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1. Introduction 

Over the years, several studies of the impact of the Stokes drift on the trajectories of objects 

drifting on the sea surface were made (see for instance Heath, 2011; Wang et al, 2014).  Generally, 

the Stokes drift velocity is defined as the difference between the average Lagrangian flow velocity 

of a fluid parcel, and the average Eulerian flow velocity of the fluid at a fixed position. As an 

example, a particle floating at the free surface of the water waves experiences a net Stokes drift 

velocity in the direction of wave propagation. In the case of this study, the particles are drifters. 

The aim of this report is to compare the Stokes Drift velocities with the slip induced by the wind 

on the trajectories of surface drifters in the Mediterranean Sea. In order to study these effects, the 

data from different types of drifters were used. Surface Velocity Program (SVP) drifters drogued 

at 15-m nominal depth and undrogued (Sybrandy and Niiler, 1991), as well as Coastal Ocean 

Dynamics Experiment (CODE) drifters (Davis, 1985) datasets were used to estimate the impact 

of the Stokes drift on the drifter trajectories. In section 2, the drifters used for the study are 

described. Section 3 gives information on the datasets used for this study. In section 4. the method 

to compute Stokes drift velocities is described. Section 5 focuses on the wave model used to 

compute the Stokes drift velocities at the drifter positions. An estimation of the Stokes drift 

velocities in the Mediterranean Sea is given in section 6. The interpolation of the Stokes drift data 

is presented in section 7. Section 8 focuses on the study of the downwind slip. Results of the 

Stokes drift velocities are analyzed in section 9. Conclusions are included in Section 10. 

 

2.  Drifter designs 

a) CODE drifters 

The CODE drifter (Davis, 1985) was designed as an inexpensive water follower to track currents 

in the upper meter of the oceanic mixed layer. The CODE drifters’ “X” shaped sail patterns catch 

the surface layer water currents like a sail catches the wind. The CODE drifters mostly used in 

this study were manufactured by Technocean (model Argodrifter). It is a Lagrangian drifter which 

can report position via the Argos satellite-based data collection system. The CODE drifter is a 

tube, around the central core on top and bottom are eight spring loaded arms which upon 

deployment from two intersecting orthogonal, vertical, planes made of cloth with an area 
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approximatively 1 meter square (the central tube forming the vertical axis). Four ball-shaped foam 

floats tethers from the outer ends of the upper arms. These floats provide the net positive 

buoyancy to the unit.  

b) SVP drifters 

SVP drifters (Sybrandy and Niiler, 1991) are the standard design of the GDP. It is also a 

Lagrangian current-following drifter, designed to track water currents (15 meters depth) beneath 

the ocean surface. The SVP drifters used in this study are the mini-SVP designs. SVPs consist of 

a surface buoy that is tethered to a holey sock drogue that is centered at 15 meters depth. A tension 

sensor, located below the surface buoy where the drogued is attached, indicates the presence or 

absence of the drogue.  

c) Positioning and data telemetry 

Two systems were used to track the drifters. The first one is the Argos Data Collection and 

Location (DCLS) system dedicated to environmental monitoring. This system is based on the 

Doppler-Fizeau effect, which reflects the shift in frequency of the sound wave or electromagnetic 

wave when the source of transmission and an observer are in motion relative to each other. Each 

time it receives a message, the Argos system measures the frequency and the arrival date. 

Knowing the velocity and the arrival date, the distance between the drifter and the satellite can be 

computed. This operation done with at least 4 satellites allow us to determine the drifter positions. 

The second system is Iridium, which is a global full ocean coverage bidirectional satellite 

communication network. This network is composed of 66 active satellites used for worldwide 

data communication. The buoy utilizes the network to communicate and transmit essential 

scientific data. 

  

3.  Datasets 

a) Data processing 

The data processing used is described in Poulain et al. (2004). Here a short summary is given. 

First the data of each drifter was read, reduced and edited in order to remove outliers and spikes. 

Then, the despiked data were interpolated onto regular intervals using the kriging analysis 

technique (Hansen and Herman 1989; Hansen and Poulain, 1995). The edited data from the 

drifters were interpolated at regular 2-hour intervals using the kriging technique. The interpolated 

data were then low-pass filtered with a designed filter cut-off period at 36 hours (-3 dB at 36 
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hours and -49 dB at 27 hours) in order to remove high frequency current components. Finally the 

low-pass time series were subsampled every 6 hours and the velocities were computed by finite-

centered differencing the 6-hourly interpolated-filtered latitude and longitude data. 

