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ABSTRACT: The variability of isopycnal stirring and diapycnal mixing associated with mesoscale and microscale turbulence,
respectively, is assessed using Argo float observations in the eastern subtropical North Atlantic. A new method is introduced
combining a finescale parameterization with a triple decomposition framework to separate isopycnal stirring and diapycnal mix-
ing. Our approach is validated by comparing with microstructure measurements from an independent North Atlantic tracer re-
lease experiment in the 1990s. Both sets of diagnostics reveal that diapycnal mixing dominates in the upper thermocline and
that isopycnal stirring prevails in deeper, intermediate layers, influenced by Mediterranean Outflow Water. The analysis of
Argo data for years 201424 reveals substantial interannual variations in stirring and mixing rates and in the relative contribu-
tions of mesoscale and microscale processes to thermohaline variance dissipation, which persisted in time (~3 yr) and across iso-
pycnal layers (26.75-27.5 kg m ™). A shift in the relative contributions to the variance dissipation occurred over the period, with
more prevalent isopycnal stirring in the thermocline after 2018. This enhancement of isopycnal stirring, which concurred with
lower isopycnal diffusivities, is attributed to increased property gradient along-isopycnals induced by a large-scale cooling and
freshening of the eastern subtropical North Atlantic. Our results highlight how property contrasts in the thermocline, induced
originally by ocean ventilation, are modified by isopycnal stirring and diapycnal mixing. This application of finescale parameter-
izations constitutes a powerful tool that has the potential to capture and quantify the temporal evolution of isopycnal stirring
and diapycnal mixing rates from Argo observations across the global ocean.

SIGNIFICANCE STATEMENT: Ocean ventilation is vital in the climate system, transferring fluid and properties from
the surface to the ocean interior. Yet, the ways in which stirring and mixing modulate ventilation are poorly understood,
due to the sparseness of small-scale ocean observations. By applying a novel approach to Argo float data, we diagnose stir-
ring and mixing processes in the subtropical North Atlantic over a recent decade. Our results reveal a shift after 2018, with
mesoscale stirring becoming more dominant in response to a major cooling and freshening event. The enhanced stirring
dampens temperature and salinity contrasts, thus distributing the effects of externally forced, large-scale changes across the
North Atlantic. Our study opens new opportunities to diagnose stirring and mixing across the global ocean.

KEYWORDS: North Atlantic Ocean; Diapycnal mixing; Mixing; Turbulence; Isopycnal mixing; Ventilation

1. Introduction

Ocean mixing, involving stirring and homogenization of
tracers by mesoscale and microscale ocean turbulence, plays a
fundamental role in shaping property distributions in the
ocean interior (De Lavergne et al. 2021; Munk and Wunsch
1998). For example, in the thermocline (Iselin 1939), tempera-
ture and salinity are initially determined by ventilation from
the winter mixed layer (Stommel 1979; Williams et al. 1995)
involving subduction within the subtropical gyres (Luyten
et al. 1983; Williams 1991; Marshall et al. 1993; MacGilchrist
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et al. 2017). These subducted properties may then be altered
by mesoscale eddy-induced isopycnal stirring and diapycnal
mixing due to microscale turbulence in the ocean interior
(Robbins et al. 2000). However, the sparseness of microstruc-
ture observations makes it difficult to assess the competition
between subduction and stirring/mixing in determining the
properties of the subtropical thermocline. Direct measure-
ments of irreversible mixing are restricted to isolated observa-
tions over limited oceanic areas and periods (Waterhouse
et al. 2014). Alternatively, a range of approaches combining
theory and observational in situ and remote sensing data has
been used to produce global maps of isopycnal and diapycnal
diffusivities. However, with a few exceptions (Busecke and
Abernathey 2019), these approaches have not yet been used
to represent interannual or decadal changes in dissipation
rates of isopycnal—stirring—and diapycnal—mixing—variances
(Cole et al. 2015; Groeskamp et al. 2020).
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An additional challenge is that mesoscale isopycnal stirring
and microscale diapycnal mixing processes operate at differ-
ent spatiotemporal scales and are measured or estimated us-
ing different methodological approaches. While dissipation
rates of variance—here, mixing rates—by microscale turbu-
lence are routinely measured directly using microstructure ob-
servations of temperature and shear (Waterhouse et al. 2014;
Lueck et al. 2024), isopycnal stirring by mesoscale turbulence
is usually quantified by inferring values of isopycnal diffusiv-
ity, often via indirect techniques (Abernathey et al. 2022),
such as mixing-length theory (Naveira Garabato et al. 2011;
Cole et al. 2015; Groeskamp et al. 2020). Alternatively, direct
estimates can be obtained from real or simulated tracer/float
release experiments (Abernathey and Marshall 2013; Tulloch
et al. 2014; Rudnickas et al. 2019).

The relative importance of variance dissipation via isopyc-
nal and diapycnal processes in determining property distribu-
tions in the ocean is largely unconstrained by observations,
since this comparison has only been quantified concurrently in
a few studies, which combine microstructure observations with
the triple decomposition of the variance equation (Ferrari and
Polzin 2005; Naveira Garabato et al. 2016; Fernandez Castro
et al. 2024). Historically, the availability of direct microscale
observations has led to a focus on quantifying diapycnal mix-
ing (Polzin et al. 1997, Waterhouse et al. 2014; Kunze 2017).
Yet, isopycnal stirring, involving the filamentation of tracers
along density surfaces, is particularly effective for the homoge-
nization of property contrasts. Indeed, isopycnal stirring has
been shown to drive vigorous thermohaline water mass trans-
formations in regions of ventilation, such as the subpolar
North Atlantic (Fernandez Castro et al. 2024; Sijp et al. 2006)
and the Southern Ocean (Naveira Garabato et al. 2016; Orte-
Echevarria et al. 2023), and to control the distributions of oxy-
gen, nutrients, and greenhouse gases in the ocean interior,
modulating air—sea carbon fluxes, nutrient redistribution, and
long-term carbon sequestration (Gnanadesikan et al. 2015;
Rudnickas et al. 2019; Bahl et al. 2019; Spingys et al. 2021).

