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ABSTRACT

A new objective algorithm for the characterization of the permanent pycnocline (OAC-P) in subtropical

gyres is proposed. OAC-P is based on a pragmatic analysis of vertical density gradient features to identify the

permanent pycnocline: OAC-P identifies the permanent pycnocline as the stratified layer found below surface

mode waters. OAC-P provides the permanent pycnocline depth, unequivocally associated with a local

maximum in the stratification, and top and bottom thicknesses, associated with upward and downward de-

creases in stratification, respectively. OAC-P uses half Gaussian curves as asymmetric nonlinear analytical

models of the stratification peak. It is the first time that an algorithm is proposed to characterize objectively

the permanent pycnocline for a region where handling the stronger stratification peak of the seasonal pyc-

nocline is complex. A guideline for how to implement the OAC-P is given, with application to the North

Atlantic Ocean Argo data as an example. OAC-P provides a detailed description of the mean structure of the

North Atlantic subtropical permanent pycnocline. OAC-P detects a permanent pycnocline throughout the

subtropical gyre north of the North Equatorial Current. The large-scale description of the permanent pyc-

nocline depth structure as a classic bowl shape is captured however with much more detail. New regional

information is provided. In particular, (i) there is only one region—the southern recirculation gyre of theGulf

Stream extension—where the permanent pycnocline is along an isopycnal surface and (ii) vertical asym-

metries clearly discriminate one region from another.

1. Introduction

The vertical stratification structure of subtropical oce-

anic gyres is characterized by the permanent presence

of a layer with a significant vertical density gradient

centered between 500 and 1000m (Sprintall and Cronin

2001). This key subtropical oceanic feature is commonly

called the permanent pycnocline (the term pycnocline

will refer to the permanent pycnocline).

Although well known, a clear definition for this oce-

anic feature is missing. To provide such a definition, let

us examine the typical profile exhibiting a pycnocline in

Fig. 1. Figure 1a shows a late-summer-like profile of

potential density anomaly referenced to the surface (s0)

and a smoothed Brunt–Väisälä frequency (N2) located

in the central recirculation region of the North Atlantic

subtropical gyre. The profile was sampled in November

by the Argo float WMO 4900481 (cycle 68) at a time

when the late-summer near-surface stratification char-

acteristic is still present but starts to erode. From the

surface to the deepest part of Argo profiles (below

1200m), we observe an alternance of key features with

weak and strong stratifications. First, we observe the

surface mixed layer (small N2 , 1025 s22) on top of the

seasonal pycnocline (large N2 ’ 83 1025 s22) centered

here around 180m. Below, we observe the surface mode

water (Hanawa and Talley 2001) centered around 400m

(small N2 ’ 13 1025 s22) that sits on top of the pycno-

cline centered around 800m (largeN2 ’ 2:53 1025 s22).

Below 1200m, we observe the weakly stratified deep

water (small N2 # 0:53 1025 s22). Figure 1b shows the

same variables but as observed in late winter by the

Argo float WMO 4900480 (cycle 155). The summer
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near-surface stratification was modified in the following

way: the seasonal pycnocline vanished, and the surface

mode water was ventilated and merged with the mixed

layer. This profile was sampled in mid-March at a time

when the surface restratification already started for a

couple of days. This is why the mixed layer clearly ex-

tends down to 300m, but the potential density anomaly

is seen to decrease near the surface, explaining why N2

increases above 200m. From this illustration, one can

simply define the pycnocline by the depth and the

thickness of the stratified layer found below the sur-

face mode water. This definition is the cornerstone of

this study.

The pycnocline layer delimits important heat and

anthropogenic carbon reservoirs, especially in the North

Atlantic Ocean, and these reservoirs are changing under

the influence of anthropogenic forcings (Pérez et al.

2013). Based on the most recent estimates for the 1975–

2009 period, the rate of warming of the ocean shallower

than 700m is 0.386 0.03Wm22: 3–4 times larger than in

the deeper ocean below 700m (Balmaseda et al. 2013).

Similarly, for the 1955–2010 period, Levitus et al. (2012)

found that the layer 700–2000m warmed at a rate about

one-third that of the upper 700-m layer. These observed

trends of the heat content translate into changes in the

large-scale stratification that are projected to persist in

the future (IPCC et al. 2013). For instance, Capotondi

et al. (2012) used 10 CMIP3 climate simulations (under

SRES A2 scenario) to show that the density difference

between the surface and 200m will increase during the

second half of the twenty-first century. Matear and Hirst

(2003) showed that, according to a greenhouse gas

forcing experiment where the level of CO2 followed the

IS92a radiative forcing scenario, the global density dif-

ference between the surface and 1700m will double by

2100. Thus, it is essential to our understanding of these

trends and of the low-frequency variability of the oce-

anic stratification to be able to characterize precisely key

stratification features such as the pycnocline in the

subtropics.

Most of the literature and characterization techniques

refer to the pycnoclines of the equatorial and tropical

regions. This is because in the equatorial and tropical

Pacific, pycnocline variations play a key role in the El

Niño–Southern Oscillation (ENSO) dynamics. Indeed,

the vertical displacement and zonal tilting of the pycnocline

FIG. 1. Typical density profiles (red curves) in the North Atlantic subtropical gyre and N2 profiles (blue curves)

selected from the Argo dataset. (a) Surfacemode water layer is trapped between the seasonal pycnocline, at the base

of the mixed layer, and the pycnocline below (WMO 4900481, cycle 68). (b) Surface mode water is ventilated and

merges with the mixed layer (WMO 4900480, cycle 155). Dashed horizontal black lines indicate, from top to bottom,

MLD, zmin, and zmax. Profiles of N
2 are smoothed out onto scales smaller than 50m.
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participate in a feedback loop with winds and air–sea

fluxes, which has globalmeteorological impacts (Sarachik

and Cane 2010). Therefore, numerous methods to char-

acterize the pycnocline were developed in the equatorial

and tropical regions (see the review in Fiedler 2010). The

most popular method is the representative isotherm,

which approximates the depth of the pycnocline by the

depth of a carefully selected isotherm, often the 208C
isotherm because it is located near the center of the

thermocline (Donguy 1987; Kessler 1990; Kessler et al.

1995). But this method cannot describe the thickness of

the pycnocline. Other methods based on segments fitted

to the density profile can provide pycnocline thickness

estimates but are then limited to a linear approximation

of the stratification within the pycnocline. Despite some

refinements, such as a location-dependent representa-

tive isotherm (Wang et al. 2000), these methods remain

adapted only to the low-latitude pycnocline. In other

words, they are based on the fact that their targeted

pycnocline always corresponds to the first maximum in

the vertical density gradient. This makes them inap-

propriate to the characterization of the subtropical

pycnocline associated with the second maximum in the

density gradient (the first one being linked to the sea-

sonal pycnocline; see Fig. 1).

In the oceanic heat uptake and meridional over-

turning circulation literature, one can also find pycno-

cline characterization methods. They are mostly inspired

by Gnanadesikan (1999) and Gnanadesikan et al. (2007),

who proposed a general method based on the depth of

the barycenter of the water column, that is, the depth of

the first moment of the density distribution. Conse-

quently, one can define the pycnocline thickness using

the second moment of the density distribution. Fu�ckar

(2010) developed a semiempirical model of the pyc-

nocline based on such methods. Although very elegant

and useful for theoretical studies, these methods cannot

handle the complex and seasonally varying stratification

structure of the subtropics with multiple peaks. This is

because all moment-based methods assume a monotonic

density profile with a sigmoid shape that cannot represent

a seasonal pycnocline nor a surface mode water.

In this study, we propose an algorithm to characterize

the pycnocline of the subtropics, on the poleward side of

the north/south equatorial currents, using a pragmatic

analysis of the stratification that can take into account

the overlying seasonal pycnocline and be used with both

observed and modeled density profiles. We use stratifi-

cation, and not a representative isopycnal, to characterize

the pycnocline in order to appropriately characterize the

pycnocline in the scenario of long-term changes in the

oceanic density. Indeed, water mass changes and isopycnal

heaving or circulation can modify the depth/thickness of

the pycnocline in different, if opposite, ways (Yang and

Wang 2009; Fiedler et al. 2013).

The article is organized as follows. Data sources are

presented in section 2. The proposed objective algorithm

for the characterization of the permanent pycnocline

(OAC-P) is presented in section 3 and its implementation

is explained in section 4. Then, we illustrate OAC-P with

Argo data in the North Atlantic Ocean in section 5. Re-

sults are discussed and conclusions are drawn in section 6.

