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Comparison Study of Subtropical
Mode Waters in the World Ocean
Takamasa Tsubouchi *, Toshio Suga* and Kimio Hanawa

Department of Geophysics, Graduate School of Science, Tohoku University, Sendai, Japan

Subtropical ModeWater (STMW) is a distinctive feature of the upper ocean in the western

part of subtropical gyres in the world ocean. This paper proposes a common criterion of

STMW to quantify and compare spatial structures of STMWs in different basins. STMW

can be defined as a thermostad (a layer weakly stratified in temperature) by applying a

criterion of averaged core layer temperature (CLT) ◦± 1 C with its layer thickness >100 m.

Two features are highlighted when comparing the STMWs in different basins. Firstly, the

North Atlantic hosts the thickest STMW in the world ocean. Secondly, the South Atlantic

STMW has an unique vertical structure of density compensating temperature and salinity

stratification. By comparing the thickness of STMW against the strength of winter cooling

and the volume transport of associated western boundary current (WBC) in different

basins, it is shown that thicker STMW tends to be accompanied with stronger WBC.

From a view point of vorticity dynamics, we suggest that the North Atlantic may have the

most efficient condition to host the thickest STMW and the strongest recirculation gyre

in the world ocean.

Keywords: subtropical mode water, subtropical gyre, ocean stratification, western boundary current, potential

vorticity dynamics

INTRODUCTION

The structure of the subtropical thermocline has fascinated theoretical and observational physical
oceanographers alike for many years, because it is perhaps one of the most prominent aspects of the
ocean. To understand the mechanisms of formation and maintenance of such ocean structure is a
classical, but still an active research topic (Rhines and Young, 1982a,b; Luyten et al., 1983; Marshall,
2000; Marshall et al., 2001; Dewar et al., 2005). One effective approach is to focus on water masses
that are associated with distinctive ocean structures. We can consider physical mechanisms that
form ocean structure by examining/investigating the formation, advection and dissipation of those
water masses.

Mode water is a type of water mass, characterized by uniformwater properties with large volume
and thus corresponds to the specific mode of the volumetric distribution on the temperature and
salinity bivariate plane (Worthington, 1959; Speer and Forget, 2013). Hanawa and Talley (2001)
categorizes mode waters into three categories according to their distribution areas. Type 1 mode
waters are subtropical mode waters (STMW), associated with the subtropical western boundary
current (WBC). Type 2 mode waters are located eastern part of subtropical gyre. Type 3 mode
waters are mainly located in the subpolar area. Mode waters prevail in the upper layer of the world
ocean with a large horizontal distribution of over several hundred thousand square kilometers and
several hundred meter thickness (Hanawa and Talley, 2001).

Distribution of mode water has been examined from potential vorticity dynamics point of
view. One of the epoch-making theories to understand the upper ocean structure is proposed
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by Luyten et al. (1983), known as ventilated thermocline theory.
They suggest that the upper ocean structure can be understood
as a layer model where potential vorticity is conserved once the
water is subducted into the interior ocean. The theory concerning
homogenization of potential vorticity, known as homogenization
theory, is proposed by Rhines and Young (1982a,b) to treat
the western shadow zone of the ventilated thermocline theory.
Huang and Russell (1994) calculates the upper ocean structure
with continuous stratification and wind stress data based on the
ventilated thermocline theory and the homogenization theory.
Following the above theoretical hypothesis (Rhines and Young,
1982a,b; Luyten et al., 1983), mode waters have been regarded as
an important water mass to evaluate the distribution of potential
vorticity on an isopycnal layer using observation data (Talley,
1988; McCarthy and Talley, 1999; Suga et al., 2004).

STMW is a distinctive ocean structure as a result of ocean-
atmosphere interaction in the mid-latitude WBC system. A deep
winter mixed layer develops in the western part of the subtropical
gyre because warmer water carried by the WBC is subjected
to severe winter cooling by the polar air outbreaks from the
continents (Hanawa and Talley, 2001; Speer and Forget, 2013).
The STMW distribution area, at least partly, coincides with the
recirculation gyre of WBC. Therefore, although, there are many
mechanisms involved, the nature of STMW is fundamentally
related to the characteristics of the WBC, winter cooling and the
recirculation gyre.

STMW is regarded as an important water mass for several
reasons. Since STMW is the remnant of the winter mixed
layer, STMW preserves the temperature anomaly which reflects
the intensity of winter cooling and acts as memory of the
signal of climate variation (Yasuda and Hanawa, 1997; Oka and
Qiu, 2011). STMW transmits these memories to the interior
ocean below the winter mixed layer through the subduction
process (Marshall et al., 1993) and can affect the sea surface
temperature in the following winter, known as the reemergence
mechanism (Alexander et al., 1999). Reemergence is presented
as one of the key mechanisms influencing the inter-decadal
ocean-atmospheric variability in the North Pacific (Sugimoto and
Hanawa, 2005, 2007) and in the North Atlantic (Timlin et al.,
2002; Cassou et al., 2007). STMW may play a role in nutrient
supply in the subtropical gyre. Sukigara et al. (2011) suggests
that North Pacific STMW (NPSTMW; Masuzawa, 1969) possibly
provides nutrients to the euphotic zone of the western part of
subtropical gyre. On the other hand, Palter et al. (2005) suggests
that North Atlantic STMW (NASTMW; Worthington, 1959)
prevents the upwelling of nutrient rich water from the deeper
levels.

In recent years, intensive observation campaigns have been
carried out to study WBC system both in the North Pacific
and the North Atlantic: Kuroshio Extension System Study
(KESS) in 2003–2008 for the North Pacific and CLIvar MOde
water Dynamics Experiment (CLIMODE) in 2005–2007 for the
North Atlantic. The KESS project involves a three dimensional
meso-scale eddy-resolving mooring array and large number
of profiling float measurements (http://uskess.whoi.edu). The
CLIMODE field campaign incorporates two times winter-
time field campaigns across the Gulf Stream (Marshall et al.,

2009; http://climode.org/index.html). Along with the KESS and
CLIMODE projects, Kelly et al. (2010) and Kwon et al. (2010)
review similarities and dissimilarities of ocean—atmosphere
interaction in the mid-latitude WBC system between the North
Pacific and the North Atlantic. A goal of their reviews is intend
to better understand the WBC system by synthesizing the KESS
outcomes and CLIMODE outcomes.

