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ABSTRACT: The distribution and interannual variation in the winter halocline in the upper layers of the World Ocean
were investigated via analyses of hydrographic data from the World Ocean Database 2013 using a simple definition of the
halocline. A halocline was generally observed in the tropics, equatorward portions of subtropical regions, subarctic North
Pacific, and Southern Ocean. A strong halocline tended to occur in areas where the sea surface salinity (SSS) was low. The
interannual variation in halocline strength was correlated with variation in SSS. The correlation coefficients were usually
negative: the halocline was strong when the SSS was low. However, in the Gulf of Alaska in the northeastern North Pacific,
the correlation coefficient was positive. There, halocline strength was influenced by interannual variation in Ekman
pumping.
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1. Introduction

A halocline is a layer containing a strong vertical salinity
gradient. This layer may include a pycnocline, particularly at
high latitudes, separating the surface and subpycnocline
waters (Fiedler and Talley 2006). The halocline has a signifi-
cant impact on physical and biogeochemical processes in the
World Ocean. For example, low-salinity surface waters and
the associated strong halocline in the northern North Pacific
are thought to prevent sinking of surface water to great depth
in that region (Warren 1983; Emile-Geay et al. 2003). Menviel
et al. (2012) performed experiments using an Earth system
model in which a negative freshwater flux was imposed in the
northern North Pacific, the halocline vanished, and a deep
Pacific meridional overturning circulation was established.
They reported that nutrient concentrations in the euphotic
zone increased by about 25% globally, leading to a 20%
increase in global export production and highlighting the
importance of the halocline to physical and biogeochemical
processes.

Previously, salinity stratification, including the halocline,
has been studied from the viewpoint of the barrier layer. This
is the layer between the halocline in the surface isothermal
layer and the thermocline located underneath, and plays a sig-
nificant role in determination of mixed layer depth, particu-
larly in tropical and subtropical regions (Sprintall and
Tomczak 1992). This layer influences heat and momentum
exchanges between the atmosphere and the ocean and thus
has an impact on air-sea interaction (Vialard and Delecluse
1998; Masson et al. 2004). Sprintall and Tomczak (1992)

investigated the barrier layer in tropical and subtropical
regions and found that the layer is formed by subduction of
saline water or by strong rainfall and river runoff. Study of
the barrier layer was extended to the world oceans, for exam-
ple by Tomczak and Godfrey (1994), de Boyer Montégut et al.
(2007), and Liu et al. (2009). They found that the barrier layer
exists in the subpolar region as well as the tropics and sub-
tropical regions.

Long-term changes in the global distribution of near-sur-
face salinity have been studied recently in detail under the
Argo Program (e.g., Hosoda et al. 2009; Roemmich and
Gilson 2009; Durack and Wijffels 2010). In areas of high near-
surface salinity, salinity increased over the past 30–50 years,
while it decreased in areas of low near-surface salinity, indi-
cating that the global hydrological cycle has intensified during
this period. This intensification is expected to continue into
the future (e.g., Durack et al. 2012; Terray et al. 2012). These
results also suggest that near-surface salinity changes have sig-
nificant impacts on ocean stratification (e.g., Durack and
Wijffels 2010).

Detailed examinations of long-term changes in salinity
structure have been conducted in areas where long-term
ocean monitoring is underway. For example, Crawford et al.
(2007) investigated the profiles of temperature and salinity
over 50 years along Line P between the North American west
coast and central Gulf of Alaska. They found that salinity
changes are dominated by variability in the halocline between
100- and 150-m depth and are attributable to changes in wind
through surface Ekman transport and Ekman pumping. Oka
et al. (2017) analyzed the 1378E repeat hydrographic section
over 50 winters during 1967–2016 to examine interannual to
interdecadal variation and long-term changes in salinity and
temperature in the surface and intermediate layers of the
western North Pacific, with a particular focus on freshening of
the subtropical gyre. They found that rapid freshening along
both isobars and isopycnals began in the mid-1990s and
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continued over the last 20 years in the main upper thermo-
cline and halocline layers of the western subtropical gyre.

Recently, the spatial distribution and seasonality of halocline
structures in the subarctic North Pacific were investigated using
Argo profiling float data in combination with surface flux data
collected in 2003–17 (Katsura et al. 2020). This is the first study
to target the halocline specifically. The mean distributions of
permanent halocline depth and intensity corresponded to the
winter mixed layer depth and sea surface salinity, respectively,
indicating that the halocline forms in association with the devel-
opment of the winter mixed layer. The summer seasonal halo-
cline showed distinct zonal differences in frequency and
intensity. Geostrophic and Ekman advection play important
roles in driving the spatial differences in seasonal halocline
intensity and depth.