2. Data

In this study, we characterized the observed mean

structure of the pycnocline in the North Atlantic sub-

tropical gyre using data from the Argo observational

array (Riser et al. 2016). Argo data were downloaded

from the FTP server of the French Global Data As-

sembly Center Coriolis (Argo 2014). We selected pro-

files between the equator and 708Nwith a quality control

(QC) flag on pressure, temperature, and salinity set to 1,

2, 5, or 8, which are considered as good data [see refer-

ence Table 2 in Carval et al. (2012)]. A collection of

147 069 profiles from 1452 Argo floats in the North At-

lantic was obtained. The time series starts in May 1998;

since 2007, the spatial/temporal distribution is nominally

one profile per 38 3 38 cell every 10 days. Argo floats

typically profile down to 2000m, and most profiles

have a vertical sampling scheme with a 10-m resolution

above 400- or 500-m depth and a 50-m resolution below.

To evaluate the ability for OAC-P to characterize the

pycnocline from profiles with different properties, we

used three additional datasets. We used data from the

A03 World Ocean Circulation Experiment (WOCE)

section (Schlitzer 2000). We downloaded the 1993 A03

WOCE section from online (http://cchdo.ucsd.edu/).

The 1993 A03 is a North Atlantic zonal section per-

formed along 368N. Profiles are from the surface down

to the bottom of the ocean with a 2-m resolution. We

also used data from the 2010 OVIDE survey (Mercier

et al. 2015). Observatoire de la Variabilité Interannuelle
et Décennale en Atlantique Nord (OVIDE) is a section

performed from Portugal to Greenland. Profiles are

from the surface down to the bottom of the ocean with a

1-m resolution. A03 WOCE and OVIDE data will be

used to evaluate the ability of OAC-P to continuously

characterize the pycnocline in space in two different

regions and through two different frontal regions (the

Gulf Stream and the North Atlantic Current).

We used time series of ship-based hydrographic pro-

files from the Bermuda Atlantic Time Series Study

(BATS) project. This time series, begun in 1988, is a

fixed-location time series. BATS CTD data were down-

loaded (from http://batsftp.bios.edu/) on 16 February
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2015. We used data for the period October 1988 to July

2012. Profiles typically have a 2-m vertical resolution.

BATS data will be used to evaluate the ability of OAC-P

to continuously characterize the pycnocline in time

throughout the seasonal cycle. To complete the evalu-

ation, wewill also showOAC-P results for theArgo float

4900497. This particular float circulated on the northern

flank of the Gulf Stream, then crossed it, and circulated

southward in the central recirculation region of the

subtropical gyre during three seasonal cycles from 2004

to 2007.

For all profiles in each dataset, temperature T, salinity

S, and pressure P were used to compute a profile of

potential density anomaly referenced to the surface

s0 5 r(S, u, P5 0)2 1000 (Fofonoff and Millard 1983),

where u is the potential temperature, and a profile of

Brunt–Väisälä frequency squared N2 (Jackett and

Mcdougall 1995) is defined as

N2(z)52
g

r(z)

›r(z)

›z
, (1)

where r is the density. Temperature, salinity, potential

density anomaly s0, and N2 profiles were then interpo-

lated onto a regular depth axis going from the surface

down to 2000m with a 5-m resolution.

3. An algorithm to detect and characterize the
pycnocline in subtropical gyres

In this section, we first describe howOAC-P processes

profiles exhibiting a pycnocline (as defined in the in-

troduction) to characterize it in terms of pycnocline

depth and pycnocline thickness. Then, we illustrate and

provide more details about themodel we use to estimate

the pycnocline thickness, a key element of OAC-P.

a. OAC-P algorithm

To characterize the pycnocline, one difficulty is that

even though throughout the subtropical gyre the typical

profile pattern (cf. Fig. 1) does not change qualitatively,

stratification amplitudes, surface mode water charac-

teristics, and pycnocline depths and thicknesses vary

quantitatively. Another difficulty is that the surface

mode water and the pycnocline are not an absolute

minimum nor maximum in stratification (an overall

maximum or minimum in N2 cannot be used to localize

them in a profile); hence, the notion of local maximum

and minimum is critical.

To explain how OAC-P can objectively identify and

characterize these local features, we represented in

Fig. 2 the flowchart of the OAC-P algorithm. The pro-

cedure has six steps, represented by purple blocks. On

the left side, yellow blocks represent parameters taken

as input and, on the right side, orange blocks represent

the outputs produced at the end of each step. We now

describe sequentially these six steps.

1) Step 1: First, the mixed layer depth (MLD) is

computed from the potential density anomaly profile

using a classic density threshold sthres from a near-

surface reference depth zref (De Boyer Montégut
et al. 2004).

2) Step 2: Next, to identify the depth of the surface

mode water, the layer below the mixed layer is

considered by OAC-P. The depth of the surface

mode water is not simply the depth of the absolute

N2 minimum below the mixed layer. Indeed, the

deep waters have smaller stratification value (typi-

cally N2 ’ 1025 s22) than the surface mode waters

(typically N2 ’ 1026 s22). To face this challenge,

OAC-P users must define the deepest expected

values of the surfacemodewater depth—say, zinter—and

OAC-P computes the depth of the surface mode water

as the depth of theN2 minimum betweenMLD and

zinter, namely, zmin. The seasonality of the surface

mode water is taken into account by OAC-P, which

FIG. 2. Flowchart of the OAC-P algorithm to characterize the

depth and thicknesses of the pycnocline. (left to right) Yellow

blocks contain user-defined OAC-P input parameters, purple

blocks are the main steps of the algorithm, orange blocks contain

OAC-P outputs, and cyan blocks show where the depth and

thicknesses of the pycnocline are computed. See section 3a for

more details.
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automatically sets the depth of the surface mode

water at the depth of the mixed layer when they

merge (such as illustrated in Fig. 1b).

3) Step 3: Subsequently, the pycnocline can be charac-

terized considering the depth range zmin to zdeep.

Users set zdeep as a typical level below which density

profiles reach the less stratified deep-water proper-

ties. Then OAC-P computes the depth of the pycno-

cline as the depth of the N2 maximum between zmin

and zdeep, namely, zmax. The characterization of the

pycnocline depth is unequivocal; that is, there is no

ambiguity in its determination once the users have

defined zinter and zdeep (two parameters discussed in

detail in the next section).

4) Steps 4 and 5: The thickness of the pycnocline is

characterized.More precisely, OAC-P computes two

thicknesses: one for the layer above the pycnocline

depth and one for the layer below the pycnocline

depth. Our choice has been to modelN2 profiles with

two half Gaussian curves centered on the pycnocline

depth, and to define the top and bottom thicknesses

of the pycnocline as their standard deviations. The

total pycnocline thickness is the sum of the two layer

thicknesses. These Gaussian curves G are defined as

G
t
(z)5B

t
1A

t
e2(z2zmax)

2/2s2
t for z

min
# z# z

max

(2)and

G
b
(z)5B

b
1A

b
e2(z2zmax)

2/2s2
b for z

max
# z# z

deep
,

(3)

where subscripts t and b stand for the top and bottom

layers of the pycnocline, respectively; z is the vertical

axis (positive downward); At,b 5N2(zmax)2Bt,b are the

relative amplitudes of the Gaussian curves; and Bt,b are

their baselines (i.e., their absolute amplitudes at infinite

depth). Terms st,b denote the standard deviations of the

Gaussian curves (their sum is the total thickness of the

pycnocline). In practice and for both Gaussian curves,

Bt,b and st,b are optimized to obtain the best fit to the

observed N2 profile. The other parameters zmax and At,b

are computed by OAC-P from the observed N2 profile.

The amplitude A is relative—that is, not equal to

N2(zmax)—because the baseline is not set to zero (i.e.,

the stratification is not null within the surface mode

water and deep waters). Note that because there is

possibly a dramatic increase in the stratification from

zmin to the seasonal pycnocline (see Fig. 1), it is crucial to

fit the top Gaussian curve to the N2 profile below zmin.

The best parameters Bt,b and st,b are determined

separately for the top and bottom Gaussian curves as

those minimizing the mean-squared error:

�
�N2(z)2G

t
(z jB

t
,s

t
)
�
�
2

for z
min

# z# z
max

, (4)
�
�N2(z)2G

b
(z jB

b
,s

b
)
�
�
2

for z
max

# z# z
deep

, (5)

using the following parameter space: 0#Bt,b #N2(zmax)

for both Gaussians and 0#st # zmax 2 zmin for the up-

per Gaussian and 0#sb # zdeep 2 zmax for the lower

Gaussian.

