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Subduction and migration of density-compensated (warm/salty or cool/fresh)
temperature and salinity water-mass anomalies on isopycnals, referred to as spiciness
anomalies, are examined in the subtropical gyre of the South Pacific using an
observational dataset. The present results demonstrate that the spiciness anomalies
are found to follow two pathways from the subtropical region to the tropical area on
the 25-25.50¢ isopycnals. The water masses of one pathway subduct south of 20°S
and mainly flow westward via the mean geostrophic current to the western boundary
region. The water masses of this pathway correspond to the salinity maximum on
these isopycnals as well as the bottom of the South Pacific Tropical Water. Positive
temperature and salinity trends were prominent along this pathway during the study
period. In the other pathway, the water masses subduct north of 20°S and go directly to
the tropics through the interior region. Decadal variability of the spiciness anomalies is
prominent along this pathway. In both pathways, sea surface salinity variability likely plays
an important role in generating the spiciness anomalies on the isopycnals. A passive
tracer experiment revealed that the advection by the South Equatorial Countercurrent
(SECC) divides these two pathways. Hence, SECC plays a key role in determining
whether a spiciness anomaly propagates through the interior region or the western
boundary region.

Keywords: spiciness anomaly, subduction, decadal variability, South Equatorial Countercurrent, Argo

INTRODUCTION

Subduction is an important aspect of ocean circulation (e.g., Qiu and Huang, 1995). The water
mass subducted at the sea surface carries its properties such as heat, salt, and oxygen into the
subsurface ocean. The subduction process transports water mass properties not only vertically
but also horizontally. Previous studies suggested that the subduction process is related to decadal
variability in the subtropics and tropics. Many studies reported based on numerical simulation that
variability in the subtropics can influence variability in the tropics through the subsurface pathway
(e.g., Nonaka and Xie, 2000; Pierce et al., 2000; Fukumori et al., 2004; Ogata and Nonaka, 2020).
There are two mechanisms of signal propagation from the subtropics to the tropics associated
with the subduction. One is higher modes of Rossby waves (e.g., Liu, 1999), and the other is
the propagation of density-compensated temperature and salinity anomalies (hereafter referred
spiciness anomaly) on isopycnals. Several numerical studies showed the importance of the latter
mechanism (e.g., Gu and Philander, 1997; Yeager and Large, 2004; Taguchi and Schneider, 2014),
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but observational studies were limited. This was because the
former signals (i.e., higher modes of Rossby waves) can be
seen only from temperature observations (e.g., Schneider et al.,
1999), but not only temperature but also salinity observations
were needed to investigate the signals associated with the
latter mechanism.

The advent of the Argo observations made it possible to
examine basin-wide propagation of spiciness anomalies. Sasaki
et al. (2010) presented the first evidence of the observed
spiciness anomaly propagation in the North Pacific based on
Argo data from 2003 to 2008. Similar propagation signals have
been reported in other depths and other ocean basins (e.g.,
Kolodziejczyk and Gaillard, 2012; Li et al., 2012; Kouketsu
et al.,, 2017; Nagura and Kouketsu, 2018). From the viewpoint
of the connection between the subtropics and the tropics in the
Pacific, previous modeling studies showed that spiciness anomaly
propagation from the South Pacific is more important than that
from the North Pacific (e.g., Nonaka and Sasaki, 2007). Recently,
Zeller et al. (2021) reported from the numerical experiment
that the spiciness anomaly propagation from the subtropical
gyre of the South Pacific plays a more important in affecting
the tropical Pacific decadal variability than that from the North
Pacific, especially the warm events. In addition, there are two
routes from the subtropics to the tropics, that is, the interior route
and the western boundary route (e.g., McCreary and Lu, 1994;
Lee and Fukumori, 2003). In the case of the interior route, the
subducted water in the subtropics directly enters the equatorial
area. On the other hand, the subducted water goes equatorward
along the western boundary in the case of the western boundary
route. Nevertheless, although the previous observational studies
reported the spiciness anomaly propagation from the subtropics
to the tropics (e.g., Kolodziejczyk and Gaillard, 2012; Li et al,,
2012), the relation between the spiciness anomaly propagation
and the interior and the western boundary routes has not
been investigated.

