water
and modifies the stratification and ocean circulation, in turn reducing
the supply of oxygen within the ocean.

The drift speed and the route followed by OCARINA depend on ocean
surface currents and wind speed. The measurement of ocean surface cur-
rents is not accessible to us because the platform is not equipped with
sensors to obtain these data, so we assume it to be zero. Despite the
extensive integration of the instruments on board OCARINA, we cannot
consider the set of instruments used either as definitive or exhaustive.
We are currently developing an instrument for measuring surface cur-
rents. Note also that the ERA5 data do not take the surface current into
account in the estimation of the different speeds.

The values do not move away from slope 1, but poorer correlations
(0.70 and 0.55) are observed for SST-TA, which represents the thermal
stability of the surface boundary layer. Note that along certain coast-
lines, the sea temperature exceeds the air temperature at 1 m, and there-
fore the atmosphere is thermally unstable. We tried to find an explana-
tion for the differences in SST-TA between ERA5 and OCARINA, from a
physical point of view and also in terms of the ERA5 data. This discrep-
ancy of SST-TA, which is not entirely obvious for certain campaigns,
in particular that of 2014, may come from the fact that OCARINA mea-
sures the air temperature at 1 m above the surface while ERA5 gives this
same parameter at 2 m.

In ERA5, SST is a basic parameter, which means that there are no
variations due to the daily cycle of the sun (diurnal variations). The
SST in ERAS is provided by two external providers. From September

2007, the OSTIA (Operational Sea Surface Temperature and Ice Analy-
sis) dataset has been used, which is an optimal multi-scale interpolation
designed for applications in numerical weather prediction and ocean
forecast systems (Donlon et al., 2012).

SST remains a vital component of the climate system because it exerts
a major influence on the exchange of energy, momentum and gases be-
tween the ocean and the atmosphere. Its spatial distribution reflects the
underlying ocean dynamics, being structured not only by ocean fronts,
eddies, and the rise to the surface of deep cold waters along certain
oceanic coastlines, but also by the exchanges between the coastal shelf
and the ocean. Many studies have analyzed the relationship between
SST and certain climate events by using ERA5 SST products, which, ac-
cording to Yao et al. (2021), are not entirely satisfactory.

For OCARINA, the SST taken into account is the “skin” SST, esti-
mated from the SST measured at 15 cm below the surface and reduced
to the surface temperature of the first micrometers below the ocean sur-
face, taking into account exchanges with the atmosphere. To go from
the SST measured by OCARINA to the “skin” SST, we used the model
provided in the COARE3.0 algorithm (Fairall et al., 2003). Indeed, the
COARE3.0 algorithm includes a “skin” temperature calculation model,
based on a “bulk” temperature. The “skin” SST is generally a few tenths
of a degree lower than the SST at 15 cm below the surface, in particular
because of heat losses due to sensible (positive, unstable case) and latent
heat fluxes. The “skin” SST is 0.3°C lower than the SST at 15 cm depth.

Terrain differences could be part of the problem, as the coast is ac-
tually the boundary of the ERAS5 SST data. This is resolved to a point
with remapping. The coarser resolution of the ERA5 data may lead to
discrepancies with our dense measurements because ERA5 might “lose”
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the temperature information between grid points (which we can mea-
sure with the OCARINA platform), which represents a great advantage of
our wave-tracking platform. Additionally, how this parameter is consid-
ered for the ERA5 dataset may result in some differences (Truong et al.,
2022). In order to have grid points as close as possible, a bilinear remap-
ping allowed us to avoid possible missing values over the sea and to
make the two datasets “comparable”, in particular for the coastal cam-
paign in 2014.

The coarse grid of ERA5 (0.25°x 0.25°) did not allow us a very good
comparison for the campaigns near the coasts. In fact, the SSTs are
given with a mask, which refers to the continental part of our study
area. Therefore, for certain cases that can extend offshore, certain val-
ues above the sea are therefore omitted, which led us to refine this grid
and make interpolations of the missing values in order to continue our
comparison. The data from the OCARINA platform do not have the same
spatial and temporal resolution as the ERA5 data, and the longitudi-
nal movements of OCARINA are as dense as the latitudinal movements
(Fig. 1). This is why we wrote a code that allows us to choose the most
concomitant points of comparison possible by imposing a time differ-
ence of 30 min.

In summary, the analyses presented in this section show that the
OCARINA data obtained during the various measurement campaigns are
of sufficient quality to estimate and study turbulent fluxes at the ocean—
atmosphere interface.

