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Abstract Many studies on future climate projection point out that with progressing of global warming,
upper-ocean density stratification will strengthen over this century, and consequently, global-averaged
ocean primary productivity will decrease. Observed long-term changes in the stratification to date, however,
still show large uncertainties of the change itself and its driver. Focusing on the vertical difference in the
emergence of the global warming signals, we used only observational profiles to describe the spatiotemporal
characteristic of long-term trend and variability in the upper-ocean stratification (defined as the density
difference between the surface and 200-m depth). Statistically significant strengthening of the stratification
since the 1960s was detected in ~40% of the global ocean area. The global average increase in the
stratification corresponds to 3.3-6.1% of the mean stratification. The strengthening trends considerably
change depending on the regions and show dominant contribution from the tropical region. In addition to
the well-documented explanation of strengthening stratification, namely the surface intensification of global
warming signal, we found that changes in subsurface temperature and salinity stratification associated with
changes in atmospheric/ocean circulations significantly contribute to the long-term change in the
stratification and setting its regional difference. In midlatitude and high-latitude ocean of the Northern
Hemisphere, the long-term trend exhibits noteworthy seasonality, which shows faster increase trend in the
summer than in the winter. From the detrended time series, interannual variabilities correlated with a
particular climate mode are detected in several ocean regions, suggesting that these variabilities are mainly
driven by associated sea surface temperature variation.

Plain Language Summary In general, upper-ocean stratification (i.e., vertical changes in sea
water density) serves as a barrier between relatively warm and nutrient-depleted surface water and
relatively cool and nutrient-rich subsurface water. As a consequence of global warming, globally averaged
upper-ocean thermal stratification is thought to be enhanced due to the surface intensification of the
warming signal. Strengthened stratification will have a large impact on oceanic biological activity through
changes in light availability and vertical nutrient supply to the upper-ocean phytoplankton community.
Because investigations of the change in stratification are limited in ocean regions and have employed
relatively short-term observational data, large uncertainties remain. In this study we investigated the changes
in stratification with as great a spatial and temporal coverage as possible, using only historically collected
profile data. We found strengthened stratification in the large part of the global ocean with large spatial
heterogeneity. Changes in the vertical structure of salinity and subsurface temperature contribute to the
changes in density stratification, in addition to the surface intensification of the global warming signal.

1. Introduction

Upper-ocean stratification plays an important role in the climate system and in many oceanic biogeochem-
ical processes. The strength of near-surface density stratification controls the intensity of vertical mixing
(Cronin et al., 2013; Qiu et al., 2004), which in turn affects the development of the surface mixed layer
(ML) and the entrainment process at the base of the ML. The ML depth directly modulates the oceanic
response to atmospheric forcing and the ocean ventilation process that involves the subduction of water
masses into the ocean interior, accompanied by heat, carbon, and oxygen. The upper-ocean stratification
can also have a direct impact on biogeochemistry by regulating components of the upper-ocean environment
crucial for biological productivity, such as light availability for photosynthesis and nutrient supply from the
subsurface ocean.
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As a consequence of the global warming that has already occurred, globally averaged upper-ocean
thermal stratification has been enhanced due to the surface intensification of the warming signal
(Rhein et al., 2013). In addition, many studies on future climate projection using climate models in the
Coupled Model Intercomparison Project (CMIP) phases 3 and 5 point out that upper-ocean stratification
will strengthen in this century (e.g., Cabré et al., 2015; Capotondi et al., 2012; Fu et al., 2016; Moore
et al., 2018).

While the strengthened stratification may produce better light availability for the phytoplankton commu-
nity, it will also prevent vertical nutrient supply to the euphotic zone (Doney, 2006). Long-term observa-
tional studies in the North Pacific/Atlantic using repeat hydrographic cruise data and/or ocean station
data have reported both decreases and increase in biological productivity, partly due to change in the
upper-ocean stratification (Chiba et al., 2004; Corno et al., 2007; Wallhead et al., 2014; Watanabe et al.,
2005). In the context of the future projection, CMIP5 projections suggest that the global average of oceanic
primary production will decrease, but there are still large uncertainties due to the range of projected changes
in the upper-ocean stratification (Fu et al., 2016). Quantifying the change in the strength of the upper-ocean
stratification is necessary not only for understanding the ocean response to the radiative forcing that causes
global warming but also for assessing accurately the impacts on biological processes.

Although the global change in the upper-ocean heat content is elaborately measured and carefully
assessed by many previous studies, vertical differences of the warming signal are less described.
Observational evidence of both increasing and decreasing long-term changes in the upper-ocean stratifi-
cation to date has only been determined for few individual ocean regions (Dave & Lozier, 2013; Somavilla
et al., 2017) or for the global average on the Intergovernmental Panel on Climate Change Fifth
Assessment Report (IPCC ARS: Levitus et al., 2009; Rhein et al., 2013). The strengthening of the stratifi-
cation that has been estimated from globally averaged temperature field may not occur homogeneously,
as the results of CMIP projection studies indicate spatially nonuniform changes in the stratification
(Cabré et al., 2015; Capotondi et al., 2012).

