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Using satellite observations of
ocean variables to improve
estimates of water mass
(trans)formation

Ageel Piracha*, Estrella Olmedo, Antonio Turiel,
Marcos Portabella and Cristina Gonzalez-Haro

Department of Physical and Technological Oceanography, Instituto de Ciencias del Mar (ICM) —
Consejo Superior de Investigaciones Cientificas (CSIC), Barcelona, Spain

For the first time, an accurate and complete picture of Mixed Layer (ML) water
mass dynamics can be inferred at high spatio-temporal resolution via the
material derivative derived from Sea Surface Salinity/Temperature (SSS/T) and
Currents (SSC). The product between this satellite derived material derivative and
in-situ derived Mixed Layer Depth (MLD) provides a satellite based kinematic
approach to the water mass (trans)formation framework (WMT/F) above ML. We
compare this approach to the standard thermodynamic approach based on air-
sea fluxes provided by satellites, an ocean state estimate and in-situ observations.
Southern Hemisphere surface density flux and water mass (trans)formation
framework (WMT/F) were analysed in geographic and potential density space
for the year 2014. Surface density flux differences between the satellite derived
thermodynamic and kinematic approaches and ECCO (an ocean state estimate)
underline: 1) air-sea heat fluxes dominate variability in the thermodynamic
approach; and 2) fine scale structures from the satellite derived kinematic
approach are most likely geophysical and not artefacts from noise in SSS/T or
SSC—as suggested by a series of smoothing experiments. Additionally, ECCO
revealed surface density flux integrated over ML are positively biased as
compared to similar estimates assuming that surface conditions are
homogeneous over ML—in part owing to the e-folding nature of shortwave
solar radiation. Major differences between the satellite derived kinematic and
thermodynamic approaches are associated to: 1) lateral mixing and mesoscale
dynamics in the kinematic framework; 2) vertical excursions of, and vertical
velocities through the ML base; and 3) interactions between ML horizontal
velocities and ML base spatial gradients.
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1 Introduction

Walin (1982) initially established a framework in which interior
circulation could be deduced from knowledge of atmosphere-ocean
thermal interactions and sea surface thermal state. This process-
based framework was further developed by Tziperman (1986) to
include Sea Surface Salinity (SSS) and air-sea freshwater fluxes in a
buoyancy-based thermodynamic water mass (trans)formation
(WMT/F) framework. Another WMT/F framework is based on
material changes of ocean variables, such as temperature, salinity
and density (kinematic framework) (Tudicone et al., 2008; Li et al.,
2017; Groeskamp et al., 2019; Nurser and Griffies, 2019-04). As this
framework obviates the need for air-sea flux data, it is perfectly
suited to take advantage of the high spatio-temporal resolution data
now offered by satellites.

Piracha et al. (2019) applied the thermodynamic WMT/F
framework in density, SSS/Sea Surface Temperature (SST) and
geographic space to identify and trace winter cooling associated
water masses in the Southern Ocean, North Pacific and North
Atlantic. Through in-situ datasets of net heat fluxes (HF), obtained
by Voluntary Observing Ships (VOS) and satellite datasets of net
freshwater fluxes (FWF), SSS and SST, they found that satellite-
derived datasets showed a salinification and warming in all water
masses studied as compared to in-situ data from ARGO, linked to
increases in the water cycle over the two years (2011-2012) studied.

Recent studies have shown two sources of uncertainties in air-
sea flux estimation; the bulk algorithms used; and variables taken as
the algorithms input (Brunke et al., 2011). Despite many
advancements in the field of deriving specific humidity from
satellite observations (Tomita et al., 2018), uncertainties in their
estimates are numerous (Cerovecki et al., 2011-12). As evaporation
depends on Latent HF (LHF), errors in LHF will propagate to
evaporation (Gutenstein et al., 2021). Furthermore, the estimation
of air-sea HF is sensitive to wind speed. Through an inter-
comparison of 11 HF products, Brunke et al. (2011) showed that
in the presence of high wind speeds, such as those found near the
Western Boundary Currents (WBC) HF estimates from the various
sources tended to disagree considerably.

We aim to show that the WMT/F framework can be more
accurately and completely estimated, in terms of geophysical effects,
when utilised in a kinematic rather than thermodynamic definition.
To accomplish this, we first compare thermodynamic density flux
between HF and FWF from satellites, in-situ observations and an
ocean state estimate described in section 2 to understand dominant
term(s) in density flux variability. The mathematics underlying the
thermodynamic and kinematic WMT/F framework are described in
detail. Futhermore, the modifications of our kinematic framework
with respect to Iudicone et al. (2008) and the underlying
assumptions are stated where necessary, paying close attention to
the physical processes being resolved (section 3).

How uncertainties in air-sea and sea surface satellite
observations and underlying assumptions made in the kinematic
framework influence the density flux over the Southern Hemisphere
(SH) is assessed in a series of comparisons with an ocean state
estimate (section 4). The advantage of the kinematic over the
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thermodynamic WMT/F framework based purely on satellite
observations is assessed with respect to physical processes and
geophysical phenomena in section 5. The impacts of the current
study with respect to SH water masses are discussed along with a
summary of the main findings (section 6).