STMWs in each basin (the North Pacific, the North Atlantic,
the South Pacific, the South Atlantic, and the Indian Ocean)
have different characteristics in terms of thickness, volume,
temperature, and salinity. STMWs are formed under different
conditions such as the strength of winter cooling, strength of
WBC, precipitation, evaporation, and separation latitude of the
WBC (Roemmich and Cornuelle, 1992; Hanawa and Talley,
2001). Since there are complex interactions between dynamics
and thermodynamics and between ocean and atmosphere in the
mid-latitude WBC system (Kelly et al., 2010), it is difficult to
evaluate every single process that forms the characteristics of
STMW. By comparing characteristics of STMWs and formation
conditions in different basins, we could assess gross effect
of these mechanisms that form characteristics of STMWs. In
this way, we could obtain implications which factor may or
may not determine the STMW characteristics. Highlighting
similarities and dissimilarities of STMWs may facilitate to
transfer our understandings on STMW formation, advection, and
dissipation mechanisms from one basin to another. Although
“comparison study of STMW” could be a useful approach, only
qualitative comparison has been partially discussed (Roemmich
and Cornuelle, 1992; Kelly et al., 2010; Kwon et al., 2010; Kobashi
and Kubokawa, 2011). The bottom line issue is that we do not
have uniform criteria to extract STMWs in different basins. As a
result, we cannot quantify characteristics of STMW in different
basins.

This paper has two objectives. The first objective is to propose
a uniform criterion of STMW in order to quantify the horizontal
and vertical spatial structures of STMW in different basins. The
second objective is to demonstrate the benefit of “comparison
study of STMW” by highlighting similarities and dissimilarities
of STMWs and investigating major factors that influence the
vertical structure of STMW. The contents of this paper are as
follows. Second Section describes the data and methods used in
this study. Third Section is the result section. We first introduce
a newly defined common criterion of STMW. We then describe
the horizontal and vertical spatial structure of STMW using
the common criterion. Major factors that influence the STMW
thickness are also investigated. In Fourth Section, we discuss the
role of WBC forming thicker STMW from a viewpoint of the
potential vorticity dynamics, and the unique vertical structure of
STMW in the South Atlantic. Fifth Section gives a summary and
conclusion.

DATA AND METHODS

Data Sets
The temperature and salinity climatology data of HydroBase
version 2 (Lozier et al., 1995; MacDonald et al., 2001; Kobayashi
and Suga, 2006) is used in this study. The HydroBase monthly
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climatology is provided on a 1◦ × 1◦ spatial grid at standard
levels (0, 10, 20, 30, 50, 75, 100, 125, 150, 200, 250, 300,
400, 500, 600, 700, 800, 900, 1000 m, and so on). Since the
HydroBase climatology is constructed by isopycnal averaging
using temperature and salinity data, representation of ocean
structure near the strong density fronts, e.g., the Kuroshio, the
Gulf Stream and the Antarctic Circumpolar Current tends to
be better than depth averaging hydrographic datasets. Note that
Hydrobase version 2 is primary based on historical ship-based
hydrographic data. It does not contain most of the Argo data.
This means that number of profiles in the Southern Hemisphere
is lower than that of the Northern Hemisphere, and original
hydrographic data is centered around 1990’s. Moreover, since
gridded data is provided at the standard levels, it only captures
large vertical structure of more than 100m in the upper ocean.

Standard depth data are interpolated to 10-m vertical intervals
using Akima’s shape-preserving local spline (Akima, 1970).
The vertical temperature gradient (dT/dz) and vertical salinity
gradient (dS/dz) at a certain grid is calculated as a first difference
between vertically adjacent grid points below and above (their
depth difference is 20 m). Potential vorticity (PV; m−1s−1) is
also calculated from density difference in the same way using the
equation below (Equation 1).

PV =
f

ρ

∂ρ

∂ z

Where f is the coriolis parameter (s−1) and ρ is potential density
(kgm−3) reference to surface. The coriolis parameter in Southern
Hemisphere is multiplied by −1. The monthly climatology data
of July, August, and September are averaged to calculate the
summer mean ocean structure in the Northern Hemisphere and
those of January, February, and March are averaged to calculate
the summer mean ocean structure in the Southern Hemisphere.
Summer time is the period when many historical hydrographic
data is available, and STMW can be seen as a thermostad or a
pycnostad between seasonal thermocline and main thermocline.

The National Oceanography Centre air-sea heat flux dataset
(Josey et al., 1998) is used to estimate the strength of winter
cooling. Net heat flux monthly climatology field during 1980–
1993 on December, January, and February are averaged over for
the Northern Hemisphere and that on June, July, and August are
averaged over for the Southern Hemisphere. Deep winter mixed
layer develops in both Hemispheres in these months (de Boyer
Montégut et al., 2004; Holte and Talley, 2009).

Thickness of STMW, Strength of Winter
Cooling, and MTD in Each Basin
The mean STMW thickness, strength of winter cooling, and
main thermocline depth (MTD) in each basin are quantified by
applying different sized averaging windows: the box of 5◦ × 20◦

for STMW thickness, 3◦ × 10◦ for sea surface heat flux, and
10◦ × 40◦ for MTD. The sizes of box are selected to capture
the main features of corresponding quantities appropriately. The
large averaging window size for MTD intends to capture basin
scale characteristics of the main thermocline shape. The medium
averaging window size for STMW thickness intends to capture

sub-basin scale characteristics of STMW. The small averaging
window size for sea surface heat flux intends to capture the strong
signal of heat flux, which is often associated with WBC flow
path. The positions of the boxes are determined to maximize the
mean property values in each basin. In this study, MTD is used
as a proxy of the WBC strength. We assume that deeper MTD
corresponds to larger WBC volume transport because deeper
MTD tends to form steeper isopycnal slope, which set stronger
geostrophic current. Note that MTD in the Indian Ocean is not
calculated due to weak temperature stratification throughout the
water column in this region (See detail for Tsubouchi et al., 2010).

Defining WBC Volume Transports and
Recirculation Region
In this study, we discuss the relationship between the spatial
structure of STWM and the WBC volume transports at
separation latitude and the area of the recirculation region (RR).
However, neither WBC volume transports nor RR are well
quantified quantities. We defineWBC volume transports and RR
in this study as follows.