Therefore, the purpose of the present paper is to examine
detailed distributions of spiciness anomaly propagation and
clarify the relation of the spiciness anomaly propagation and the
interior and the western boundary routes using a more extended
observational dataset.

DATA AND METHODS

A monthly temperature, salinity, and density data were obtained
from the MOAA GPV (Grid Point Values of the Monthly
Objective Analysis using the Argo data) dataset based on from
Argo floats, Triangle Trans-Ocean Buoy Network (TRITON),
and available conductivity-temperature-depth (CTD) profiles
(Hosoda et al., 2008). This dataset is employed the optimal
interpolation method to obtain the values on a 1 x 1° horizontal
grid in the global ocean after 2001. Because the Argo profiles
are generally sparse in the South Pacific in the early period, we
analyze the data from 2005 to 2018.

Montgomery potential (e.g., Cushman-Roisin, 1994) and
geostrophic velocities on isopycnal surfaces were calculated from
the density of the MOAA GPV dataset using as reference

level the surface dynamic topography that is based on the
mean surface dynamic topography from 1992 to 2012 (MDOT;
Maximenko et al., 2009) and sea level anomalies. Monthly sea
level anomaly (SLA) were obtained from the satellite altimetry
combined observations from TOPEX/Poseidon, ERS-1/2, Jason-
1, and Envisat on a 1/4 x 1/4° horizontal grid from 1993 to 2018
from the Copernicus Marine Environment Monitoring Service
(CMEMS). We also use near-surface zonal and meridional
velocities of the Ocean Surface Current Analysis (OSCAR)
dataset on a 1/3 x 1/3°grid from 2005 to 2018 (Bonjean
and Lagerloef, 2002). The formulation used to estimate the
velocities of the OSCAR dataset from various satellite and in-situ
observations combines geostrophic, Ekman and Stommel shear
dynamics, and a surface buoyancy gradient term.

The statistical significance of a linear trend was assessed
by a Student’s t-test. Since spiciness anomalies are generally
not independent in each month, the number of the degrees of
freedom was estimated from the effective sample size following
Santer et al. (2000) as follows:

1—r

Ne~ N ,
147

where N and N, are the sample size and the effective sample
size, respectively, and r is the lag-1 autocorrelation coefficient
of the detrended original time series. The statistical significance
of a correlation coefficient was estimated by the Monte-
Carlo test using 1,000 random time series made by a phase
randomization technique (Kaplan and Glass, 1995). In this
technique, surrogate time series are produced using observed
spectrum and randomized phases. Hence, we can obtain the
surrogate time series that preserve the timescales of the original
time series. To focus on interannual to decadal variability, a
monthly climatology is subtracted, and a 9-month running mean
filter is applied to all monthly data unless noted otherwise.

RESULTS

The Overall Pattern of Spiciness Variability
Before investigating spiciness variability in the study area, we
briefly describe the mean features of the subtropical gyre on the
25-25.50¢ isopycnals in the South Pacific (Figure 1). The depths
of these isopycnals are characterized by the bowl shape of the
subtropical gyre (Figure 1A). The maximum salinity of these
isopycnals reaches about 36 PSU roughly along the 8,000 kg m~!
s~ isopleths of the mean Montgomery potential (Figure 1B),
which indicates the stream line on these isopycnals. This high
salinity water mass corresponds to the bottom of the South Pacific
Tropical Water, located on the 24-250¢ isopycnals (e.g., Tsuchiya
and Talley, 1996; Qu et al, 2013). The outcrop lines of the
25 and 25.50¢ isopycnals in winter and the mean Montgomery
potential indicate that the water masses subduct in the eastern
South Pacific east of 120°W. In this region, the outcrop line of the
2509 isopycnal sharply tilts northeastward, but the outcrop line
of the 25.50¢ isopycnal extends zonally. This large area between
the two outcrop lines is favorable to the water mass formation
of the density range between 25 and 25.50¢ (Qu et al., 2008).
The mean anticlockwise circulation carries these water masses
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FIGURE 1 | Mean state of (A) the depth (color), the Montgomery potential (kg
m~" s2; contour), and (B) the salinity (color) of the 25-25.50; isopycnals from
2005 to 2018. The contour interval in (A) is 500 kg m~' s=2 and the contours
larger than 10,000 kg m~" s~2 are not plotted. Black contours in (B) denote
6,000, 7,000, and 8,000kg m~" s~2 isopleths of the mean Montgomery
potential. White contours in (B) denote the mean outcrop lines of 25 and
25.50, in September.
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FIGURE 2 | The standard deviation of (A) the raw salinity and (B) the low-pass
filtered salinity on the 25-25.50y isopycnals. Black contours denote 6,000,
7,000, and 8,000kg m~" s~2 isopleths of the mean Montgomery potential.
White contours denote the mean outcrop lines of 25 and 25.504 in September.
The two gray boxes in (B) denote the region where the area-averaged salinity
anomalies shown in Figure 4 are calculated.