2 Datasets

All datasets are remapped to 0.25° using a Gaussian inverse-
distance weighted interpolation scheme, in which the weights
decrease exponentially with distance.

The weighting function has the following form.

-d®

w(l, §) = e(*> 1)

Where, A and ¢ are the longitude and latitude, respectively, d is
the distance in Km from a point in the new (interpolated) grid from
each point in a 3x3 window of the original grid where data values
are known. o is the resolution of the target grid (i.e. 0.25°) in Km.
The sum of the products between the data values in the original grid
and weights (equation 1) for each respective point in the 3x3
window in the original grid (centred on the point in the
interpolated grid) is calculated. This sum is then divided by the
sum of the weights within the respective 3x3 window in the original
grid. Thus, providing the interpolated value at each respective point
in the new grid.

All datasets are subsequently converted to a monthly temporal
resolution covering SH to the annual maximum sea-ice edge.

2.1 Satellite products

2.1.1 Sea surface temperature and salinity

The Level 4 Optimal Sea Surface Temperature and Sea Ice
Analysis (OSTIA) SST product from the UK Met Office was
constructed using objective analysis applied to a blend of satellite
and in-situ sources as well as information on sea ice from the
European Organisation for the Exploitation of Meteorological
Satellites (EUMETSAT) (Donlon et al., 2012). The dataset is
operationally produced at daily temporal resolution and at a
spatial resolution of 0.05°. The datasets are hosted on the ftp
servers of the Copernicus Marine Environmental Monitoring
Service (CMEMS; ftp://nrt.cmems-du.eu).

The Barcelona Expert Center (BEC) produces level 4 SSS maps
at daily temporal resolution from the Microwave radiometer data
aboard the European Space Agency Soil Moisture and Ocean
Salinity satellite (SMOS) (Olmedo et al., 2021). The product has
global coverage over the ice-free global oceans with spatial
resolution identical to that of the OSTIA level 4 SST. Datasets
were constructed using a debiased non-Bayesian approach at daily
time scales (Olmedo et al., 2017). The SMOS level 4 SSS from BEC is
quoted in Practical Salinity Units (PSU) which were converted to
Absolute Salinity Units. The SSS dataset is available from the BEC
ftp server at becftp.icm.csic.es
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2.1.2 Sea surface current

Global near-surface currents were provided by the NASA Jet
Propulsion Laboratory (JPL) Ocean Surface Current Analysis Real-
time (OSCAR) project using a blend of satellite and in-situ sources
to achieve daily mean fields at 0.25°, making use of a simplified
turbulent surface Mixed Layer (ML) model (Bonjean and Lagerloef,
2002). Sea surface currents are averaged over the top 30m of the
ocean in units of ms™. The data is hosted on the NASA Physical
Oceanography Data Access and Archiving Center (PODAAC)
servers and can be found at https://podaac.jpl.nasa.gov/.

2.1.3 Heat fluxes

The Japanese Ocean Flux (JOFURO) project uses satellite
datasets to derive the turbulent and radiative components of the
HF (Tomita et al., 2019). HF is calculated with satellite-derived SST,
surface wind speed and specific humidity, and provided as daily
means at 0.25°. Furthermore, the COARE3.0 bulk algorithm was
used to estimate surface turbulent HF. The radiative HF were taken
from other projects. The datasets were downloaded from the
JOFURO project page at https://j-ofuro.isee.nagoya-u.ac.jp/en/.

2.1.4 Freshwater fluxes

Net FWFE is the difference between Objectively Analysed Air-sea
Flux (OAFLUX) evaporation and Global Precipitation Climatology
Project (GPCP) precipitation datasets (Yu et al., 2008; Nelkin et al.,
2021). Daily mean fields of precipitation (P) were obtained from
NASA’s GPCP project [GPCP Precipitation data can be found at
https://disc.gsfc.nasa.gov/datasets (Huffman et al.,, 2015)]. Global P
fields were calculated using satellite retrievals from the Global
Precipitation Measurement (GPM) mission and in struments
aboard the Television InfraRed Operational Satellite (TIROS).
The final product has a spatial resolution of 0.5°. The GPCP data
are downloaded from https://measures.gesdisc.eosdis.nasa.gov/.

The Woods Hole Oceanographic Institute’s (WHOI) OAFlux
project provides datasets of evaporation (E) calculated from latent
HF derived using the COARE3.0 bulk formula (Yu et al.,, 2008).
OAFLUX is a synthesis of satellite observations from scatterometers
(wind speed), the Special Sensor Microwave Imager (for specific
humidity [SSM/I]) and radiometers for high resolution SST fields.
OAFLUX is available as daily mean 1° fields of evaporation over the
ice-free global ocean. OAFLUX evaporation fields were downloaded
from the project page at https://oaflux.whoi.edu/.