WBC total volume transports at separation latitudes in each
basin are defined based on previous studies, primarily based on a
recent review paper (Imawaki et al., 2013). The defined numbers
are 90 ± 20 (Sv) for the Gulf Stream in the North Atlantic, 55 ±
15 (Sv) for the Kuroshio in the North Pacific, 70± 15 (Sv) for the
Agulhas Current in the Indian Ocean, 20 ± 10 (Sv) for the East
Australian Current in the South Pacific, and 30 ± 20 (Sv) for the
Brazil Current in the South Atlantic. Detailed discussion on this
definition is given in Supplementary Material.

WBC volume transport consists of a “wind-driven”
component, meridional overturning circulation (MOC)
component and recirculation gyre component (Drijfhout
et al., 2013; Imawaki et al., 2013). Table 1 summarizes volume
transport estimations on each component in the North Atlantic,
the North Pacific, and the Indian Ocean based on various
previous studies. Wind-driven component can be estimated
by Sverdrup transport (Wunsch, 2011; Drijfhout et al., 2013).

TABLE 1 | Component of total WBC volume transports (Sv) in the North

Atlantic, the North Pacific, and the Indian Ocean based on various

previous studies.

North North Indian

Atlantic Pacific Ocean

Wind-driven component ∼25 ∼45 39–48

MOC component 18.5 ± 1.0 – ∼10

Recirculation gyre component ∼46 ∼10 12–21

Total volume transport 90 ± 20 55 ± 15 70 ± 15

Wind-driven component is approximated by the depth-integrated Sverdrup transport from

Risien and Chelton (2008). MOC components are based on McCarthy et al. (2012) for the

North Atlantic and Gordon et al. (1999) for the Indian Ocean. Total volume transports are

defined primarily based on a recent review paper of Imawaki et al. (2013). Recirculation

gyre component is calculated as a residual of the other three terms. Note that listed values

are based on different analysis and dataset, limited by data availability. These values need

to be handled with caution of its accuracy and uncertainty, especially on the recirculation

gyre component and total volume transport estimates.
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For the North Atlantic, the maximum Sverdrup transport is
∼25 (Sv) at 31◦N (Risien and Chelton, 2008). Long-term MOC
volume transport estimate at 26.5◦N during 2004–2008 is 18.5
± 1.0 (Sv; McCarthy et al., 2012). Subtracting these numbers
from our defined Gulf Stream total volume transport of 90 ±

20 (Sv), we calculate recirculation gyre volume transport as
∼46 (Sv). For the Indian Ocean, Sverdrup transport is 39–48
(Sv) at 31◦S integrated from western coast of Australia (Bryden
et al., 2005; Risien and Chelton, 2008). The Indian Ocean MOC
component of Indonesian through flow is about 10 (Sv; (Gordon
et al., 1999)). We calculate recirculation gyre volume transport
of 12–21 (Sv) as a residual. This is consistent with Stramma and
Lutjeharms (1997)’s description of 15 (Sv). For the North Pacific,
the maximum Sverdrup transport is ∼45 (Sv) at 28◦N (Risien
and Chelton, 2008). We calculate recirculation gyre volume
transport of∼10 (Sv), which is at the lower end of Imawaki et al.
(2013)’s description of 10–23 (Sv). The defined WBC volume
transports in the South Pacific and the South Atlantic are already
smaller than estimated recirculation gyre transport in the North
Atlantic of ∼47 (Sv). Although, our recirculation gyre transport
calculation contains uncertainty which stems in each component
of WBC transport estimates and choice of total WBC volume
transport estimate, estimated recirculation gyre transport in the
North Atlantic of ∼47 (Sv) is significantly larger than that in the
other basins.

The area of RR is determined subjectively. Although we
examine the relation between RR and distribution area of STMW,
it is difficult to define RR using hydrographic data. We cannot
separate the “wind-driven Sverdrup circulation component” and
inertial circulation component using hydrographic data (Wunsch
and Roemmich, 1985; Hautala et al., 1994). Since we do not have
a common criterion to define RR, RR is defined subjectively as
a closed contour of dynamic height at 200 dbar relative to 1000
dbar. The depth of 200 dbar is a typical depth where STMW is
located. Selected dynamic heights as a definition of RR are 137.5
(cm2 s−2) for the North Pacific, 102.5 (cm2 s−2) for the North
Atlantic, 117.5 (cm2 s−2) for the South Pacific, 100.0 (cm2 s−2)
for the South Atlantic and 120.0 (cm2 s−2) for the Indian Ocean.
The defined RR corresponds to previous descriptions of RR in
each basin, in terms of its spatial coverage; the North Pacific for
Suga and Hanawa (1995), the North Atlantic for Worthington
(1976), the South Pacific for Ridgway andDunn (2003), the South
Atlantic for Peterson and Stramma (1991), and the Indian Ocean
for Stramma and Lutjeharms (1997). We observe that defined RR
area in the North Atlantic is the largest across the five basins.

RESULTS

Common Definition of STMWs in the World
Ocean
Before introducing a common criterion to define STMW, we
first revisit fundamental oceanic structure associated with STMW
and point out why we have different thresholds to define STMW
in each basin. Because of the formation mechanism, STMW is
characterized as a thermostad or a pycnostad (weakly stratified
temperature layer or density layer) in summer temperature or
density profiles. In dT/dz and PV profiles, STMW is characterized
as dT/dz minimum layer or PV minimum layer, as summarized

by Figure 5.4.1 in Hanawa and Talley (2001). dT/dz minimum
layer or PVminimum layer are often used to define STMW along
with temperature window or density window. The fundamental
reason why we have different threshold of STMW is that
temperature and density stratification is different from basin to
basin (Figure 1). We need to adjust the temperature window
and the dT/dz threshold values in order to define each STMW
appropriately.

