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Ratio of Stokes Drift to Geostrophic 
Currents
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Ratio of climatological surface Stokes drift speed over climatological surface geostrophic speed. The scale 
is logarithmic. The Stokes drift is calculated from spectra of ECMWF ERA-40 reanalysis and averaged 
over 45 years. The geostrophic currents come from a 15-year average of altimeter and in situ observations 
from AVISO (Carrasco et al, Ocean Dynamics, 2014)



Advection of Surface Passive Tracers
(aka, garbage)
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Distributions of virtual surface particles, after 10 years starting from a uniform 
distribution. The four panels show the effect of three components of the surface 
current combined or their effect taken separately (Adapted from Onink et al., 
2019)



Why DopplerScatt for Wind Drift?
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provides wind 
stress and volicity
directions & wind 
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Coincident data 
over different wind 
conditions with HF 
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What velocity is measured?
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What different instruments measure
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Measured Eulerian velocity is average over the wavelength of the waves used 

Stewart & Joy, 1974

UM = UE + USf

UM = UE + US/2
UM = UE

HF Radar (Ardhuin et al., 2009)

DopplerScatt (Rodriguez et al., 2018)

ROCIS (Anderson et al., 2015)

HF radar (5 MHz): ~2m depth
HF radar (12.5 MHz): ~1m depth
ROCIS: ~1m - 2m 
DopplerScatt: <1mm



DopplerScatt Quantum Eddy Validation
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Velocity Differences
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CGMF: Wind Drift Uncorrected



Problem Traced to Current GMF
Correction Included Wind Drift
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Blue line, Yurovsky et al., Black Sea Tower experiment.



Velocity Differences
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CGMF: Wind Drift Uncorrected

CGMF: Wind Drift Corrected



DopplerScatt – ROCIS Comparison
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Data collection funded by Chevron. ROCIS data courtesy of Areté Associates. 
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Figure 7. HF radar velocity relative to binned 5-cm (a), 10-cm (b) and CODE-style (c) drifter velocity 

(ur, vr), as calculated by Equation (1). The red dots are centroids of the scatter points and the red 

ellipses represent the standard deviations of the scatter points. Listed on each plot are the number of 

co-located observations (N), the angle clockwise from vector (0,1) to the centroid (mean), and the 

magnitude of the mean with 95% confidence interval. 

On average, the HF radar velocity magnitude is only 55.7% (±6.26, 95% CI) of bin-averaged 5-

cm drifter velocity measurements (Figures 7a and 8), and is directed 23.16° anticlockwise. Similarly, 

the HF radar velocity magnitude is on average 64.2% (±5.79) of the 10-cm drifter bin-averaged 

velocity magnitude, directed 26.32° anticlockwise. The HF radar velocity measurements are much 

closer to the CODE drifter velocities, with HF radar velocity magnitude 85.7% (±8.91) that of the 

CODE drifters, directed 9.9° clockwise. Due to the large scatter in the co-located velocity 

measurements (illustrated by the large standard deviation ellipses on the scatter plots in Figure 7) 

and poor representativeness of bin-averaged currents from drifter measurements, there is substantial 

uncertainty in these statistics (as shown by error bars in Figure 8 and listed on each plot of Figure 7). 

However, the analysis shows systematically growing significant differences between the HF radar 

velocity and the Lagrangian velocity measured by drifters at diminishing depths below the surface. 

 

Figure 8. Mean magnitude of the HF radar velocity relative to binned 5-cm, 10-cm, and CODE-style  

drifter velocity as calculated by Equation (1). Error bars represent the 95% confidence interval of the 

estimate of the mean. 

Figure 7. HF radar velocity relative to binned 5-cm (a), 10-cm (b) and CODE-style (c) drifter velocity
(ur, vr), as calculated by Equation (1). The red dots are centroids of the scatter points and the red
ellipses represent the standard deviations of the scatter points. Listed on each plot are the number
of co-located observations (N), the angle clockwise from vector (0,1) to the centroid (mean), and the
magnitude of the mean with 95% confidence interval.

On average, the HF radar velocity magnitude is only 55.7% (±6.26, 95% CI) of bin-averaged
5-cm drifter velocity measurements (Figures 7a and 8), and is directed 23.16� anticlockwise. Similarly,
the HF radar velocity magnitude is on average 64.2% (±5.79) of the 10-cm drifter bin-averaged velocity
magnitude, directed 26.32� anticlockwise. The HF radar velocity measurements are much closer to the
CODE drifter velocities, with HF radar velocity magnitude 85.7% (±8.91) that of the CODE drifters,
directed 9.9� clockwise. Due to the large scatter in the co-located velocity measurements (illustrated by
the large standard deviation ellipses on the scatter plots in Figure 7) and poor representativeness of
bin-averaged currents from drifter measurements, there is substantial uncertainty in these statistics
(as shown by error bars in Figure 8 and listed on each plot of Figure 7). However, the analysis shows
systematically growing significant differences between the HF radar velocity and the Lagrangian
velocity measured by drifters at diminishing depths below the surface.
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Figure 8. Mean magnitude of the HF radar velocity relative to binned 5-cm, 10-cm, and CODE-style
drifter velocity as calculated by Equation (1). Error bars represent the 95% confidence interval of the
estimate of the mean.