2.2 In-situ observations

2.2.1 Heat fluxes

The Southampton National Oceanography Center (NOCS)
provides turbulent and radiative components of HF at 1° spatial
and monthly temporal resolution (Berry and Kent, 2009). The
dataset was constructed as an optimal interpolation of
atmospheric and sea state observations via VOS from the
International Ocean-Atmosphere Comprehensive DatasetS
(ICOADS) version 2.4/5. NOCSv2 uses the bulk formulas from
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Smith (1988) for the turbulent fluxes and Reed (1977) for
radiative fluxes.

2.2.2 Freshwater fluxes
We calculate in-situ E from NOCS LHF utilising the following
relation.

LHF
E=
Lg

)

Henderson-Sellers (1984) put forward an equation in which the
latent heat of evaporation of water (Lg ) in ]kg’1 is dependent on
SST.

SST 2 3)
SST - 33.91

Ly =1.94816 x 10° - (

E calculated this way will have units of kgm™s™". The data can
be found on the Research Data Archives (RDA) of the University
Centers for Atmospheric Research (UCAR) at https://rda.ucar.edu/
datasets/.

The NASA Integrated Multi-satellitE Retrievals for GPM
(IMERG) dataset is an assimilation of P data from multiple
sources including satellites and rain-gauges. It integrates various
passive microwave and infrared sensor P retrievals aboard the GPM
virtual constellation of satellites (Huffman et al., 2015). Gridded P
fields were constructed from the 2017 Goddard Profiling algorithm
globally and daily from 2000-2021 over ice-free regions of the ocean
at 0.5° and can be found on the Copernicus Climate Data Servers
(CDS) at https://cds.climate.copernicus.eu.

2.2.3 Mixed layer depth

The Japanese Agency for Marine-Earth Science and Technology
(JAMSTEC) provided 1° datasets for ML depth (MLD) at 10-day
averages derived from Argo float profiling data (Hosoda et al,
2010). The MLD was defined as the depth with which density
becomes 0.03kgm™ denser than at 10m depth. Being based on
ARGO, and due to the spatial coverage of ARGO floats, certain 1°
bins had more data than others (some areas also had no data due to
an absence of floats). To mitigate this effect an objective analysis
following the method of Zweng et al. (2010) was performed,
however, with influence radii of 888, 666 and 444 km, to obtain
complete global coverage.

2.3 Ocean state estimate

Reconstruction of the 3-D time dependent ocean and sea-ice
state, Estimating the Circulation and Currents of the Ocean
(ECCO) provides data of Salinity, Temperature, HF, FWF,
Currents and MLD globally (Fukumori et al, 2017). The state
estimate covers the period 1992 to 2018 and provides datasets on
approximately a 1° spatial resolution (20 to 110 km in length) with
50 vertical levels (from the surface to 6145m) of varying widths
from 10m to 456.5m. ECCO both reproduces remotely sensed and
in-situ datasets within their respective uncertainties and satisfies the
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laws of physics and thermodynamics, thereby, providing data which
is dynamically consistent. The state estimate derives from a global
configuration of a 1° general circulation model provided by the
Massachusetts Institute of Technology (MITgcm) (Dataset et al.,
2017). ECCO is, therefore, perfect for application to analysis of
budgets within the ocean (Forget et al., 2015).

Satellite forcings from various sensors are assimilated into the
ECCO state estimate, including altimeters for sea surface height,
radiometers for SSS (from NASA’s Aquarius mission (Entekhabi
etal, 2010)) and SST, as well as scatterometers for sea surface wind
speed. In-situ sources such as from ARGO floats, Conductivity-
Temperature-Depth (CTD) casts, marine mammals and
autonomous gliders were used for temperature and salinity profiles.

MITgem calculates turbulent fluxes following Bryan et al
(1996) using atmospheric state variables (temperature, humidity
and saturated water vapour pressure) and SST. Additionally, ECCO
derives ML depth (MLD) from temperature profiles following the
threshold criteria by Kara et al. (2000).

ECCO data are hosted by the NASA PODAAC servers and can
be found at https://podaac.jpl.nasa.gov/.

3 Methodology

The thermodynamic density flux describes the density change
of surface waters by air-sea fluxes (Walin, 1982; Tziperman, 1986;
Speer and Tziperman, 1992). Whereas, this thermodynamic
approach only includes HF and E-P, the kinematic approach
accounts for additional geophysical forcings (ice-sea/land-sea
fluxes of heat and salt and turbulent processes). Furthermore, by
considering MLD, the kinematic approach additionally resolves
entrainment through the base of ML (MLB).

Both relations hinge on accurate definitions of Sea Surface
Density which is here defined as the locally referenced potential
density p; defined by McDougall et al. (2014) in kgm™.

The current state of water mass analysis is reviewed in depth by
Groeskamp et al. (2019).