Although the halocline plays an important role in biological
production throughout the world oceans (Menviel et al. 2012),
its spatiotemporal variation has not yet been clarified. In this
study, we analyzed hydrographic data to clarify the distribution
and interannual variation in haloclines in the World Ocean. We
investigated winter haloclines to focus on the permanent halo-
cline just below the winter mixed layer, which affects the timing
and scale of the spring bloom. To use the uniform analysis
method in the global ocean, we focused on the winter halocline
even in the tropics (latitudes , 208), where seasonality is less
clear. Therefore, we performed additional analyses for the other
seasons in the tropics to confirm that the results for the winter
halocline were applicable to the other seasons in the tropics
(appendix). We also concentrated on haloclines formed in the
upper (shallower than 300 m) layer, corresponding to the clima-
tological pycnocline depth, which is generally less than 300 m
(Fiedler and Talley 2006). Although haloclines in which salinity
(and temperature) strongly decrease with depth were some-
times observed, we focused on haloclines in which salinity
increases with depth in this study.

2. Data and methods

Individual salinity and temperature profiles from the World
Ocean Database 2013 (WOD13; Boyer et al. 2013), which
includes extensive historical hydrographic data, were used for
analyses of the halocline. We used profiling float (PFL) and
high-resolution conductivity–temperature–depth (CTD) data
at the observed depths in winter (December–March in the
Northern Hemisphere and June–September in the Southern
Hemisphere) from 2000 to 2017. In analyses of interannual
variation, we regarded the winter of a year as the period from
December of the preceding year to March of that year in the
Northern Hemisphere (e.g., winter 2010 corresponds to the
period from December 2009 to March 2010).

The main source of PFL data in WOD13 is the Argo pro-
ject. We converted WOD13 PFL and CTD salinity and tem-
perature data from the original depth profiles into 10-m
intervals, as detailed below. We conducted this procedure
because we evaluated the vertical gradient of salinity to define
the halocline, as described below, and a generally uniform
vertical salinity resolution was required to avoid artificial spa-
tiotemporal variation in the halocline estimates. For each

10-m interval profile, we evaluated halocline strength and
depth; then those values were averaged within each 48 3 48
box across the World Ocean to visualize the distribution of
the halocline.

The 10-m interval profiles were prepared as follows. First,
we selected the shallowest-level data as the data point located
closest to 10 m in depth among data collected at 8–22 m. We
neglected profiles with no data between depths of 8 and 22 m.
The shallowest-level salinity and temperature were consid-
ered the sea surface salinity and temperature, respectively.
Then we identified the second shallowest-level data point as
that located closest to the shallowest-level depth plus 10 m. If
no observation was available in the depth range of the shal-
lowest-level depth plus 5–20 m, the profile was neglected. The
third shallowest-level data point was identified in the same
manner as the second shallowest-level data point, and this
process was repeated until we reached the depth of 295–315 m.
When two data points are equally distant from the target
depth, we used the deeper data. In this way, we obtained
∼10-m interval profiles with ∼30 levels between 8 and 315 m
depth. We finally linearly interpolated these profiles to 10-m
interval standard depth data with 30 levels from 10- to 300-m
depth. In addition, we discarded profiles with downward
salinity decrease greater than 0.2 per 10 m because such pro-
files possibly included strong downward salinity increase due
to horizontal intrusion of fresher and cooler (density compen-
sated) water masses as in Katsura et al. (2020), which was not
the target of this study. Most of the profiles used for the eval-
uation of halocline properties were developed from PFL data,
but CTD data were dominant from 2000 to 2003 (Fig. 1), a
total of 196 816 profiles (CTD: 178 71, PFL: 178 945).

Using the 10-m interval profiles described above, we evalu-
ated the properties of the halocline. First, we calculated the
vertical salinity gradient (DS/Ddep) for each layer between a
level and the next (lower) level, where DS is the salinity incre-
ment between levels and Ddep is the vertical distance between
the two levels (10 m). In this study, the halocline was defined
as the layer of each profile with maximum DS/Ddep (thick line
segment in Fig. 2) below the surface mixed layer, while halo-
cline strength (m21) and halocline depth (m) were defined as
the maximum DS/Ddep and the depth of the middle of the

FIG. 1. Annual numbers of profiles used for the evaluation of halo-
cline properties from 2000 to 2017 throughout the World Ocean.

J OURNAL OF PHY S I CAL OCEANOGRAPHY VOLUME 52666

Brought to you by HOKKAIDO DAIGAKU | Unauthenticated | Downloaded 10/12/22 11:46 PM UTC



layer, respectively. The sea surface salinity (SSS) and sea sur-
face density are defined as salinity and density at 10-m depth,
respectively. The surface mixed layer was considered the layer
where the density was less than the sea surface density plus
0.03 kg m23 (Oka et al. 2007).