HF Radar vs Drifters Drogued at 
Different Depths
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Effects of Stratification
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Stratified Not Stratified



Current Shear from Measurements
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Wind Drift Decomposition
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ECMWF wind field may be less accurate. Point B is
relatively sheltered from southerly and northwesterly
waves, and the fetch from the east is 40 km at most. If we
assume that the winds are accurate at that site too, we
find that the radar-derived current is weaker relative to
the wind, with UR/U10 typically smaller by 0.2% (a
; 15% reduction) compared to point A. This appears
to be due to a reduction in USf, which is only partially
compensated for by a small increase in UE. This differ-
ence between points A and B nearly vanishes when only
westerly wind situations are considered (defined by winds
within 608 from the westerly direction).

4. Conclusions

Using a 2-yr time series of HF radar data and a novel
numerical wave model that is shown to reproduce the
observed variability of the surface Stokes drift with
wind speed and wave height, we have analyzed the wind-
driven surface current. When tidal currents are fil-
tered out, theory predicts that the measured velocities
are a superposition of a filtered Stokes drift USf and a
quasi-Eulerian current UE. With our 12-MHz radar,
USf is estimated to be on the order of 0.5%–1.3% of
the wind speed, with a percentage that increases linearly
with wind speed. These values are a function of the
radar wavelengths and would be larger, by up to 20%,
with higher-frequency radars that give currents repre-
sentative of a shallower surface layer. The other com-
ponent UE is found to be on the order of 0.6% of the wind
speed and lies in our Northern Hemisphere at an average
408–708 to the right of the wind, with a large scatter be-
cause of inertial oscillations that may be well modeled by
using a Laplace transform of the wind stress (Broche
et al. 1983). This large deflection angle is robustly given
by the coherence phase for clockwise motions in the
frequency range from 0 to the inertial frequency.

When instantaneous currents are compared to the
wind, the magnitude of UE appears to decrease with
wind speed, but it increases when a stronger stratifica-
tion is expected (Fig. 6). These surface observations
correspond to currents in the depth range 0–1.6 m and
confirm previous analysis of deeper subsurface mooring
data. If wind-correlated geostrophic currents are negli-
gible in our measurements, the shape of the classical
picture of the Ekman spiral is not correct and the surface
layer is much more slab-like than assumed in many
analyses, probably because of the large wave-induced
mixing at the surface (Agrawal et al. 1992). These find-
ings are summarized in Fig. 7.

If we neglect the wind-correlated geostrophic cur-
rents, which we deem reasonable, and interpret UE as
being purely wind-driven, our observations of UE/U10 at

point A are expected to be representative of the open
ocean, whereas in coastal areas and small basins, a less
developed sea state will lead to a smaller USf and a
larger UE, as we observe at point B. Such a generic
relationship of UE and U10 is very important for a
proper estimation of the energy flux to the mixed layer.
Besides, on top of the wind stress work on the Ekman
current, this energy flux should be dominated by the
dissipation of wave energy induced by breaking (e.g.,
Rascle et al. 2008). Also, there is the depth-integrated
Stokes–Coriolis force that is equal to the product of the
depth-integrated Stokes transport Mw 5 rw

Ð
Us(z) dz

FIG. 6. Observed tide-filtered quasi-Eulerian velocity magni-
tudes normalized by the wind speed and directions relative to the
wind vector. The linear increase of USf /U10 with U10 is consistent
with the quadratic dependence of USf on U10 given by Eq. (7). The
full dataset was binned according to wind speed. Dashed–dotted
lines correspond to stratified conditions only and dotted lines
correspond to homogeneous conditions. (bottom) The number of
data records in each of these cases. The dashed line show results
when USf is replaced by Uss( fB). Error bars show only 1/2 of the
standard deviation for all conditions combined, in order to make
the plots readable. All time series (wind, current, USf, and Uss) were
filtered in the same manner for consistency (except for the initial
detiding applied only to the current data). The error bars do not
represent measurement errors but rather the geophysical vari-
ability due to inertial motions.
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ABSTRACT