To overcome limitations in measurements of diapycnal
mixing, shear- and strain-based finescale parameterizations
have been widely used in recent decades. These approaches
estimate turbulent kinetic energy dissipation rates and diapyc-
nal diffusivities from routine ship- or float-based hydrographic
observations of temperature, salinity, and velocity shear
(Whalen et al. 2012; Kunze et al. 2006; Polzin et al. 2014;
Kunze 2017; Whalen et al. 2018). Despite their known short-
comings, such as only capturing mixing driven by internal
wave breaking, these approaches use finescale data that are
much more abundant than microstructure observations, espe-
cially since the onset of the Argo float program in 1999
(Wong et al. 2020). As a result, finescale parameterizations
have advanced our understanding of diapycnal mixing vari-
ability in space and time (Sheen et al. 2014; Whalen et al.
2018; Li et al. 2023). However, these parameterizations have
not yet been used to diagnose isopycnal stirring or to compare
its relative importance with diapycnal mixing.

Here, we propose and ground-truth a new approach to di-
agnose both isopycnal stirring and diapycnal mixing rates
from finescale data obtained by Argo floats. The proposed
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method combines (i) the strain-based finescale parameteriza-
tion (Whalen et al. 2012) to estimate diapycnal diffusivity and
the rate of irreversible tracer mixing using the Osborn and
Cox (1972) formula with (ii) a triple decomposition frame-
work for the tracer variance equation to assess the contribu-
tion of mesoscale, isopycnal stirring (Ferrari and Polzin 2005;
Naveira Garabato et al. 2016). Our approach is applied to the
eastern subtropical North Atlantic and validated by comparing
the obtained estimates with independent microstructure meas-
urements from the 1990s (Ferrari and Polzin 2005; Cherian et al.
2024; Whalen et al. 2012). By performing our analysis on Argo
float data from years 2014 to 2024, we reveal substantial tempo-
ral fluctuations in stirring and mixing rates, associated with
large-scale water mass property changes linked to climate vari-
ability. There are also notable variations in the relative impor-
tance of mesoscale and microscale turbulence in modifying the
characteristics of waters subducted into the thermocline of the
subtropical North Atlantic.

In summary, we present and ground-truth a method that
enables the estimation of the isopycnal and diapycnal contri-
butions to irreversible tracer mixing. Our results here demon-
strate the critical role of mixing and stirring in propagating
and dissipating large-scale climate signals across the North
Atlantic. In addition, the approach can straightforwardly be
applied to globally available finescale ocean data. Thus, the
approach represents a powerful tool for characterizing the
spatiotemporal variability of stirring and mixing and for as-
sessing their impacts on the oceanic distributions of tempera-
ture, salinity, and other tracers over the global ocean.

2. Methods
a. Observations

1) NATRE DATASET: MICROSTRUCTURE AND
FINE STRUCTURE

Microstructure and CTD observations were collected under
the North Atlantic Tracer Release Experiment (NATRE),
carried out in April 1992 (Ledwell et al. 1998), using a High
Resolution Profiler (HRP; Schmit et al. 1988) and an Neil
Brown Instrument Systems (NBIS) Mark III CTD sensor
(Ferrari and Polzin 2005). The dataset comprises 150 profiles
to depths of up to 2000 m of temperature 7, salinity S, pres-
sure and dissipation rates of thermal variance xe, and turbu-
lent kinetic energy ¢, with a vertical resolution of 0.5 dbar.
These profiles were contained in a domain in the eastern
North Atlantic with coordinates 24°-28°N, 26.5°-31°W, south-
west of the Canary Islands (Fig. 1).

Conservative Temperature ® and Absolute Salinity Sa
were evaluated using the Gibbs Seawater (GSW) Oceano-
graphic Toolbox of Thermodynamic Equation of Seawater
2010 (TEOS-10). Neutral density y* was calculated using the
routines of Jackett and McDougall (1997). Hydrographic data
were averaged on a vertical grid with a resolution of 2 m. Ver-
tical gradients of temperature and salinity were calculated by
averaging their values within 2-m-thick half-overlapping win-
dows above and below each depth bin and computing finite
differences between averages to obtain d®/dz ~ A®/Az. The
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FI1G. 1. Map of the subtropical North Atlantic. Background color
indicates annual-mean practical salinity at 540-m depth, obtained
from EN4 reanalysis data, the fourth generation of the Met Office
Hadley Centre’s ensemble-based gridded temperature and salinity
(Good et al. 2013). Pink box indicates the area where Argo float
profiles were selected (20°-31°N, 20°-38°W). White dashed box in-
dicates the area where microstructure observations were collected
during NATRE experiment in 1992 (Ledwell et al. 1998).

buoyancy frequency N was derived from the vertical gradient
of neutral density y".

The diapycnal diffusivity K,, was calculated, using the Osborn
(1980) formula, from the turbulent kinetic energy dissipation
rate & and the squared buoyancy frequency N

K, = ro A @)
where I is the mixing efficiency, assumed to take a constant
value of 0.2 (Oakey 1982).

Measurements of thermal variance dissipation ye were ob-
tained directly with microstructure temperature observations.
To derive haline variance dissipation rates Xs, s which are not
directly measured, we used the Osborn—-Cox relation (Osborn
and Cox 1972):

x5, = Py, =2k, @)

where 0S4/9z is the vertical gradient of Absolute Salinity cal-
culated on the averaged vertical grid of 2-m resolution. This
approximation to estimate variance dissipation assumes a
local balance between the production of tracer variance by
small-scale turbulence, denoted Psz, and its dissipation by
molecular diffusion, Xs, (Fernandez Castro et al. 2024). The
approximation is based on the tracer variance conservation
equation and assumes steady state and zero convergence of
the variance transport terms. It has been found to approxi-
mate the measured thermal dissipation within a factor of 2
in the subpolar and subtropical North Atlantic (Ferndndez
Castro et al. 2024).