5) Step 6: This is where automatic and manual quality

control checks on the numerical values produced by

OAC-P in the previous steps are performed. These

procedures are described in section 4.

b. The thickness model

Before moving on to the details of howOAC-P can be

implemented following the flowchart procedure de-

scribed above, it is important to illustrate and motivate

our choice for the pycnocline thickness model. We il-

lustrate in Fig. 3 that Gaussian curves are indeed ap-

propriate tomodelN2 variations around the depth of the

pycnocline. Figure 3a shows a N2 profile (in plain blue,

density is in red) sampled at 27.78N, 49.78W (WMO

4900788, cycle 68), with a seasonal pycnocline, a surface

mode water, and a pycnocline. Superimposed in dashed

purple, are two best-fitted half Gaussian curves centered

around the pycnocline depth at 660m (determined fol-

lowing the aforementioned principles). The very good

fit is obvious (between 1500 and 315m, the RMSE is

2.22 3 1027 s22). We examined more quantitatively the

RMSE between the thickness model and the observed

profile over the North Atlantic with the Argo dataset (not

shown). We found that (i) the Gaussian model performs

very well in most of the subtropical gyre and reasonably

in the expected frontal region of the Gulf Stream ex-

tension (GSE) and (ii) the Gaussian model performs

better than others, such as a Lorentz curve.

Figure 3b shows N2 values and the two half Gaussian

curves but plotted as a distance to the pycnocline depth.

This representation highlights an asymmetric structure of

the N2 profile around the depth of the pycnocline, which

was not obvious from the classic profile representation (see

Fig. 3a). For this profile, going away from the depth of the

pycnocline, the stratification in the upper layer decreases

more rapidly than in the lower layer. More generally, our

careful examination of North Atlantic subtropical N2

profiles revealed that the peak of the stratification is not

systematically found in the middle of what visually can be

delimited as the transition layer between the surface mode

water and deep waters. In other words, we found that the

pycnocline is not systematically symmetric around its depth

andwe choose to use two halfGaussians in place of a single
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Gaussian to model it appropriately. This will be further

discussed in the application to the North Atlantic Ocean

(see Fig. 9). Beyond the empirical agreement between our

model and observed profiles, more physically meaningful

arguments for the model applicability will be discussed in

the last section of this paper.

4. OAC-P implementation

In this section, we present how to implement OAC-P

with specific application to in situ data in the North

Atlantic Ocean. This should be considered as an exam-

ple of how to implement OAC-P. With another dataset

or region, onewill have to adapt theOAC-P parameters.

a. OAC-P’s parameters

In the implementation of OAC-P, the user has to define

the value of the following parameters: (i) a reference depth

zref and a density threshold sthres to determine the mixed

layer depth; (ii) the maximum expected depth of the

surface mode water zinter; and (iii) a lower boundary for

the thickness model, that is, the depth where properties

of deep waters are reached, zdeep.

MLD is computed by OAC-P using a classic density

threshold method: MLD is the depth for which density

has changed by a given threshold sthres with regard to the

density at zref. For the North Atlantic we used a density

threshold of 0.03 kgm23 and a reference depth of210m

(De Boyer Montégut et al. 2004); it is a standard choice

for the determination of the MLD that provides suffi-

cient accuracy for our study. It may happen that the first

valid level of a profile is deeper than the 10-m reference

depth. In this case OAC-P sets the reference depth to

the first valid level if it is above 20m; otherwise, the

profile is discarded.

The deepest expected value of zinter depends on the

subtropical gyre studied. The main surface mode waters

found in the North Atlantic basin are the subtropical

mode water (STMW) in the west, also known as 188
Water (EDW; Worthington 1959), and the Subpolar

FIG. 3. Details of a vertical profile with an asymmetric pycnocline selected from the Argo dataset (WMO 4900788,

cycle 68). (a) Vertical profiles of s0 (red) and N2 (blue), overlaid with the two Gaussian best fits for the upper and

lower portions of theN2 profile (purple dashed). The three horizontal plain lines indicate the depth and the upper and

lower limits (pycnocline depth plus/minus top/bottom thickness) of the pycnocline, as estimated from OAC-P.

(b) Profiles ofN2 (blue) and the two Gaussian best fits but plotted as a distance to the pycnocline depth for the upper

and lower portions of theN2 profile (purple dashed). See section 3a for details onst,b. Profile ofN
2 has been cut at the

base of the mixed layer and smoothed out onto scales smaller than 50m.
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Mode Water (SPMW) in the east and in the Iceland

Basin. Based on the most recent descriptions of these

mode waters by Forget et al. (2011) and Brambilla and

Talley (2008), we found zinter 5 600m to be the most

appropriate value for the North Atlantic subtropical

gyre. Term zmin is updated automatically by OAC-P in

the case where the surface mode water is unexpectedly

found deeper than zinter (see details in section 4c).

The depth where properties of less stratified deep

waters are reached zdeep can be set for the North At-

lantic to 1500m (Talley 1996). This is basically the

depth where the Upper North Atlantic Deep Water

(UNADW) is found. This deep water is a mixture of

Labrador SeaWater (LSW), Antarctic IntermediateWater

(AAIW), and Mediterranean Water (MW) (Talley et al.

2011).More generally, zdeep refers to the depthwhere water

masses formed in the high latitudes of subpolar gyres will be

observed at midlatitudes.

b. Dealing with noise

We now describe how we handled the noise in mea-

surements. Here we used observation datasets with a

vertical resolution ranging from 1m (shipboard CTDs)

to 10m/50m (typical Argo). As the vertical resolution

increases, the observed spectrum gains energy at small

scales. Density variations at small scales are mostly due

to internal wave trains and breaking but not all are due

to physical processes; some variations may arise from

measurement error or instrumental noise in some high-

resolution datasets. These processes create finescale anom-

alieswith a typical vertical scaleof 1–100m(McPhaden1985;

Li and Wang 2013). These small-scale features will in-

evitably add noise to OAC-P outputs if they are not

filtered out. To suppress this noise, OAC-P low-pass

filtersN2 profiles with a classic Gaussian filter (Weaver

and Courtier 2001). Users have to define a cutoff length

scale for this filter and this can be done through trial

and error.

It is important to note that if the smoothing is too

strong, the ability of OAC-P to detect the depth of the

surface mode water is reduced, because the associated

N2 minimum could be smoothed out. Note also that N2

peaks associated with the surface mode water and the

pycnocline have different vertical length scales. The

choice of the smoothing scale is thus a compromise be-

tween the necessary noise reduction (smoothing out small-

scale features) and a correct detection of the surface mode

water (maintaining the N2 minimum layer structure). For

observed North Atlantic profiles, from Argo and ship-

board CTDs, we found that a reasonable compromise is

reached for a smoothing length scale of 50m.

Although satisfactory in most cases, it may happen

that the smoothing length scale is not large enough to

remove small-scale density variations and hence noise in

the determination of the pycnocline depth. Indeed, for

some profiles, we could observe two or more secondary

peaks in the vicinity of the N2 maximum (not shown).

This issue must be fixed without increasing the smoothing

scale. To do so, OAC-P systematically updates its first

estimate of the pycnocline depth with the average depth of

vertical levels, where N2 is locally larger than 90% of its

first estimate value. This simple method limits noise in the

pycnocline depth estimatewhile at the same time, does not

alter the initial result if the profile is not noisy.

c. Detection of the surface mode water

A key point in the characterization of the pycnocline

is to correctly detect the presence of a surface mode

water. To do so, OAC-P automatically determines that

the N2 minimum is significant and that user-defined

parameters did not bias the results.

To ensure that OAC-P identified a significant N2

minimum at zmin, and thus the depth of a surface mode

water, OAC-P checks if there is a level below zmin where

N2 is at least 120%ofN2(zmin). The profile is discarded if

this level is not found. The threshold value of 120% was

determined using trial and error. Discarded profiles do

not show an intermediate depth maximum in the strat-

ification that would correspond to a pycnocline.

Term zmin is determined by OAC-P using the user-

defined parameter zinter (setting the expected surface

mode water maximum depth). For the North Atlantic

we set zinter to 600m (see section 4a). But the choice of

zinter is not appropriate for two types of profiles sche-

matically represented in Figs. 4a and 4b: (i) profiles for

which the surface mode water N2 minimum is below

zinter and (ii) profiles experiencing a strong convective or

mixing event and having amixed layer deeper than zinter.