3.1 Thermodynamic density flux

The thermodynamic relation for density flux in discrete form is

oA OH(A.9)
S g) = - EEEE0E

»
+ B4, 9)pi(4, $) (A, $)SSS(4, §)

Where f is the density flux in latitude-longitude (¢ - A ,

respectively) coordinates. H is the sum of turbulent and radiative
2

“4)

components of HF and Q is E-P. They have units of Wm ~~ and
ms ', respectively. C, is the specific heat capacity of water (assuming
constant of 4000 Jkg "*C™"). Therefore, fhas units of kgm s ' . «
and f3 are thermal contraction and haline expansion coefficients,
respectively. They are computed at each A-¢ point using the 75-term

polynomial expression detailed in Roquet et al. (2015).
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We evaluate the thermodynamic relation using SSS and SST from
satellite sources (section 3.2.2), respectively. In addition, we consider
multiple sources of HF and FWF from; a state estimate (section 3.2.2);
in-situ sources (sections 2.2.1 and 2.2.2, respectively); and satellite
datasets (sections 2.1.3 and 2.1.4, respectively).

4.2 Kinematic density flux

4.2.1 Material evolution of scalar ocean variables
Following Tudicone et al. (2008), the material evolution of an

ocean tracer can be discussed in terms of physical processes

(interior mixing and surface forcings) which alter tracer properties.

by _,

Dt vty ®)

Where 7 is an arbitrary ocean tracer, d, and f, describe the
evolution of ¥ due to mixing and surface forcings. The mixing and
forcing term describe interior mixing and air-sea forcings,
respectively. When v is replaced by p; equation 5 becomes

Dpy _
Dt — dPt +sz

= -k V2 p+ (- 22+ p,BQSSS)

P

(6)

Where, « is the eddy diffusivity in m*s™

ML, an additional term is introduced as h,; —representing both the

. When considering

vertical excursion of MLB and interactions between the background
flow and MLB spatial gradients. Equation 6 then becomes.

Dpr _

Dt dPI +fPl + hPl 7)
Therefore, the residual between % and f becomes.
“ap 0 ah
[PV pide - (-3 SS9 = <k [ 9% pe s (61 - NG 4 T )
", g
_— Y——

ol Sy P i T
(8)

Where h is MLD and subscript —h denotes measurement taken
at the MLB. The control volume considered is ML. V represents the
3-dimensional velocity vector.

An analysis of the right hand terms in equation 8 is not
performed in the current study (see Kim et al. (2006) for an
evaluation of entrainments effect on ML temperature budgets).
Nevertheless, we try to describe the results by the physical
processes they represent.

3.2.2 Numerical approximation

We average terms without temporal derivatives over two time-
steps to keep consistent temporal grids. Spatially, we perform an
extrapolation before taking a centred spatial derivative to avoid grid
shifts or loss of coverage. In one spatial (x ) and time (¢ ) dimension,
the numerical material derivative becomes.
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Where u™ is velocity in the x direction. However, equation 9
makes no reference to observations below the surface. This
highlights that we assume surface observations are homogeneous
over ML (see section 4.3). Thus, the thermodynamic and kinematic
approaches are equated in the following way.

Dpy(4, §)
— 5, MLD(,9)

:f(i, ¢) + MLD(/L ¢) : (dp,()“» ¢) + hp,(l’ ¢)) (10)

The material derivative of p; has units of kgm ~> s ™ as opposed

%5 ! for the thermodynamic approach (equation 4). This

to kgm ~
discrepancy in units is resolved by taking the product of the
material derivative with MLD.

To evaluate the kinematic approach, we use a satellite based
approach, utilising SSS, SST and SSC (sections and, respectively)
and a state estimate based approach (section 3.2.2, which contains
all variables needed to compute the kinematic framework). For the
satellite based approach we used in-situ derived MLD (section
2.2.3). The state estimate additionally contains all variables
(salinity, temperature, currents) on 50 pressure levels (section 2.3)
which were exploited to understand the impact of a surface
definition of the kinematic approach (i.e. assuming that ML
is homogeneous).

3.3 Water mass (trans)formation in density
and geographic space

Transformation is defined as the volume transport through each
respective density class. In practice, transformation requires a
discretisation in terms of p; . Convergences of transformation
result in the WMF of water within a specific density range;
allowing for interior circulation to be inferred.

However, geographic information is lost in discretising the
ocean with respect to p; . Discrete isopycnals have widths of
0.05kgm -3 (Apy ) between 1020-1030 kgm 3.

o) = 35 L0 A%9) (an

)., _ *
>3 0 [T o -p)

Where A is the outcropping isopycnal area (m * ). The boxcar
function (IT) is 1 in discrete outcropping isopycnal regions (p; = p;)
and zero otherwise. Trans(formation) is defined in Sverdrup (Sv) (1
Sv=10°m?>s 7).

WMF (given by M in Sv) occurs via a net down-welling
(subduction) as opposed to up-welling (destruction) through
MLB. This allows interior circulation to be inferred via only
surface conditions.

M(p)) = F(p}) - F(p}) (12)
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The density class between two consecutive density classes is p;
(ie. p} < p, < pD).

To disentangle geographic information from equation (12), we
follow the technique outlined in Brambilla et al. (2008) and Maze
etal. (2009). Annually averaged maps of formation are subsequently
estimated via a sum over all time steps considered—in our case 12
monthly time steps.