southwestward, with a portion traveling to the western boundary
and turning equatorward, while other parts directly enter the
equatorial region. We focus on these subducted water masses in

this study.

Interestingly, the standard deviations of the spiciness
anomalies of these water masses on the 25-25.50¢ isopycnals
have different spatial distributions in the raw and the 9-month
running mean filtered time series (Figure 2). The former map
exhibits a large peak (Figure 2A). In this map, the relation of
the spiciness anomaly and the aforementioned interior and the
western boundary routes is unclear. On the other hand, the
latter map exhibits two peaks on these isopycnals (Figure 2B),
although its amplitude is one-third of that of the raw time series
peak. Both patterns indicate the large standard deviations in the
outcrop region of the 25 and 25.50¢ isopycnals. It is worth noting
that the spatial pattern of the standard deviation of spiciness
anomalies on these isopycnals has been reported by previous
studies (e.g., Kolodziejczyk and Gaillard, 2012; Li et al., 2012), but
the two peaks of the low-pass filtered spiciness anomalies have
not been reported. In one pathway, the water masses subduct
north of 20°S and flow northwestward roughly along the mean
Montgomery potential. The water masses along this pathway
likely directly enter the equatorial region. In the other pathway,
the water masses subduct south of 20°S and flow westward to the
western boundary along 15°S, which is also likely aligned with
the mean Montgomery potential. These water masses correspond

to the salinity maximum on these isopycnals (Figure 1B) as well
as the bottom of the South Pacific Tropical Water. The standard
deviations of the low-pass filtered salinity of these two pathways
are comparable in magnitude.

These two pathways were seen from the meridional section of

the low-pass filtered standard deviation of the salinity anomalies
on the isopycnals averaged between 140°W and 180° (Figure 3).
The peak of the northern pathway extends to the surface layer,
while the maximum of the standard deviation shifts southward
in a shallower layer. In contrast, the peak corresponding to
the southern pathway is confined between the 25 and 25.50¢
isopycnals. The minimum of the standard deviation on these
isopycnals is located along 10°S. In summary, we found two
pathways from the subtropics to the tropics. Hereafter, we refer to
the former as the northern pathway and the latter as the southern
pathway. These two pathways are likely related to the interior
route and western boundary route.

The variations of the low-pass filtered spiciness anomalies are

largely independent between the two pathways. Figure 4 shows
the raw and the low-pass filtered time series of the spiciness
anomalies averaged around the outcrop line of the 2504 isopycnal
(see Figure 2B). The correlation coefficient between these two
time series is not statistically significant 90% confidence level
(p = 0.44). The spiciness anomalies in the northern pathway
decreased (cooling and freshening) from 2005 to 2009 and then
turned to an upward trend to the end of the data. On the other
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FIGURE 3 | A density latitude diagram of the standard deviation of the
low-pass filtered salinity on the isopycnals averaged 140°W—180°. The black
line indicates that the mean outcrop line in September.
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-0.41 Southern pathway

2006 2008 2010 2012 2014 2016 2018

FIGURE 4 | Salinity anomalies on the 25-25.50; isopycnals averaged over
17.5°-22.5°S, 105°-115°W (blue) and 12.5°-17.5°S, 90°-100°W (red). The
thin and thick lines are the raw and a 9 month running mean filtered time
series, respectively.

hand, the spiciness anomalies of the southern pathway showed
an upward trend with interannual and decadal variability. The
detailed features of these spiciness variations will be discussed in
later subsections.