To address the first situation, OAC-P performs a test to

ensure there would be no level between zinter and zmax

with N2 smaller than N2(zmin). If this scenario is en-

countered, then zmin is automatically updated byOAC-P

to this level (see Fig. 4a, the first and update values of

zmin). To address the second situation, OAC-P compares

zinter withMLD and if it is found shallower, then OAC-P

updates zmin to MLD (see Fig. 4b).

d. Quality control

A QC is performed in the OAC-P estimation pro-

cedure to ensure a good characterization of the pycno-

cline layer (step 6 in the flowchart in Fig. 2). The overall

QC procedure aims to verify that estimated pycnocline

properties are within the scope of the OAC-P targeted

subtropical profiles. This QC consists of automatically

setting flags on profiles for which estimated pycnocline

properties are suspicious.
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A series of automatic tests performed at the end of the

algorithm aim to verify that estimated parameters were

not obtained using extreme values during the optimi-

zation of the thickness model. First, OAC-P assigns a

specific QC flag to profiles for which the optimized Bt,b

and st,b parameters fall out of the 5%–95% range of the

explored parameter space (see section 3a). Since

those are relative values, it is thus also necessary to

test absolute values. OAC-P also assigns a specific

flag to profiles with a top or bottom thickness smaller

than 25m. Visual inspections of these profiles allow

the user to determine whether the extreme values are

indeed appropriate or whether they were reached

because the range of the tested parameters was not

large enough. Last, we found it useful for OAC-P to

also test whether the difference at the depth of the

surface mode water between N2 given by the upper

layer Gaussian model and the observed N2 value is

not too large compared to the difference between N2

at the depth of the surface mode water and N2 at the

depth of the pycnocline. OAC-P assigns a specific QC

flag if the difference is larger than 30%, that is,

[N2(zmin)2Gt(zmin)]/[N
2(zmin)2N2(zmax)]. 0:3. This

test ensures that the thickness model produces an

analytical profile with an end point at the mode water

depth zmin close enough to the real profile.

When sthres is too small or when the mixed layer is

affected by lateral intrusions, it may happen that the

MLD estimate is too shallow and that OAC-P estimates

the seasonal pycnocline instead of the pycnocline. Such

ambiguous profiles are schematically represented in

Fig. 4c, where we see how an MLD estimate that is too

shallow leads OAC-P to identify the surface mode water

within the mixed layer and hence zmax at the seasonal

pycnocline depth. To disentangle this ambiguity, OAC-P

automatically flags profiles for which zmin was found at

the depth of the mixed layer (it concerns both the deep

MLD case in Fig. 4b and the ambiguous shallowMLD in

Fig. 4c). Then, OAC-P compares the depth zmax at which

the maximum of stratification is found with that found on

neighboring profiles when the surface mode water is

trapped between the mixed layer and the pycnocline. In

other words, OAC-P validates profiles with a wintertime

structure (Fig. 1b) using neighboring unambiguous pro-

files with a summertime structure (Fig. 1a). For each

ambiguous profile, the Gaussian distance-weighted mean

and the standard deviation of neighboring good profiles

are computed. The ambiguous profile is validated by

OAC-P if its pycnocline depth falls within a three stan-

dard deviation range around the weighted mean of cor-

rect values; otherwise, it is discarded. This ultimate test in

the OAC-P procedure ensures that it is the (permanent)

pycnocline that has been characterized and not the

seasonal one.

e. Evaluation

It is difficult to compare OAC-P estimates with other

methods because the latter are limited and do not take

into account the overlying seasonal pycnocline (see

introduction). We attempted to compare OAC-P es-

timates with results from Gnanadesikan (1999) and

Gnanadesikan et al. (2007) by using their formula for the

depth and thickness of the pycnocline. However, it is

difficult to make a meaningful comparison because the

computational methods for the depth and thickness of

the pycnocline are fundamentally different (see appendixC

for more details). We therefore evaluated that OAC-P

FIG. 4. Schematics of N2 profiles misleading OAC-P estimation.

(a) OAC-P parameter zinter is not appropriate because the true

surface mode water core is deeper: (left) the classic case and (right)

the situationwhere a noisy signal would exhibits aminimum strictly

above zinter. For these profiles, OAC-P automatically updates zmin

to theminimumbetween zmax and the first guess of zmin. (b)OAC-P

parameter zinter is not appropriate because of a strong convective

event creating a deeperMLD than zinter. For these profiles, OAC-P

automatically updates zmin to MLD. (c) Situation where a too

shallow MLD estimate (exaggerated to illustrate the scenario)

leads OAC-P to identify the seasonal pycnocline (zmax) as the

pycnocline. These profiles are detected using unambiguous neigh-

boring good QC profiles.
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can coherently characterize the pycnocline under different

conditions by using the various in situ datasets presented in

section 2. The same vertical smoothing scale (50m) was

applied to all datasets.

Figure 5 shows OAC-P estimates for all datasets: the

zonal A03 section at 368N (Fig. 5a), the 108–408W
Portugal–Greenland OVIDE section in the eastern

North Atlantic (Fig. 5b), the BATS local time series

(Fig. 5c), and one Argo float (WMO 4900497) crossing

the Gulf Stream (Fig. 5d). For all datasets, we observe

that the depth of the pycnocline is correctly estimated at

middepth, where N2 is maximum (with N2 values

around 1.83 1025 s22 in the western part of the gyre and

1.2 3 1025 s22 in the eastern part); for these regions we

also observe the expected stratification minimum of

surface mode waters. The estimated pycnocline thick-

ness extends appropriately throughout the stratified

layer (N2 . 1:43 1025 s22 in the west, N2 . 13 1025 s22

in the east), whatever the local N2 amplitude at the

depth of the pycnocline. At around 308 and 218W in the

WOCE section (Fig. 5a), OAC-P misses the pycnocline

because the N2 amplitude at the surface mode water

depth is not significantly different from its amplitude at

the depth of the pycnocline. Around 128W, no pycno-

cline was identified because the first valid levels were

deeper than 20m. Along the OVIDE section (Fig. 5b),

there is, again as expected, no pycnocline north of the

subpolar front around 548N. However, there is one valid

estimate around 598N due to a couple of profiles having

the same qualitative structure as typical subtropical

profiles. At the BATS station (Fig. 5c), the pycnocline is

successfully characterized continuously over time and

multiple seasonal cycles.

Last, along the Argo float trajectory (Fig. 5d), the

pycnocline layer is coherently characterized along sea-

sonal cycles and through the Gulf Stream. Indeed, north

of the Gulf Stream (profile index from 1 to 20), no

pycnocline is identified, as expected, because no surface

modewater is found there. South of theGulf Stream, the

pycnocline is continuously characterized. Note that at

the profile index 61, the depth of the surface mode water

was not identified and the pycnocline was missed.

FIG. 5. OAC-P estimates onmultiple datasets: color shading is theN2 field, green line is the pycnocline depth, and

the black lines are its upper and lower limits (pycnocline depth plus/minus top/bottom thickness). (a) The 1993A03

WOCE368N zonal section and (b) the 2010OVIDE section. (c) TheBATS station data from 2010 to 2013 and (d) is

along the trajectory of anArgo float (WMO4900497). In (d), profile indexes from 0 to 20 correspond to the crossing

of the Gulf Stream. TheN2 fields have been smoothed along the vertical to remove scales less than 50m and along

the horizontal axis to remove scales less than one station index; N2 fields have been cut at the base of the

mixed layer.
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From this evaluation, we concluded that OAC-P

performs as expected for all datasets. There is a clear

coherence in the characterization of the pycnocline, with

temporal and/or spatial continuity. Pycnocline proper-

ties are very rarely estimated where a subtropical pyc-

nocline is not expected to exist. OAC-P performs well

also in all subtropical gyres. A brief report on OAC-P

implementation in all other subtropical gyres is given in

appendix C.

5. The pycnocline in the North Atlantic revealed by
Argo data

To describe the structure of the pycnocline in the

North Atlantic subtropical gyre, we applied OAC-P to

the 147 069 Argo profiles selected in the North Atlantic

(see section 2; the spatial density of the collection of the

147 069 Argo profiles is shown in Fig. 6a). Then, all es-

timated properties were mapped onto a regular grid.

Pointwise results are described in section 5a, mapped

structural properties (pycnocline depth and thickness)

in section 5b, and mapped thermohaline properties at

the depth of the pycnocline in section 5c.

a. Pointwise pycnocline properties

After the QC procedure, we obtained pycnocline

property estimates for 57 297 profiles. Figure 6b shows

the spatial density of the collection of the 57 297 profiles.

The spatial density is such that there are around 30

profiles per 18 3 18 cell over most of the North Atlantic

subtropical gyre. Profiles for which no surface mode

water could be characterized are mostly found out of the

subtropical gyre (not shown), which underlies the good

achievement of OAC-P in the detection of typical sub-

tropical profiles. Almost no (subtropical) permanent

pycnoclines are identified by OAC-P in the tropics be-

tween 108 and 208N. There are fewer profiles with esti-

mates of pycnocline properties in the Labrador and

Irminger Seas and in the equatorial region than in the

subtropics. Figures 6c and 6d show the seasonal and

interannual sampling of these profiles with pycnocline

property estimates, respectively. The dataset has between

FIG. 6. (a) Number of profiles per 18 3 18 cell of the collection of 147 069 profiles in the Argo dataset used in this study. (b) Number of

profiles per 18 3 18 cell of the collection of 57 297 profiles with pycnocline property estimates.White cells in (a),(b) contain fewer than five

profiles. (c),(d) Seasonal and interannual sampling (number of pycnocline property estimates per month and year), respectively.
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4000 and 5000 profiles with pycnocline property esti-

mates per month, without a significant seasonal bias.