We first introduce a common definition of STMW using
a single profile at 69.5◦W and 32.5◦N in the North Atlantic.
Figure 2A shows dT/dz profile and NASTMWdefined as a dT/dz
minimum layer. NASTMW is defined as dT/dz < 1.0◦C/100m
and temperature range of 16–22◦C. The dT/dz threshold of
1.0◦C/100m defines upper boundary and lower boundary of
NASTMW. Figure 2B shows a temperature profile at the same
location and NASTMW defined by using core layer temperature
(CLT). CLT is temperature at core layer. The position of core
layer is identified as the minimum dT/dz within NASTMW
(Figure 2A). Temperature window of CLT ± 1◦C defines upper
boundary and lower boundary of NASTMW in Figure 2B. The
NASTMW defined by dT/dz criterion and CLT ± 1◦C criterion
matches well in this case. Figures 2C,D give another example
in the North Pacific. Again, The NPSTMW defined by dT/dz
criterion and CLT± 1◦C criterion matches well. We propose that
any STMW could be defined with uniform criterion of CLT ±

1◦C with a single temperature profile once we know CLT.
When it comes to define STMW using CLT for many

temperature profiles, it is not practical to apply different CLTs
at each temperature profiles to extract STMW. We calculate
averaged CLT for each STMW by averaging over individual
CLTs. As such, an overview of (our approach) defining STMWs
with temperature profiles follows. Firstly, different criteria of
temperature window and dT/dz threshold are applied to extract
CLTs at every profile. Secondly, the extracted individual CLTs are
averaged to calculate averaged CLT for each STMW. Thirdly, we
define STMW as a thermostad applying a condition of averaged
CLT± 1◦C with its layer thickness >100 m.

The first step is to extract core layer water properties at
each grid point in each STMW. Each STMW in five different
basins are defined by applying different criteria of temperature
window and dT/dz thresholds. For the case of NASTMW,
it is 16–22◦C for temperature and 1.0◦C/100m for dT/dz
followed by Kwon and Riser (2004). For the case of NPSTMW,
it is 14–20◦C for temperature and 1.5◦C/100m for dT/dz
followed by Suga and Hanawa (1995). All different criteria
in different basins are summarized in Table 2. Followed by
Tsubouchi et al. (2010), the threshold of dT/dz is changed
continuously from 2.0 to 0.0◦C/100mwith 0.01◦C/100m interval
in order to extract Indian Ocean STMW (IOSTMW). We
further apply thickness threshold of STMW (thicker than
30 m) and distribution area criteria. This thickness and
distribution area criteria eliminate thin dT/dz minimum layer
or dT/dz minimum layer located outside of western part of
the subtropical gyre. The extracted STMWs in each basin
are shown in colored dots both on the geographical plane
and TS plane in Figure 3. The dT/dz minimum layer that is
extracted with different criteria of temperature window and
dT/dz threshold, but eliminated by thickness or distribution area
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FIGURE 1 | (A) Meridional temperature (◦C; black contours) and vertical temperature gradient (dT/dz, ◦C/100 m; color shading) sections of the western part of the

subtropical gyre in the North Pacific along 145.5◦E line. (B–E) That of in the North Atlantic along 69.5◦W line, South Pacific along 176.5◦E line, South Atlantic along

34.5◦W line, Indian Ocean along 41.5◦E line, respectively. The hydrographic data is based on HydroBase version 2.0 dataset. Gray shade shows the bottom

topography.

criteria is shown in gray in the geographical plane and the TS
plane.

The second step is to calculate averaged core layer water
properties for each STMW. The individual core layer water
properties shown in Figure 3B on TS plane are averaged over
each STMW to calculate averaged CLT and averaged core layer
salinity (CLS) for each STMW. Obtained averaged CLT and
averaged CLS are summarized in Table 2. We should note
that these values represent hemisphere summer period and
centered around year of 1990’s. Moreover, amount of data
to be reconstructed the Hydrobase dataset differs from basin
to basin. Obtained mean core layer water characteristics of
NPSTMW, NASTMW, IOSTMW are consistent with previous
studies: Masuzawa (1969) and Suga and Hanawa (1995) for

NPSTMW; Worthington (1959) and Kwon and Riser (2004) for
NASTMW; Tsubouchi et al. (2010) for IOSTMW, respectively.
The wide CLT range of South Pacific STMW (SPSTMW; 14.5–
19.0◦C in Figure 3B) covers the water characteristics of three
types of SPSTMW (Tsubouchi et al., 2007). The wide water
property range of South Atlantic STMW(SASTMW; 11.0–15.0◦C
for CLT and 34.9–35.6 for CLS) in Figure 3B covers the water
characteristics of type 2 and type 3 SASTMW (Provost et al.,
1999; Sato and Polito, 2014). Different types of SPSTMW and
SASTMW are not resolved in the HydroBase. Rather, they are
represented as STMWwith wide water property range. The water
characteristics of type 1 SASTMW (26.2σθ and 17.0± 1.0◦C) are
not extracted using HydroBase dataset. Since type 1 SASTMW
is thinner than that of type 2 and type 3 (Provost et al., 1999;
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FIGURE 2 | (A) dT/dz profile at 69.5◦W and 32.5◦N along with North Atlantic STMW (NASTMW) defined as dT/dz minimum layer. The vertical dotted line denotes

1.0◦C/100m dT/dz to be used to identify NASTMW. Black circle shows a position of core layer, defined as minimum dT/dz within the NASTMW. (B) Temperature

profile at 69.5◦W and 32.5◦N. The vertical dotted line denotes core layer temperature (CLT)±1◦C to identify NASTMW as a thermostad. Black circle shows CLT in the

temperature profile. (C) Same as (A), but for the North Pacific STMW (NPSTMW) at 145.5◦E and 30.5◦N. (D) same as (B), but for the NPSTMW at 145.5◦E and

30.5◦N.

TABLE 2 | Criteria of temperature and dT/dz thresholds used to extract STMWs in each basin and their relation to flow field.

