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Outline
The large scale ocean stratification is a key 
characteristic of the ocean that  plays a role 
in heat uptake, nutrient supply to the 
euphotic layer and anthropogenic carbon. 
Assessing the structure and variability of the 
permanent pycnocline is of major interest 
for the understanding of the climate system. 
Although a key concept of the large scale 
ocean dynamic, the permanent pycnocline 
does not have a rigorous definition. Here we 
propose to define the permanent pycnocline 
as the layer trapped between two water 
masses ventilated at different time scales 
(seasonally and larger time scale) that allows 
for the development of an original algorithm 
to characterize it. The algorithm is able to 
characterize the permanent pycnocline from 
any profile, whether at low, mid or higher 
latitudes and along the eastern or western 
boundaries. A 0.5°x 0.5° resolution 
reference state of the permanent pycnocline 
characteristics based on the Argo array is 
constructed for the 2000-2014 period and 
the North Atlantic Ocean. It is the first time 
such a climatology is produced based on in-
situ observations. It reveals a surprisingly 
complex structure of the permanent 
pycnocline with inhomogeneous properties. 

Depth and total thickness
The large scale pattern of the permanent pycnocline 
reveals the classical bowl structure. There are 
specific structures at local and regional scales: in 
the Gulf Stream recirculation region, in the Iceland 
basin, in the Mediterranean water region and in the 
bay of Biscay. There is a transition zone at about 
40°W with thinning and shoaling of the pycnocline.

Central and Subpolar Mode Water are found at the 
depth of the permanent pycnocline. There are gradients in 
potential density (at southern boundary of the gyre, around 
40°W and in the northeast corner of the gyre). The permanent 
pycnocline can be approximated by an isopycne only on 
small areas. The stratification is stronger in the West than in 
the East of the gyre.

Feucher et al. 2015, submitted to Journal of 
Atmospheric and Oceanic Technology
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Figure 10: Potential density at the depth of the pycnocline. Contours are plotted every 0.05 kg m�3 and
smoothed at 1�⇥ 1�.
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Figure 1: Typical density profiles (red curves) in the North Atlantic subtropical gyre (around 63�W and 32�N)
and their corresponding N2 profiles (blue curves). (A) The mode water layer is trapped between the seasonal
pycnocline, at the base of the mixed layer, and the permanent pycnocline. (B) The mixed layer ventilates
and merges with the mode water. Black lines hold for the depth of the mixed layer (MLD), the depth of the
minimum of N2 (z

min

) and of the depth of the maximum of N2 (z
max

). Profiles have been selected for their
good representation of the vertical stratification. A light smoothing has been applied (scale inferior to 15 m) on
the N2 profile. Note that profiles in the whole subtropical gyre have similar shape but differs in the amplitude
of the N2.
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Figure 3: Example of a vertical profile with an asymmetric permanent pycnocline. (A) Vertical profile of
density and N2. (B) N2 values around the depth of the pycnocline for the top (red curve) and bottom part
(magenta curve with crosses). Black dash lines represent the gaussians fitting upper and lower part of the N2

profile from which the lower and upper boundaries (red and magenta lines) of the pycnocline are deduced
(value of the standard deviation of the gaussians s

upper

and s
lower

). N2 profile has been cut at the base of the
mixed layer and smoothed (scale inferior to 50 m).
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 Method

11

• Interpolate profiles 
onto a regular grid

• Smooth N2 profiles 
(scale < 50 m)
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Global warming of the ocean
It is the most intense in the North 
Atlantic subtropical gyre and it seems 
to be constrained by the structure of 
the permanent pycnocline.

Pycnocline depth
Permanent pycnocline depth (max of N2)  

below a mode water (min of N2 below a mixed layer)

Pycnocline thickness
Model N2 profile with gaussians

Two gaussians to characterize an 
asymmetric structure around the 
depth of the permanent pycnocline. 
The thickness is defined by taking 
the standard deviation s of the 
gaussians.