The continuous increase in the number of profiles with

pycnocline property estimates per year reflects the Argo

dataset buildup.

Figures 7 shows post maps of the depth, total thick-

ness, and top and bottom thicknesses of the pycnocline

in individual profiles. A large-scale coherent pattern

emerges for each of these properties. This pattern is in line

with the pycnocline structure characterized in the evalua-

tion ofOAC-P (Fig. 5) with a large-scale shoaling/thinning

of the pycnocline near theGulf Stream, theNorthAtlantic

Current, and along the southern boundary of the gyre and

deep/thick pycnoclines at the center of the gyre.

The number of profiles with pycnocline property es-

timates located out of the subtropical gyre amounted to

around 10%, mostly in the equatorial and subpolar re-

gions. As the focus of this study is the subtropical gyre

pycnocline, we had to remove these profiles from our

dataset. To do so, we used a classification method (a

Gaussianmixturemodel) to label profiles according to their

probability of belonging to a given cluster of pycnocline

thermohaline properties (see appendixA formore details).

Profiles within the equatorial and subpolar regions were

automatically classified into a specific cluster (see Fig. A1)

that was simply excluded from the rest of the analysis.

All subtropical pycnocline property estimates from

the dataset were finally mapped onto a regular 0.58 3
0.58 grid using a simple Gaussian weighted mean with a

standard deviation set to 0.58. Gridpoint mapping was

limited to a 0.58 radius disk containing at least six point

values, leaving some grid points empty rather than filled

with doubtful interpolation. We computed property er-

ror as a Gaussian weighted standard error using a de-

correlation time scale of 3 months to compute the

number of independent observations. This error represents

both spatial and temporal variability within the 0.58 radius
disk. These maps are our 2000–14 reference products of

pycnocline properties that we now describe and analyze.

Data can be downloaded (see Feucher et al. 2016).

b. Structure of the pycnocline

The 2000–14 mean depth and total thickness of the

pycnocline are shown in Fig. 8, together with their

FIG. 7. Pycnocline property estimates (m): (a) depth, (b) total thickness, (c) top thickness, and (d) bottom thickness.Only one profile out of

five has been plotted to reduce clutter.
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relative errors. We first note that the North Atlantic

pycnocline extends throughout the subtropical gyre. It is

limited to the north by the GSE and the North Atlantic

Current, west and east of Newfoundland, respectively.

On the southern flank of the gyre, the pycnocline is

limited by the North Equatorial Current, which flows

westward along a line going from the Canary Islands to

Puerto Rico. Within this latitudinal range, the pycno-

cline extends zonally from coast to coast. It reaches as

far as the Reykjanes and Iceland–Scotland Ridges in the

extreme northeastern part of the gyre.

At the basin scale, the pycnocline is the deepest (down

to 800m) in the middle and shoals poleward and equa-

torward (up to 550m). This pattern is very robust with a

relative error smaller than 5% throughout the gyre,

except in the southeastern corner, where it is between

5% and 10%. This mean large-scale structure is remi-

niscent of the classic bowl shape of a subtropical gyre

pycnocline forced by a negative wind stress curl (e.g.,

Vallis 2006). OAC-P additionally shows that the total

pycnocline thickness broadly follows a similar structure,

although local extremes do not coincide. The total

thickness is thicker in the center (around 450m) and

thinner along the edges (around 200m). Again, this

pattern is robust with a relative error smaller than 10%

throughout the gyre, except in the southeastern corner

and around Rockall Plateau, where it is between 10%

and 15%.

At the regional scale, a much more complex pycno-

cline structure emerges. Regions with different depth/

thickness distributions and relations can be identified.

To explain the local patterns of the total thickness, Fig. 9

shows the 2000–14 mean top and bottom thicknesses,

together with their relative errors. Figure 9e additionally

shows the relative contribution of the top layer to the

total thickness. We used this metric as a measure of the

vertical asymmetry of the top and bottom layers around

the pycnocline depth, and we refer to it as an asymmetry

percentage. From these maps, we identified several key

regions.

d The northeastern corner of the subtropical gyre.

There, the pycnocline is the deepest, from 700 to

around 900m, especially along the eastern branch of

the North Atlantic Current, in Rockall Trough. But it

is relatively thin, from 300 to 350m, mostly because

the bottom thickness is small (from 150 to 200m)

compared to the rest of the gyre, while the top

FIG. 8.Mapped pycnocline properties: (a) pycnocline depth (contours every 50m) and (b) its relative error (%, contours every 5%), and

(c) pycnocline total thickness (contours every 50m) and (d) its relative error (%). The total thickness is the sum of the top and bottom

thicknesses (shown in Fig. 9).
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thickness is only around 100–150m thick. In this re-

gion, relative errors are around 5%–10% for both

thicknesses, except in the Rockall Plateau area, where

it is between 10% and 15%. Outside of this more

uncertain area, the pycnocline is asymmetric with the

upper layer representing between 40%and 50%of the

total pycnocline thickness.
d The West European Basin: from 508N, 108W to the

Azores Islands. In this region the pycnocline is deep

(from 750 to 800m) and thick (from 400 to 450m).

Both the top and bottom layers of the pycnocline are

thicker than average over the gyre (around 180 and

260m, respectively). As the bottom thickness is sig-

nificantly larger than the top one, the pycnocline is

strongly asymmetric (between 40% and 45%) in this

region. Relative errors are around 10%.
d The southern recirculation gyre of the GSE, down to

308N, or Bermuda, and west of 458W. In this region,

the pycnocline is deep (from 700m at 308N to 850m on

the equatorward flank of the GSE) with two local

maxima at 678 and 558W. The total thickness is

relatively constant around 450m. The pycnocline is

symmetric around its depth in the eastern part of this

region (558–458W), but it quickly becomes strongly

FIG. 9. (a) Pycnocline top thickness (contours every 20m) and (b) its relative error (%, contours every 5%). (c) Pycnocline bottom

thickness (contours every 20m) and (d) its relative error (%, contours every 5%). (e) Relative contribution of the top thickness to the total

thickness (%, contours every 5%). (f) Stratification amplitude at the depth of the pycnocline (N2 in 1025 s22, contours every 0.1 3 1025 s22).
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asymmetric in the western part (608W) because the

top thickness is particularly large there (around 240m,

more than 55% of the total thickness). This region is

also where the relative error is the smallest for all es-

timates (less than 10%). This region is flanked to the

north at 558Wby an area where the pycnocline rapidly

shoals and thins through the GSE.
d The southwestern corner of the gyre: south of 308N
and west of 408W. There, the pycnocline is character-

ized by a southward shoaling depth (from 700 up to

550m), and a relatively constant and large total thickness

of 475m (although rapidly decreasing to 350m along the

southern edge). The stable total thickness is due to a

counterbalance between a southward-decreasing top

and a southward-increasing bottom thickness. Thus,

the vertical asymmetry increases southward, the top

thickness accounting for 50% at 308N down to 35% at

the southern edge of the region. Relative errors are

around 10%, but they are slightly larger than in the

previous region of the GSE recirculation gyre.
d The mid-Atlantic region extending from the Mann

eddy at 418N, 438W [Mann (1967), where the GSE

splits between the North Atlantic Current and the

Azores front] down to 358N, 358W. This region is

flanked to the west by the southern recirculation gyre

of the GSE and to the east by the West European

Basin, while it is limited southward by the Azores

Current at 328N (Klein and Siedler 1989). Pycnocline

characteristics of the region are intermediate, with a

depth and a total thickness of 675 and 400m, re-

spectively. The asymmetry is 45%. We can see the

Mann anticyclonic eddy signature in the pycnocline

depth as a 700-m local maximum.
d The equatorward flank of the North Atlantic Current,

between 458 and 258Wdown to 458N. Compared to the

rest of the gyre, this is a region where the pycnocline is

shallow and thin. Locally, the pycnocline shoals north-

ward from 600 up to 400m and thins from 375 to

300m. The pycnocline thinning is observed both in the

topandbottom layerswith a constant asymmetrybetween

40% and 45%. This region is where the relative error on

the bottom thickness is the smallest, less than 5%.
d TheMediterranean outflow region (Daniault et al. 1994).

There, the pycnocline is relatively shallow (around

650m) and thin (around 330m). This region is charac-

terized by a bottom layer that is particularly thin, less

than 200m. On the other hand, the region has no clear

signature in the top thickness, which is relatively thin in

the entire southeastern corner of the gyre. This explains

why the asymmetry is around 45%. Relative errors are

higher than usual, especially along the Portugal coast.
d The last distinct region extends on the equatorward

flank of the Azores Current at 328N, from the Canary

Islands to 408W. In this region, the pycnocline is

shallow (600m) and thin (350m). Relative errors are

the highest in this region: more than 15% for all

properties, as high as 20% for the top thickness.