2) ARGO FLOATS: CTD FINE STRUCTURE

Temperature and salinity profiles from Argo floats were ob-
tained within a wider region (20°-31°N, 20°-38°W) surround-
ing the NATRE sampling area between years 2014 and 2024
(Fig. 1).
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The use of the Osborn and Cox (1972) formula to infer var-
iance dissipation rates requires that vertical gradients are ac-
curately resolved on relatively fine scales (<10 m). Therefore,
only Argo profiles with a mean vertical resolution finer than
5 m were used. Data prior to 2014 failed to meet that require-
ment too often, particularly below 1000 m, and were not con-
sidered. For the 2014-24 period, 7079 Argo CTD profiles
were available. Data were averaged on a vertical grid with a
resolution of 2 m, where their vertical gradients as well as
neutral density v" and squared buoyancy frequency N* were
calculated. In measurements with coarse grid spacing, the re-
sulting gridded profiles will exhibit gaps.

b. Finescale parameterization: Diffusivity and
dissipation rates

Turbulent kinetic energy dissipation rates ¢ and diapycnal
diffusivity K, were estimated for both datasets (NATRE and
Argo) using the 2-m gridded CTD data. The strain-based fi-
nescale parameterization (Whalen et al. 2012; Kunze et al.
2006) was implemented with the mixsea Python package
(Voet et al. 2023) which returns ¢ and K|, for predefined verti-
cal segments (appendix A). Calculations for each profile were
performed at depth bins separated by 50 m with a window
size of 200 m, so that each window for each bin overlaps with
the previous and the following ones by 150 m. Spectral calcu-
lations were done over a wavenumber range spanning be-
tween a wavelength equal to half the window size of 200 m
and a minimum wavelength size of 10 m. As Argo floats do
not have velocity data to calculate shear, a constant value for
the shear to strain ratio R, was set to 3, equal to the Garrett—
Munk estimate. This choice has been found to perform
adequately around the NATRE region (Kunze et al. 2006;
Whalen et al. 2012). Depth bins in which the mean resolution
was >10 m were not considered.

Variance dissipation rate estimates for Conservative Tempera-
ture xe and salinity Xs, were obtained through Eq. (2) (Osborn
and Cox 1972), using “the diapycnal diffusivity values derived
from the finescale parameterization. Variance dissipation rates,
Xo and Xs, » Were calculated over the 200-m bins as

90
~ 2K (az) 3)

where (90/9z)” is the 2-m-scale vertical gradient of @, squared
and averaged over 200-m windows.

For the Argo float time series, all mixing-related quantities
were averaged onto a time grid with a 3-month time step and
a 12-month moving window centered at each time step. For
both Argo and NATRE datasets, mixing rates and other varia-
bles were averaged onto neutral density layers extending from
the upper thermocline to intermediate waters (IWs), i.e., be-
tween the 26.75 kg m > (~320 m) and 28.05 kg m > (~820 m)
isopycnals, and spaced by 0.05 kg m .

¢. Thermohaline variance budget: Triple
decomposition framework

With the aim of quantifying the relative contributions of me-
soscale and microscale turbulence to thermohaline mixing, we
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apply a triple decomposition of the variance conservation
equation (Ferrari and Polzin 2005; Naveira Garabato et al.
2016). This method decomposes the variability of a tracer
(herewith O, but the same applies to S,) into three compo-
nents: (i) large-scale mean, (ii) mesoscale eddy fluctuations,
and (iii) microscale fluctuations (Joyce 1977; Garrett 2001).
Mesoscale fluctuations originate from the stirring of tracer
contrast along-isopycnals and, therefore, relate to the strength
of the isopycnal stirring process (denoted by ||), while micro-
scale fluctuations are produced by isotropic small-scale turbu-
lence and relate to the strength of diapycnal mixing (denoted
by L1). The decomposition assumes a spectral gap between
these scales of the tracer distribution such that © is the sum of
three terms: ® = ©” + O° + O, where superscripts m, e, and ¢
refer to the large-scale mean flow, mesoscale, and small-scale
turbulence, respectively.

In this framework, the small-scale tracer variance production
Py in the Osborn—Cox relation [Eq. (2)] is separated into two
terms: one accounting for the mesoscale fluctuations, equivalent
to isopycnal stirring, PH,@)z, and the other accounting for the mi-
croscale turbulence, assumed equivalent to diapycnal variance
production, P, 4. Thus, the triple variance decomposition of
the tracer is exf)ressed as in Ferrari and Polzin (2005) by a bal-
ance between production and dissipation of tracer variance,

- 2(u'®')-VO" — 2(u°®°)-VO" = x,, “)

microscale turbulence

mesoscale eddy

where () brackets represent an average over spatiotemporal
scales that are large in comparison with mesoscale fluctua-
tions. This equation expresses the steady-state balance be-
tween the sum of tracer variance production from microscale
diapycnal mixing, P, o, and mesoscale isopycnal stirring,
P g2 and the tracer variance dissipation rate, yg, neglecting
nonsteadiness and variance transport terms:

P&+ Pl = Xq. ®)

By applying gradient flux approximations, such as (¢'0") =
—K,V0™, and assuming (i) that diapycnal gradients are much
larger than isopycnal gradients and (ii) that mesoscale eddies
stir tracers preferentially along-isopycnals, such that
2K, (VO™)* =~ 2K,(V,0™)? and 2K (VO™)* ~ 2K(V,0™),
respectively, Eq. (4) can be written as

2K,(V,0") + 2K (V,0") = x, (6)
NN by
Py PLZ

where K| is an isopycnal diffusivity. This expression enables
an assessment of how mesoscale and small-scale turbulence
contribute to the molecular mixing of heat and freshwater,

thus shaping the large-scale ocean’s thermohaline structure.
The diapycnal variance production P(f)z is diagnosed as

2
L 2 00"

Py, = 2K,(V,0") ~ ZKP(Q) ; ™
assuming that isopycnal layers are close to horizontal. Here,
we estimate mean flow tracer profiles, such as ®”, in 3-month
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intervals, as 12-month running averages on neutral surfaces.
Diapycnal gradients, 90™/0z, are estimated from the averaged
tracer profiles.

