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Abstract15

The Total Surface Current Velocity (TSCV) is the horizontal vector quantity that ad-16

vects seawater, and it is an Essential Climate Variable that has been difficult to estimate17

from space. Following ground-based techniques, the TSCV can be derived from the phase18

speed of surface gravity waves, and the different estimates for different wavelengths are19

indicative of vertical shear that is of great interest. Here we combine satellite imagery20

and numerical simulation of the images to investigate the conditions in which shear could21

be measured. Using 10-m resolution images from the Level-1c Red Green and Blue chan-22

nels of the Sentinel 2 Multispectral Instrument, acquired with time lags of 0.5 s, it is found23

that retrieving the near surface shear requires a specific attention to waves in opposing24

direction. Implementing a least-square fit in Fourier space of the current speed and am-25

plitudes of waves in opposing directions to the observed complex amplitudes of a sequence26

of 3 images, the phase speed and current can be estimated much more accurately than27

with only a pair of images, down to the Nyquist wavelength of 20 m. A byproduct of this28

analysis is the ”opposition spectrum” that is a key quantity in the sources of microseisms29

and microbaroms. A sensitivity analysis suggests that the retrieval of TSCV and shear30

can be improved by increasing time lags, increasing resolution and increasing the expo-31

sure time of acquisition, using a push-frame technique instead of MSI’s push-broom tech-32

nique. These finding open the way for new investigations of near-surface ocean processes33

including regions of freshwater influence and possibly internal waves.34

Plain Language Summary35

Measuring ocean surface current and its vertical variation is important for a wide36

range of science questions and applications.37

1 Introduction38

Surface current velocities play an important role in may ocean processes, includ-39

ing the flux of kinetic energy from the atmosphere to the ocean, air-sea fluxes (Cronin40

et al., 2019), and the transport of buoyant material (Maximenko et al., 2019). Many ob-41

servation systems have been proposed to measure the surface current in a wide range of42

conditions. (Barrick, 1977) and many others have developed land-based HF radars that43

rely on the dispersion relation of surface gravity waves, while open ocean conditions are44

very sparsely monitored by in situ moorings with measurements at depths larger than45

5 m, Surface Velocity Program (SVP) drifters with a depth of measurement around 15 m46

when their drogue is attached (Niiler & Paduan, 1995), and a not so clear combination47

of wind and current speeds in the absence of that drogue, surface drifts of Argo floats,48

and, for the lack of a better alternative, estimates based on satellite remote sensing of49

wind, seal level anomalies from altimeters, and a combination of drifters and satelite gravime-50

ters for the Mean Dynamic Topography (Rio et al., 2014).51

These different estimates of the near-surface current can be rather large, in part52

due to the sampling of different depths. It is thus desirable to measure the vertical shear53

of the current in order to be able to compare these estimates. The shear is also an im-54

portant indication of mixing or lack thereof, giving information on possible stratifica-55

tion.56

Shear estimates have used the wave dispersion modification due to the current vec-57

tor, defined by the two components Ux(z) and Uy(z) of the horizontal current profile (Stewart58

& Joy, 1974). For completeness, a non-linear wave correction should also be included (Broche59

et al., 1983), which is almost the same as replacing the Eulerian mean current by the La-60

grangian mean current (Andrews & McIntyre, 1978). We thus expect, for kD � 1,61

Ua(k, ϕ) =

∫ 0

−D
Ux(z) exp(2kz)dz cosϕ+

∫ 0

−D
Uy(z) exp(2kz)dz sinϕ = Uacos(ϕ−ϕU ). (1)
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Figure 1. Left: typical day and night velocity profiles of the total current in the Atlantic at

26°N , 36°W (adapted from Sutherland et al. 2016). Center: sensitivity kernels for surface gravity

wave phase speeds. Right: depth of measurement of different instruments

62

Obtaining current shear from a sequence of images has been done from many sen-63

sors (?, ?; Laxague et al., 2015). It requires to get reliable estimates U(k, ϕ), for differ-64

ent wavelengths, including the shortest components.65

A great opportunity is offered by satellite imagery that has been used to estimate66

surface current (Kudryavtsev et al., 2017b). The objective of the present paper is to dis-67

cuss the accuracy of those estimates, starting with the 2-image method used by (Kudryavtsev68

et al., 2017b), which is discussed in section 2. In order to demonstrate the different pro-69

cessing steps and the influence of the image properties, we rely on the comparison of true70

data and simulated images generated using the simulator described in Appendix A. Due71

to the possible corruption of phase speeds by waves in opposing directions, we propose72

a new method in section 3, using sequences of 3 images, with details given in Appendix73