NPSTMW NASTMW SPSTMW SASTMW IOSTSW

Thresholds 14–20◦C, 1.5◦C/100m 16–22◦C, 1.0◦C/100m 14–22◦C, 1.8◦C/100m 10–18◦C, 1.5◦C/100m 15–18◦C, 0.0–2.0◦C/100 m

Averaged CLT (◦C) 16.68 ± 0.27 17.81 ± 0.30 16.49 ± 1.29 13.83 ± 0.84 16.44 ± 0.45

Averaged CLT 34.73 ± 0.03 36.45 ± 0.07 35.51 ± 0.09 35.34 ± 0.16 35.52 ± 0.04

Distribution area RR RR RR + EFR RR + EFR RR

Types 1 1 3 3 1

Calculated averaged water characteristics and its standard deviation, such as core layer temperature (CLT) and core layer salinity (CLS) in each STMW are shown. In lower two rows,

relationship between STMW distribution area and number of types of STMW are shown. RR stands for recirculation region and EFR stands for the eastward flow region.
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FIGURE 3 | (A) Distribution area of STMWs extracted using different criteria of temperature window and dT/dz threshold in each basin. Colored dots show defined

STMWs and gray dots show the excluded dT/dz minimum layer by the thickness or distribution area conditions. See the main text for detail. Contours show the

dynamic height (cm2 s−2) at 200m relative to 1000 m. Contour interval is 10.0 (cm2 s−2). (B) CLT and core layer salinity (CLS) of the extracted STMWs in each basin

on the T-S plane. Colored dots show CLT and CLS associated with the extracted STMWs in each basin and gray dots show that associated with the excluded dT/dz

minimum layer.

Sato and Polito, 2014), HydroBase may not be able to capture the
signal of type 1 SASTMW.

The third step is to define STMW as a thermostad.
Based on the averaged CLT of each STMW calculated above,
STMW is defined as a thermostad (a layer weakly stratified
in temperature) applying a criterion of averaged CLT ± 1◦C
with its layer thickness greater than 100 m. This threshold
is equivalent to dT/dz < 2◦C/100 m, assuming a monotonic
temperature stratification. Furthermore, the conditions of the
STMW distribution area are applied to the North Atlantic (west
side of 30◦W) and to the South Atlantic (west side of 0◦) in order
to exclude Madeira Mode Water (Siedler et al., 1987) and South
Atlantic Eastern STMW (Provost et al., 1999). They are located in
the eastern part of the subtropical gyre, having almost the same
temperature as STMW.

Finally, we note the choice of temperature window of averaged
CLT± 1◦C. This temperature window is arbitratory on principal,
but it has some limit in order to extract different STMWs with
same condition across the five basins. Temperature window
should be limited between averaged CLT ± 0.8◦C and averaged
CLT ± 1.2◦C. Assuming monotonic temperature stratification,
temperature window of ±0.8 and ±1.2◦C are equivalent to
dT/dz < 1.6◦C/100m and dT/dz < 2.4◦C/100 m, respectively.
Temperature window of ±0.8◦C is the lower limit to extract
SPSTMW appropriately, and temperature window of ±1.2◦C is
the upper limit to extract NASTMW appropriately (Figure 1).

Horizontal Structure of STMW in the World
Ocean
Figure 4 shows the distribution of STMW thickness defined by
the common criterion. The defined STMW captures the typical
STMW spatial structure. The defined STMWs are located in
the western part of the subtropical gyre in each basin and the
thickness of each STMW qualitatively reflects STMW thickness

shown in meridional temperature section (Figure 1). NASTWM
has the greatest thickness of 276 ± 23 (m) with the largest
horizontal distribution area. NPSTMW and IOSTMW have
similar thickness (168 ± 16 and 155 ± 16 m, respectively),
but NPSTMW has the larger horizontal distribution area. As
already described by the previous studies (Masuzawa, 1969;
Suga and Hanawa, 1995 for NPSTMW; Worthington, 1959;
Kwon and Riser, 2004 for NASTMW; Tsubouchi et al., 2010 for
IOSTMW, respectively), major portions, including the thickest
part, of NASTMW, NPSTMW, and IOSTMW are located within
RR in each basin. Previous studies also suggest that SPSTMW
and SASTMW can be categorized into three distinct types of
STMW, and some of them are located in the eastward flow region
(Tsubouchi et al., 2007 for SPSTMW; Provost et al., 1999; Sato
and Polito, 2014 for SASTMW). As reported by Provost et al.
(1999) and Sato and Polito (2014), thicker SASTMW (>150
m) is located in the eastward flow region of 32–37◦S and 40–
20◦W. We note that a part of SPSTMW (west type of STMW,
Tsubouchi et al., 2007) cannot be extracted with the newly
proposed criterion of averaged CLT ± 1◦C due to the wider
core layer water property range of SPSTMW. The west type of
SPSTMW has CLT of ∼19.2◦C (Tsubouchi et al., 2007), which is
significantly higher than the SPSTMW averaged CLT of 16.94 ±
1.29◦C (Table 2).

Gathering previous finding about the STMWdistribution area
and number of types belonging to STMW in each basin, we can
categorize the STMW into two groups as shown in Table 2. The
first group of STMWs (NPSTMW, NASTMW, and IOSTMW)
has a single water characteristic and it is largely located within
RR. The second group of STMWs (SPSTMW and SASTMW) has
multiple types of water and it is located inside RR and in the
eastward flow region.

It is reasonable that STMW formed within RR tends to have
uniform water property. Since the streamlines are generally
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FIGURE 4 | Spatial distribution of STMW thickness (m) in the world ocean. STMWs in each basin are defined by the newly proposed common definition of

averaged CLT ± 1 ◦C with its layer thickness greater than 100 m. Averaged CLT for each STMW is shown at top of each plot. The red closed contour represents RR

subjectively determined in this study. Background contour shows the dynamic height (cm2 s−2) at 200m relative to 1000 m. Contour interval is 2.5 (cm2 s−2) for thin

lines and 10.0 (cm2 s−2) for bold lines.

closed in RR, RR prepares the field with almost the same
water property. It is also reasonable that STMW formed
outside RR tends to have different water properties from that
formed within RR because a density front in the wintertime
mixed layer exists between the area inside RR and the area
outside RR.

Vertical Structure of STMWs in the World
Ocean
Figure 5 shows the histograms of dT/dz, dS/dz, and PV of STMW
in the world ocean to illustrate the similarities and dissimilarities
of the vertical structure of STMWs across the different basins.
Histogram is made based on each volume element within the
defined mode water. The number of 3D-grid points in each
STMW are also shown to indicate the volume of STMW.
NASTMW has the lowest dT/dz (1.05± 0.40◦C/100 m), PV (114
± 50 × 10−12 m−1s−1) and largest grid number, showing that
NASTMW is the largest STMW with the most homogeneous
vertical structure of temperature and density in the world ocean.