Using the data for halocline strength and depth as well as
SSS and mixed layer depth calculated from each profile, we
evaluated their horizontal distributions averaged within each
48 3 48 box containing at least 10 profiles over the analysis
period. The standard deviation of the values in each 48 3 48
box was also evaluated. To evaluate interannual variation of
area A–I (Figs. 5 and 6), we evaluated annual-mean (i.e., win-
ter mean) values with standard errors for the years with �10
profiles in each area. In addition, we considered grids where
the average halocline strength was weaker than 1.0 3 1022

m21 as having no halocline, as it is not appropriate to regard a
weak salinity gradient layer as a halocline. The threshold of
1.0 3 1022 m21 was used, in accordance with Katsura et al.
(2020).

3. Halocline distribution in the World Ocean

As determined from wintertime hydrographic data, a halo-
cline was generally observed at latitudes between 208S and
208N, in the northern North Pacific, and in the Southern
Ocean (Fig. 3a). It was absent, that is halocline strength was
weaker than 1.0 3 1022 m21, in the central subtropical
regions (Fig. 3a). The halocline was mostly distributed at
depths shallower than 100 m in the area between 208S and
208N and at depths of 100–200 m in the northern North Pacific

and the Southern Ocean around or south of 608S (Fig. 4a).
The standard deviation of the halocline strength and depth
evaluated in each 48 3 48 box was relatively large in the area
where halocline strength and depth are relatively strong and
deep, respectively (Figs. 3c and 4c).

In the Pacific Ocean, a strong halocline (.50 3 1023 m21)
was observed in the far eastern tropical Pacific at depths shal-
lower than 50 m (Figs. 3a and 4a). In this area, sea surface

FIG. 2. An example of salinity profile obtained on 3 Feb 2017, at
53.5068N and 160.1988W. Thick solid segment indicates the location
of the halocline.

FIG. 3. Climatological winter distributions of (a) halocline
strength (1023 m21), (b) sea surface (10-m depth) salinity, and (c)
standard deviation of halocline strength (1023 m21). Gray boxes
indicate areas where the number of profiles was less than 10. Five
rectangles outlined in white represent the areas used for correla-
tion analyses in section 3 (northern North Pacific: 408–608N,
1528E–1288W; equatorial Pacific: 208S–208N, 1248E–848W; north-
western North Atlantic: 368–608N, 368–768W; equatorial Atlantic:
128S–248N, 08–728W; and Indian Ocean: 248S–248N, 608–1088E).
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salinity (SSS) was low (Fig. 3b) due to high summer monsoon
rainfall along the Pacific slope of Central America (Amador
et al. 2006; Fiedler and Talley 2006), suggesting that enhanced
surface freshwater flux formed a strong halocline by lowering
surface salinity. A relatively strong halocline (.30 3 1023

m21) was observed in the far western tropical Pacific and
along the latitudes of 108N and 108S at depths between 50 and
100 m, while the halocline was relatively weak along the equa-
tor between 1208W and 1808. Halocline formation was also
observed over the subarctic North Pacific and along the west
coast of the United States and Mexico. In these regions, the
halocline depth was generally greater than 100 m.

In the Atlantic Ocean, the halocline area was relatively small;
a strong halocline was observed near the eastern and western
coasts in the tropics and along the east coast of the United States
and Canada (Fig. 3a). The strong halocline near the eastern and
western coasts in the tropics corresponds to the area of relatively
low SSS (Fig. 3b). In these areas, strong rainfall, high-level dis-
charge from the Congo and Amazon Rivers, and surface advec-
tion create a low SSS (e.g., Foltz and McPhaden 2008; Mignot
et al. 2012; Da-Allada et al. 2013), possibly explaining the strong
halocline. In the Indian Ocean, the halocline was strongest in
the Bay of Bengal (strength . 50 3 1023 m21). In this region,
strong rainfall and runoff produced a fresh surface layer (e.g.,
Shetye et al. 1996; Agarwal et al. 2012), probably enhancing the
halocline. The halocline generally weakened toward the west
and did not exist or was very weak near the western edge of the
Indian Ocean, unlike in the Pacific and Atlantic Oceans. In the
Southern Ocean, a weak halocline (10–20 3 1023 m21) was
observed around 608S.

The halocline is expected to be strong in areas where the
salinity above the halocline is low and/or the salinity below
the halocline is high. Generally, horizontal variation in shal-
lower-layer salinity, that is the salinity above the halocline,
is greater than that in the deeper layer. Thus, the horizontal
distribution of the halocline is expected to be generally
determined by the shallower-layer salinity distribution, as
discussed above. Therefore, here, we compare the horizon-
tal distribution of the halocline and the SSS, a surrogate for
shallower-layer salinity, which is associated with the global
water cycle (e.g., Hosoda et al. 2009; Yu 2011). The strong
halocline tended to be distributed in areas where SSS was
low, e.g., the far eastern tropical Pacific, the subarctic North
Pacific, and the Bay of Bengal (Figs. 3a,b). Next, we deter-
mined the correlation coefficients between halocline
strength and the SSS for the five areas outlined in Figs. 3a
and 3b, excluding the grids with halocline strength weaker
than 10 3 1023 m21. The correlation coefficients for the
northern North Pacific, the equatorial Pacific, the north-
western North Atlantic, the equatorial Atlantic, and the
Indian Ocean were 20.64, 20.63, 20.87, 20.58, and 20.93,
respectively, all of which were significant at the 99% confi-
dence level. These results suggest that the horizontal halo-
cline distribution was mostly determined by the SSS, and
that SSS could be used as a proxy for halocline strength.