B. Discussions and conclusions follow in section 4.74

2 Effect of waves in opposite directions with 2-image method75

We start from the same image example that was used Kudryavtsev et al. (2017b),76

acquired off the Calfornia coast in the region of San Diego. The image processing method77

is illustrated in Fig. 2.78

In order to understand the processing results, we also have generated simulated im-79

ages and applied the exact same processing to the simulated images. The image simu-80

lator is described in more detail in Appendix A, and corresponds to the forward model81

of Kudryavtsev et al. (2017a), combined with a noise model. The model input param-82

eters are the Sentinel 2 viewing geometry, an estimate of the surface wind vector given83

by satellite scatterometer data, and a directional wave spectrum that is estimated from84

an in situ buoy. The buoy is station number 220 of the Coastal Data Information Pro-85

gram (CDIP) located at 32.752N 117.501W and is also identified by the World Mete-86

orological Organization by the number 46258.87

The first 5 directional moments are converted to a 5-degree resolution directional88

frequency spectrum using the Maximum Entropy Method (Lygre & Krogstad, 1986). This89

spectrum is then interpolated onto a regular grid in (kx, ky) space with a resolution of90

1/16000 cycles per meter. Drawing random phases for each spectral component the power91

spectral density is used to define complex amplitudes that are inverse-Fourier transformed92
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to generate 8 km square grids of the surface elevation and long wave slopes, (sx(x, y), sy(x, y)),93

at 10 m resolution.94

The input to our image simulator are thus95

• the wave spectrum E(kx, ky)96

• the direction of the dominant slopes ϕmss97

• the mean square slope in that direction mssu and the mean square slope in the98

perpendicular cross-direction mssc.99

• the images bistatic view angles β and φ′ assumed constant for each image.100

The forward model described in Kudryavtsev et al. (2017a) is used to compute a101

mean luminance B0 for a locally rough but flat surface, and the local luminance B(x, y)102

from the same rough surface tilted by the long wave slopes. Detected luminance fluc-103

tuations are caused by the true luminance fluctuations caused by the finite number of104

specular points (Longuet-Higgins, 1960) that contribute to the signal ... The image pixel105

value is then taken as the nearest integer of a mean intensity 〈I〉 times (1 + nt)B/B0106

where nt is a random white noise of a amplitude Nt that parameterizes the ”twinkle”107

of the sea surface108

The noise detector is treated as an additive noise nd, represented as a Gaussian noise109

of standard deviation Nd. For each channel j which corresponds to a time tj we have110

the pixel value111

Ij(x, y) = E(〈I〉j B(x, y, tj)/B0(1 + nt)), (2)

where the value E(x) is the largest integer value that is less or equal to x.112

The quantization effect of rounding to an integer pixel value is not very relevant113

in the present paper. However, the noise model does have a very important influence on114

the estimation of the surface current, as will be discussed below.115

Because the shorter wave components have a low coherence due to their large di-116

rectional spreading, we used a phase estimated from the coherent sum of the complex117

amplitudes obtained from individual image tiles that are 500 m wide. We first sum the118

162=256 tiles, and then add 152 tiles that are shifted by 250 m in each direction in or-119

der to use the signal that is otherwise much reduced by the 2-dimension Hanning win-120

dow. This gives 512 degrees of freedom for each spectral estimate.121

The shortest waves that propagate along the x axis in the image have a 20 m wave-122

length. Their phase speed, for zero current, is expected to be 5.6 m/s and they should123

be displaced by 0.6 m between the red and the blue channels that are separated by 1.1 s,124

and only 0.3 m between the red and green. Although this distance is much smaller than125

the 10 m pixel size, it is easily picked up bu Fourier analysis, and the phase speed of these126

short and slow waves may actually be retrieved by averaging many Fourier transforms.127