NPSTMW and IOSTMW have similar shapes of dT/dz, dS/dz,
and PV. This suggests that the vertical structures of temperature,
salinity and density of NPSTMW and IOSTMW are almost
the same. However, volume of NPSTMW is 1.8 times larger
than that of IOSTMW. Looking at the thickness distribution
of NPSTMW and IOSTMW in Figure 4, the volume difference
mainly comes from the size of the horizontal distribution area.
SPSTMW shows the highest dT/dz (1.87 ± 0.30◦C/100 m) and
PV (245 ± 43 × 10−12 m−1s−1), showing that SPSTMW has the
least homogeneous vertical structure of temperature and density
in the world ocean.

It is notable that some histograms are deviated from the
normal distribution. The dT/dz, dS/dz, and PV histograms
of NASTMW have positive skewness of 1.00, 0.97, 1.84,
respectively. The dS/dz histogram of SASTMW has negative
skewness of −0.53. For the NASTMW, it is due to the
uniform STMW definition. Because of the common definition
of averaged CLT ± 1◦C with its thickness >100 m, it
defines all thermostads which has temperature stratification
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FIGURE 5 | Histogram of dT/dz (◦C/100 m), dS/dz (/100 m), and PV (10−12 m−1s−1) belonging to each STMW. Histogram is made based on each volume

element within the defined mode water. Red arrow indicates the mode value of each property. Number of 3D-grids in each STMW, mean and standard deviation of

each property are also shown on top of each panel.
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of <2.0◦C/100m (assuming that temperature stratification
is constant in depth). This results in a long tail toward
2.0◦C/100m in dT/dz histogram of NASTMW. This also affects
on dS/dz and PV histograms of NASTMW. The negative
skewness of SASTMW dS/dz histogram is due to higher salinity
stratification in lower part of SASTMW as discussed in next
paragraph.

The vertical structure of SASTMW is significantly different
from the other STMWs. Figure 6 shows meridional sections of
dT/dz, dS/dz, and PV in the North Pacific (along 145.5◦E line)
and the South Atlantic (along 34.5◦W line). While meridional
sections of dT/dz in the North Pacific and the South Atlantic
contain distinctive dT/dz minimum layer corresponding to
NPSTMW and SASTMW, respectively, the distributions of dS/dz
are significantly different from each other. In the North Pacific,
weak temperature stratification (<1.4◦C/100 m) corresponds
to weak salinity stratification (<0.1/100 m), indicating that
NPSTMW is a remnant of the winter mixed layer. On the
other hand, in the South Atlantic, weak temperature stratification
(<1.4◦C/100 m) contains not only weak salinity stratification
(<0.1/100 m) in the upper part but also higher salinity
stratification (>0.1/100 m) in the lower part. The layer of
this higher salinity stratification implies that this layer is not
the remnant of the winter mixed layer, but rather another
formation mechanism may exist. Because of this higher salinity
stratification, SASTMW has lower PV (<128 ± 38 × 10−12

m−1s−1) than that of NPSTMW (<198 ± 48 × 10−12 m−1s−1).
The vertical structure of SASTMW is characterized by highly
density-compensating T/S stratification. A possible mechanism
to form this layer (SASTMW) will be discussed in the Discussion
Section.

Figure 7 summarizes the characteristics of vertical structure
of each STMW using the mode values of dT/dz, dS/dz, and
PV. Because of the positive skewness of NASTMW histogram,
mode value captures its major vertical structure of NASTWM
better than mean values. It is shown that NASTMW has
the strongest vertical homogeneity in temperature, salinity,
and density. NPSTMW and IOSTMW have moderate vertical
homogeneity in temperature and density. The vertical salinity

FIGURE 7 | The mode value of dT/dz (◦C/100 m; top coordinate), dS/dz

(/100 m; middle coordinate), and PV (10−12 m−1s−1; bottom

coordinate) belonging to each STMW. Error bar shows the width of

histogram bar in Figure 5. NA, NP, SA, SP, and IO correspond to NASTMW,

NPSTMW, SASTMW, SPSTMW, and IOSTMW, respectively.

FIGURE 6 | (Top panels) Meridional section of dT/dz (◦C/100 m), dS/dz (/100 m), and PV (10−12 m−1s−1) in the North Pacific along the 145.5◦E line. (Bottom

panels) same as top panels, but in the South Atlantic along the 34.5◦W line. The blue contours in the dS/dz section and the PV section denote the 1.4 and 1.6
◦C/100 m contours.
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stratification of IOSTMW is as low as that of NASTMW. This
may be due to the smaller volume size of IOSTMW and weaker
background stratification in the region. SPSTMWhas the weakest
vertical homogeneity in temperature and density. SASTMW has
unique vertical structure sustaining second lowest PVmode value
with density-gradient-compensating high dT/dz and high dS/dz.
Finally, we note that most of the above conclusion also holds if
we use mean value instead of mode values of the histogram. The
only significant difference is that dS/dz mean value of NASTMW
(0.13± 0.07 /100 m) is larger than that of NPSTMW (0.09± 0.03
/100 m) and IOSTMW (0.07 ± 0.03 /100 m) due to the positive
skewness of dS/dz histogram.

Major Factors to Influence the STMW
Thickness in the World Ocean
It is generally recognized that thicker STMWs are located in
the Northern Hemisphere with stronger WBC and stronger
winter cooling. Here, we consider which factor is more important
to form thicker STMW by comparing STMWs among basins.
Figure 8 shows a scatter plot of STMW thickness against other
quantities, such as surface heat flux, typical WBC transports
and MTD. Figure 8A shows that larger surface heat flux does
not appear necessary to result in thicker STMW. In spite of
the strongest winter cooling in its formation area, NPSTMW
is much thinner than NASTMW and comparable to IOSTMW,
which is exposed to much weaker cooling. Figure 8B shows a
weak positive relationship betweenWBC transport and thickness
of STMW. The North Atlantic hosts the strongest WBC and
thickest STMW in the world ocean. While the Indian Ocean
WBC is slightly larger than that in the North Pacific, these basins
have almost the same STMW thickness. The South Pacific hosts
the thinnest and the weakest WBC. The South Atlantic may
not have to follow this liner relationship because SASTMW has
the density-compensating T/S vertical stratification (Figure 6).
The weak positive relationship between the WBC transport and
the STMW thickness is supported by tight positive relationship
between the STMW thickness and MTD (Figure 8C). This result
suggests that thicker STMW tends to be accompanied with

stronger WBC transport. Although, winter cooling is essential to
form STMW itself, the difference in STMW thickness between
basins may not necessary due to the difference in strength of
winter cooling.