Mesoscale variance production (i.e., isopycnal stirring),
sz, is diagnosed as a residual:

P‘(l)z:X@)_P(f)% (8)

Further, Eq. (6) is used to estimate the isopycnal diffusivity
K from P!)z = 2K”(V”®m)2:
® P l2
Ko = ’Z‘FVW?Z, ©
I
where the subscript in K¢ notes that isopycnal diffusivity is
derived from temperature observations. An equivalent esti-
mation is done based on salinity. Isopycnal thermohaline gra-
dients (V|©0™) were calculated for each time step as the slope
of a linear fit of O (or S, ) versus longitude for x axis and lati-
tude for y axis, respectively, for all the available Argo obser-
vations in the study area.

3. Results
a. Method validation

Microstructure observations collected during NATRE re-
vealed a mean diapycnal diffusivity profile, K?ATRE“““", that in-
creases with depth, with values ranging from ~7 X 107% m? s~
in thermocline waters (TWs) up to ~107> m? s ! at
1800-m depth (Fig. 2a). Diffusivity values obtained by applying
the finescale parameterization to each individual profile,
KEATREFS, are in excellent agreement with the more direct
microstructure estimates. The magnitude and shape of both
profiles are comparable, exhibiting a mean absolute deviation
of 1.7 X 1079 m? s™!, which represents a difference of ~20% of
the data range in the profile obtained from microstructure
measurements.

The variance dissipation rates for both Conservative Tem-
perature, 55 (where FS denotes the finescale approach), and
Absolute Salinity, x& i, were calculated by combining the fi-
nescale parameterization with the Osborn and Cox (1972) for-
mula and compared with either the measured rate, X}f)lic“’, or
that derived from the microstructure data with the same
approach, X‘;’ic“’ (Fig. 2a). For both methods, time-mean x
profiles mostly overlap throughout the vertical coordinate,
following the same order of magnitude at each depth. The
mean absolute deviation between the two profiles for ye is
6.2 X 10719 K? 57! and for Xs, is 1.4 X 107" g? kg2 s,
which indicates a difference of ~9% and ~6%, respectively,
of the data range in the profiles obtained from microstructure
measurements. Both xe and y, generally decrease with
depth, ranging from values for Xgi“" of ~7x 10 °K?s ! and
for x§ir of ~2 X 107'* g’ kg~ s~" in upper thermocline wa-
ters down to values for x5 of ~3 x 107 K? s™! and for
Xgicm of ~5 X 10712 g kg ™2 s~ ! at 1800-m depth. Secondary
maxima of the dissipation rates were observed at ~1000 m
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FIG. 2. Mixing diagnostics from (a) NATRE and (b) Argo data. Time-mean profiles of (left) diapycnal diffusivity K|, (center) dissipa-
tion rate of thermal variance ye and its diapycnal P, . and isopycnal PHA,GZ contributions (black, red, and blue lines, respectively), and
(right) dissipation rate of salinity variance x, and its diapycnal P L5 and 1sopycnal PH,Si contributions. Solid lines refer to microstructure
measurements, while dashed lines correspond to values estimated through finescale parameterization applied to CTD data, both datasets
from NATRE (Ledwell et al. 1998). Shading areas indicate 95% confidence intervals estimated by bootstrapping on each bin and propa-

gated to residual variables, such as P (appendix B).

and associated with the Mediterranean Outflow Water as al-
ready shown by Ferrari and Polzin (2005).

The contributions of diapycnal P, and isopycnal P produc-
tions to the dissipation of tracer variance y show contrasting ver-
tical distributions across the thermocline (y* < 27.45 kg m™?)
and intermediate levels (y* > 27.45 kg m>); the latter is be-
ing influenced by large-scale thermohaline contrasts on iso-
pycnals due to the presence of relatively warm and salty
Mediterranean Outflow Water, as previously illustrated by
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Ferrari and Polzin (2005). Within the thermocline, time-
mean diapycnal production P, aligns closely with the total
variance dissipation x for both temperature and salinity. In
contrast, in intermediate layers, diapycnal variance produc-
tion P, decreases to a minimum, with mixing being predom-
inantly supplied by isopycnal variance production P. The
results derived from the finescale parameterization,
AVATRE s PTATREFS, and Pﬂl ATREFS, effectively replicate the
features found in microstructure observations.
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In spite of the overall good agreement between the two di-
agnostics—microstructure and finescale parameterization—
with their mean profiles lying within the range of the 95%
confidence intervals (appendix B), some discrepancies are ob-
served at certain depths in the diffusivity estimates, as well as
in the thermal variance budget. At the depth of maximum
thermal variance dissipation in the intermediate waters
(~1000 m), x and Py obtained through the microstructure ob-
servations yield values larger than those from the finescale pa-
rameterization. In both cases, the diagnostics agree within a
factor of ~2. However, according to Oakey (1982), a factor of
2 lies within the expected natural variability of turbulence es-
timates which usually cover several orders of magnitude and
has been commonly accepted in the literature (Goto et al.
2016; Piccolroaz et al. 2021; MacKinnon et al. 2013; Fer et al.
2014).