, =12 M(p,,
M(pi 2 9) = > G

: V¢ EAlp)
=1 Alppt) 0 P

(13)

Where A represents the discrete outcropping isopycnal region
(m?) and t refers to the month number.

To p; -space (trans)formation estimates, a 2-point running
window is applied to reduce noise related from calculating the
material derivative.

4 Sensitivity analysis

We compare satellite and ECCO derived thermodynamic and
kinematic density flux to assess differences arising from using
satellite datasets. Furthermore, to highlight the impact of
assuming that surface variables are homogeneous over ML, we
compare kinematic density flux from ECCO defined at the surface
and integrated over ML.

4.1 Sensitivity of the thermodynamic
approach to heat and freshwater fluxes

Figure 1 shows the thermodynamic density flux calculated using
ECCO and satellite SSS/T with satellite, in-situ and ECCO HF and
FWE. Overall, a purely satellite based thermodynamic density flux
shows strong signals of density gain being restricted to SH western
boundary currents (the Agulhas at 40S-35E, Brazil Current 40S-
50W and East Australia Current at 355-140E) as well as significant
positive density flux being associated to the Lewin Current off the
west coast of Australia (20S-110E). In contrast, ECCO shows more
widespread density gain over SH. Especially in the temperature
component, satellites show much stronger gains in buoyancy—with
differences being especially striking in the Indian Ocean (IO).
Therefore, implying satellite HF are stronger than ECCO HF.

This becomes apparent when density flux is derived using
ECCO fluxes and satellite SSS/T and compared to a pure ECCO
derived density flux. The results are almost identical and,
furthermore, the haline forced density flux is similar between
both. Suggesting that differences in HF affect density flux
disproportionately (as compared to FWF).

As the in-situ fluxes are based on observations from VOS,
interpolations performed in generating the flux datasets result in
differences with respect to the other approaches. Looking at the
thermal and haline components, it becomes clear that the thermal
component of density flux is where most differences with respect to
ECCO originate; the haline component is very similar to the purely
ECCO based thermodynamic density flux.
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Annually averaged thermodynamic density flux (equation 4) derived from all ECCO inputs (first row), all Satellite inputs (second row), satellite SSS,SST
along with in-situ fluxes (third row), satellite SSS,SST with ECCO fluxes (fourth row). Net density fluxes (left column) are split into a thermal (middle

column) and haline (right column) forced density flux.

4.2 Kinematic approach sensitivity to noise
in satellite observations

Figure 2 aims to show how a purely satellite and ECCO
definition of the kinematic density flux compare. Our first goal is
to show areas of significant differences. We then try to analyse
whether those differences were an effect of noise in the satellite
datasets or a resolution of some geophysical processes. To achieve
the latter goal we spatially average satellite kinematic density flux
with a series of increasing bin widths, therefore, significantly
dampening the effect of noise uncovering geophysical signals.

ECCO based density flux is also much smoother than similar
results based on satellites, which contain more granularity. This
granularity is mostly seen south of the Sub-Antarctic Front (SAF),
where they are noted to be dynamically active regions of mesoscale
eddy activity. Furthermore, interactions between the strong
westerlies associated with the Antarctic Circumpolar Current
(ACC) and mesoscale surface currents affect large scale ocean
circulation (Song et al., 2020).

To assess the source of this granularity, we smooth the satellite
kinematic density flux with two window lengths each of
increasing size.

Although, some of the granularity is reduced when considering
the largest bin width, significant alternating signals of density flux
remain throughout the ACC (south of 40S). However, this signal is
smoothed, regular and defined, suggesting a geophysical origin.
Thus, it is likely that the signal seen is more a resolution of
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geophysical processes than noise from the satellite datasets
propagating to kinematic density flux estimates.

4.3 Sensitivity of the kinematic approach to
mixed layer depth

What is the consequence of assuming that surface conditions
are representative of ML. This question is fundamental in our
satellite based approach to the WMT/F framework.

The analysis employed consists of comparing two versions of an
ECCO derived kinematic framework (Figure 3). These are; 1)
computing the product between the material derivative at surface
level (5m depth) and MLD; and 2) computing the material
derivative at each level within, and integrating over, MLD with
respect to the depth of each layer.

Where i is the depth index, dz is the width of each layer, z is the
depth and 7 is the number of depth layers—which is 50 for ECCO.

< Dpy

/0 %dZZE_(/I(pi).AZH(zSMLD) (14)
ML ¥ Dt

p Dt t

The boxcar function ([symbol]) is 1 within MLD and
0 otherwise.