The area with no halocline (i.e., the area where halocline
strength was weaker than 1.03 1022 m21 in Fig. 3a) generally
corresponds to the area of maximum SSS, e.g., the area of
SSS . 35 in the North Pacific (Fig. 3b). These SSS maxima
mostly occur in the trade wind and subtropical high-pressure
regions, where annual evaporation exceeds precipitation (e.g.,
Talley et al. 2011), which likely prevents halocline formation.
Figure 4b shows the difference between the depths of the hal-
ocline and the mixed layer. In strong halocline regions, such
as the eastern edge of the tropical Pacific, the western part of
the Gulf of Alaska, and the Bay of Bengal, this difference was
relatively small, indicating that the halocline was located just
below the mixed layer in winter. In the area off the west coast
of United States and Mexico between 208 and 408N, the differ-
ence was relatively large, in part because salinity in this area

FIG. 4. Climatological winter (a) halocline depth (m) and (b) dif-
ference between halocline depth and mixed layer depth (halocline
depth minus mixed layer depth) (m) and (c) standard deviation of
halocline depth (m). Gray and light blue grids contain profiles
fewer than 10 and have no halocline (i.e., halocline strength, 1022

m21), respectively.
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is strongly affected by low-salinity water subduction to the
subsurface layer from the northern region, forming halocline
in the deep layer relative to winter mixed layer bottom (e.g.,
Talley 1985). In this region, the standard deviation of the hal-
ocline depth was relatively small compared with deep halo-
cline depth.

4. Interannual variability in the halocline

Halocline strength showed interannual variability, which
differed among areas e.g., in magnitude and mechanism as
follows (Fig. 5, Table 1). Areas were selected where the halo-
cline was relatively strong and more than 9 profiles were avail-
able per winter for most of the analysis period. In the tropical
region (areas A–E), halocline strength varied interannually,
with a standard deviation . 5.0 3 1023 m21. Halocline
strength tended to be high when SSS was low; the correlation
coefficient between halocline strength and SSS was less than
20.65 and was significant at the 99% confidence level. These
results suggest that the interannual variation in halocline
strength in the tropical region is determined primarily by SSS
variation. We further investigated the relation between the
interannual variation of halocline strength in areas A–E and
Southern Oscillation index (SOI: https://www.ncdc.noaa.gov/
teleconnections/enso/indicators/soi/). As the result, we found
that the SOI was negatively correlated to the halocline
strength in area B (correlation coefficient: 20.79). This is
consistent with ENSO-related precipitation pattern, that is,
strong precipitation in area B during El Niño event (e.g.,
Wallace et al. 1998), suggesting that the movement of precipi-
tation area affects the interannual variation of halocline
strength in the central tropical Pacific. Along the eastern edge
of the tropical Pacific (area C), SSS and halocline strength
appear to decrease and increase, respectively, during our
analysis period. This SSS trend (20.4 during 2002–17) is con-
sistent with the findings of Hosoda et al. (2009) and Durack
and Wijffels (2010) qualitatively, although the magnitude of
the trend is stronger than theirs probably because our analysis
period is differed from theirs (1960–2007 and 1950–2008,
respectively).

In the northwestern North Pacific (area F), the interannual
variability of halocline strength and its relationship with SSS
was weaker than in the tropics, although the correlation coeffi-
cient was also negative (Fig. 5 and Table 1). By contrast, in the
Gulf of Alaska (area G), the correlation coefficient was 0.47,
indicating that halocline tended to be strong when SSS was
high (significant at the 95% confidence level). In the north-
western North Atlantic (area H), halocline strength also varied
synchronously with SSS (correlation coefficient: 20.71). The
Southern Ocean (area I) had the weakest interannual varia-
tion in the halocline, which showed no correlation with SSS
(Fig. 5 and Table 1).