Analyses of the time-mean profiles from Argo floats (2014-24)
resulting from applying the finescale parameterization in the
NATRE region (Fig. 2b) are consistent with the original
NATRE microstructure results, as well as their finescale observa-
tions. There are, however, some differences in the values of the
variance production and dissipation rates and in their vertical dis-
tribution. Namely, isopycnal stirring appears to make a more im-
portant contribution to mixing in the thermocline, both for
temperature and salinity. Also, the maxima of mixing rates asso-
ciated with the intermediate levels are less prominent and located
deeper (~1300 m) in the water column in the Argo measure-
ments, compared to the NATRE dataset. Because the same ex-
act methodology is applied to the finescale Argo and NATRE
data, a plausible explanation for these differences is due to their
temporal coverage: NATRE measurements were collected solely
in April 1992, while the Argo dataset spans all seasons for a full,
later decade. This potential explanation is explored next. The dif-
ferent sizes of the NATRE box and Argo box [Eq. (1)] might
also be contributing to these slight differences in the mean
profiles.

b. Variability of mixing rates and regimes during 2014-24

Interannual variability is presented as anomalies with respect
to the time mean over the period 2014-24 for the dissipation
rates of temperature ye and salinity variance Xs, (Figs. 3a,b),
as well as for the isopycnal contribution to variance production,
P o and PH,SQ (Figs. 3c,d). Such rates vary differently across
the thermocline and the intermediate levels, and also depend-
ing on the tracer.

In thermocline waters, anomalies of variance dissipation
rate for temperature ye and salinity Xs, show positive values
between years 2018 and 2022, more pronounced in the haline
component. Although the pattern in this layer is similar for
both tracers, anomalies for ye are also positive at the begin-
ning of the period (2014-17), especially toward deeper isopyc-
nals within the thermocline. In the intermediate layer, ye and
Xs, display the opposite structure: positive anomalies before
2018 and in 2023. A large relative decay in variance dissipa-
tion rate is observed in intermediate layers between 2018 and
2022, coinciding with enhanced mixing in thermocline layers.

Brought to you by NATIONAL OCEANOGRAPHY CENT!

JOURNAL OF PHYSICAL OCEANOGRAPHY

VOLUME 56

A remarkable feature of these time series is that the vari-
ability in the isopycnal production of tracer variance, P”’@)z
and P”’S%, exhibits the same tendency as the overall variance
dissipation rates, ye and Xs, > indicating that variability in me-
soscale eddy stirring is the main driver of changes in mixing.
There is a clear shift in PH o2 and PH 2 around year 2018 from
negative to positive in the thermocline layer and the opposite
in intermediate layers. Toward the end of the time series,
anomalies in isopycnal stirring within the thermocline become
negative and positive in the intermediate waters.

At the beginning of the 10-yr mixing record, the relative
contribution of diapycnal mixing to overall variance dissipa-
tion in the thermocline is highlighted by the dominance of the
diapycnal tracer variance production, P, for both ® and S
(~80% for P ¢ and ~64% for P 2 ). The dominance of the
diapycnal contribution decays after 2018 as the isopycnal con-
tribution is more prominent for temperature (where P g
contributes with ~65% to xe) and dominant for salinity
(P, s contributing only ~36% of Xs, ). Variance dissipation
within intermediate waters is mostly explalned by the isopyc-
nal contribution throughout the study period and for both
tracers. Such dominance is especially pronounced toward the
end of the time series, with a time mean of ~41% for PJ_’G)Z
up to 2018, and ~32% after that year, and ~10% for PLSi up
to 2018, and ~4 % after that year.

¢. Drivers of mixing variability

The temporally variable interplay between mesoscale iso-
pycnal and small-scale diapycnal contributions to thermoha-
line mixing in our study domain raises the question of what
processes underpin such changes. Diapycnal and isopycnal
mixing rates scale with the product of the diffusivity and
tracer gradient squared in the cross- and along-isopycnal di-
rections, respectively. Thus, to decipher the drivers of the var-
iability, we analyze the evolution of diapycnal and isopycnal
diffusivities and corresponding tracer gradients over the
2014-24 period.

The highest values of diapycnal diffusivity, K, 10" m?s ™),
are mostly located in intermediate waters, leading to a time-
mean profile that increases with depth (Figs. 4a,b). However,
periods of low K, values are also observed within that layer, re-
sulting in a more homogeneous K|, profile. Notably, K|, decreases
over time in both thermocline waters and intermediate layers
after year 2018, with the latter exhibiting a sharper and slightly
delayed decline. Somewhat counterintuitively, the period of re-
duced diffusivities coincides with enhanced variance dissipation
rates in the thermocline (Figs. 3a,b). Toward the end of the time
series, after year 2022, K, increases again at some depths includ-
ing in intermediate waters, resulting in a depth-enhanced diffusiv-
ity profile.

The isopycnal diffusivity derived from the temperature var-
iance budget [Eq. (9)], K¢ (Figs. 4c.,d), displays its highest
mean values on lighter isopycnals of the thermocline, with
median values of ~10* m? s™!, in broad agreement with the
upper range of previous estimates in the region (Ferrari and
Polzin 2005; Groeskamp et al. 2020; Cherian et al. 2024; Zika
et al. 2010). Below the 27.25 kg m™? isopycnal, K} ¢ sharply
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decreases by two orders of magnitude, as previously described
(Ferrari and Polzin 2005; Cherian et al. 2024). Isopycnal diffu-
sivity derived from the salinity variance budget, K 18,0 is not
shown here but closely follows K| ¢ mean values and variabil-
ity. Similarly to K, the decrease of isopycnal diffusivity values
over years 2018-22 coincides with a period of enhanced ther-
mocline mixing rates. Therefore, the shift in mixing rates can
only be explained by enhanced gradients opposing and over-
coming reduced diffusivities during that period.