4. Conclusion

This study sought to validate ERA5 data using measurements car-
ried out by a wave-following platform, OCARINA, which has a fairly
complete set of instruments for measuring and estimating the turbu-
lent fluxes at the air-sea interface. By design, it is not sensitive to the
aerodynamic distortion of airflow, and its measurements do not require
distortion corrections.

The principle of this comparison, of the coefficients of turbulent ex-
changes, temperatures and winds, is based on the search for concomitant
points between the two datasets, i.e., OCARINA and ERA5, by impos-
ing a minimal spatial rapprochement. To do this, we wrote a code that
carries out this comparison between the various variables and for the
different measurement campaigns. The problem of the coarse sampling
of ERA5 could be overcome by carrying out a remapping, essentially for
the estimation of the surface temperature of the sea. The drag coefficient
was compared via the Louis formulation and the comparison results of
this parameter showed a good overall agreement between ERA5 and
OCARINA.

Overall, the two datasets showed fairly good correlation for the dif-
ferent estimated fluxes. The comparisons carried out in this work have
highlighted, once again, the reliability of reanalysis data, and our results
generally agree with the various conclusions of previous works that have
used these data to parameterize turbulent fluxes at the air-sea interface,
which also proves the performance of our OCARINA platform.

Atmospheric and Oceanic Science Letters 17 (2024) 100463

References

Anctil, F., Donelan, M.A., Drennan, W.M., Graber, H.C., 1994. Eddy correlation measure-
ments of air-sea fluxes from a Discus buoy. J. Atmos. Ocean. Technol. 11, 1144-1150.

Bourras, D., Cambra, R., Marié, L., Bouin, M., Baggio, L., Branger, H., Beghoura, H., et al.,
2019. Air-sea turbulent fluxes from a wave-following platform during six experiments
at sea. J. Geophys. Res.: Ocean 124 (6), 4290-4321.

Bourras, D., Branger, H., Reverdin, G., Marié, L., Cambra, R., Baggio, L., Caudoux, C., et al.,
2014. A new platform for the determination of air-sea fluxes (OCARINA): Overview
and first results. J. Atmos. Oceanic Technol. 31 (5), 1043-1062.

Bourras, D., Weill, A., Caniaux, G., Eymard, L., Bourlés, B., Letourneur, S., Legain, D, et al.,
2009. Turbulent air-sea fluxes in the Gulf of Guinea during the AMMA experiment. J.
Geophys. Res. 114, C04014.

Charnock, H., 1955. Wind stress on a water surface. Q. J. R. Meterol. Soc. 81, 639-640.

Christensen, K.H., Rohrs, J., Ward, B., Fer, L., Brostrom, G., Saetra, O., Breivik, O., 2013.
Surface wave measurements using a ship-mounted ultrasonic altimeter. Methods
Oceanogr. 6, 1-15.

Donlon, C.J., Martin, M., Stark, J., Roberts-Jones, J., Fiedler, E., Wimmer, W., 2012. The
operational sea surface temperature and sea ice analysis (OSTIA) system 2012. Remote
Sens. Environ. 116, 140-158.

Edson, J.B., Hinton, A.A., Prada, K.E., 1998. Direct covariance flux estimates from mobile
platforms at sea. J. Atmos. Ocean. Technol. 15, 547-562.

Fairall, C.W., Bradley, E.F., Hare, J.E., Grachev, A.A., Edson, J.B., 2003. Bulk parameteri-
zations of air-sea fluxes: Updates and verification for the COARE Algorithm. J. Clim.
16, 571-591.

Giordani, H., Noilhan, J., Lacarrére, P., Bessemoulin, P., Mascart, P., 1996. Modelling the
surface processes and the atmospheric boundary layer for semi-arid conditions. Agric.
Forest Meteorol. 80, 263-287.

Giovanni, G., 2021. Reliability of ERA5 reanalysis data for wind resource assessment: A
comparison against tall towers. Energies 14, 4169.

Graber, H.C., Terray, E.A., Donelan, M.A., Drennan, W.M., Leer, J.C.V., Peters, D.B., 2000.
ASIS—A new air-sea interaction spar buoy: Design and performance at sea. J. Atmos.
Ocean. Technol. 17 (5), 708-720.

Hersbach, H., Bell, B., Berrisford, P., Hirahara, S., Horanyi, A., Mufioz-Sabater, J., Nico-
las, J., et al., 2020. The ERA5 global reanalysis. Q. J. R. Meteorol. Soc. 146,
1999-2049.

Katsaros, K.B., Donelan, M.A., Drennan, W.M., 1993. Flux measurements from a SWATH
ship in SWADE. J. Mar. Syst. 4, 117-132.

Kolmogorov, A.N., 1941. The local structure of turbulence in incompressible viscous fluid
for very large Reynolds numbers. Izv. Acad. Sci. USSR 30, 299-303.