Figure 7a shows the distribution of correlation coefficients
between the interannual variation in halocline strength and
SSS. The correlation coefficient was negative (halocline was
strong when SSS was low) in most regions. This result sug-
gests that the interannual variation in the halocline was deter-
mined primarily by variation in SSS throughout the World

Ocean. In the Gulf of Alaska, on the other hand, the correla-
tion coefficient was positive, suggesting that another mecha-
nism was dominant in this area. This region is discussed in the
next section. Figure 7c shows the distribution of correlation
coefficients between the interannual variation in SSS and
mixed layer depth. This figure indicates that in many regions
SSS was high in the year of deep mixed layer, suggesting that
deep mixed layer increased SSS through entrainment of saline
subsurface water. In contrast, the correlation coefficient was
mostly negative in the far eastern tropical Pacific, where the
halocline strength was very strong due to strong precipitation
and thus low SSS (Fiedler and Talley 2006).

Halocline depth also varied interannually (Fig. 6), with stan-
dard deviations from 5.1 m in area C to 20.1 m in area B; both
areas are located in the tropical Pacific (Table 2). Figure 6 and
Table 2 also show that spatial variation of halocline depth is
larger than interannual variation in the tropics (areas A–E) in
contrast to high latitudes (areas F–I) with weak spatial variation.
The halocline was located just below the mixed layer in many
areas in the World Ocean (Fig. 4b); we investigated the relation-
ship between the interannual variation in halocline depth and
mixed layer depth (Table 2). The correlation coefficients were
generally positive and significant, particularly at high latitudes
(areas F–I, Table 2 and Fig. 7b). This result is consistent with
those of Fiedler and Talley (2006), who found that the pycnocline
is governed primarily by salinity stratification at high latitudes.
Figure 7b also indicates that the area of weak correlation (e.g.,
off the west coast of United states and around 08–88N in the cen-
tral Pacific) mostly corresponds to the area with large depth dif-
ference between the halocline depth and mixed layer depth
(Fig. 4b), suggesting that the halocline located enough deeper
than the mixed layer bottom tends to be less influenced by the
mixed layer depth. In addition, the seasonality is less clear in the
tropics, which might affect the relation between the mixed layer
depth and the halocline depth especially in the central tropical
Pacific as discussed in appendix.

5. Interannual variability of the halocline in the Gulf
of Alaska

Halocline strength tended to be strong when SSS was high
in the Gulf of Alaska, as described in the previous section. In
this section, we explore the mechanism driving this tendency.
Figure 8a shows average salinity profiles for the Gulf of
Alaska (area G) in the strongest halocline winters (red, pink,
and yellow colors) and the weakest halocline winters (black,
blue, and light blue colors). In strong halocline years, the sal-
inities of the subsurface layer and the mixed layer were mostly
higher than in weak halocline years. In addition, the isopycnal
of 26.5su was located at a shallower depth (149-m depth on
average) in strong halocline years relative to weak halocline
years (164-m depth). These results suggest that high-salinity
subsurface layers were uplifted in strong halocline years.

In the Gulf of Alaska, cyclonic circulation forms due to the
input of positive wind stress curl, Ekman divergence and the
associated Ekman upwelling. Therefore, we examined the inter-
annual variation in wind stress curl averaged over area G. We
found that it was well correlated with halocline strength
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FIG. 5. Interannual variation in halocline strength anomaly (solid black line with dots; right axis; 1023 m21) and
sea surface salinity (SSS) anomaly (dashed red line with dots; left axis) in winter averaged across (a) area A
(48–168N, 1248–1488E), (b) area B (08–128N, 1688E–1688W), (c) area C (08–128N, 888–1128W), (d) area D (88–208N,
408–608W), (e) area E (08–128S, 688–928E), (f) area F (448–568N, 1608–1808E), (g) area G (448–608N, 1328–1528W),
(h) area H (408–528N, 408–608W), and (i) area I (608–648S, 1088–1528E) with standard errors (bars). Dots were
plotted when more than 9 profiles existed in the area and in the year (winter). The R in (a)–(i) indicates the correlation
coefficient between halocline strength anomaly and SSS anomaly (** and *: significant at the 99% and 95% confidence
level, respectively), and Ave in black (red), which are used for anomaly calculation, represents halocline strength
(SSS) averaged for the analysis period using values averaged in each year. (j) The areas for (a)–(i).
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(correlation coefficient: 0.48, significant at the 95% confidence
level). This suggests that strong wind stress curl increases Ekman
upwelling, pushes high-salinity water up into the subsurface layer,
and strengthens the halocline. Through the same mechanism,
strong wind stress curl may result in high SSS. This process may
explain why the halocline tends to be strong when SSS is high in
the Gulf of Alaska. Crawford et al. (2007) found that salinity
changes in the halocline between 100- and 150-m depth in the
Gulf of Alaska are attributable to changes in wind through sur-
face Ekman transport and Ekman pumping, consistent with our
suggestion that the wind stress curl affects the halocline although
their analysis period was 1956–2005.