The time-mean squared diapycnal gradient of @, (V,0)?
decreases with depth, exhibiting largest gradients in the ther-
mocline and at the top of the intermediate layer (Fig. 4e). The
temporal trend in (V. 0)* reveals significant variability
(Fig. 4f). Coinciding with the shift in mixing conditions from
years 2018 to 2022, (V. ®)? within the thermocline shifts from
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being associated with negative anomalies relative to the pe-
riod mean, (V L@))2 —(V l@)2, to positive anomalies, but the
opposite shift occurs in intermediate waters with a change
from positive to negative anomalies (Fig. 4j). Toward the end
of the time series, (V,0)? returns to being associated with
negative anomalies in the lower thermocline.

The time-mean squared isopycnal gradient of ©, (V”G))z, illus-
trates more clearly the occurrence of thermohaline isopycnal
gradients in intermediate waters, associated with the presence of
the Mediterranean Outflow Water, where (VH@))2 reaches a lo-
cal maximum of ~4 X 10~'2 K> m~2 (Fig. 4h). Substantial vari-
ability occurs in the time series of (VH@))2 anomalies (Fig. 4g).
Again, there is a marked change in (VH@))2 anomalies after
2018, consistent with other variables (Fig. 4) and mixing condi-
tions (Fig. 3). In the thermocline, there is a shift from negative
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3. Horizontal

dashed line represents the density boundary between TW (y < 26.45 kg m™>) and IW (y > 26.45 kg m °).

to positive anomalies of the isopycnal thermal gradient over its
period mean, (VH(E))2 - (V”@))Z, indicating stronger isopycnal
gradients, until negative anomalies return in year 2022. There is
a mixture of positive and negative anomalies in intermediate
waters, but negative anomalies (indicating weaker gradients)
are prevalent from the 2018 shift to 2022, coinciding with when
(V”G))2 anomalies become positive in the thermocline. After
that, (V;®)? in intermediate waters becomes strongly positive.
The temporal patterns in diapycnal and isopycnal gradients
are associated with marked changes in the temperature and
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salinity distributions on isopycnals occurring during our study
period. The time-mean profile of ® gradually decreases from
~15.7°C at 26.75 kg m > to ~4.1°C at the 28.00 kg m ™2 iso-
pycnal (Fig. 4i). Time-mean S, displays a similar pattern
(Fig. 41), decreasing from its highest values at the top of the
thermocline ~36.3 g kg™' to its lowest at the bottom of the
profile ~34.2 g kg~ !. However, at the core of the intermediate
waters, both S, and O exhibit a slight increase associated with
Mediterranean Outflow Water influence. Time series of ©
and Sa anomalies (Figs. 4j.k, respectively), calculated as the
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difference from time-mean values over the entire period Such shift in thermohaline properties and associated isopycnal
(e.g., ® — ), reveal a shift from positive to negative anom-  gradients can be linked to large-scale changes over the entire

alies, indicating cooler and fresher conditions, after 2018.  North Atlantic. Absolute Salinity anomalies at the 26.8 kg m™

3

This change occurs in the entire observed water column, isopycnal—representative of thermocline waters—derived from
but is more prominent in intermediate layers. By year 2022, the EN4 ocean reanalysis reveal a shift from relatively salty to
negative thermohaline anomalies turn back to almost fresher conditions in the eastern subtropical North Atlantic over

neutral.

the period 2014-23 (Fig. 5). At the same time, anomalies of
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opposite sign develop in the western subtropical gyre, strength-
ening salinity and temperature gradient along-isopycnals around
our study region. These fresh and cold anomalies originate at
the isopycnal’s outcrop in the subtropical North Atlantic around
201415, as described elsewhere (Josey et al. 2018; Holliday et al.
2020; Oltmanns et al. 2024). The anomalies propagate anticy-
clonically following the subtropical gyre circulation, reaching the
NATRE region around 2018.

4. Discussion and conclusions

Thermohaline properties of the ocean interior are determined
through a combination of subduction of waters sourced from the
surface mixed layer and the effects of stirring and mixing along
and across density surfaces in the ocean interior (MacGilchrist
et al. 2017; Robbins et al. 2000; Weller et al. 2004; Lachkar et al.
2007; Gebbie 2007). However, due to the sparsity of mixing ob-
servations, the relative roles of stirring and mixing in modulating
ocean ventilation are poorly understood. Using Argo floats, we
propose a new method to concurrently estimate the rates of iso-
pycnal stirring and diapycnal mixing that result from mesoscale
and microscale turbulence, respectively. The method combines a
finescale parameterization (Whalen et al. 2012) to calculate dia-
pycnal diffusivities, the Osborn and Cox (1972) formula to
estimate tracer variance dissipation rates, and a triple decompo-
sition framework (Ferrari and Polzin 2005) to separate isopycnal
and diapycnal contributions to mixing. This approach enabled us
to investigate the variability of temperature and salinity mixing
in the thermocline and intermediate waters of the eastern sub-
tropical North Atlantic.

First, the method was validated by comparing our finescale
diagnostics with microscale measurements from the NATRE
experiment in the 1990s (Ledwell et al. 1998). Estimated pro-
files of the diapycnal mixing and isopycnal stirring rates were in
very good agreement with microstructure observations, reveal-
ing the dominance of diapycnal mixing in the thermocline and
isopycnal stirring in deeper, intermediate levels influenced by
Mediterranean Outflow Water as described in Ferrari and
Polzin (2005), using independent microstructure measurements.

Although the method successfully reproduces the results
from microstructure observations, its applicability might be
limited in other areas of the ocean where the underlying as-
sumptions, such as the local balance between variance pro-
duction and dissipation, might be less accurate. The isopycnal
parameters (P, K;) were derived as residuals from the esti-
mated parameters (, P, ); therefore, they may include contri-
butions from neglected processes such as variance advection.
As such, the conclusions regarding the isopycnal parameters
should be interpreted with some degree of caution.