It needs to be clarified that this comparison analysis
has a fundamental limitation that restricts the robustness of
conclusion. That is, we have only five realizations of STMWs
in the world ocean. On the other hand, STMW thickness is a
result of many different processes. The strength of upper ocean
stratification at the beginning of cooling season, evaporation and
precipitation, and the intrusion of higher stratified water from
north of WBC all influence the development of winter mixed
layer. The diffusivity and mixing rate from the formation region
and the distribution region may differ between different basins.
All of these effects could offset or distort the relationship between
STMW thickness and strength of winter cooling or STMW
thickness and strength of WBC. This means that we would never
come up with a statistically robust conclusion on which factor
primary influences on the STMW thickness. Nevertheless, it is
still interesting to relate STMW thickness against these back
ground forcing conditions in five different basins as this provides
an indication that strength of WBC has better relationship than
strength of winter cooling has.

DISCUSSION

Why the North Atlantic Hosts the Thickest
STMW in the World Ocean?
In this section, we discuss why the North Atlantic hosts the
thickest STMW in the world ocean from a vorticity dynamics
point of view. In the wind-driven general circulation model, the
recirculation gyre appears as a strong sub-basin scale inertial
flow with homogeneous PV. Cessi et al. (1987) examines how
the recirculation gyre appears using a simple barotropic model
driven by anomalously low PV applied at the northern boundary
of a rectangular ocean. This boundary forcing mimics the effect
of adiabatic or diabatic forcing producing low PV at the poleward
edge of a subtropical gyre. They show that homogeneity of PV

FIGURE 8 | Scatter plot of STMW thickness (m) against other background quantities: (A) STMW thickness and surface heat flux (Wm−2), (B) STMW

thickness and WBC transport (Sv), and (C) STMW thickness and MTD (m). Error bar of STMW thickness, surface heat flux, and MTD show standard deviation of

quantified quantities with different size of averaging window. Error bar of WBC shows defined uncertainties in this study. NA, NP, SA, SP, and IO correspond to

NASTMW, NPSTMW, SASTMW, SPSTMW, and IOSTMW, respectively.
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increases and the size and strength of the recirculation gyre
increases when anomalously low PV at the northern boundary
is intensified. Although, they clearly show how the recirculation
gyre responds to changes in low PV input, it is still unclear what
is the source of low PV at the poleward edge of the subtropical
gyre.

We argue that both thicker STMW and stronger recirculation
gyres are fundamentally based on the same ocean structure, such
as a deeper main thermocline and corresponding steeper slope
of the main thermocline in the western part of the subtropical
gyre. Based on this argument, we assume that the strength of the
recirculation gyre is proportional to STMW PV, calculated using
Equation (1). This assumption seems to work well qualitatively
when we compare observed strength of the recirculation gyre and
PV of STMW. The strength of the recirculation gyre in the North
Atlantic (∼46 Sv) is stronger than that in the North Pacific (10–
15 Sv) and in the Indian Ocean (12–20 Sv). The PV of NASTMW
(114 ± 50 × 10−12 m−1s−1) is lower than the PV of NPSTMW
(198 ± 48 × 10−12 m−1s−1) and the PV of IOSTMW (211 ± 62
× 10−12 m−1s−1).

Combining the result of Cessi et al. (1987) and our
“comparison study of STMW,” two implications can be drawn
under the assumption that the strength of the recirculation gyre is
proportional to STMWPV. First implication is that the thickness
of STMW is determined by the input of low PV at the edge of the
subtropical gyre. STMW thickness appears correlated to the PV
of STMW because STMW PV and STMW dT/dz are generally
correlated except for SASTMW (Figure 7). Second implication is
that the low PV carried by the WBC is the dominant factor to
maintain input of low PV at the poleward edge of the subtropical
gyre. The implication that the strength of winter cooling may
not strongly influence the thickness of STMW means that the
strength of winter cooling may not play a key role in producing
low PV at the poleward boundary of the subtropical gyre. This
implication gives a physical interpretation to the low PV applied
at the northern boundary of a rectangular ocean by Cessi et al.
(1987).

Regarding the input of low PV carried by the WBC at
the poleward edge of the subtropical gyre where STMW
is formed (north-western part for North Pacific and North
Atlantic; south-western part for Indian Ocean), only the through
flow component of the WBC (i.e., “wind-driven” component
and MOC component) should be considered. The inertial
recirculation gyre does not bring any low PV from lower latitude
into the region. Assuming that the input of low PV carried by
the WBC is proportional to the volume transport of the “wind-
driven” component and MOC component in each basin, the
North Atlantic (∼44 Sv), the North Pacific (∼45 Sv), and the
Indian Ocean (49–58 Sv) have almost the same magnitude of
gross input of low PV (Table 1). Here, we argue that the North
Atlantic has the ideal condition to host the largest net input of
low PV compared to the other basins. That is, it has no effective
mechanism allowing anomalous low PV to escape from the gyre
or dissipate within the gyre. The Indian Ocean intermittently
releases Agulhas eddies bringing out low PV into the South
Atlantic (Goni et al., 1997). These eddies effectively transfer low
PV from the Indian Ocean to the South Atlantic. In the North

Pacific, the complex bottom topography such as Tokara strait
and Izu-Ogasawara ridge may dissipate low PV carried by the
Kuroshio effectively. The Tsushima Current may also transfer
low PV from the North Pacific to the Sea of Japan continuously.
On the other hand, the equilibrium of PV budget in the North
Atlantic may be achieved as a combination of relatively smaller
PV dissipation coefficient and higher PV contrast between inside
and outside of recirculation gyre. We conclude that the North
Atlantic is the basin to host the largest net input of low PV to
cause the thickest STMWand the strongest recirculation, yielding
the strongest WBC in the world ocean.