Equatorial (North of 15S) and mid-latitude (between 15-40S)
differences are most pronounced in the thermal component, where
surface results are similar and negative compared to ML integrated
results, respectively. Especially for HF, their penetrative nature with
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FIGURE 2

Annually averaged kinematic density flux (equation 10) derived from all ECCO inputs (first row), all Satellite inputs (second row) with no smoothing
applied, binned using a 7x7 window (third row), binned using an 11x11 window (fourth row). Net density fluxes (left column) are split into a thermal
(middle column) and haline (right column) forced density flux.

depth is shown to have a non-negligible impact on WMT/F and,  flux. These signals dampen rapidly with depth explaining the
therefore, density flux (Iudicone et al., 2008). South of the SAF,  weakly negative ML integrated density fluxes.

negative/positive differences between surface and ML integrated ML integrated results are generally much weaker and less
definitions appear in the thermal/haline component. This region is  defined than a surface definition, suggesting physical processes
marked by enhanced mesoscale activity, eddy dynamics and strong  occurring at the surface becoming weaker with depth. Specifically,
current-wind interaction resulting in the signal of strong density =~ Iudicone et al. (2008) has shown that in estimating WMT/F,
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FIGURE 3

Annually averaged kinematic density flux derived using all ECCO inputs integrated throughout ML (first row) (equation 15) and at the surface layer
(second row) (equations 10). The difference between the surface and ML integrated net, thermal and haline kinematic density flux is also shown
(third row). Net density fluxes (left column) are split into a thermal (middle column) and haline (right column) forced density flux.
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ignoring the penetrative nature of shortwave solar radiation results
in an overestimation of internal mixing.

5 Results
5.1 Density flux

The kinematic net density flux shows stronger density gains
over SH than the thermodynamic approach from satellite fluxes
(Figure 4). Significant differences arise in SST contributions, where
the kinematic buoyancy forcing shows major density gains
throughout much of SH compared to the thermodynamic thermal
density flux.

For example, one such place of significant overestimation of the
kinematic approach relative to the thermodynamic approach is
the Sub-Tropical Gyre in SA. Here, the buoyancy gain in the
thermodynamic approach is most likely caused by a signal of
surface heating—as HF have previously shown as the dominant
term in setting the net thermodynamic density flux. Thus, air-sea
fluxes have the effect of reinforcing this signal of buoyancy gain seen
in the thermodynamic approach. With the kinematic approach we
have the additional resolution of lateral mixing through MLB
combined with ML dynamics plus lateral induction of fluid into
ML (right hand side of equation 8). In other words, lateral mixing
and diffusion in general act downgradient (i.e. opposing the signal
of buoyancy established through the heat fluxes) and in doing so
result in a signal of increasing density.

Furthermore, the salinity contributions to density flux generally
match between both approaches. Major differences between both
approaches are visible as a much stronger signal of density flux
around Southern Ocean close to the SAF from 45-65S in the salinity
contribution. Furthermore, the westerlies south of 40S that drive
ACC cause increased mesoscale turbulence (in the form of eddies),
and along with interactions between the sloping MLB and the
northward Ekman transport (driven by the westerlies) cause an
induction of warm, saline waters into ML—as suggested by the
positive and negative density flux seen in the haline and thermal

NET DFLUX 2014
W 0° 60°E

60

60

THETA DFLUX 2014
oW 0°

10.3389/fmars.2023.1020153

driven density flux south of 40S in the kinematic approach,
respectively. These processes are additionally resolved in the
kinematic approach, which is also evident by the granular nature
of the density flux south of 40S; which is of coarse partly due to
noise in the satellite retrievals in polar regions, however, as
suggested by section 4.2, the majority of the signal is a resolution
of geophysical effects.

In terms of zonal averages (Figure 5), the equatorial regions in
the net and thermal kinematic density flux show much less
buoyancy gain then their thermodynamic counterparts. The most
likely explanation is that air-sea heat fluxes over the equatorial
regions up to the mid-latitudes reinforce a signal of density loss over
ML (through surface heating). However, when lateral mixing is
taken into account in the kinematic density flux, the gradient of
increasing density from the equator to the mid-latitudes is
significantly reduced with respect to the thermodynamic
approach—owning to the down-gradient nature of lateral mixing
acting to smooth gradients reinforced by air-sea fluxes.

Moreover, in the mid-latitudes, net and thermal kinematic
density flux are much stronger than from the thermodynamic
approach using satellite derived fluxes. This is due to mid-latitude
WBC experience strong cooling and thus a rapid deepening of MLB
—the formation mechanisms for mode waters. This process is
responsible for entrainment through the winter MLB and has
been cited as a major factor responsible for the ventilation of ML
(Williams et al., 1995). However, the thermodynamic approach
shows that instead of positive density flux the mid-latitudes
experience buoyancy gain, suggesting that satellite heat fluxes are
positively biased, resulting in negative density flux biases with
respect to the kinematic approach.