The fundamental question is the cause of these two paths. In
other words, what kinds of processes are essential to separate
these two pathways? The salinity variability on the isopycnals
shows the minimum along 10°S. This zonally elongated structure
suggests the importance of ocean currents, which tend to have
zonal jet structures in this area (Kessler and Gourdeau, 2006).
Figures 5A,B shows the surface zonal velocity by the OSCAR
dataset and the surface zonal geostrophic velocity based on the
MDOT dataset, respectively, in the western South Pacific. The
surface zonal velocities of both datasets indicate the eastward
current along 10°S, while its eastern extent is somewhat different
between the two datasets. The eastward current along 10°S based
on the MDOT dataset extends to 140°W. On the other hand,

208
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FIGURE 5 | Mean state of (A) the surface zonal velocity by the OSCAR
dataset, (B) the surface zonal geostrophic velocity (color) and the contour of
the sea surface height (contour) of the MDOT dataset, and (C) the zonal
geostrophic velocity on the 25-25.50, isopycnals along with the 7,000 and
8,000kg m~" s~2 isopleths of the mean Montgomery potential (contour). In
(B,C), the zonal velocity is not plotted north of 3°S.

the eastward current of the OSCAR dataset extends only to
170°W. This discrepancy might be due to the difference of spatial
resolution between the two datasets. This eastward current is
the South Equatorial Countercurrent (SECC; e.g., Ganachaud
et al., 2014). The mechanism of this surface zonal current can
be explained by the Sverdrup current (Chen and Qiu, 2004).
This surface eastward current extends to the subsurface. On the
25-25.50¢ isopycnals, the eastward current is also found along
10°S (Figure 5C), although its strength becomes weaker and the
spatial structure is somewhat noisy.

A comparison between Figure 2B and Figure 5C indicates
that the location of SECC is consistent with the weak standard
deviation of the low-pass filtered spiciness anomalies on the
25-25.50¢ isopycnals. One can anticipate that the westward
advection of spiciness anomalies on the isopycnals was prevented
by the eastward current. To test this idea, we perform a simple
passive tracer experiment. Figure 6A shows the initial condition
of the passive tracers, where the passive tracers were placed at
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FIGURE 6 | (A) Initial condition and (B) 4-year average of passive tracer
concentrations (color) on the 25-25.50y isopycnals along with the 6,000,
7,000, and 8,000kg m~" s~2 isopleths of the mean Montgomery potential
(contour).

a 0.1° interval in both zonal and meridional directions. These
tracers are passively advected by the climatological geostrophic
current on the 25-25.50¢ isopycnals for 4 years. This selection
of 4-year is because spiciness anomalies are attenuated during
the migration (e.g., Sasaki et al.,, 2010). The mean geostrophic
current sets zero north of 3°S, because the geostrophic balance
is not valid near the equator. However, because our focus of
this passive tracer experiment is the locations of the tracers
around 10°S, this setting does not significantly influence the
experiment result.

Figure 6B shows the mean locations of the passive tracers of
the 4-year experiment. Results below are robust if a 3 or a 5-
year experiment is performed. The location of the passive tracers
has two peaks, which is similar to the standard deviation of the
low-pass filtered spiciness anomalies (Figure 2B). The minimum
between these two peaks is located along 10°S, consistent with the
location of SECC (Figure 5). This result implies that it takes time
spiciness anomalies to enter the SECC region. Therefore, SECC
prevents the spiciness anomaly advection from the subtropics to
the tropics.

The difference between the raw and low-pass filtered spiciness
anomalies is likely because the advection process acts as a low-
pass filter to spiciness anomalies (Kilpatrick et al., 2011). That
is, in the region where the advection process is important,
the low-pass filtered standard deviation is large. This idea is
consistent with the result that SECC prevents the intrusion of
the passive tracers along 10°S (Figure 6B), where the standard
deviation of the low-pass filtered salinity exhibits the local
minimum (Figure 2B). High-frequent signals caused by, for

example, anomalous advection of the climatological spiciness
gradient, are damped by the advection.