In fact, Fig. 2 shows that the phase speeds down to 25 m wavelength are consistent with128

the theory. However, at 20 m wavelength there is a ”noise” that gives a positive bias to129

the velocities with an order of magnitude of 3 m/s (see dashed magenta circle in 2). In-130

terestingly the same ”noise” is also present in the simulated data. Trial and error showed131

that it was not associated to the amplitude or the additive or multiplicative nature of132

the noise in eq. (2), as long as some energy remains for waves in opposing directions.133

This ”noise” disappears in the simulation when the input spectrum is ”chopped”134

to remove westward propagating waves.135

NEED TO ADD FIGURE HERE .136

Indeed, any spectral component (k, ϕ) contains information that propagate in both137

directions ϕ and ϕ+π, by interpreting the phase difference ψ4,2 as the phase of a sin-138

gle travelling wave, we are assuming that we can neglect the waves in direction ϕ+π.139
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Figure 2. Processing from Level-1c images to phase speeds, using 500 x 500 m tiles over a 8

by 8 km area, giving 256 degrees of freedom. Top: data from Copernicus Sentinel 2 on 29 April

2016 off California (See Figs. 3-9 in Kudryavtsev et al. 2017), with β = 14◦, U10 = 6 m/s.

Middle: simulated S2 data based on in situ wave spectrum determined from directional moments

using the Maximum Entropy Method, and with random phases. The noise amplitude is 0.3. The

present paper was motivated by the phase speed anomalies, highlighted with the dashed magenta

circle near the Nyquist wavelength L = 20 m.

In fact, the data is in general the sum of two waves travelling in these opposite direc-140

tions, each giving a different phase difference. In order to obtain the three informations141

that are the 2 amplitudes and one relative phase we need more than 2 images. We have142

thus developed a method to estimate the current velocity from a sequence of 3 images.143

3 Least squares method applied to a sequence of 3 images144

The details of the method are given in Appendix A. They correspond to the adap-145

tation of the method by Mansard and Funke (1980) for the estimation of the incident146

and reflected wave amplitudes in a laboratory flume using 3 time series from 3 different147

wave gauges, with the addition of an unknown current. In fact, eq. (B27) can be applied148

directly to that problem: knowing the measured complex amplitudes given by the Fourier149

analysis (in time) of the 3 gauges, one gets the complex amplitude of the incident and150

reflected waves and the current along the flume, as illustrated in Fig. 3.151

For the case of 3 images, the complex amplitudes of the intensities of the 3 images,152

for any spectral component with wavenumber k and azimuth ϕ are separated into a com-153

plex amplitude ZA(k, ϕ) of a wave train travelling in direction ϕ and ZB(k, ϕ) travel-154

ling in direction ϕ+π, and a current U(k, ϕ) that should be equal to Ua(k, ϕ) given by155

eq. (1).156

In order to quantify the magnitude of waves in opposing directions, we define an157

”opposition spectrum”,158

H(k, ϕ) = 2
|ZA|2(k, ϕ)|ZB |2(k, ϕ)

|ZA|2 + |ZB |2
(3)

that ranges form 0 for waves propagating only in direction ϕ to 1 for equal amplitudes159

in opposing directions. This is the spectral analogue of the ”overlap integral” I(k) de-160

fined by (Farrell & Munk, 2008) and first used by Hasselmann et al. (1963) for the the-161
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Figure 3. Current and opposition spectra from the S2 image shown in figure 1 using a pro-

cessing from 2 or 3 image channels.

ory of generation of secondary microseisms and microbaroms (Ardhuin et al., 2015; De Carlo162

et al., 2020). If H(k, ϕ) is independent of ϕ then I(k) = H(k, ϕ).163

We started to make estimations of the current by inverting eq. (B27) for each com-164

bination of complex amplitudes from a single FFT tile and averaging over all the tiles,165

Ui(k, ϕ). This incoherent sum happens to be biased by the modulation transfer function166

(MTF) between the surface elevation and image intensity in the presence of a significant167

multiplicative noise, as confirmed by the simulations in Fig. 4. The incoherent estimate

Figure 4. Estimation of the current matrix Ui(k, ϕ) and overlap matrix H(k, ϕ) using an

incoherent average of the velocities obtained from each image tile. (a) derived from the S2 image,

(b) simulated S2 image, (c) simulated without noise, (d) simulated without the image MTF.