 

b) Drifter datasets 

The drifter data used in this study cover the whole Mediterranean Sea (30°-46°N, -6°-36°E).  The 

tracking of the drifter was done by the Argos Data Collection and by the Iridium network. The 

drifter observations are grouped into three datasets. The first dataset is composed of the 767 

CODE drifters spanning the period 1986-2017 (Figure 1a). The second dataset is composed of 

495 drogued SVP drifters spanning the period 2005-2017 (Figure 1b) among which 176 SVP 

drifters have lost their drogue. These 176 undrogued drifters are included in the third dataset 

(Figure 1c). 

  

c) Wind products 

The Cross-Calibrated Multi-Platform (CCMP) Ocean Surface Wind Vector Analyses (Atlas et 

al., 2011) provide a consistent, gapfree long-term time-series of ocean surface wind vector from 

July 1987 through 2017. The CCMP datasets combine cross calibrated satellite winds using a 

Variational Analysis Method (VAM) to produce a high resolution (0.25 degree) gridded analysis.  

The times series of wind (NOAA in this report) were downloaded from the NOAA website 

(ERDDAP- NOAA/NCDC Blended Daily 0.25-degree Sea Surface Winds – Data Access Form). 

These products include globally gridded, high-resolution ocean surface vector winds on a global 

0.25° grid with a time resolution of 6 hours.  

 

4.  Analysis on the Stokes Drift formula 

According to Ardhuin and Filipot (2017) an approximation of the Stokes drift velocities in the 

water column can be computed by the following formula: 

 

 

Equation 1   
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where Us and Vs are the Stokes drift velocities respectively in the zonal and meridional directions,  

a is the wave amplitude, D is the mean water depth, -h is the depth of the bottom, and σ²=g*k is 

the dispersion number in deep water. In addition, g is the gravitational acceleration, k=2*π/λ is 

the wavenumber, λ is the wavelength, θ is the propagation direction of the waves, z is the depth 

of the computation and D is the water depth. Using the deep water approximation the Stokes Drift 

formula becomes:  

 

Equation 2 

 

 

(a) 

(b) 

(c) 
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Figure 1. Low-pass-filtered interpolated drifter tracks in the Mediterranean Sea: (a) CODE 

drifters, 1986-2017; (b) SVP drogued drifters, 2005-2017; and (c) SVP undrogued drifters 

2005-2017. 

Figures 2a and 2b show the Stokes drift velocities in the water column computed respectively 

with Equations 2 and 3. Some wave products give the mean period, Tm, the mean direction, θm 

and the significant wave height Hs. Using these parameters, an approximation of the Stokes drift 

velocities is computable according to the bulk formula from Kumar et al. (2017):  

 

Equation 3 

where ω is the angular wave frequency (= 2π/Tm). Equation 3 has been used to estimate the Stokes 

drift velocities in the entire Mediterranean Sea using the bathymetry of the basin. 

 

 

 

Figure 1. Examples of Stokes Drift velocities in the water column. 

 

5. Wave model data 

To estimate the Stokes drift velocities in the water column using Equation 3, the wavelength, 

λ=2π/k, the period, T=2π/σ, and the significant height, Hs, of the waves are required. Wave 

characteristics for the Mediterranean Sea have been provided by the Department of Civil, 

Chemical and Environmental Engineering (DICCA) of the University of Genoa, Italy, that 

developed a high-resolution wave hindcast in space (0.1°x0.1°) and time (1 hour) for the period 

a b 
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01/01/1979-31/12/2016. The hindcast has been validated and employed for different studies 

regarding wave climate and analysis (Mentaschi et al., 2013a,b; Mentaschi et al., 2015a,b; Sartini 

et al, 2015a,b; Besio et al., 2016; Sartini et al., 2016; Besio et al., 2017; Sartini et al., 2017; Masina 

et al., 2017; Zughayar et al., 2017). Since the wave model has a high resolution, a lower space (1° 

x 1°) and time resolution of 6 hours were used. Wave hindcast has been produced using the third 

generation model WAVEWATCH III v3.14 (Tolman et al., 2014). These model results are given 

on a single grid (Figure 3).The following parameters are available at each grid point: 

 YYYY - Year , mm - month , dd - day , HH - hour , MM - minutes , SS - seconds  

 Hs - Significant Wave Height [m]  

 Tm - Mean Period [s]  

 Tp - Peak Period [s]  

 Dirm - Mean Direction [°N]  

 Dirp - Peak Direction [°N]  

 Lm - Mean Wavelength [m]  

 Lp - Peak Wavelength [m] 

 Wa - Wage age 

Using the mean and the peak parameters the Stokes drift velocities were computed at the drifter 

positions. The Stokes drift velocities have been computed only at the surface (Equation 3) because 

we assume that drogued SVP drifters (15 m depth) are not influenced by Stokes drift effects. In 

contrast, CODE and undrogued SVP drifters are influenced by the surface Stokes drift velocities 

and by wind-driven currents.  
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Figure 3. Grid of the wave numerical model. 