Typical subtropical profile in summer (A) and in 
winter (B) in the North Atlantic subtropical gyre

The pycnocline in the North Atlantic 
subtropical gyre

charlene.feucher@ifremer.fr

A complex North Atlantic permanent pycnocline revealed by Argo data

Process
Characterization of the 

permanent pycnocline in terms 
of depth and thickness

The permanent pycnocline has an asymmetric structure 
around its depth. The upper part is thicker in the western part 
of the gyre than in the eastern part.  The bottom part is thicker 
at the southern boundary of the gyre and in the bay of Biscay.
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Figure 16: Pycnocline top thickness divided by pycnocline bottom thickness.
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Motivations

Mode
 water 
layer

The Argo database in the North Atlantic Ocean
 147,069 profiles from 1,452 floats

Time period: May 1998 - December 2014

Localization in longitude and 
latitude of permanent 

pycnocline depth per profile

We used an unsupervised 
classification method known 
as Gaussian Mixture Model
to remove profiles out of the 
subtropical gyre. 

Gaussian profile
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Stream: the annual mean depth of the 188C surface is
’300 m and its maximum thickness (centered around
358N, 558W) varies from 450 m in late winter to 250 m in
late summer. Argo profiles within the 108 3 58 white box
centered on 358N, 558W, marked in Fig. 1a, are plotted
over three annual cycles in Fig. 1b. Data from the OCCA,
sampled to mimic the Argo profiles, is shown in Fig. 1c.
The Argo profiles and the OCCA both clearly reveal the
cycle of thickening and thinning of the EDW layer, which
we now study using transformation and formation maps.

The paper is organized as follows: in section 2 we
describe how the Walin water mass framework can be
used to create transformation and formation maps. In
section 3 we show how transformation and formation
maps can be used to study EDW. The datasets for which
the maps are computed are described in section 3a.
In section 3b, the traditional Walin framework is used
to describe water mass transformation and forma-
tion. Transformation and formation maps for EDW are
analyzed in sections 3c and 3d. Section 4 provides an

FIG. 1. (a) Observed 3-yr (2004–06) mean characteristics of the 188 6 18C layer in the OCCA dataset. Mean
thickness (shaded gray), monthly thickness standard deviation (red contours), and mixed layer depth standard
deviation (blue contours). The two thick green contours are mean SSH (20.2 and 20.6 m), chosen to mark the arc of
the subtropical and subpolar gyre. The box marked by the black dashed line encloses the main formation area of
EDW (see section 3d). (b) Every Argo profile within the 108 3 58 white box centered on 358N, 558W shown in (a) is
plotted as a function of time beginning in January 2004 and ending in December 2006. The white bar indicates a
period of time when there were no profiles. The 198 and 178C isotherms, enhanced in black and magenta, are plotted.
The first day of January, February, and March in each of the years is indicated by the vertical dotted lines. (c) As in
(b), but sampling the OCCA dataset to mimic the Argo profiles.
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Plate 5.4.3
(a) Mode water distributions in the world’s oceans, after Talley (1999a). Red coloured areas show the subtropical mode
waters (STMWs) associated with the subtropical western boundary currents in each ocean (the first type). Purple
coloured areas show the eastern type of subtropical mode waters (the second type), including Madeira Mode Water,
North Pacific Eastern STMW and South Pacific Eastern STMW. Brown coloured areas show the third type of subtropical
and subpolar mode waters, including North Atlantic Subpolar Mode Water, Subantarctic Mode Water and North Pacific
Central Mode Water. Approximate potential densities (σ0) are indicated. Black arrows denote the subtropical gyre
circulation. See the text for explanation for each type of mode water.
(b) Low-salinity intermediate water distributions in the world’s oceans, after Talley (1999a). Shown are the North Pacific
Intermediate Water (light green), Antarctic Intermediate Water (green), overlap of NPIW and AAIW (medium green), and
Labrador Sea Water (blue).The location of formation for each intermediate water is shown with an X. Regions of strong
mixing near the ventilation sources that strongly affect the characteristics of the new intermediate waters are shown
with cross-hatching.
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E: Annual time−series
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C: Pycnocline bottom thickness (m)
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Figure 5: Final database with pycnocline characteristics. (A) Pycnocline depth; (B) pycnocline top thickness;
(C) pycnocline bottom thickness. (D) Seasonal and (E) annual sampling. Only 1 profile over 5 has been plotted.
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