168

Ui(k, ϕ), with an example in in Fig. 4.a, is a great opportunity for measuring the MTF169

in the absence of currents, but it is a problem if one wants to estimate currents with a170

high accuracy and not knowing the MTF.171

4 Discussion and Conclusions172

–6–



manuscript submitted to JGR: Oceans

Appendix A Image simulator173

Appendix B Adaptation of 3-probe least squares method to an un-174

known current175

Let us have A and B the complex amplitudes of the waves propagating in the ϕ176

direction and the opposite direction. The system of equations for the 3 measured com-177

plex amplitudes F1, F2, F3 at times t1 = 0, t2, t3 is, for each spectral component (k, ϕ),178

with U the current component in direction ϕ, σ =
√
gk, µ = σt2, ν = σt3, χ = kUt2,179

ψ = kUt3180

F1 = A+B +N1 (B1)

F2 = Ae−iµ−χ +Be+iµ−χ +N2 (B2)

F3 = Ae−iν−ψ +Be+iν−ψ +N3 (B3)

(B4)

or181

A+B − F1 = ε1 (B5)

Ae−iµ−χ +Be+iµ−χ − F2 = ε2 (B6)

Ae−iν−ψ +Be+iν−ψ − F3 = ε3 (B7)

(B8)

and we look for the solution that minimizes the sum of the εn squared,182 ∑
n

ε2n =
∑
n

(
Ae−iσtn−kUtn +Be+iσtn−kUtn − Fn

)2
(B9)

Taking derivatives with respect to A, B and U gives, respectively,183 ∑
n

e−i(σtn−kUtn)
(
Ae−i(σtn+kUtn) +Be+i(σtn−kUtn) − Fn

)
= 0

(B10)∑
n

ei(σtn+kUtn)
(
Ae−i(σtn+kUtn) +Be+iσtn−kUtn − Fn

)
= 0

(B11)∑
n

tn

(
Ae−i(σtn+kUtn) +Bei(σtn−kUtn)

)(
Ae−i(σtn+kUtn) +Be+i(σtn−kUtn) − Fn

)
= 0

(B12)

using t1 = 0, this can be re-arranged as184

α1A + β1B = γ1 (B13)

β1A + β2B = γ2 (B14)

t2 (α3A+ β3B) · (α3A+ β3B − F2)

+t3 (α4A+ β4B) · (α4A+ β4B − F3) = 0 (B15)

where we have defined185

α1 =
[
1 + e−i(2σ+2kU)t2 + e−i(2σ+2kU)t3

]
(B16)

β1 =
[
1 + e−i2kUt2 + e−i2kUt3

]
(B17)

γ1 = F1 + F2e−i(σ+kU)t2 + F3e−i(σ+kU)t3 (B18)

β2 =
[
1 + e2i(σ−kU)t2 + e2i(σ−kU)t3

]
(B19)
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γ2 = F1 + F2ei(σ−kU)t2 + F3ei(σ−kU)t3 (B20)

α3 = ee−i(σ+kU)t2 (B21)

β3 = ei(σ−kU)t3 (B22)

α4 = ee−i(σ+kU)t3 (B23)

β4 = ei(σ−kU)t3 (B24)

We may eliminate A and B from the first 2 equations,186

A = (rF,1 − rB,1B) /rA,1, (B25)

and187

B = (γ2 −1 β1/α1)/(β2 − β2
1/α1). (B26)

replacing these expressions for A and B in eq. (B15) gives one equation for U ,188

f(U, k, σ, F1, F2, F3, t2, t3) = t2 (α3A+ β3B)× (α3A+ β3B − F2))

+ t3 (α4A+ β4B))× (α4A+ β4B − F3) = 0. (B27)

Finding the solution for f = 0 gives an estimate of the value of U. This operation can189

be repeated for each Fourier transform (each tile) and each spectral component. Differ-190

ent averaging procedures are discussed in section 3.191
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