Our new approach has the potential to reveal temporal var-
iations in the diapycnal and isopycnal contributions to tracer
mixing with unprecedented resolution and coverage and un-
veil their complex drivers. We demonstrated this potential
with an analysis of Argo data in the eastern subtropical North
Atlantic for the period 2014-24. Our analysis revealed sub-
stantial interannual variations in mixing rates and in the rela-
tive contributions of mesoscale and microscale processes to
variance dissipation. Notably, there was a shift in the mixing
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regime in the thermocline, with more dominant isopycnal stir-
ring after 2018, particularly for salinity. Counterintuitively,
the enhancement in isopycnal stirring rates coincided with a
reduction of the isopycnal diffusivity.

The reduction of isopycnal diffusivity between 2018 and
2022 could be explained in terms of mixing length theory
(Prandtl 1925; Busecke and Abernathey 2019) according to
which isopycnal diffusivity scales as K ~ LixEKEY2, where
L is a mixing length and EKE is the eddy kinetic energy.
From Argo observations, we estimated the mixing length as
the ratio of the standard deviation of salinity anomalies and
the isopycnal gradient, L . ~ <Siz)0‘5/|V“SA| (Cole et al.
2015). The L, exhibited relatively large values on the order
of ~10° km in years 2014-17, 2022, and 2023 but reduced on
the order of ~10 km during the period of weak diffusivities
from 2018 to 2022 (Fig. 4m). Mixing length suppression was
associated with an enhancement of geostrophic velocities
(Fig. 4n), which would be qualitatively consistent with mixing
suppression by intensified background flow (Ferrari and
Nikurashin 2010; Naveira Garabato et al. 2011). However, the
increase in the geostrophic velocities (from 0.005 m s™' in
years 2014-18 to 0.01 m s~ " in years 2018-22) is relatively mi-
nor and quantitatively insufficient to explain the observed
reduction in mixing length by one order of magnitude. There-
fore, further analysis would be required to explain the ob-
served mixing suppression.

The observed strengthening of the geostrophic currents re-
flects an intensification of the subtropical gyre circulation as
suggested by satellite altimetry (Fig. C1 in appendix C), which
highlights a positive trend of sea level anomaly (SLA) in the
center of the subtropical gyre. This positive pattern indicates
a steeper sea surface height gradient and, in turn, stronger
geostrophic velocities and strengthened gyre circulation. The
North Atlantic Ocean index variability is closely coupled to
the large-scale atmospheric circulation over the North Atlan-
tic. Specifically, a higher North Atlantic Oscillation index is
associated with a stronger positive wind stress curl in the sub-
polar region and a more negative wind stress curl anomaly in
the subtropical region. This pattern implies that the subpolar
and subtropical gyres strengthen simultaneously and are char-
acterized by a stronger zonal North Atlantic Current along
with stronger westerlies. Considering, in turn, the high sensi-
tivity of the subpolar gyre circulation to the NAO (Hakkinen
and Rhines 2009; Hikkinen et al. 2011, 2013), the strengthen-
ing of the ocean currents is consistent with the positive North
Atlantic Oscillation phase after 2015 and lasting up to 2023
(Roch et al. 2024; Bhagtani et al. 2025). We also examined the
surface EKE variability in the area, but the analysis did not re-
veal any clear tendency (not shown). Therefore, our findings
align with previous work showing that substantial interannual
variability in isopycnal diffusivity values is driven by changes in
mixing length suppression by variable background flows in re-
sponse to large-scale climatic forcing (Busecke and Abernathey
2019).

Moreover, the concurrent enhancement of isopycnal stirring
and variance dissipation rates was driven by the competing
strengthening of temperature and salinity gradients along den-
sity surfaces, rather than the magnitude of isopycnal diffusivity.
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Gradient intensification was induced by a large-scale cooling
and freshening of the eastern rim of the subtropical gyre after
2018. Such freshening followed strong atmospheric forcing and
associated shifts in ocean currents at northern latitudes in
2014-16, which caused freshening and cooling in the eastern
subtropical North Atlantic (Holliday et al. 2020; Josey et al.
2018). Fresh and cool anomalies subducted along-isopycnals,
propagated anticyclonically toward subtropical latitudes, and
reached the study area around 2018 (Fig. 5), enhancing the
east-west isopycnal temperature and salinity gradients and,
thereby, the isopycnal stirring and variance dissipation rates in
spite of weaker diffusivities. Thus, the results indicate the im-
portance of isopycnal stirring in equalizing large-scale gra-
dients, effectively facilitating the export and dissipation of
salinity and temperature anomalies outside the subpolar North
Atlantic.

Although the large-scale freshening and cooling also al-
tered the intermediate levels, gradients and thus mixing
trends in these isopycnals were the opposite to those observed
in the thermocline. A decline in mixing rates occurred in years
2018-22. In these deeper isopycnals, large-scale preexistent
pattern is shaped by southward flow of the Mediterranean wa-
ters, which enhances gradients in that direction. The advec-
tion of a fresher water mass in the same southward direction
reduced property contrasts and thus dissipation rates.

Our novel methodology expands and complements previ-
ous research focused on the variability of diapycnal and iso-
pycnal diffusivities, driven by changes in available mechanical
energy for turbulence (Whalen et al. 2018; Sheen et al. 2014;
Busecke and Abernathey 2019; Li et al. 2023). In turn, our
findings highlight the complexity of the interplay between
variable diffusivity rates and property gradients in controlling
the variability of tracer mixing and irreversible watermass
transformations. Our results also have implications for our
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understanding of how the balance between surface forcing,
subduction, and interior mixing ventilates the properties of
the thermocline.