The surface current response to winds is analyzed in a 2-yr time series of a 12-MHz (HF) Wellen Radar
(WERA) off the west coast of France. Consistent with previous observations, the measured currents, after
filtering tides, are on the order of 1.0%–1.8% of the wind speed, in a direction 108–408 to the right of the wind,
and with systematic trends as a function of wind speed. This Lagrangian current can be decomposed as the
vector sum of a quasi-Eulerian current UE, representative of the top 1 m of the water column and part of the
wave-induced Stokes drift Uss at the sea surface. Here, Uss is estimated with an accurate numerical wave model
using a novel parameterization of wave dissipation processes. Using both observed and modeled wave spectra,
Uss is found to be very well approximated by a simple function of the wind speed and significant wave height,
generally increasing quadratically with the wind speed. Focusing on a site located 100 km from the mainland,
the wave-induced contribution of Uss to the radar measurement has an estimated magnitude of 0.6%–1.3% of
the wind speed, in the wind direction—a percentage that increases with wind speed. The difference UE of
Lagrangian and Stokes contributions is found to be on the order of 0.4%–0.8% of the wind speed and 458–708 to
the right of the wind. This relatively weak, quasi-Eulerian current with a large deflection angle is interpreted as
evidence of strong near-surface mixing, likely related to breaking waves and/or Langmuir circulations. Summer
stratification tends to increase the UE response by up to a factor of 2 on average, and further increase the
deflection angle of UE by 58–108. At locations closer to the coast, Uss is smaller and UE is larger with a smaller
deflection angle. These results would be transposable to the World Ocean if the relative part of geostrophic
currents in UE was weak, which is expected. This decomposition into Stokes drift and quasi-Eulerian current is
most important for the estimation of energy fluxes to the Ekman layer.

1. Introduction

Surface drift constitutes one of the most important
applications of the emerging operational oceanography
systems (e.g., Hackett et al. 2006), because it plays an
important role in the fate of oil pollutions and larvae
recruitment. A quantitative understanding of the relative
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DopplerScatt-HF Radar Sites
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2km California

6km California

6km Oregon

June, 2016

May, 2017

August, 2018

September, 2016

September, 2016



Wind vs Doppler Direction Difference
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Doppler reflects velocity of 0.5 cm capillary waves.
“wind” reflects amplitude modulation of  0.5 cm capillary waves.
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Doppler Direction Binning
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Wind Direction Binning
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Wind Drift Wind Speed Dependence
Doppler Directions
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Wind Drift Wind Speed Dependence
Wind Directions
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HF Radar Radial Velocities
Doppler Directions
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• SMODE: Sub-Mesoscale Ocean Dynamics Experiment
• NASA Earth Ventures Suborbital-3: 2019-2023
• PI Tom Farrar (WHOI)
• ASIT Tower experiment/WHOI ship experiment (?) 

Coming up
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EVS-3 Submesoscale Ocean Dynamics and Vertical Transport 

1 
 
 
 

1.0 Executive Summary 
A major difficulty in simulating Earth’s climate system is that there are interactions across scales, so 
that the large time and space scales can be sensitive to processes on small scales. As the 
computational resolution of global ocean models has improved, scientists have begun to suspect that 
kilometer-scale eddies and fronts, called “submesoscale” variability, have a net effect on ocean-
atmosphere heat exchange that is larger than the heating from the greenhouse effect (Su et al. 2018). 
State-of-the-art computer models agree in predicting that these eddies have important long-term 
effects on the upper-ocean, but their predictions are sensitive to relatively small details in model 
physics and implementation. The resolution and detail of these simulations has surpassed our ability 
to ‘ground truth’ them with spaceborne or in situ sensors. There is thus a pressing need for a 
comprehensive benchmark data set on these submesoscale motions to address this important source 
of uncertainty in simulating the global ocean. 

This is a proposal to test the hypothesis that submesoscale ocean dynamics make important 
contributions to vertical exchange of climate and biological variables in the upper ocean. This 
will require coordinated application of newly-developed in situ and remote sensing techniques, but 
it will provide an unprecedented view of the physics of submesoscale eddies and fronts and their 
effects on vertical transport in the upper ocean. The Sub-Mesoscale Ocean Dynamics Experiment 
(S-MODE) will use measurements from a novel combination of platforms and instruments (Fig. 
1.1. and Table 1.1.), along with data analysis and modeling, to test the hypothesis.  

 

Threshold 
Science 

Objectives 

Quantitatively measure the three-dimensional structure of the submesoscale features 
responsible for vertical exchange in the upper ocean 
Understand the relation between the velocity (and other surface properties) measured by 
remote sensing at the surface and that within and just below the surface boundary layer 

Baseline 
Science 

Objectives 

Quantify the role of air-sea interaction and surface forcing in the dynamics and vertical 
velocity of submesoscale variability 
Examine vertical transport processes at submesoscales to mesoscales 

 

 
Figure 1.1: A sketch of the S-MODE investigation, depicting the experimental site offshore of California and 
the platforms and aircraft instruments that will be employed. The experimental plan involves a two-week 
pilot campaign and two, 25-day intensive operating periods during spring and fall of 2021, with 10-15 flights 
in each period. The nominal site is 300 km from San Francisco. 
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HF Radar Radial Velocities
Wind Directions
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