Kondylia, V., Lazoglou, G., Tolika, K., Anagnostopoulou, C., 2022. Reliability of the ERA5
in replicating mean and extreme temperatures across Europe. Water 14, 543.

Louis, J.F., 1979. A parametric model of vertical eddy fluxes in the atmosphere. Bound-
ary-Layer Meteorol. 17, 187-202.

Monin, A.S., Obukhov, A.M., 1954. Basic laws of turbulent mixing in the ground layer of
the atmosphere. Akad. Nauk. SSSR Geofiz. Inst. Tr. 151, 163-187.

Mounet, E.G.R., Chen, J., Nielsen, U.D., Brodtkorb H., A., Pillai J., A., Ashton, L.G.C.,
Steele, E.C.C., 2023. Deriving spatial wave data from a network of buoys and ships.
Ocean Eng. 281 (2023), 114892.

Slocum, C., Razin, M., Knaff, J., Stow, J., 2022. Does ERA5 mark a new era for resolving
the tropical cyclone environnement? J. Clim. 35 (21), 3547-3564.

Tavakoli, S., Khojasteh, D., Haghani, M., Hirdaris, S., 2023. A review on the progress and
research directions of ocean engineering. Ocean Eng. 272, 113617.

Truong, S.C.H., Huang, Y., Siems, S.T., Manton, M.J., Lang, F., 2022. Biases in the thermo-
dynamic structure over the Southern Ocean in ERA5 and their radiative implications.
Int. J. Climatol. 42 (15), 7685-7702.

Weill, A., Eymard, L., Caniaux, G., Hauser, D., Planton, S., Dupuis, H., Brut, A., et al., 2003.
Toward a better determination of turbulent air-sea fluxes from several experiments.
J. Clim. 16, 600-618.

Weller, R.A., Bigorre, S.P., Jonathan, J.L., Ware, D., Edson, J.B., 2012. Asurfacemooring
for air-sea interaction research in the Gulf Stream. Part I: Mooring design and instru-
mentation. J. Atmos. Ocean. Technol. 29, 1363-1376.

Yao, L., Lu, J., Xi, X., Jing, W, Liu, Y., 2021. Evaluation of the ERA5 sea surface tempera-
ture around the Pacific and the Atlantic. IEEE Access 9, 12067-12073.


http://refhub.elsevier.com/S1674-2834(24)00011-4/sbref0001
http://refhub.elsevier.com/S1674-2834(24)00011-4/sbref0002
http://refhub.elsevier.com/S1674-2834(24)00011-4/sbref0003
http://refhub.elsevier.com/S1674-2834(24)00011-4/sbref0004
http://refhub.elsevier.com/S1674-2834(24)00011-4/sbref0005
http://refhub.elsevier.com/S1674-2834(24)00011-4/sbref0006
http://refhub.elsevier.com/S1674-2834(24)00011-4/sbref0007
http://refhub.elsevier.com/S1674-2834(24)00011-4/sbref0008
http://refhub.elsevier.com/S1674-2834(24)00011-4/sbref0009
http://refhub.elsevier.com/S1674-2834(24)00011-4/sbref0010
http://refhub.elsevier.com/S1674-2834(24)00011-4/sbref0011
http://refhub.elsevier.com/S1674-2834(24)00011-4/sbref0012
http://refhub.elsevier.com/S1674-2834(24)00011-4/sbref0013
http://refhub.elsevier.com/S1674-2834(24)00011-4/sbref0014
http://refhub.elsevier.com/S1674-2834(24)00011-4/sbref0015
http://refhub.elsevier.com/S1674-2834(24)00011-4/sbref0016
http://refhub.elsevier.com/S1674-2834(24)00011-4/sbref0017
http://refhub.elsevier.com/S1674-2834(24)00011-4/sbref0018
http://refhub.elsevier.com/S1674-2834(24)00011-4/sbref0019
http://refhub.elsevier.com/S1674-2834(24)00011-4/sbref0020
http://refhub.elsevier.com/S1674-2834(24)00011-4/sbref0021
http://refhub.elsevier.com/S1674-2834(24)00011-4/sbref0022
http://refhub.elsevier.com/S1674-2834(24)00011-4/sbref0023
http://refhub.elsevier.com/S1674-2834(24)00011-4/sbref0024
http://refhub.elsevier.com/S1674-2834(24)00011-4/sbref0025

	Comparison of ERA5 turbulent fluxes at the air-sea interface with measurements from a wave-following platform
	1 Introduction
	2 Data and methods
	3 Results and discussion
	4 Conclusion
	References