For the structural description of the pycnocline to be

complete, Fig. 9f shows the amplitude ofN2 at the depth

of the pycnocline. At the basin scale, OAC-P reveals

that the pycnocline is much more stratified in the west-

ern basin than in the eastern basin. The northeastern

corner of the subtropical gyre is the region where the

pycnocline has the smallest stratification amplitude

(0.9 3 1025 s22), while the pycnocline has the largest

stratification amplitude (2.53 1025 s22) in the GSE. It is

worth noting that over the western basin, west of 408W,

the stratification gradient is mostly meridional, in-

creasing from 258N toward the GSE. Over the eastern

basin, the stratification gradient is mostly zonal: in-

creasing westward from 1 to 1.8 3 1025 s22.

c. Thermohaline properties of the pycnocline

We now describe thermohaline properties of the

pycnocline. Figure 10 shows maps of temperature (Fig.

10a), salinity (Fig. 10b) and potential density anomalys0

(Fig. 10c) at the depth of the pycnocline. In the western

part of the subtropical gyre, from the GSE to 258N and

west of 408W, the temperature increases southward from

118 to 13.58C, the salinity from 35.4 to 35.8, and the

potential density anomaly decreases from 27.1 to

26.9 kgm23. The southern recirculation gyre of the GSE

is homogeneous in temperature and salinity, hence in

density. This region coincides with a very deep pycno-

cline (Fig. 8a) and an upper layer that is particularly

thick (Fig. 9a). West of 408W, most of the meridional

gradient in thermohaline properties is concentrated

south of 318N. It is such that the pycnocline density de-

creases. Hence, one will note that the pycnocline core

shoals southward along a steeper slope than isopycnal

surfaces, while, on the other hand, the pycnocline shoaling

across theGSE ismostly along isopycnals (there is no clear

meridional density gradient at the pycnocline depth in

the frontal region). As for structural properties, 408W
marks a clear transition for thermohaline properties

between the western and eastern parts of the subtropical

gyre. This transition also coincides with a clear change in

the amplitude of the pycnocline stratification (Fig. 9f).

To the east of theMid-Atlantic Ridge, the thermohaline

property gradient is oriented along a northwest/

southeast axis. Although shallower than in the west, the

eastern pycnocline is colder with temperatures ranging

from 78C in the Iceland basin to 118C off the Iberian

Peninsula. Salinity also increases, from 35.1 to 35.8. In

the West European Basin, temperature and salinity
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gradients compensate each other to create a region of

relatively constant pycnocline potential density anomaly

around 27.4 kgm23. Similar to the southern recircula-

tion gyre of the GSE, this region coincides with a very

deep pycnocline. In theMediterranean outflow region, a

warmer (11.58C) and saltier (35.8) pycnocline is ob-

served. This region coincides with a shallow pycnocline

(Fig. 8a) and a bottom layer that is particularly thin

(Fig. 9c), probably because of the Mediterranean out-

flow water found just below (Potter and Lozier 2004).

North of 508N and in the Iceland Basin, the pycnocline

salinity is homogenous around 35.15 and the temperature

decreases northward from 88 to 6.58C. This leads to a

positive poleward density gradient at the pycnocline

depth, from 27.45 up to 27.55 kgm23. In the southeast-

ern part of the gyre, in the Azores Current region, the

pycnocline temperature is homogenous around 118C and

the salinity decreases away from the Iberian Peninsula,

from 35.8 down to 35.6. This leads to a negative equa-

torward density gradient at the pycnocline depth, from

27.4 down to 27.25kgm23.

By definition, the pycnocline is a stratified transition

layer between homogeneous water masses. Therefore,

we do not expect the temperature/salinity properties at

the depth of the pycnocline to correspond to a single

water mass (i.e., a mode in the T/S plan). Instead, we

expect pycnocline T/S properties to primarily reflect

mixing between surface and deep source waters. These,

in turn, are clearly identified (Fig. 11a). The deep water

is the UNADW: a mixture of LSW, AAIW, and MW

(Talley et al. 2011). Surface mode waters are the EDW,

the eastern North Atlantic Central Water (its 128 and
168C flavors: ENACW12 and ENACW16, respectively),

and the SPMW (its 88 and 108C flavors: SPMW8 and

SPMW10, respectively; García-Ibáñez et al. 2015). A

detailed description of the surface mode waters as

identified by OAC-P is given in appendix B. Figure 11a

shows the T/S diagram at the depth of the pycnocline.

Aforementioned source waters are indicated by the

overlaying black dots. The diagram uses all the data

points used for the mapping, not for the mapped fields.

The pycnocline T/S distribution is complex. A strongly

stratified branch with intermediate salinity values ex-

tends at temperatures higher than 128C. This part of the
diagram corresponds to the southernmost region of the

pycnocline, south of 288N (Fig. 10a), where it shoals

toward the North Equatorial Current. The warmest/

saltiest tip of this branch is due to the particularly light/

shoal pycnocline observed between 308 and 408W. The

rest of the diagram clearly lies within mixing triangles or

along mixing lines of the different source waters. All

identified surface waters do not operate in all regions.

For instance, the SPMW8 is only a source water for the

coldest part of the diagram that corresponds to the

northeastern pycnocline.

It is not straightforward from this diagram to deter-

mine where the pycnocline, as defined here by a strati-

ficationmaximum, follows isopycnal surfaces. To help us

to do so, we can assume that if the maximum of strati-

fication is along an isopycnal surface, it is likely that it

will also have a relatively constant stratification value

(that would reflect small variations of the local density

structure). Figure 11b shows the s0/N
2 diagram at the

depth of the pycnocline. We superimposed contours of

the probability density function (PDF) of the dataset

FIG. 10. Thermohaline properties at the depth of the pycnocline.

(a) Temperature, contours every 0.58C. (b) Salinity, contours every
0.1. (c) Term s0, contours every 0.05 kgm23.
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FIG. 11. (a) Temperature–salinity diagram at the depth of the pycnocline with the amplitude

of the stratificationN2 as the color scale. Surface and deep source waters are indicated by black

dots: EDW,ENACW16 andENACW12,MW, SPMW10 and SPMW8,AAIW, andUNADW.

Isopycnals are shown in light gray (contours every 0.2 kgm23) with the 27.11 and 27.36 kgm23

isopycnals of the western and eastern pycnoclines, respectively, highlighted in black. (b) Term

s0 vs stratification N2 diagram at the depth of the pycnocline with longitude as color scale.

Black contours are the normalized PDF in this plan. The two horizontal black lines indicate the

s0 of thewestern and eastern pycnoclines, respectively. The two vertical black lines indicate the

stratificationN2 of thewestern and eastern pycnoclines, respectively. Note the reversed x axis in

order to place the highly stratified western pycnocline to the left of the plan.
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within this plan (PDF data can be downloaded, see

Feucher et al. 2016). The density range of the pycnocline

is very wide, from 26.8 to 27.6 kgm23, as we already have

seen in Fig. 10c, and the stratification varies from 0.5 to

2.53 1025 s22. The diagram is also color-coded with the

longitude of profiles. It can be noted that the relative

density range west of 408W is similar to that found to the

east: around 0.4 kgm23. On the other hand, stratification

varies over a much smaller range to the west than to the

east of 408W (20% vs 100% in relative amplitude).

The PDF contours in this bivariate plot reveal two

regional clusters of N2 (Fig. 9f) and density (Fig. 10c):

an eastern region centered at s0 5 27:36 kgm23/N2 5
1:23 1025 s22 and a western one centered at s0 5
27:09 kgm23/N2 5 2:23 1025 s22. These isopycnals are

highlighted on the T/S diagram in Fig. 11a. The pyc-

nocline properties on the eastern isopycnal encompass

a wide range of temperature and salinity values, while

they correspond to near-isothermal and near-isohaline

surfaces on the western one. Using Fig. 10, we can assert

that these two isopycnals encompass a significant portion

of the subtropical gyre in the West European Basin

region and the GSE southern recirculation gyre, re-

spectively. Last, we note that at 358N, the pycnocline

temperature is between 108 and 118C throughout the

subtropical gyre, and hence the density difference between

the eastern and western pycnoclines is mostly due to a

higher salinity in the east induced by theMW (35.6 vs 35.4).

6. Discussion

a. On OAC-P

In this study we proposed an empirical definition of

the subtropical pycnocline and an objective algorithm to

determine its characteristics. The pycnocline depth is

defined as a local stratification maximum in the water

column, trapped between a surface mode water and

deep water. This complex vertical structure was never

addressed as such with an objective algorithm. Indeed,

previous pycnocline, or thermocline, detection algo-

rithms focused on tropical/equatorial shallow and single

stratification peak (Fiedler 2010) or on smooth mono-

tonic profiles (Fu�ckar 2010).

