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Global warming of the ocean 
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Trend in oceanic heat content in the 
Atlantic for the 1955 - 2003 period

(108 J yr-1)

South NorthEquator

• The most intense in the 
North Atlantic

• Seems to be constrained 
by the structure of the 
permanent pycnocline

Need to characterize and 
monitor the structure of the 

permanent pycnocline

How is the excess of heat stored?

Levitus et al. 2005

Subtropical gyre
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The subtropical 
permanent pycnocline is 

found below a mode water

Maze et al. 2009

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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Subpolar Mode Water (SPMW)
Eighteen Degree Water (EDW)

Hanawa & Talley 2001

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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The mode water seasonally 
merged with the mixed layer

North Atlantic Ocean

Pycnocline: strong temperature/
density gradient with depth

How to characterize the permanent pycnocline in subtropical gyres ? 

Permanent 
pycnocline
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using values from 0.3 to 0.8. Thermocline depth is the depth
of the midpoint of this line segment. Thermocline strength is
the slope of this line segment. It is important to note that the
thermocline segment fit by this method covers a greater tem-
perature interval than does the segment fit by method (1); the
endpoints of the line segment fit by linear regression do not
even have to be on the profile itself. Mixed layer depth is esti-
mated independently of the thermocline, as the depth at
which T = SST-0.8°C (Kara et al. 2000, 2003).

(3) Four-segment profile model: This method fits four con-
tiguous line segments to the temperature profile. The seg-
ments are defined by 8 parameters: (1) temperature at 0 m, (2)
change in temperature from the surface to the bottom of the
mixed layer, (3) change in depth from the surface to the bot-
tom of the mixed layer (mixed layer depth), (4) change in tem-
perature from the bottom of the mixed layer to the bottom of
the thermocline, (5) change in depth from the bottom of the
mixed layer to the bottom of the thermocline (thermocline
depth is the midpoint of this range, thermocline strength is
the change in temperature divided by the change in depth),
(6) change in temperature from the bottom of the thermocline
to the deep-water segment, (7) change in depth from the bot-
tom of the thermocline to the deep-water segment, (8) change

in temperature over the deep-water segment (depth interval
fixed at 100 m). Parameter values were selected to minimize
the deviations of predicted from observed temperature, using
the AMOEBA subroutine (Numerical Recipes in Fortran 77,
Second Edition [1992], 10.4 Downhill Simplex Method in
Multidimensions). AMOEBA iteratively searches in multidi-
mensional space for the parameter values defining the seg-
ments that give the best fit to the observed profile. Examples
of the four-segment profile model can be seen in Fig. 5.

This method differs from the maximum slope methods (1
and 2) in that the top of the thermocline is identical to the
base of the mixed layer. Other authors have fit ideal functions,
usually sigmoid in shape, to observed temperature profiles
(Chan and Matthews 2005; González-Pola et al. 2007).

(4) Inflection point: This method also fits line segments to
the temperature-depth profile. It was tested as a surrogate of
the split-and-merge algorithm proposed by Thomson and Fine
(2003) for the estimation of mixed layer depth. Their algo-
rithm consists of a piecewise fit of contiguous line segments to
the standardized temperature-depth profile by an iterative
adjustment procedure until no temperature observation
departs from the linear fit value at that depth by more than a
specified amount. They found a slight improvement in esti-

Fiedler Objective thermocline descriptions

318

Fig. 5. Estimated thermoclines from the five objective methods compared with empirically determined thermoclines (identical in each panel) for four
typical observed profiles: from left to right in each panel, California Current, tropical, equatorial, subtropical. In the four-segment profile model panel,
all four segments are plotted along with the thermocline segment. In the inflection point method panel, inflection points are plotted (circles).

Fiedler 2010

Methods up to date are applied 
locally in equatorial regions

Temperature profiles

The maximum temperature 
gradient is below the mixed layer

• Model with segments
• Approximation by isotherms

3

Need a robust method to characterize the permanent pycnocline at large scale

• Segments suppose linear density 
variation with depth

• Temperature/density variation at 
the depth of the pycnocline at 
large scale
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How to characterize the permanent pycnocline in subtropical gyres? 
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Typical subtropical profile
in the North Atlantic 

subtropical gyre:

Potential density

An Objective Algorithm for the Characterization of the Permanent Pycnocline 
(OAC-P)

A mode water 
(minimum in stratification)

 trapped between 
the mixed layer 

and the 
permanent pycnocline 

(maximum of stratification)

Characterization of the 
permanent pycnocline in 

terms of depth and thickness
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1. Depth of the local minimum 
of the stratification below the 
mixed layer (zmin)

2. Depth of the local maximum 
of the stratification below the 
mode water (zmax)

An Objective Algorithm for the Characterization of the Permanent Pycnocline 
(OAC-P)
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Seasonality of 
the mode water

zmin  = MLD

Potential density

Smoothed log10(N2)
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1. Depth of the local minimum 
of the stratification below the 
mixed layer (zmin)

2. Depth of the local maximum 
of the stratification below the 
mode water (zmax)

An Objective Algorithm for the Characterization of the Permanent Pycnocline 
(OAC-P)

Characterization of the 
permanent pycnocline depth
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Gaussian profile

Choice of a model:

Density profile: erf function
N2 profile: gaussian distribution

diffusive balance between two homogeneous 
reservoir (mode water-abyssal water)

Asymmetric structure of the 
pycnocline around its depth:

Two half gaussians centered at the depth of 
the permanent pycnocline

An Objective Algorithm for the Characterization of the Permanent Pycnocline 
(OAC-P)

Characterization of the 
permanent pycnocline thickness
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diffusive balance between two homogeneous 
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pycnocline around its depth:

Two half gaussians centered at the depth of 
the permanent pycnocline

Pycnocline top and bottom thicknesses: 
standard deviation of the gaussians

An Objective Algorithm for the Characterization of the Permanent Pycnocline 
(OAC-P)
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Check if differences with typical 
subtropical profiles

Permanent pycnocline below a mode 
water

=
Profile with a minimum below the 

mixed layer followed by a maximum 
in the stratification

Discard profiles that do not 
correspond to this definition
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• Interpolate profiles 
onto a regular grid

• Smooth N2 profiles 
(scale < 50 m)
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Charlène Feucher March 10, 2015
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Figure 5: Final database with pycnocline characteristics. (a) Seasonal and (b) annual sampling. (c) Location
and pycnocline depth (color shading) for profiles flagged as QC 1, validated profiles flagged as QC 10 and
profiles flagged as QC11/12. (d) Number of profiles per 2�⇥ 2� mesh grid cell.
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Unsupervised classification
Gaussian Mixture Model (GMM) 

Maze et al. 2015, submitted
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Color: probability for each profile to belong to the class
Discard!

To identify subtropical 
permanent pycnocline

Profiles where the 
pycnocline is characterized

Pycnocline depth (m)

Detection at 
subpolar and 

equatorial regions

Filtering the database

Look for 5 classes using potential 
density 𝜌 , temperature and 

salinity in-situ at the depth of the 
pycnocline

Class 1

Class 2

Class 3

Class 4

Class 5

OAC-P on Argo data
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• Deep (800 m) and thick (450 m) in the core
• Shoaling (400 m) and thinning (200 m) at the 

boundaries
• Strong gradients across the GS and the NAC

• Gulf Stream (GS)
• North Atlantic current (NAC)

• West: deepest in the GS recirculation (900 m) 
and thickest locally in the southward (500 m)

• North-East: deepest (950 m) and thinnest (200 
m) in the Iceland basin

• Deepest where there are mode waters: EDW 
and SPMW

• East: deep (800 m) and thick (450 m) in the Bay 
of Biscay 

• Transition zone at 40°W: shoaling (700 m) and 
thinning (400 m)

• Mediterranean water: shoaling (300 m) and 
thinning (700 m)Contours: SSH mean field (2000-2012)

Pycnocline depth (m) Northern boundary

Large scale: classical bowl structure

Regional and local patterns
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 Results
Pycnocline top thickness (m)

• Top: East/West
• Bottom: North/South

Asymmetric structure

• West: thick (250 m)
• East: thin (170 m)
• Thinning at the boundaries
• Thinning at 40°W

Top thickness

• Iceland basin: thinner (250 m)
• South: thickest (270 m)
• Thinning of the bottom 

thickness in the Mediterranean 
water region

Bottom thickness

Pycnocline bottom thickness (m)

350

50

350

50
Contours: SSH mean field (2000-2012)
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Charlène Feucher March 1, 2015
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Figure 10: Potential density at the depth of the pycnocline. Contours are plotted every 0.05 kg m�3.
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 Results
Hydrographic properties at the depth of the permanent pycnocline

Diversity in water masses:
Central and Subpolar Mode Waters

Gradients at the southern 
boundary of the gyre

Gradient across 40°W

Approximation by an isopycne only 
locally, in the Gulf Stream recirculation 

region and in the eastern part of the gyre

Strongest stratification in the 
West than in the East
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 Conclusion and perspectives
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• An objective algorithm to characterize the permanent pycnocline in subtropical gyre

• Application to the North Atlantic with Argo data: 77.3% of permanent characterized in 
the subtropical gyre among 74106 profiles

• Structure of the permanent pycnocline

• Thermohaline properties of the permanent pycnocline

Ongoing work ...

• Interannual variability of the permanent 
pycnocline

• Role of the permanent pycnocline in 
oceanic heat storage

Feucher et al. 2015, submitted to JAOT 2015
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OAC-P performance
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Application to the North Atlantic subtropical gyre with Argo data 
(74106 profiles)

Charlène Feucher March 13, 2015
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A: Profiles with no mode water, no peak
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C
D

Figure 12: Example of profiles for which no mode water has been identified by OAC-P. (A) The parameter
z
inter

set at 600 m is too large: the N2 value at z
inter

is smaller than the local minimum observed above that
should correspond to the depth of the mode water. (B) There is no mode water and no permanent pycnocline,
N2 decreasing monotonic with depth. (C) There is a local minimum of N2 below the mixed layer, followed
by a local maximum of N2 but their amplitude are too similar to distinguish the depth of the mode water from
the depth of the permanent pycnocline. (D) Location of 21.4% of the profiles in the subtropical gyre for which
no permanent pycnocline has been identify because no mode water has been characterized.
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• 77.3% of profile with a permanent pycnocline characterized 

• 21.1% for which no mode water has been characterized

• 1.6% with a bad permanent pycnocline characterization