Southern Pathway

This subsection will examine the variability of the spiciness
anomalies in the southern pathway to investigate its relation to
the western boundary route. Since the large standard deviations
of the low-pass filtered salinity of this pathway are roughly
aligned with the Montgomery potential (Figure 2B), we begin
to investigate the variability of the southern pathway along
the stream line. Figure 8 shows the time-longitude diagram
of the low-pass filtered salinity anomalies along the southern
pathway on the 25-25.50¢. This diagram indicates clear westward
propagation of the spiciness anomalies extending to the western
boundary region. This is consistent with the advection of the
mean geostrophic current on the isopycnals (e.g., Sasaki et al.,
2010). The mean zonal velocity along 10°S is about 0.1 m
s~! (Figure 5C). Thus, it takes about 3 years to traverse the
9,000km (roughly from 100°W to 170°E). The decay of the
spiciness anomalies along the propagation seems relatively weak.
As mentioned above, this path flows along the salinity maximum
on the isopycnals and the bottom of the South Pacific Tropical
Water. A similar westward propagation signal along the salinity
maximum on the 24-25c¢ isopycnals has been reported by Zhang
and Qu (2014), although the amplitude of the salinity anomalies
in the present study is 2-3 times larger than that of Zhang and
Qu (2014; see their Figure 3C).

An interesting feature in Figure 8 is the upward trend of the
salinity (and temperature) anomalies, as mentioned in Section
The Overall Pattern of Spiciness Variability. To clarify the spatial
structure of this upward trend, Figure 7A shows the linear trend
of the salinity on the 25-25.50¢ isopycnals from 2005 to 2018,
where these trends and their statistical significance are estimated
without the low-pass filtering not to reduce the degrees of
freedom. The statistically significant upward trend of the salinity
is found in the outcrop region and extends to westward along
the mean Montgomery potential. The amplitude of the trend is
larger in the more upstream region. These features are consistent
with the westward advection of the spiciness anomalies by the
mean geostrophic current. The vertical structures of the trend
along 140°W indicate that the upward trend is located between
the 24.5 and 25.60¢ isopycnals with a peak at 25.20¢ (not shown),
consistent with the large standard deviation of the low-pass
filtered spiciness anomalies there (Figure 3). Note that a closer
look at the variability in the downstream region west of 180° in
Figure 8 shows that the spiciness anomalies in this region are
positive during 2005-2006, and thus their linear trend is not
statistically significant (Figure 7A). This implies that the upward
trend of the spiciness anomalies along the southern pathway
might be a part of decadal or interdecadal variability.

Northern Pathway

This subsection will examine the spiciness anomalies along the
northern pathway to examine their equatorward propagation.
This pathway is similar to the spiciness signal propagation
reported by Li et al. (2012). Li et al. (2012) determined
the propagation pathway by the mean acceleration potential.
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Black contours denote 6,000, 7,000, and 8,000kg m~' s~2 isopleths of the
mean Montgomery potential. The two gray boxes in (B,C) denote the region

where the area-averaged salinity anomalies shown in Figure 4 are calculated.

However, the mean acceleration potential might not be suitable
close to the equator, because the geostrophic balance is no longer
valid there. In this study, to objectively identify the pathway of
the signals, we performed the lag correlation analysis. This is
an advantage to use a longer observational dataset compared to
the previous studies. The time series of the salinity anomalies
on the 25-25.50¢ isopycnals average over 12.5-17.5°S, 105-
115°W (red line in Figure 4) is used as a representative time
series of the spiciness variability in the upstream region of the
northern pathway.

The lag correlation analysis can capture the equatorward
advection of the spiciness anomalies along the northern
pathway (Figure9). Initially, the correlation was statistically
significant around the outcrop region (Figure9A). These
significant correlation coefficients migrated northwestward along
the mean Montgomery potential (Figure 9B). Then, they moved

2018 -
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FIGURE 8 | A time-longitude diagram of the low-pass filtered salinity anomaly
averaged vertically over the 25-25.50, isopycnals and meridionally over the
8,000 and 8,500kg m~" s=2 mean Montgomery potential isopleths.

equatorward and entered the equatorial region (Figure 9C),
although their trajectory somewhat deviated east from the mean
Montgomery potential. The maximum correlation coefficients
are still larger than 0.8. It takes about 2 years from the
outcrop region to the equatorial region. Note that similar
equatorward propagation of the spiciness anomalies can be seen
from the correlation map using the detrended time series (not
shown) (L235-236).