Finally, we should mention there are other processes which
play a role in PV budget in this region. In particular, the role
of eddy and frontal processes in the STMW formation region
may be important. It is likely that mesoscale eddy plays a role
on modulating air-sea interaction by promoting convection. This
would create anomalous low PV (Cerovecki and Marshall, 2008).
Horizontal and vertical velocity shear near the frontal region can
become important in Ertel PV (Joyce et al., 2009). Abrupt wind
at frontal region could extract/inject PV in the frontal region
(Thomas and Lee, 2005; Thomas and Joyce, 2010; Thomas et al.,
2013). Quantifications of these components in the PV budget are
necessary to come up with robust view on why the North Atlantic
hosts the thickest STMW and stronger recirculation gyre in the
world ocean.

Possible Formation Mechanisms of
SASTMW
The uniqueness of the vertical structure of SASTMW is
highlighted by comparing it against the other STMWs. The
SASTMW vertical structure is characterized by a highly density-
compensating T/S stratification (Figure 6). We point out that
the thick part of SASTMW (>150 m) is located outside the
RR (Provost et al., 1999; Sato and Polito, 2014). Moreover, the
horizontal Turner angle at the sea surface in the likely formation
region for SASTMW (60–30◦W, 30–50◦S) is higher than in
the likely formation regions of the other STMWs (Johnson,
2006).We speculate that formationmechanism of SASTMWmay
be similar to that of North Pacific Eastern Subtropical Mode
Water (NPESTMW; Hautala and Roemmich, 1998) and South
Pacific Eastern STMW (SPESTMW; Wong and Johnson, 2003).
NPESTMW and SPESTMW are located outside the RR and their
vertical structures are characterized by a density-compensating
T/S stratification (Toyama and Suga, 2010). Hosoda et al.
(2001) suggests that vertical structure of low PV associated with
NPESTMW is primarily formed bywidely spaced density outcrop
lines in its formation region. The different types of SASTMW
may have similar density but quite distinct temperature and
salinity, forming a highly density-compensating T/S vertical
structure. Examination of this hypothesis is out of the scope of
the present study and further study is required.

SUMMARY AND CONCLUSION

This paper proposes a new approach to quantify and compare
spatial structure of STMWs in the world ocean by offering a
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common criterion of STMWs. STMW is defined as a thermostad
(a layer weakly stratified in temperature) applying a criterion of
averaged CLT ± 1◦C with its layer thickness greater than 100
m. This condition is equivalent to dT/dz < 2◦C/100m assuming
homogeneous temperature stratification. In order to calculate the
averaged CLT, individual CLTs need to be identified for each
temperature profiles in advance. Averaged CLT is then calculated
by averaging over individual CLTs within associated STMW.
Temperature windows of ±1◦C can be varied between ±0.8 and
±1.2◦C.

The horizontal and vertical structure of STMW defined
with the common criterion matches well to previous studies.
Regarding the characteristics of horizontal structure, we see
features reported by previous studies individually. That is,
NASTMW, NPSTMW, and IOSTMW have a single type of
water characteristics and are located almost within the RR. On
the other hand, SPSTMW and SASTMW have multi-types of
water characteristics and are located both in the RR and the
eastward flow region.We suggest that STMWs can be categorized
into two groups as above. Regarding the characteristics of
vertical structure, NASTMW has the most homogeneous vertical
structure in temperature, salinity and density. NASTWM is the
thickest (276 ± 23 m) and volumetrically largest STMW in
the world ocean. NPSTMW and IOSTMW have similar vertical
structure in temperature, salinity, and density. Although they
have almost same thickness (168 ± 16 and 155 ± 16 m,
respectively), the volume of NPSTMW is 1.8 times larger than
that of IOSTMW. SASTMW has an unique vertical structure,
highlighted by density compensating T/S stratification. SPSTMW
is the thinnest STMW (108 ± 8 m) and volumetrically smallest
STMW in the world ocean.

The major factors that influence the STMW thickness is
investigated by comparing quantified STMW thicknesses against
the strength of winter cooling and typical WBC volume

transports. Although, we cannot obtain a simple relationship due
to the complex STMW formation mechanisms and uncertainty
associated with WBC volume transports, we find an indication
that thicker STMWs tend to be accompanied with strongerWBC.
The strength of winter cooling may not play a major role in
determining the STMW thickness in each basin. In spite of the
strongest winter cooling in its formation area, NPSTMW is much
thinner than NASTMW and comparable to IOSTMW, which is
exposed to much weaker cooling.

The schematic in Figure 9 summarizes this study, and
provides a working hypothesis for further STMW studies. The
North Atlantic hosts the thickest and the largest STMW and
the strongest recirculation gyre in the world ocean. The North
Atlantic may effectively preserve low PV carried by the Gulf
Stream. The North Pacific and Indian Oceans have STMWs
with moderate thickness. In terms of volume of STMW, the
North Pacific (the Indian Ocean) hosts 42% (23%) volume of
NASTMW. Although, the WBCs (the Kuroshio and the Agulhas
Current) may carry low PV to the western part of subtropical gyre
as much as the Gulf Stream does, processes to dissipate low PV
may exist in these two basins. The South Pacific has the thinnest
STMW. SPSTMW has three-types of STMW located both in the
RR and the eastward flow region. The South Atlantic has a unique
STMW which is mainly distributed outside the RR with highly
density-compensating T/S stratification. The different types of
SASTMW with similar density might overlap each other and
form low density stratification.

Highlighting the similarities and dissimilarities of
STMWs in different basins provides insight into the relative
dominance of formation mechanisms. We would like to
see future STMW studies focus on two aspects: firstly,
a comparison study of STMWs and secondly a detailed
study of individual STMW. These subsequent studies on
STMWs will provide better understanding of mid-latitude

FIGURE 9 | Schematic figure to illustrate relationship between components of WBC and types of STMW in each basin. WBC is consists of “wind-driven”

component (red arrow), recirculation gyre component (blue arrow) and meridional overturning component (orange arrow), and number of types of STMW are shown

by colored columns. The averaged value of STMW thickness (m; TH), WBC total volume transport (Sv), and MTD (m) are also shown. Contour shows the dynamic

height (cm2 s−2) at 200m relative to 1000 m. Contour interval is 2.5 (cm2 s−2) for thin lines and 10.0 (cm2 s−2) for bold lines.
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WBC systems where there are complex interactions between
dynamics and thermodynamics and between ocean and
atmosphere.
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