Indeed, Somavilla et al. (2017) reported that the stratification north of Hawaii decreased with a large ampli-
tude of decadal variability from the 1990s, although the sea surface temperature (SST) increased. A recent
investigation over large areas of the low- latitude and midlatitude Pacific oceans using profile data from
1997 to 2010 also reported a trend of decreasing stratification (Dave & Lozier, 2013). In addition to the spatial
heterogeneity of the long-term trend in the stratification, these results also suggest that the simplest relation,
namely that ocean warming is intensified near the surface and will result in increases in the local
stratification, does not always hold in all ocean regions and there are some other drivers of the change
in stratification.

In the present study, we focused on the vertical structure of the change in the ocean temperature and sali-
nity, that is, the change in the density stratification. The purpose of this study is to describe the long-term
change in the global upper-ocean stratification and evaluate the impact of the global warming on the strati-
fication at this present time, using as many available raw historical observational profiles as possible. We
also aim to detect the interannual/decadal variability in the upper-ocean stratification in individual ocean
regions from the long-term time series. The remainder of this paper is organized as follows. The data set
and processing methods are explained in section 2. In section 3, we describe long-term trends in the
upper-ocean stratification, its vertical structure, its seasonality, and contributions of thermal and/or haline
stratification to these trends. The relationships between interannual to decadal variability of the stratifica-
tion and climate mode in individual ocean regions are investigated in section 4. We finally summarize
obtained results and discuss their implications in section 5.

2. Data and Methods

We use historical in situ observed temperature (T) and salinity (S) profiles archived in the World Ocean
Database 2013 (WOD13; Boyer et al., 2013) for 1960-2017. In all analytical procedures, profiles identified
by WOD quality control (QC) procedures as “Accepted value” (passed through value range, density inver-
sion, and gradient check) over a whole profile are used to guarantee the data quality for detecting the
long-term change. This gave us about 3.4 million profiles in total from six observational platforms (Figure 1).
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Figure 1. (a-f) Spatial distribution of T/S profiles used in this study and (g) temporal change of the number (bars; left axis) and the mean vertical resolution (black
curve; right axis) of the profiles. The coloring follows the WOD13 data set categories: Ocean Station Data (OSD, brown, including low-resolution CTD/XCTD data),
Conductivity-Temperature-Depth data (CTD, red, including high-resolution XCTD data), Undulating Oceanographic Recorder data (UOR, yellow), Profiling
Float data (PFL, gray), Moored Buoy data (MBR, green), and Glider data (GLD, blue). The vertical resolution is defined as the number of observation layers in each
profile from the surface to 200-m depth. “Number of layers = 100” in (g) means there are 100 observations from the surface to 200-m depth in a profile, and thus, the
vertical resolution of the profile is approximately 2 m.

To quantify the strength of the upper-ocean stratification, we use here a metric defined as the potential den-
sity difference between the surface and 200-m depth (Ap200). This simple indicator is not necessarily opti-
mal for representing detailed characteristics of the upper-ocean stratification, which consists of mostly
homogeneous density in surface ML and the density change below the ML (Somavilla et al., 2017).
However, as it has been widely used in both model and observational studies, it allows us to compare our
results with those of previous studies, to assess their reliability. Moreover, the simplicity of Ap200 helps to
avoid influences of the changes in observational instrument and its vertical resolution (cf. Figure 1g) in ana-
lytical procedures of this study. We have checked that the results were qualitatively unchanged if the choices
of the lower depth were alternated by 150- and 250-m depth. Also, the vertical difference of the long-term
changes in the density field is discussed also in section 3.2.

All T/S profiles are linearly interpolated onto the surface (assigned at 10-m depth) and 200-m depth, and
then the potential density and stratification (Ap200) are calculated from individual profiles. To further con-
trol data quality, in addition to the WOD13 QC procedure for original T/S profiles, we exclude individual
Ap200 values that depart from the monthly mean value by three standard deviations in each 1° (latitude)
% 1° (longitude) grid cell. Monthly climatology is obtained by averaging the quality-controlled Ap200 values
in each 1° (latitude) x 1° (longitude) grid cell (Figure 2a).

Using a linearized equation of state, we also evaluate the contributions of thermal stratification anomaly
(Ap7200") and haline stratification anomaly (Aps200’) to the density stratification anomaly (Ap200’), as
follows:
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Figure 2. (a) The annual mean of the monthly climatology of Ap200 and contributions of (b) thermal and (c) haline stra-
tification to the annual mean density stratification. These contributions are computed using mean thermal expansion and
haline contraction coefficients of the surface and 200-m depth.

Ap200'~Ap;200' 4+ Apg200',

where

Apr200" = (“7‘2P2 le) - (‘0‘1P1 T/1> )

and

APSZOO/ = (52P25/2> - (51;015/1>7 1)

where the subscript “1” and “2” stand for surface and 200-m depth value, respectively, and, a and j are the
thermal expansion and haline contraction coefficients of seawater, respectively. Note that the discrepancy
between Ap200” and the sum of Ap7200 and Aps200’ is very small in the T/S and pressure ranges of this ana-
lytical procedures, so that equation (1) provides good estimates of T/S contributions (cf. Figures 2 and 4a—-4c).