6. Stokes drift velocities in the Mediterranean Sea 

Seeking for a complete study, the maximum Stokes drift velocities for each point of the grid were 

extracted. This provided us an idea of the magnitude of the Stokes drift velocities in the 

Mediterranean Sea.  Figures 4a and 4b show that the average maximum Stokes drift velocity is 

around 20 cm/s in the western and in the eastern Mediterranean Sea. We can notice some episodic 

maximum values around 1 m/s. These results are of the same order of magnitude than those found 

by Jordà et al. (2007) in the Catalan sea (about 20-30 cm/s).  
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Figure 4. Maximum Stokes drift velocities at each grid point in the western (a) and eastern (b) 

Mediterrranean. 

In order to have a better estimation of the possible Stokes drift velocites in the Mediterranean 

Sea, histograms of the distribution of the Stokes drift velocites (Figure 5) were produced in two 

selected areas of the Mediterranean Sea (Figure 6).  According to the histograms (Figure 5), 

Stokes drift velocities are ranging between 0 and 20 cm/s in Mediterranean Sea without taking 

into account the maximums. In addition, in the western basin area (Figure 5a and 5b) the Stokes 

drift velocities are a bit higher than in the eastern basin area (Figure 5c and 5d). This makes sense 

since the surface wave field is more energetic in the western Mediterranean than in the eastern 

basin.  

  

a b 
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Figure 5. Histograms of the Stokes drift velocities in the western (a and b) and eastern (c and d) 

Mediterranean basins. Peak (left) and mean (mean) wave parameters were used. 

 

Figure 6. Areas used for the study of the distribution of the Stokes drift velocities. 

a b 

c d 
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7. Interpolation of the wave model at the drifter positions  

A Matlab bilinear interpolator, interp2 with the method nearest, was used to compute the 

velocities at the drifter positions using Equations 2 and 3. According to the results of the 

interpolation, Equation 2 seems to overestimate the Stokes drift velocities. Indeed, this equation 

produces some Stokes drift velocities larger than 30 cm/s, which is barely possible according the 

distributions (Figures 5). Thus, the following study was focused on the results given by Equation 

3. 

 

8. Estimation of drifter downwind slip 

The wind-driven currents were extracted from the CODE and SVP (undrogued - Usvpl and 

drogued - Usvp) velocities using the following regression models:  

 

 

Equation 4 

 

These models were computed with two different wind products, one from the NOAA and the one 

from CCMP. The computations with the two different models allow us to validate the results. 

 

Furthermore, the offset of the regression models (Equation 4) αi were forced to zero to seek a 

simple linear relationship between drifter and wind velocities. The results are listed in Table 1. 

Using 154000 6-hourly observations in the whole Mediterranean Sea, the wind-driven currents 

measured by the CODE drifters appears to be about 0.84% of the wind speed at an angle of 29° 

to the right of the wind vector. These results are similar to those of Poulain et al. (2009) using 

46000 observations. This simple linear relationship explain up to 11% of the variance for the 

CCMP wind model and up to 10% for the NOAA model.  

 

The drogued SVP drifter velocities (133875 6-hourly observations) are less correlated with the 

winds. The regression models explains only 4.6% (NOAA) and 5.3% (CCMP). The slope of the 

regression model is about 0.5% of the wind speed and the veering angle of the drifter-inferred 

currents with respect to the winds ranges between 39 and 43° to the right of the wind vector. 
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When the SVP drifter have lost their drogue (37006 six-hourly observations) the correlation with 

the wind is much higher. Indeed the coefficient of determination reaches 31%. The linear model 

gives a slope of about 1.6% whereas it was found 1.8% in 2009, with a veering angle to the right 

of the wind of 19°. 

 

 

Table 1 Results of the linear regression models used to estimate wind-driven currents measured 

by CODE (Ucode) and SVP (Usvp and Usvpl) drifters. 

In order to compare the influence of the Stokes drift with the wind-induced currents on the drifter 

trajectories a study of the wind is needed. To estimate the slippage of undrogued drifters, pairs of 

drifter observations satisfying the following conditions were sought in the drifter dataset: 1) one 

observation is provide by a drogued SVP drifter, and the other by an undrogued SVP drifter; 2) 

the two observations should be simultaneous; and 3) the two drifters should be separated by less 

than 20 km (Figure 7a) or 40 km (Figure 7b).  Linear regression models (Equation 5) were applied 

to the drifter observations and wind product in the Mediterranean Sea. 
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Figure 7. Pairs of drogued and undrogued SVP drifters separated by less than 20 km.  