Wind stress curl was not correlated with SSS (correlation
coefficient: 0.13), likely because precipitation also plays an
important role in driving the interannual variation in SSS. In
addition, mixed layer depth was strongly correlated to SSS
(correlation coefficient: 0.86 significant at the 99% confidence
level), suggesting that deep mixed layer increased SSS
through entrainment of saline subsurface water in this region.
The relation between the halocline strength and Pacific
decadal oscillation (PDO) index (https://www.ncdc.noaa.gov/
teleconnections/pdo/), North Pacific Gyre Oscillation index
(NPGO) index (http://www.o3d.org/npgo/), and SOI was
weak (absolute values of correlation coefficient� 0.43).

6. Summary and discussion

We investigated the distribution and interannual variation in
the winter halocline in the upper layers of the World Ocean
through analyses of hydrographic data from the World Ocean
Database 2013 using a simple definition of the halocline. A hal-
ocline was observed in the tropics, equatorward portions of sub-
tropical regions, the subarctic North Pacific, and Southern
Ocean, but was absent where halocline strength was weaker
than 1.0 3 1022 m21, particularly in the central subtropics. A
strong halocline tended to be observed in areas where SSS was
low. The interannual variation in halocline strength was corre-
lated with variation in SSS. The correlation coefficients were
usually negative: the halocline was strong when SSS was low.
However, in the Gulf of Alaska in the northeastern North
Pacific, the correlation coefficient was positive.

In the Gulf of Alaska, we propose that halocline strength is
influenced by interannual variation in Ekman pumping. Here,
we briefly discuss the relationship between halocline strength
and Ekman pumping semiquantitatively. Considering the
one-dimensional advective–diffusive balance:

w
S
z

5 Kz
2S
z2

, (1)

where w and Kz are the vertical (entrainment) velocity and
diffusivity, respectively, salinity (S) within the halocline is rep-
resented as

S 5 S‘ 1 S0 2 S‘( )e z2zs( )=ds , (2)

TABLE 1. Average, maximum, minimum, and standard deviation of interannual variation in winter halocline strength (31023 m21)
and correlation coefficient between winter halocline strength and winter SSS for areas A–I (** 5 significant at the 99% confidence
level, * 5 significant at the 95% confidence level).

Area Average Maximum Minimum Standard deviation Correlation coefficient

A 32.9 42.0 24.0 5.19 20.65**
B 23.4 41.5 13.2 7.83 20.87**
C 51.2 70.3 32.0 9.32 20.90**
D 37.5 53.4 24.3 9.75 20.96**
E 24.5 34.1 17.5 5.71 20.72**
F 23.3 28.6 16.9 3.55 20.67**
G 34.5 46.5 23.1 7.03 0.47*
H 24.0 29.2 16.0 3.44 20.71**
I 16.7 21.1 12.2 2.53 20.08

FIG. 6. Interannual variation in winter halocline depth (m) aver-
aged across (a) areas A–E and (b) areas F–I, with standard errors
(bars). The areas are shown in Fig. 5j.
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assuming that w and Kz are constant and that the thickness
of the halocline (dS) is represented as w/Kz (Vallis 2006).
The terms S‘ and S0 are salinity of the deep layer below the
halocline and of the surface mixed layer, respectively, and zs
is the surface mixed layer depth. Therefore, the halocline
strength (S̃) just below the surface mixed layer is repre-
sented as

S̃ 52
S
z

( )
z5zs

5
S‘ 2 S0

ds
5

S‘ 2 S0
Kz

wE, (3)

where wE is Ekman pumping velocity [5curlt/(r0f0)], and
r0 and f0 are density and the Coriolis parameter, respectively,
which are set to ∼103 kg m23 and 1024 s21. Assuming that
Kz is 10

24 m2 s21 (e.g., Waterhouse et al. 2014), (S‘ 2 S0) is
1.2 (Fig. 8a), and the fluctuation range of curlt is 5–10 3

1028 N m23 (Fig. 8b), the range of S̃ fluctuations is esti-
mated to be 6–12 3 1023 m21, which is of the same order as
the fluctuation range of halocline strength obtained from
hydrographic data, 10–20 3 1023 m21 (Fig. 8b). This result
quantitatively supports our hypothesis that strong wind
stress curl strengthens the halocline through increased
Ekman upwelling.