Interestingly, zonal averages of the haline density flux
approximately match north of 35S with both approaches showing
a haline driven density gain around 15S + 10 which is probably a
resolution of the salinity maximum region which is driven by
positive E-P resolved both in the thermodynamic and kinematic
approaches. However, south of 35S both approaches diverge with
the kinematic approach estimating another peak in the haline
driven surface density gain around 45-50S close to the SAF. At
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density flux (left column) is split into a thermal (middle column) and a haline (right column) component.
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FIGURE 5

Annual zonally averaged density flux for 2014. Showing the net density flux (A) made up of thermal (B) and haline (C) contributions. The kinematic
(equation 10) and thermodynamic density flux (equation 4) is shown as a black and red solid line, respectively.

the same location, the thermodynamic approach shows a
completely different picture with a weak haline driven surface
density loss. This can be explained by the westerlies and the
wind-driven currents south of 40S result in increased mesoscale
turbulence generated through eddies, which results in increased
lateral mixing in ML. As this is resolved in the kinematic approach
unlike the thermodynamic approach, part of the stronger density
gain signal is geophysical in nature. However, the erratic nature of
the kinematic density flux poleward of 60S in the kinematic haline
density flux seems to be a manifestation of the granular nature of
the geographic kinematic density flux close to the sea-ice edge
(Figure 4). In which case, the zonal average of the haline kinematic
density flux resolves both a signal of noise and the geophysical effect
of entrainment through the MLB, caused by interactions between
the westerly driven northward Ekman transport interacting with
spatial gradients of ML across the ACC frontal region.

5.2 (Trans)formation in density space

Transformation rates (F(p;) ) are estimated from equation 11

over SH from 30S-70S and shown in Figures 6A-C. Overall,
thermodynamic net transformation rates from all flux sources
show a similar pattern to the kinematic approach, however, with
marked differences. Namely, both satellite and in-situ fluxes show
negative transformations in all regions of SH and throughout all
isopycnals, whereas the kinematic approach shows clear positive
(negative) transformation peaks lighter (denser) than p, = 1026.4
kgm 2.
Across the entire SH (30-70S), positive formation (Figures 6D-
F) generally peaks between 1026-1026.5 kgm > with the densest
and highest peak occurring as water from ML passes into the
interior ocean at a rate of 10 Sv according to the kinematic
approach, whereas a similar 10 Sv of fluid ventilates ML in
isopycnals denser than 1027 kgm ~> . Net kinematic formation is
seen to be similar but weaker to the thermal kinematic formation,
owing to the weakly compensating kinematic haline formation.
Thus, the kinematic net formation shows a formation and
subduction of a warm, salty water mass between 1026-1026.5
kgm > and an upwelling of cold freshwater in isopycnals denser
than 1027 kgm .
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On the other hand, although a similar picture is painted by the
net thermodynamic formation with slightly weaker positive
formations driving less subduction—which gives more weight to
the argument that the heat fluxes are positively biased. This is made
up of a similar contribution of thermal and haline thermodynamic
formation. This suggests that the air-sea freshwater flux forced
formation is strongly opposed by upwelling due to ML dynamics
and westerly driven turbulence inducing lateral mixing.
Furthermore, these isopycnals (denser than 1026 kgm > )
outcrop within the region of the ACC frontal system, where the
influence of the westerlies, both with its ability to induce turbulence
in ML and through its induced northward Ekman transport causes
significant transfer of fluid through MLB.

5.3 Formation in geographic space

Regional formation within a specific range of outcropping
isopycnals is mapped in Figure 7. These isopycnal ranges reflect
the densification of the Sub Antarctic Mode Water westward from
the lightest outcropping densities in 1O (1026.45-1026.75 kgm )
getting progressively denser in SA (1026.55-1026.85 kgm > ) and
finally reaching their maximum density in SP (1026.75-1027.05
kgm > ). The density ranges of the various versions of the Sub
Antarctic Mode Water are from Li et al. (2021)).

There is a prevailing bi-modal pattern with positive/negative
formation north/south of ~ 40S from both the thermodynamic and
kinematic approaches to net geographic formation. This suggests
that in IO at around 408 a cool, fresh water mass is subducted below
ML in the kinematic geographic formation. Furthermore, south of
45S the ML is ventilated by upwelling of warm, haline water. A
possible hypothesis is northward Ekman transport driven by the
westerlies around the latitude of the Drake Passage cause water to
leave ML forming a cool fresh water mass. South of around 45§,
forced by ML dynamics, warm, salty water is entrained into ML.

A striking finding is that, although the net kinematic and
thermodynamic geographic formation tend to agree qualitatively,
this is almost entirely influenced by thermal formation according to
the thermodynamic approach as opposed to a joint thermal and
haline influence from the kinematic approach. Therefore, we can
assume that haline formation is entirely the result of ML
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FIGURE 6

Annually averaged transformation (first row) (equation 11) and formation (second row) (equation 12) in density (p,) space. The net (trans)formation
(left column) is broken down into a thermal (middle column) and a haline component (right column). The solid-black and red curves represent the
kinematic (equation 10) and thermodynamic approaches (equation 4), respectively. Where the thermodynamic approach is estimated from satellite
(solid-red curve) fluxes.

entrainment and dynamics between the northward Ekman G Discussion and conclusion
transport and the sloping MLB near within the ACC frontal

system as the surface flux forced formation is negligible—as We have highlighted the differences between the different

shown by thermodynamic haline formation. approaches to calculate water mass dynamics throughout SH in
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Annually averaged geographic distribution of formation (equation )?? across the outcropping region of the 1027 kgm™ isopycnal. Formation has
been derived from a kinematic (first row) (equation 9) and a thermodynamic approach (equation 4) based on satellite (second row) fluxes. The net
geographic distribution (left column) is split into a thermal (middle column) and a haline (right column) component.
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2014 with the aim to show the enhanced resolution of water mass
dynamics offered by satellite observations. Surface density flux and
WMT/F were estimated with two different methodologies: on one
hand, the traditional air-sea flux approach, which is termed the
thermodynamic approach using HF and FWF (E-P) (Tziperman,
1986) derived from three different sources of data (in situ, satellite
and numerical models); on the other hand, we have used a
kinematic approach based on the material evolution of sea surface
variables, which is a modified version of the approach by Iudicone
et al. (2008) taking into account the varying MLB and applied for
the first time to satellite observations.