Ocean ventilation is widely viewed as determining water
mass properties, such as temperature, salinity, and potential
vorticity, in the subtropical thermocline via the subduction of
surface-modified waters (Luyten et al. 1983; Williams 1991;
Marshall et al. 1993). End-of-winter mixed layer properties
are thought to be adiabatically transferred into the stratified
thermocline (Stommel 1979; Williams et al. 1995; MacGilchrist
et al. 2021), with potential modulation by stirring and mixing
processes (Robbins et al. 2000; MacGilchrist et al. 2017). To
gauge the importance of diapycnal mixing and isopycnal stir-
ring in modifying ventilated properties in the thermocline, we
estimate the mixing time scale, 742 —the characteristic time
required for stirring and mixing to create and dampen tracer
anomalies (Naveira Garabato et al. 2016). The Tge 2 is com-
puted as the ratio of the mesoscale salinity variance (here,
density-compensated vertical fine structure), ($42), and the

rate of production by mesoscale stirring, Ple:
A

(587
Pig

(10)

TS‘»z -~

This time scale for the production and dampening of inter-
leaving finescale anomalies (Fig. 6) ranges from typically 25 to
75 days in the thermocline. This damping time scale should be
viewed as a lower bound for how long mesoscale tracer anoma-
lies take to be eroded, as the tracer anomalies on the mesoscale
may be larger than those observed as finescale interleaving
structures.

Thus, the lifetime of interleaving finescale structures result-
ing from the stirring processes is typically months, which is
comparable to the characteristic seasonal and longer time

RE | Unauthenticated | Downloaded 02/12/26 03:3/

4 PM UTC



638

scales of the subduction process (Williams et al. 1995; Mar-
shall et al. 1993) and shorter than the time scale of advection
from remote source regions, as shown in Fig. 5. This scaling
suggests that stirring rates react to changes in thermohaline
gradient along isopycnals, as might occur from interannual
variations in the properties of waters subducted into the ther-
mocline, on subseasonal time scales. Such relatively rapid
response of stirring and mixing rates to surface-forced hydro-
graphic changes indicates that isopycnal stirring and diapycnal
mixing effectively dampen temperature-salinity anomalies
produced by upstream subduction. Therefore, our findings
are consistent with the notion that thermohaline properties in
the thermocline are determined by an interplay between sub-
duction processes, which enhance property contrasts, and stir-
ring and mixing processes, which mitigate property contrasts.

In summary, a new methodology is introduced to estimate dia-
pycnal and isopycnal mixing rates from finely resolved CTD
data. The method accurately reproduces microstructure-based
mixing observations in the subtropical eastern North Atlantic.
Using the new method, our analysis of Argo data in the same re-
gion reveals a shift in thermohaline properties forced by large-
scale climate variability. This climate-induced shift interacted
with the different large-scale circulation patterns characterizing
the thermocline and the intermediate waters leading to opposite
mixing responses. The shift in water-mass properties induces
changes in mixing conditions and in the relative contributions of
mesoscale and microscale processes to variance dissipation as
mixing rates adjust to smooth out property anomalies advected
to the thermocline induced by climate forcing. These results dem-
onstrate the feasibility and benefits of applying our approach to
the global Argo array, to quantify isopycnal stirring and diapyc-
nal mixing rates at unprecedented spatiotemporal scales.
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APPENDIX A

Finescale Parameterization for Turbulent Kinetic Energy
Dissipation

Following Whalen et al. (2012), a finescale parameteriza-
tion for turbulent kinetic dissipation is applied to Argo
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data. Strain £, was diagnosed from the buoyancy frequency
N from the Argo data:
g N2 N%lt

fz:T,

(A1)
where the overbar represents a vertical averaging and Ny, is a
quadratic fit to the buoyancy frequency. The strain variance
(&;) was evaluated after a spatial Fourier transform of the
data. Following Kunze et al. (2006), the turbulent kinetic en-
ergy dissipation rate e was diagnosed using the strain variance
in a finescale parameterization:

V@
TN (Eam)

h(R,)L(f, N), (A2)

where the constants €, = 6.73 X 10"°m? s ™2 and N, = 524 X
10~ 3rad s~ !; the function L(f, N) provides a latitudinal correction
depending upon the Coriolis parameter f and the buoyancy fre-
quency N; and 4(R,,) depends on the frequency content of the in-
ternal wave field, varying with the shear to strain ratio R,,.

The diapycnal diffusivity K, is then diagnosed using the
ratio of the turbulent kinetic energy dissipation rate and
the squared buoyancy frequency from the Argo data using
the Osborn (1980) relationship [Eq. (1)].

APPENDIX B

Estimates of Uncertainties in the Tracer Variance Budget

Uncertainties in mixing diagnostics from both microstructure
and finescale parameterizations were estimated, following
Ferrari and Polzin (2005), by applying a bootstrapping ap-
proach (Efron 1982). For each bin, corresponding to an isopyc-
nal layer (y* = 0.05) and a time, we aggregated all data points
within the density class, latitude and longitude box, and, in the
case of the Argo dataset, the 12-month time window. Uncer-
tainties were estimated by bootstrapping on each bin for € and
the derived variables (K, x, P, and P}). The number of boot-
strap iterations was n = 1000, and the number of effective
samples on each bin, n.g, was estimated as
"

Regp = 2L

autocorr

/Az’ (B1)

where n, is the number of data points within each bin, Az is
the vertical grid spacing, and L,yiocorr 1S the autocorrelation
length scale of mixing data (i.e., €) which is the length scale of
independent vertical segments. From the resulting distribu-
tions, we extracted the 95% confidence intervals and calcu-
lated the mean profiles. For the case of isopycnal production,
Py, which is calculated as a residual of y — P,, uncertainties
were propagated by computing the residual of the distribu-
tions and extracting the 2.5th and 97.5th percentiles.

APPENDIX C

Annual-Mean Sea Level Anomalies

Figure C1 shows the annual-mean sea level anomalies
with respect to the average of the period 2000-23.
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F1G. C1. Annual-mean sea level anomalies with respect to the average of the period 2000-23, from the monthly merged Copernicus
Marine Service dataset cmems_obs-sl_glo_phy-ssh_my_allsat-14-duacs-0.25deg_P1M-m. To isolate large-scale sea level variations, anoma-
lies are computed from a smoothed SLA field reconstructed using the first two empirical orthogonal functions of the SLA fields.
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