The horizontal distribution of long Rossby wave speed
(e.g., Fig. 16 in Killworth et al. 1997) also supports the hypoth-
esis in the Gulf of Alaska delineated by (1). Considering a
quasigeostrophic potential vorticity equation in a rigid-lid
two-layer ocean as in Mitsudera et al. (2018), the evolution
equation for the upper layer (the layer above the halocline)
thickness h is generally expressed as follows:

h
t

1 Cx
h
x

52wE, (4)

where t and x are time and zonal position, respectively, and
Cx denotes the baroclinic Rossby wave speed in the presence
of ambient baroclinic and barotropic flow. In the tropics and
subtropics (,358), |Cx| 5 is larger than ∼3 cm s21 (Fig. 16 in
Killworth et al. 1997), suggesting that Cxh/x term plays an
important role in the h variation. In the Kuroshio Extension
region, for example, Qiu (2003) indicated that the decadal
variation of Kuroshio Extension jet is related to the baroclinic
Rossby wave propagated from the east. In the Gulf of Alaska,

on the other hand, Cx is close to zero (Fig. 16 in Killworth
et al. 1997), suggesting

h
t

52wE: (5)

Equation (5) indicates that h responds to local wE, that
is, the halocline is lifted locally by the Ekman pumping
until it becomes thin enough to be steady (in terms of a
seasonal time scale) below the mixed layer base. In the
steady state, wE is balanced with the entrainment velocity
w in (1), and hence the advective–diffusive balance (1) is
achieved as for the salinity budget. Therefore, in the steady
state, (5) with the entrainment term is consistent with (3),
assuming that

entrainment → Kz

ds
in the steady state: (6)

The discussions above suggest that halocline strength, or
halocline thickness ds, is influenced by interannual variation
in Ekman pumping in the Gulf Alaska, where baroclinic
Rossby wave speed in the presence of ambient baroclinic and
barotropic flow is close to zero as well as strong halocline is
observed.

The lag-correlation coefficients between the halocline
strength and wind stress curl averaged over area G (0.39,
0.19, 20.04, and 0.41 for 3-, 6-, 9- and 12-months lag,
respectively) are smaller than that without lag (0.48),
consistent with the hypothesis discussed above. However,
more detailed investigation with e.g., numerical experiment
is necessary to understand the mechanism determining the
interannual variation of halocline strength in the Gulf of
Alaska.

The distribution of the halocline was similar to that of
the barrier layer, i.e., the layer between the halocline
(salinity stratification) in the surface isothermal layer and
the thermocline located below (de Boyer Montégut et al.
2007; Liu et al. 2009). Regions lacking the halocline (the
light blue regions in Fig. 4) mostly corresponded to regions
without barrier layers (e.g., Fig. 2 in Liu et al. 2009). This
is because, by definition, barrier layers cannot exist in
the absence of salinity stratification sufficiently strong to

TABLE 2. Average, maximum, minimum, and standard deviation of interannual variation in winter halocline depth (m) and
correlation coefficient between winter halocline depth and winter mixed layer depth for areas A–I (** 5 significant at the 99%
confidence level, * 5 significant at the 95% confidence level).

Area Average Maximum Minimum Standard deviation Correlation coefficient

A 81.3 96.3 66.4 10.3 0.74**
B 107.9 159.3 78.0 20.1 0.07
C 41.9 51.3 33.6 5.15 0.68**
D 66.7 80.7 51.7 8.34 0.85**
E 69.2 77.7 56.6 5.91 0.60*
F 117.2 136.4 100.9 7.76 0.91**
G 105.4 117.4 83.7 10.3 0.58*
H 125.7 161.8 102.0 15.6 0.84**
I 120.5 138.6 100.0 11.9 0.83**
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form the bottom of the mixed layer. However, the halo-
cline was not always located in the isothermal layer, which
caused marked differences between the distributions of the
halocline and barrier layer in some areas. For example, in

the far eastern tropical Pacific, a significant barrier layer
was not observed although a strong halocline was present.
This is because the halocline and thermocline coexist
in the same layer in this region (e.g., Fiedler and Talley
2006; Helber et al. 2012), indicating that the halocline
defined in the present study captured a different ocean
structure than the barrier layer. Such a difference also
occurred in the eastern equatorial Atlantic, where a signif-
icant barrier layer was not observed but a strong halocline
existed.

FIG. 7. Correlation coefficients between the interannual variation
in (a) winter halocline strength (m21) and winter SSS, (b) winter
halocline depth (m) and winter mixed layer depth (MLD; m) and
(c) SSS and MLD (m). Correlation coefficients were evaluated for
the boxes with more than eight annual (i.e., winter) averages (each
annual average was evaluated when more than two profiles existed
in a box and in a year) during 2000–17. Gray and yellow boxes indi-
cate those with data less than 9 years and those without halocline
(i.e., halocline strength , 1022 m21, see Fig. 3a), respectively.
Black and gray arrows indicate the correlation coefficients signifi-
cant at the 95% confidence level for boxes with 9 annual averages
and 18 annual averages, respectively.