 

Several regression models were applied to the nearly collocated (distance < 40 km) and 

simultaneous undrogued (Usvpl) and drogued (Usvp) SVP velocities as a function of wind (W) 

(see Table 2) as it was done in Poulain et al. (2009). Using 2374 pairs with drifter observations 

separated by less than 40 km compared to the 771 pairs of 2009 the results have been updated.  

 

Equation 5  

Taking the same regression models (Equation 5), the velocity difference between undrogued and 

drogued SVP drifters follows a model with a slope of 0.014 and a small veering to the right of 

18.5°. This model explains only about 1.5% of the variance of the velocity difference. As the 

veering angle is small, we can assume that the response is essentially downwind. The explained 

variance for the downwind model is the same. In order to compare the drogued and undrogued 

drifters with better collocated pairs the maximal distance has been reduced to 20 km. The quantity 

a b 
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of pairs is obviously reduced (754) but still five times larger than the data available in 2009 (only 

164 pairs). The downwind slippage is 1.4% and explains 16% of the variance.  

 

The scatter diagram of downwind slippage versus wind speed is depicted in Figure 8 along with 

the regression lines corresponding to the models using pairs separated by less than 40 and 20 km. 

Downwind slippage speeds can be as large as 70 cm/s for wind speed ranging in 0-18 m/s. Using 

pairs separated by less than 20 km yields slippage estimates ranging between -40 and +40 cm/s. 

 

 

Table 2. Results of the linear regressions on CODE and SVP drifters. 

 

 

Figure 8. Scatter diagram of downwind slip vs wind speed. Plus signs and circles correspond to 

pairs separated by less than 20 km and 40 km, respectively. 
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CODE and SVP drifters data in the entire Mediterranean Sea were used in concert with CCMP 

and NOAA wind data to study the wind effects on the drifter-inferred velocities. It was found that 

the difference between simultaneous and quasi-collocated drogued and undrogued SVP 

velocities, which is an underestimate of the slippage of the undrogued SVP drifter, amounts about 

1.4% of the wind speed and is mainly downwind. In other words, undrogued SVP drifters have a 

downwind leeway of at least 14 cm/s in 10 m/s winds. This result, is higher than the one found 

by Poulain et al. (2009), which was 0.66% of the wind speed.  

  

9. Study on the Stokes drift velocities 

Stokes drift velocities at the location of the pairs of drogued undrogued drifters were computed. 

The following scatter diagram, Figure 9, shows the Stokes drift velocities versus wind speed at 

the locations and times of the pairs considered in the Mediterranean Sea.  

 

 

Figure 9. Scatter diagram of Stokes drift velocities vs wind speed at the drifter pair locations 

and times. 
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Stokes drift velocities at the pair locations are ranging between 0 and 12 cm/s. In addition, there 

can be Stokes drift velocities even if there is no or little wind, it is the case when there is swell. 

 

Figures 10a and 10b show the Stokes drift velocity vs the wind speed at all the grid points (see 

Figure 3) in the western Mediterranean basin. Figures 10c and 10d show the same results but for 

the easter basin. According to these four figures we can notice that waves with a significant height 

under 1 m induced only low Stokes drift velocities, around 2 cm/s. In contrast, when the wave 

significant height is over 1 m, Stokes drift velocities can reach 10 cm/s in both western and  

eastern basins.   

 

  

 

Figure 10.  Scatter diagram of Stokes drift velocities vs wind speed in the western (a and b) and 

eastern (c and d) basins as a function of the significant height.  

a b 

c 
d 
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Figure 11 a) Scatter diagram of Stokes drift velocities vs downwind slip; b) Scatter diagram of 

downwind Stokes drift and downwind slip velocities vs wind speed. 

 

The Stokes drift velocity vs downwind slip is depicted in Figure 11a and the downwind Stokes 

drift velocity and slip vs wind speed is plotted in Figure 11b. It shows that the range of Stokes 

drift velocities is very small compared to the range of the downwind slip velocities and that the 

downwind slip is almost always superior to the Stokes drift velocity. 

  

10. Conclusions 

According to the above results, the wind-driven currents seem to have a higher influence than the 

waves on the drifter trajectories. Indeed, a 10 m/s wind speed would induce a wind-driven current 

of the drifter of about 14 cm/s in the downwind direction, whereas the Stokes drift influence 

would be only about 2-10 cm/s. In addition, the results found by Poulain and al. (2009) have been 

updated using a more copious drifter dataset. Results show that the slippage of the SVP drifter 

without drogue is essentially downwind and amounts for about 1.4% of the wind speed.  

 

 

 

 

 

 

a b 
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