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Two Ship Section

• 180km long section where both ships operated approximately 1.8km apart

• Majority of the section inside deep reaching subsurface anticyclone

• Filtered (180m x 8km) velocities (upper right) used for vorticity calculation
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Vorticity calculation
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𝜁 =
𝑑𝑣

𝑑𝑥
−

𝑑𝑢

𝑑𝑦

One ship solution:

Linear surface regression:

𝒖 𝒙, 𝒚 = 𝒖𝟎 + 𝒖𝒙 ∗ 𝒙 + 𝒖𝒚 ∗ 𝒚

𝒗 𝒙,𝒚 = 𝒗𝟎 + 𝒗𝒙 ∗ 𝒙 + 𝒗𝒚 ∗ 𝒚

r

Two ship solution: 
(Shcherbina et al., 2013)

u,v

• Coordinate system is 

rotated to create 45°

angle between ship 

track and either axis

• u and v data points 

are projected onto 

new x- and y- axis

• Linear regression 

along rotated x or y 

axis of u or v to get 
𝜕𝑢

𝜕𝑥
, 
𝜕𝑢

𝜕𝑦
, 
𝜕𝑣

𝜕𝑥
and 

𝜕𝑣

𝜕𝑦



Vorticity Comparison
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One-ship solution 

using only data of RV 

L’Atalante

One-ship solution 

using only data of RV 

Maria S Merian

Two-ship Solution 

using data from both 

vessels

Comparison:

Over all structures fits well

Structure of positive Vorticity 

around 53.7°W strongly 

overestimated by both on-ship 

solution

Positive structure below 200m 

at 52.5°W – 52.9°W not 

captured in one-ship solution 

at all
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Precision of 1-Ship Solutions:

r=1.25 km

r=10 km

Accuracy is drastically increased by taking larger 

influence radii 

Uncertainty is comparable to Rudnick et al., 2001

→ r = 10 km is used in this study

Accuracy of 1-Ship Solutions:

L‘Atalante

Merian

Overestimation of 35% of the vorticity

Uncertainty of the error dominating

Vorticity Comparison



Analysis of observed velocity sections
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Observed velocities are split up:

𝑢 = ത𝑢 + 𝑢′

,where ത𝑢 derived by applying linear boxcar filter (180m 

x 8km) to the observed velocity field.

ത𝑢 is used to derive eddies. 

Rankine Vortices are fitted to 

the velocity field using a Gauss-

Newton Optimization (Castelão 

& Johns, 2011)

𝑢′ is used for detection and characterisation of near-

inertial Waves. Wave length calculated via phase 

angle. Phase velocity via Radon Transform 

(Challenor, 2001).
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Mesoscale Eddy field
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The same eddy 

structure was crossed at 

six different times. For 

each crossing a surface 

(solid line) and a 

subsurface (dashed line) 

anticyclone could be 

derived.

The section on which the derivation of the eddies is based is highlighted in each

subplot. Note the translation of both eddies between 25th,26th January ( a) and b)) 

and 10th to 15th February ( c) – f) ) 
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Observed Near Inertial Waves
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eddy 2 eddy 1

Inside eddy:

NIWs visible
Outside eddy: Reference

Progressive Vector 

Diagrams:

Averaged over 90 profiles 

at a location inside the 

eddy where NIWs are 

visible.

Upper: 420m – 520m

Lower: 520m – 650m

Both diagrams show 

clockwise rotation of the 

velocity vector with  

increasing depth with a 

wave length of about 

130m

8



Observed Near Inertial Waves

Methodology of rotated power spectra described in Mooers,

1973 and Leaman and Sanford, 1975.

Faded lines based on velocity profiles from region indicated

as ‘Outside Eddy: Reference’ on previous slide. Solid lines

from time span indicated as ‘inside Eddy: NIWs visible’.

NIWs inside the eddy are linked to the downward energy

propagation for vertical wavelength between 100m and

300m.

Also, the total amount of kinetic energy is higher inside an

eddy.

These results are supported by the analysis of different

eddies.
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500m 200m 100m
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Observed Near Inertial Waves
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The slope of lines of the same phase is mainly

caused by horizontal gradients in either the density

or the vorticity field. As we do not no either of them

with sufficient accuracy do remove their effect we

turned to small timeseries at times, the ship was

standing. Temporal gradients in density or vorticity

are neglected. For this time series the slope of the

phases in these Hovmöller-diagrams is only

caused by the phase velocity.

However, these timeseries are too short to gain

robust results for the phase velocity as they only

cover a fraction of a wave period.

On the right, lines with a slope resulting from a

frequency set equal to the local f are drawn in the

Hovmöller diagrams, fitting reasonably well.
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Summary
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Using the background density and velocity field the effective Coriolis parameter 𝑓𝑒𝑓𝑓 = 𝑓 1 + ൗ𝜁 𝑓

And the ‘geostrophic’ Richardson number 𝑅𝑖𝑔 =
(
𝜕ഥ𝑢

𝜕𝑧
+
𝜕ഥ𝑣

𝜕𝑧
)²

𝑁²
can be calculated.

These are then used to derive 𝜔𝑚𝑖𝑛 = 𝑓
𝑓𝑒𝑓𝑓
2

𝑓2
−

1

𝑅𝑖𝑔
. (Whitt et al., 2018)

For an internal wave with the frequency 𝜔 = 𝑓 the 

vertical group velocity can be calculated as:

𝜔2 = 𝑓2 +𝑁²
𝐾ℎ
2

𝑚²

𝑐𝑔𝑧 =
𝜕𝜔

𝜕𝑘
≈

−𝑁²𝐾ℎ
2

𝑚3𝑓
With 𝑓 = 𝜔𝑚𝑖𝑛 and 𝜔 = 𝑓. [Alford et al., 2015]

Note especially, the decreasing downward group 

velocity below 400m leading to an energy flux 

convergence!
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Thank you for your interest!
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