FIG. 8. (a) Salinity profiles averaged across the Gulf of Alaska
(area G: 448–608N, 1328–1528W) in the strongest halocline winters
(red, pink, and yellow colors) and the weakest halocline winters
(black, blue, and light blue colors) and (b) interannual variation in
wind stress curl anomaly and halocline strength anomaly in winter
averaged across area G, with standard errors (bars). The thick seg-
ments in (a) correspond to the layer with the strongest salinity gra-
dient in the averaged profile, in contrast to the halocline strength
and depth in Figs. 5 and 6, which were evaluated as the average of
halocline strength and depth for each profile in each winter and
area. In (a), profiles with very low surface salinity less than 32,
affected by freshwater from the coast (e.g., Crawford et al. 2007),
were not used for the averaging procedure to avoid artificial unre-
alistic averaged profiles. In (b), the plots for the halocline strength
anomaly are the same as in Fig. 5g. The R in (b) indicates the corre-
lation coefficient between halocline strength anomaly and wind
stress curl anomaly (* significant at the 95% confidence level), and
Ave in red, which are used to calculate wind stress curl anomaly,
represents 18-yr averaged wind stress curl using values averaged in
each year. The wind stress was evaluated from NCEP–NCAR
reanalysis 10-m wind data (Kalnay et al. 1996): wind stress 5

CDrA|U10|U10, where CD is the drag coefficient (1.2 3 1023), rA is
the density of air at sea level (1.178 kg m23), and U10 is wind veloc-
ity at 10 m above the sea surface.
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The winter halocline in the present study mostly corre-
sponds to the permanent halocline in the subarctic North
Pacific (Katsura et al. 2020) and salinity difference between
the surface mixed layer bottom and surface isothermal layer
bottom (DS: negative values correspond to salinity increase
with depth, Liu et al. 2009). Katsura et al. (2020) defined a
vertical salinity gradient maximum below 70 dbar as a perma-
nent halocline thorough analysis of profiles in all seasons con-
sidering seasonal halocline as well as permanent halocline.
Their climatological depth and strength of permanent halo-
cline in the subarctic North Pacific (Fig. 4 in Katsura et al.
2020) shows that the permanent halocline is strong around
1608W and 508N (.4 3 1022 dbar21) and 1658E and 508N
(.2 3 1022 dbar21), which correspond to Fig. 3a in the pre-
sent study, suggesting that the winter halocline in the present
study well detected the permanent halocline in the subarctic
North Pacific. Liu et al. (2009) showed DS was large at lati-
tudes between 208S and 208N, in the northern North Pacific in
January–March, and in the Southern Ocean in July–August,
well corresponding to the winter halocline distribution
(Fig. 3a). However, Liu et al. (2009) showed weak DS in the
far eastern tropical Pacific, where this study detected the
strongest halocline. This is because the halocline and thermo-
cline coexist in the same layer in this region as discussed in
the previous paragraph.
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APPENDIX

Seasonality of the Halocline in the Tropics

Since the present study focused on the winter halocline
even in the tropics, where seasonality is less clear, we per-
formed additional analyses for the other seasons in the
tropics. Figs. A1 and A2 show halocline strength and depth
in each season. Halocline strength shows strong seasonal
variation in the tropics especially along ∼108N and ∼108S,
which correspond to intertropical convergence zone (ITCZ)
and South Pacific convergence zone (SPCZ), where strong
seasonal variation in precipitation is observed. Halocline
depth, in contrast, shows weak seasonal variation or is rela-
tively deep in January–March/July–September especially in
the far western or eastern tropical Pacific, in the tropical
Atlantic and in the tropical Indian Ocean in the Northern/
Southern Hemisphere, respectively, suggesting that in these
regions winter halocline could correspond to permanent
halocline, which is the target of the present study. However,
in the central tropical Pacific, halocline depth was relatively
deep in October–March and relatively shallow in April–
September in the Southern Hemisphere, that is, summer
halocline was deeper than winter halocline. In this region,
winter halocline might not represent permanent halocline.

We evaluated the correlation coefficients between the
horizontal distribution of halocline strength and SSS in
January–March, April–June, July–September, and Octo-
ber–December for the equatorial Pacific, the equatorial
Atlantic, and the Indian Ocean outlined in Figs. 3a and
3b. The correlations were all significant at the 99% confi-
dence level, suggesting that the horizontal halocline distri-
bution was mostly determined by the SSS throughout the
year in the tropics. We also investigated the relation

FIG. A1. Climatological distributions of halocline strength
(1023 m21) in (a) January–March, (b) April–June, (c) July–
September and (d) October–December. Gray boxes indicate
areas where the number of profiles was less than 10.
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between the halocline strength and SSS in the interannual
variation in areas A–E. In areas B–E, the interannual vari-
ation in halocline strength was determined primarily by
SSS variation [significant at the 99% confidence level,
except for area C in July–September (95% confidence
level)]. In area A, on the other hand, correlation between
halocline strength and SSS was weak in July–September

and October–December (correlation coefficient: 20.23 and
20.23, respectively), suggesting that SSS was not a domi-
nant factor controlling the interannual variation of halo-
cline strength in this area and seasons. These results sug-
gest that more detailed analyses are needed to understand
the distribution and interannual variation of permanent
halocline in the tropics.
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