The time-latitude diagram along the northern pathway
confirms an equatorward advection of the spiciness anomalies
(Figure 10). In the upstream region, the salinity anomalies on
the 25-25.50¢ isopycnals were negative from 2005 to 2012
and positive after 2012. These spiciness anomalies are advected
equatorward. Before the arrival of the negative salinity anomalies,
the salinity anomalies were positive in the equatorial region. The
decay of the amplitude of the spiciness anomalies during the
equatorward propagation is likely weak.

Finally, the relation between the spiciness variability of
the northern pathway and temperature and salinity variations
around the outcrop region is investigated. To this end, we also
examined the correlation coeflicients of the representative time
series of the spiciness variability in the upstream region of the
northern pathway to the sea surface properties in the outcrop
region. The results showed that the spiciness anomalies along the
northern pathway are related to sea surface salinity variability,
but not sea surface temperature variability (not shown). This
result is similar to the result of the southern pathway (Figure 7).
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FIGURE 9 | Lag correlation coefficients of the low-pass filtered salinity on the
25-25.50y isopycnals onto the low-pass filtered salinity anomalies on the
25-25.504 isopycnals averaged over the upstream region (12.5°-17.5°S,
90°-100°W; red thick line in Figure 4) for the lag years of (A) O, (B) 1, and (C)
2, where positive lag means that the salinity in the upstream region leads.
White contours denote the regions where the correlations are significant at
90% confidence level. Black contours denote 6,000, 7,000, and 8,000kg m~'
572 isopleths of the mean Montgomery potential.

SUMMARY AND DISCUSSION

We examined the subduction and migration of the spiciness
anomalies on the 25-25.50¢ isopycnals in the subtropical gyre
of the South Pacific from 2005 to 2018 using the observational
dataset. We revealed that the low-pass filtered spiciness
anomalies follow two pathways from the subtropical region
to the tropical region on these isopycnals (Figures 2B,
3). We referred to these two pathways as the northern
pathway and the southern pathway. From the viewpoint
of the connection between the subtropics and the tropics,
the northern and southern pathways are related to the
interior and western boundary routes, respectively. The
passive tracer experiment revealed that the advection by
SECC divides these two pathways (Figures5, 6). Hence,
SECC plays a key role in determining whether a spiciness

2018
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0.14
2014
0.1
20131 0.08
2012 0.02
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FIGURE 10 | A time-latitude diagram of the low-pass filtered salinity anomaly
averaged vertically over the 25-25.50 isopycnals and zonally over the 6,000
and 6,500 kg m~"! s=2 mean Montgomery potential isopleths.

anomaly propagates through the interior route or the western
boundary route.

In the southern pathway, the water masses, which correspond
to the salinity maximum on these isopycnals (Figure 1B) as well
as the bottom of the South Pacific Tropical Water, subducted
south of 20°S and mainly flowed westward via the mean
geostrophic current to the western boundary region (Figure 8).
Positive temperature and salinity trends were prominent along
this pathway during the study period (Figure 7A). Interestingly,
the sea surface salinity showed a similar upward trend in
the outcrop region (Figure7B), although the sea surface
temperature did not (Figure 7C). The trend of the sea surface
salinity in this region is comparable in magnitude to the
trend of the salinity anomalies on the 25-25.50¢ isopycnals
(Figure 7A). These results suggest that the trend of the sea
surface salinity contributes to the upward trend along the
southern pathway. It is worth noting that the trend of the sea
surface salinity was confined in the outcrop region and did
not extend westward. On the other hand, the water masses
subduct north of 20°S and go directly to the tropics through the
interior region in the northern pathway (Figures 9, 10). Decadal
variability of the spiciness anomalies is prominent along this
pathway. The sea surface salinity variability is likely important
for generating the spiciness anomalies on the isopycnals in
this pathway.

An important implication of our study is that a spatial pattern
of low-frequent variability of spiciness anomalies reflects detailed
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ocean circulation on isopycnals. This result means that we can
obtain the information of subsurface ocean circulation only from
temperature and salinity observations without the assumption
of geostrophy. In addition, to investigate a spatial structure of
low-frequent spiciness variability from a numerical model is a
useful benchmark to evaluate simulated subsurface circulation,
such as the connection from the subtropics to the tropics in the
present study.
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