Overall, our approach is a modified version of the framework
outlined by ITudicone et al. (2008). This is due to the definition of
MLD and the evolving ML base which results in the additional
contribution from entrainment—driven both by vertical velocities
at the MLB and the vertical excursion of MLB throughout the year
and interactions between horizontal velocities and spatial gradients
of MLB which act to laterally induct fluid into the ML, respectively.

When looking at the geographic distribution of formation, we
see that these isopycnals are associated to the SAF and more
generally the ACC. Furthermore, this area of the ACC frontal
system is marked both by the westerly driven ACC and the
northward Ekman transport it induces, which, by equation 8,
suggest that entrainment through MLB caused by vertical
movements of ML driven by mesoscale eddy induced turbulent
mixing (a result of interactions between the westerlies over the ACC
and the eastward current it drives) and induced entrainment caused
by the northward Ekman transport interacting with the sloping
MLB are significant contributors to WMF.

SSS within the ACC is highly variable and brightness
temperatures have low sensitivities to SSS (Martinez et al., 2022).
Therefore, the signal of noise becomes a greater concern for satellite
SSS retrievals in cold water regions (Fournier et al., 2019; Martinez
et al,, 2022) such as the ACC region. More than this, the OSCAR
surface current product is known to suffer from issues related to
velocity variance poleward of 10° with respect to in-situ data
(Johnson et al,, 2007) and as surface currents is needed for the
calculation of the material derivative this could adversely impact
kinematic estimates of the WMT/F framework.

On the other hand, through comparing a purely satellite based
approach to an approach based on the dynamically consistent
output provided by the ECCO numerical model, we aimed to
highlight the extent to which noise from a combination of the
uncertainty in the satellite data and the inconsistency of datasets in
the satellite based kinematic approach affects kinematic estimates of
density flux. Through a series of smoothing experiments we show
that, although uncertainties in the datasets considered for the
satellite based kinematic approach affect density flux—seen by the
smoothing of some of the granularity seen in the satellite kinematic
density flux without smoothing applied (Figure 2)—the majority of
the signal is geophysical in nature as suggested by the alternating
regions of gains and losses of surface density which persist even
after averaging (Figure 2).

Recently, Li et al. (2021) performed a two part study on the
WMT/F within Southern Ocean, being 1) an analysis of WMF
based on the thermodynamic approach of Tziperman (1986) and 2)
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a Lagrangian approach based on the material evolution of ML. The
authors used both approaches to complement each other and draw
a more detailed picture on the fate of water masses in SO. They
found that there exist peaks of oceanic subduction linked to the Sub
Antarctic Mode Water. Similar to our results, they show these peaks
being located in IO and ESP. This finding is significant as the biggest
differences in geographic WMF between both approaches are found
in ESP and IO sectors of SO where Sub Antarctic Mode Water and
Antarctic Intermediate Water are noted to form in their largest
volumes (McCartney, 1977).

The kinematic approach also has a stronger signal of density
flux as compared to the other sources of fluxes used in the
thermodynamic approach. Furthermore, Zhou et al. (2020)
concluded from inter-comparing 20 numerical model sources of
HEF that they have positive biases in Latent HF and Sensible HF of,

respectively, 20 and 5 Wm >

, which would also subsequently lead
to the greater buoyancy gain of surface waters seen in the
thermodynamic buoyancy forcings. Providing more evidence for
our finding of negative density flux bias being driven by a positive
bias in the satellite derived heat fluxes.

However, the kinematic approach hinges on an accurate
definition of MLD. As of now, no satellite based MLD product
exists and we have therefore used an MLD dataset based on in-situ
data from ARGO which suffers from under-coverage in the SO
(Hosoda et al., 2010). As such, future efforts should aim at
constructing a satellite based MLD product. Furthermore, in
order to derive truly meaningful WMT/F estimates via the
kinematic approach further work must be done in constraining
and obtaining quantitative estimates of the implicitly included
terms associated to lateral mixing in ML and ML dynamics in the
kinematic approach.

In conclusion, we associate differences between a kinematic and
a thermodynamic approach to WMT/F to; 1) the inclusion of lateral
mixing and mesoscale dynamics in the kinematic framework; 2) the
annual vertical excursion of ML causing transport of fluid through
MLB (resolved by the kinematic approach); and 3) interactions
between the background flow and spatial gradients of MLB which
induces transport through MLB in a process known as
lateral induction.
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