We presented the algorithm and how to implement it

in the NorthAtlantic Ocean withArgo data. Beyond the

visual inspections of the estimated results, such as those

shown in Fig. 5, we can discuss quantitatively whether

OAC-P detects a pycnocline when it should. The area

covered by mapped pycnocline properties in Fig. 8

captures the horizontal extent of the subtropical gyre.

Within the gyre thus identified, we counted 70 292 Argo

profiles. A pycnocline has been characterized byOAC-P

for 78% of these profiles, while only 1% of the profiles

have bad or suspicious values rejected by the QC pro-

cedure. This is a significant achievement of the algo-

rithm. OAC-P is able to estimate most of the subtropical

profiles but 21% are still missed, mostly because no

surface mode water is detected. It is rather difficult to

determine how many profiles within these 21% actually

have a surface mode water.

Most of the 21% missed profiles are localized along

the edges of the subtropical gyre (not shown). Indeed, it

is difficult to identify the pycnocline near the fronts or

along the edges of the gyre because the surface mode

water progressively vanishes and the pycnocline shoals

throughout these regions. Although we doubt that all

missed profiles actually have a surface mode water to be

identified, there is room for further refinements to the

algorithm in order to reduce that fraction of missed

profiles. For instance, OAC-P uses parameters fixed in

space. This implies that OAC-P cannot describe the

pycnocline as efficiently in the central recirculation re-

gion as at the boundaries of the subtropical gyre. This could

be improved with, on the one hand, a smaller smoothing

parameter that would decrease the detection threshold of

the stratification difference between the surface mode

water and the pycnocline.On the other hand, if the deepest

expected depth of the surface mode water were location

dependent, then we could reduce the number of situations

where a shallow pycnocline is missed, typically along the

edges of the gyre. One should note, however, that both

refinements would come at the expense of objectivity with

the addition of location-dependent parameters.

Another key point of the proposed algorithm is that

the pycnocline thickness is determined (i) using a non-

linear analytical Gaussian model of the stratification

profile and (ii) independently for the upper and lower

layers of the pycnocline. Beyond the agreement be-

tween this model and observed profiles (other tested

models, such as Lorentz curves, perform less satisfac-

torily) lie more physically meaningful arguments. The

pycnocline is a transition layer between two homoge-

neous reservoirs: the surface mode water and deep wa-

ters. It is reasonable to assume that diapycnal diffusion is

the leading mechanism controlling the density transition

profile between these reservoirs. In this scenario, any

analytical function solution to the diffusion equation is a

candidate to model the equilibrium density transition

profile between the two homogeneous reservoirs. The

complementary error function is such a function and, as

its derivative, the Gaussian curve is one possible model

for the stratification profile. Figure 3 shows that this

model is indeed appropriate.

The standard deviation of a Gaussian curve is a sta-

tistically meaningful, and commonly used, measure of
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dispersion. This provides an intuitive link between the

model parameter (the standard deviation) and the length

scale of the observed profile wewant to characterize (the

pycnocline thickness). For instance, ourmodel implies that

the total pycnocline thickness, the sum of the standard

deviations for the upper and lower parts, corresponds to

the layer where around 68% of the density difference

between the surface mode water and deep waters is

reached (the interval limited by one standard deviation

on each side of the Gaussian peak corresponds to 68.27%

of the cumulative probability density function, the model

of N2 profile in this case). Last, we may also point to the

fact that in the limit case of a null standard deviation, the

Gaussian curve tends toward a Dirac function that cor-

responds to the derivative of a step function for density

profiles. This limit case provides a bridge between the

continuous reality and a two-layer system with two ho-

mogeneous reservoirs of finite volumes representing the

surface mode water and deep waters, and no diabatic

processes to transform one water mass into the other.

In the same manner that OAC-P parameters could be

made location dependent to improve the performance

of the parameter estimation, one could imagine that a

more appropriate stratification model could be used

locally to improve the fit of a parametric nonlinear

function to the observed N2 profile. Indeed, although

the Gaussian model is appropriate for most of the North

Atlantic Ocean, it seems less suited in the frontal region

of the Gulf Stream for the upper layer of the pycnocline

and along the southern boundary of the gyre for the

lower layer of the pycnocline (not shown). However, a

location-based stratification model would make very

difficult the interpretation of the results, especially re-

gional differences. To objectively improve how OAC-P

resolves boundaries of the subtropical pycnocline, using

locally more appropriate parameters or stratification

models, thus remains to be explored in future studies.

b. On the North Atlantic pycnocline

With regard to OAC-P results in the North Atlantic

Ocean, the pycnocline depth estimate confirms the large-

scale historical description of the pycnocline, the classic

bowl shape (Sprintall and Cronin 2001). However, OAC-P

provides new additional information with regard to the

pycnocline thickness and to its regional-scale properties.

We detailed the depth, and top and bottom thicknesses of

the pycnocline for the entire subtropical gyre, and we

identified eight regions with different characteristics: the

Iceland Basin, the West European Basin, the southern re-

circulation gyre of the GSE, the southwestern corner of

the gyre, the Mid-Atlantic Ridge region, the equa-

torward flank of the North Atlantic Current, the Med-

iterranean outflow region, and the Azores Current.

The pycnocline layer covers continuously a large area

while clearly encompassing a large range of properties.

This suggests that, although the pycnocline is created by

large-scale processes, such as the negative wind stress

curl (e.g., Luyten et al. 1983) and the thermohaline cir-

culation (e.g., Salmon 1990), local processes significantly

influence and modify the textbook description of the

pycnocline. For instance, Samelson andVallis (1997) found

in their analytical model that dynamic and thermodynamic

processes controlling the formation of the surface mode

water are indeed different between the GSE and along the

eastern region of the subtropical gyre. The present results

highlight that this may also affect the pycnocline.

Therefore, it is not surprising that one of the key re-

sults of the pycnocline property estimates is that the

pycnocline is not centered around the depth of maxi-

mum stratification but has a vertically asymmetric struc-

ture. The asymmetry increases from 35% to 55% (smaller

than 50% means that the lower layer is thicker than the

upper one) and is the most pronounced in the eastern part

of the subtropical gyre and along its southern boundary.

The observed asymmetry supports the idea that different

processes act upon the upper and lower layers of the

pycnocline. For instance, similar background diffusions

can be altered by different reservoir ventilation mech-

anisms to produce different stratifications. This may hap-

pen when the mechanical wind forcing is not in phase

with surface diabatic buoyancy fluxes (Cessi 2007) or

because across-gyre transports are much larger in the

east than in the west, hence modifying how surface mode

waters are created and how deeper layers are ventilated

there (Samelson and Vallis 1997). On the other hand, the

southern recirculation region of the GSE is remark-

ably symmetric, possibly highlighting the role of po-

tential vorticity homogenization and eddy-induced

diapycnal fluxes in thickening the pycnocline top thick-

ness in this region, where the Gulf Stream baroclinic

instability is very strong (Pedlosky and Young 1983;

Radko and Marshall 2004).

We also noted that in the southwestern corner of the

gyre, meridional gradients in thermohaline properties

are such that the pycnocline density decreases southward.

This means that the pycnocline core shoals southward

along a steeper slope than isopycnal surfaces and suggests

that the meridional stratification structure may be subject

to other dynamical constraints than a conserved potential

vorticity driving the slope of isopycnal surfaces.

Last, one can note that the relative importance of tem-

perature and salinity in determining the stratification of

the pycnocline was not assessed. Thermohaline properties

at the depth of the pycnocline indicate a clear role of the

salinity in the eastern part of the gyre. This is not surpris-

ing, and it highlights the crucial role played by the
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Mediterranean overflow water in determining stratifica-

tion in the North Atlantic Ocean.

7. Conclusions

One of the results of the pycnocline property esti-

mates conducted in this study is that the North Atlantic

pycnocline cannot be approximated by a single isopycnal

surface. This demonstrates theOAC-P utility by ruling out

any attempt to describe subtropical pycnocline changes

using a representative isopycnal method at the basin scale.

Although there is room for further improvements, we

believe OAC-P will be useful for determining accurately

seasonal, interannual and longer-term changes of the

pycnocline in observations and numerical simulations.

In particular, OAC-P will help to describe stratification

changes over decadal time scales in climate projections by

providing a much more detailed analysis than the simple

description of density difference between the surface

and one deep depth level (e.g., Matear and Hirst 2003;

Capotondi et al. 2012). By accurately describing the

pycnocline as a stratified feature, it will be possible to

disentangle the contradictory changes described using

isopycnal vertical migration alone (e.g., Yang andWang

2009). Last, we hope that the N2/s0 diagram presented

in this studywill provide a synthetic view of the observed

NorthAtlantic pycnocline to be used as a benchmark for

the validation/evaluation of realistic model simulations.
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APPENDIX A

Pointwise Dataset Filtering with a Gaussian
Mixture Model

As shown in Fig. 5, OAC-P performed on the Argo

dataset mainly provides validated results in the subtropical

gyre, as expected, but also in the tropics and subpolar

regions. This is due to profiles with a qualitative struc-

ture corresponding to typical profiles of the subtropical

gyre, although clearly not within that gyre. These spu-

rious estimates must be removed from the collection of

profiles to be analyzed and possibly mapped to charac-

terize the subtropical pycnocline. Using a criteria based

on the position of spurious profiles in order to removed

them would be clearly fastidious and in contradiction

with our goal of an objective procedure. We propose

using an elegant method that is based on a modal de-

scription of the results in a multidimensional plan. In-

deed, pycnocline properties tend to agglomerate within

clusters in the s0, T, S space. We can thus use an un-

supervised classification method in order to identify

clusters associated with spurious profiles and to remove

them. To do so, we used a Gaussian mixture model

(GMM) to decompose the three-dimensional probabil-

ity density function of OAC-P results into a weighted

sum of multivariate normal distributions (Bilmes 1998;

Reynolds 2009). GMM is a widely used classification

method in data mining that is gaining more and more

attention in the geophysical community (e.g., Hauser

et al. 2015). The GMM is trained with the following

three variables:

r
GMM

5
s
0
1 1000

r
0

2 1, (A1)

T
GMM

52a(T2T
0
) , (A2)

S
GMM

5b(S2 S
0
) , (A3)

where s0, T, and S are the potential density anomaly

referenced to the surface, temperature, and salinity,

respectively, at the depth of the pycnocline. We used

r0 5 1027:3 kgm23, T0 5 9:78C, and S0 5 35:4 (average

values of the dataset). This scaling is necessary in order

to workwith three dimensions alongwhich the data have

comparable amplitudes. We did not use pycnocline

depth and thicknesses because they do not exhibit an

additional modal description of the dataset. Once

trained using an optimization algorithm, GMMprovides

the probability for each profile to belong to N cluster;

that is, we have N values (summing to one) for each

profile. FigureA1 shows themaximum probability value

for each profile usingN5 5 clusters.We split the profiles

according to the cluster index of that maximum proba-

bility, producing N5 5 maps. The choice of N5 5 was

done by trial and error to optimize the identification of

spurious profiles in separate clusters. With N5 5, we

clearly see in Fig. A1 that clusters A, B, C, and E contain

profiles within the subtropical gyre, while cluster D ag-

glomerates all spurious profiles. We thus removed the
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profiles identified in cluster D from the dataset de-

scribed in the rest of the study.

APPENDIX B

Surface Mode Waters

Given that OAC-P has to identify a stratification

minimum associated with a surface mode water to esti-

mate pycnocline properties, it is tempting to a posteriori

check which water masses overlie the pycnocline. This

analysis helped us to explain the thermohaline proper-

ties of the pycnocline in section 5c. Figure B1 shows the

depth, density, temperature, and salinity of the surface

modewaters identified byOAC-P. In theNorthAtlantic

subtropical gyre, two surface mode waters are identified

by OAC-P, all in line with the bibliographic standards as

described below.

The surface mode water covering the largest area is

the EDW with a depth between 300 and 350m, and a

FIG. A1. Results of the GMM unsupervised classification of Argo profiles using pycnocline thermohaline

characteristics. Color scale represents the posterior probability of a profile belonging to clusters A–E. This prob-

ability is defined for all profiles of the pycnocline dataset and all clusters, but for readability we plotted it only for the

profiles attributed to each cluster.
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density around 26.5 kgm23, a temperature of 17.58C,
and a salinity of 36.5 (Maze and Marshall 2011). The

EDW is found nearly everywhere west of 408W. We

observe a shoaling of the surface mode water depth

across the GSE and the North Atlantic Current that is

concomitant with the shoaling and thinning of the pyc-

nocline there. In the northeastern corner of the sub-

tropical gyre, north of 508N and up to the Irminger

Current, OAC-P identified different flavors of SPMWas

the surface mode water overlying the pycnocline

(Brambilla and Talley 2008). Centered between 300-

and 450-m depth, SPMWs have a core density between

27.25 and 27.45kgm23, a temperature between 88 and
108C, and a salinity between 35.2 and 35.4.

Along 408W, T/S properties experience a strong zonal

gradient centered on the properties of the warmest

ENACW (168C, 36.2, ENACW16). This gradient

underlies a clear change in the type of surface mode

water tracked by OAC-P between the eastern and

western parts of the gyre. East of 408W and south of

508N, in the West European Basin, OAC-P captures a

wide variety of central waters with the T/S relationship

closely related to their formation by winter mixing in the

surface layer along a wide range of latitudes (Iselin

1939). But an intermediate flavor of ENACW stands out

around 350-m depth. This is the ENACW12 that has a

relatively homogeneous density around 27.1 kgm23, a

temperature between 118 and 138C, and a salinity be-

tween 35.4 and 35.8. This ENACW12 corresponds to the

118–128C lower central mode water subducted in the

northern part of the region and identified by Paillet and

Arhan (1996) at the base of what they called a shallow

secondary pycnocline at about 200-m depth (see their

Fig. 3, for instance). In the southeastern part of the

subtropical gyre, the surface mode water is the deepest,

near 450m. The Madeira Mode Water (Siedler et al.

1987) is too thin and too shallow to be captured by

OAC-P.

APPENDIX C

Application of OAC-P in other Subtropical Gyres
and Comparison with an Alternative Method

OAC-P has been developed to estimate pycnocline

properties in subtropical gyres. Following the imple-

mentation method described in section 4, we deter-

mined an appropriate set of OAC-P parameters for each

gyre. In the following, we briefly show how OAC-P can

perform in each of the five subtropical gyres.

FIG. B1. Properties of the surface mode waters identified by OAC-P as overlying the pycnocline. (a) Depth with contours every 50m.

(b) Term s0 with contours every 0.05 kgm23. (c) Temperature with contours every 0.58C. (d) Salinity with contours every 0.05.
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Based on the description byHanawa andTalley (2001),

the main surface mode waters found in subtropical gyres

are the North Atlantic Subtropical Mode Water, the

SouthAtlantic SubtropicalModeWater, the North Pacific

Subtropical Mode Water, the South Pacific Subtropical

Mode Water, and the Indian Subtropical Mode Water. In

the SouthernHemisphere oceans, themodewater is found

to be shallower than in the Northern Hemisphere oceans.

In the South Atlantic, the South Pacific, and the Indian

Oceans, we found zinter 5 200m to be the most appro-

priate value, while in the North Pacific Ocean, we set

zinter 5 400m. We recall that in the North Atlantic

Ocean, we used zinter 5 600m. Mode waters in the

Southern Hemisphere oceans are also thinner than in the

Northern Hemisphere oceans. Therefore, we reduced

the smoothing scale to 20m to characterize the depth of

the mode water in the South Pacific, the South Atlantic,

and the Indian Oceans. In the North Pacific and North

Atlantic Oceans, the smoothing scale is 50m.

Figure C1 illustrates pycnocline property estimates

(depth and thickness) in all subtropical gyres using Argo

profiles in the North Atlantic (WMO 4900788, cycle 68),

South Atlantic (WMO 3900771, cycle 113), North Pa-

cific (WMO 2902453, cycle 13), South Pacific (WMO

5903574, cycle 61), and Indian Oceans (WMO 1901429,

cycle 2). It is clear that OAC-P is able to characterize

the pycnocline properties in all subtropical gyres. It

would be interesting to compare these properties from

one gyre to another but this is beyond the scope of

this study.

FIG. C1 . Application of OAC-P with Argo profiles in the (a) South Pacific subtropical gyre (WMO 5903574, cycle 61), (b) South

Atlantic subtropical gyre (WMO 3900771, cycle 113), (c) Indian subtropical gyre (WMO 1901429, cycle 2), (d) North Pacific subtropical

gyre (WMO 2902453, cycle 13), and (e) North Atlantic subtropical gyre (WMO 4900788, cycle 68). Dashed gray curves represent N2

profiles. Black dot represents the depth of the pycnocline, and the red (blue) curve represents the upper (lower) layer of the pycnocline, as

computed using OAC-P. Horizontal and vertical black lines indicate the depth and thickness scale of the pycnocline computed using

Gnanadesikan (1999) and Gnanadesikan et al. (2007) methods.

1306 JOURNAL OF ATMOSPHER IC AND OCEAN IC TECHNOLOGY VOLUME 33



Last, we superimposed on each profile in Fig. C1

the pycnocline depth and thickness estimates using the

Gnanadesikan (1999) formulation for the depth and the

Gnanadesikan et al. (2007) formulation for the thick-

ness, as described in Fu�ckar (2010). Except for theNorth

Atlantic profile, the alternative method is clearly in-

appropriate when applied to Argo data. This is because

the Gnanadesikan (1999) and Gnanadesikan et al.

(2007) methods target smooth and unimodalN2 profiles.
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