In general, there is the predominant seasonal cycle in the upper ocean forced by the marked seasonality in
the heat/freshwater exchange with the atmosphere driving the increase/decrease in the density stratifica-
tion, as well as their control in the extent of vertical mixing, especially in midlatitude and high-latitude
regions. To avoid artificial trend and variability due to seasonal sampling bias, all long-term trends in this
study are computed using anomalies from the monthly climatology. We calculated density stratification
anomalies (Ap200’) by subtracting 1° X 1° gridded monthly climatology of nearest grid point from individual
Ap200 values. Then, to remove mesoscale or smaller-scale signals, these anomalies are yearly averaged over
5° (latitude) x 10° (longitude) (hereafter, called annual anomaly). Long-term trends in each grid cell are cal-
culated from the annual anomalies using a least-squares fit. We assessed the statistical significance using a
Mann-Kendall rank statistic for linear trends and using Student's ¢ test for correlation coefficients of region-
ally averaged time series, with estimates of the degree of freedom based on the zero-crossing
correlation timescale.
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Figure 3. Distribution of upper-ocean stratification (Ap200, defined here as the potential density difference between at the surface and 200-m depth) trends calcu-
lated for different starting years of (a) 1960s, (b) 1970s, (c) 1980s, (d) 1990s, (e) 2000s, and (f) 2010s. Gray shaded cells are the regions where the trend cannot be
estimated because of no data during the stating decade. The “+” symbols indicate statistically significant trends exceeding the 90% confidence level.

To investigate the relationship between the interannual variability of the stratification and climate mode in
individual ocean regions, we used the Nifo 3.4 index (Trenberth, 1997; https://www.esrl.noaa.gov/psd/data/
correlation/nina34.data), the Pacific Decadal Oscillation (PDO) index (Mantua et al., 1997; http://research.
jisao.washington.edu/pdo/PDO.latest.txt), and the North Atlantic Oscillation (NAO) index (Hurrell,
2003; https://climatedataguide.ucar.edu/sites/default/files/nao_station_annual.txt).

3. Changes in Upper-Ocean Stratification

3.1. Long-Term Change in the Annual Mean Stratification

Linear trends of upper-ocean density stratification (Ap200) estimated from the annual anomalies with differ-
ent starting years of the trend calculation are shown in Figure 3. In the results with relatively long analytical
periods, statistically significant strengthening of stratification is detected in many regions of the global ocean
(Figures 3a and 3b). The spatial pattern and the values of the trends calculated with different starting years
converge to those calculated since the 1960s as the analytical period becomes longer. Remarkably, this spa-
tial distribution (Figure 3a) is similar to that of future projections obtained by CMIP3 models (Capotondi
et al., 2012, their Figure 15) and CMIP5 models (Cabré et al., 2015, their Figure 1), which can be thought
of as the oceanic response to the radiative forcing that causes global warming. These suggest that we could
capture the oceanic response to the radiative forcing associated with global warming that proceeded.

As shown by previous study using shorter-term observational data (Dave & Lozier, 2013; Somavilla et al.,
2017), the trends since the 1990s, 2000s, and 2010s are statistically significant to a lesser extent for both
strengthening and weakening (in some places) This is likely because of the prevailing long-term variability
on decadal and/or interannual timescales. Hereafter, we use the trend calculated since the 1960s to discuss
the long-term change in the stratification.

In Figure 4, we show the spatial distribution of the long-term change in the upper-ocean density stratification
since the 1960s and its decompositions to the contribution of 7/S changes. Figure 4a (same as Fig. 3a) indi-
cates that the long-term change in the upper-ocean stratification is highly spatially nonuniform. The stron-
gest trends in the density stratification occur in the tropical Pacific-Indian warm pool region. Statistically
significant trends are also detected in the eastern tropical Pacific, subarctic and along the eastern boundary
of the North Pacific, and from the equator to the subtropical North Atlantic. The density stratification trends
are relatively weak and less statistically significant south of 30°S. Although the trend is positive
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Figure 4. (a) Distribution of upper-ocean stratification trends computed since the 1960s (same as Figure 3a). (b, ¢) Distribution of the trend in the contribution of
thermal and haline stratification obtained by decomposition of the density stratification trends. Surface (10 m) and subsurface (200 m) trends are shown for the
density changes (d, g), for the density changes due to temperature changes (e, h), and for the density changes due to salinity changes (f, i). Climatological mean
fields are shown by black contours for sea surface salinity (f), the potential density at 200 m (g), the temperature at 200 m (h), and salinity at 200 m (i). Gray shaded
cells are the regions where the trend cannot be estimated because of no data during the stating decade. The “+” symbols indicate statistically significant trends
exceeding the 90% confidence level.

(strengthening) in the ~80% of the global ocean area, the statistically significant trends accounts for only 40%
of the ocean where the trends are able to be estimated, and 50% of them concentrate in the tropical
region (20°S-20°N).

Decomposing the density stratification into thermal and haline stratification components using equation (1),
we estimated the contributions of the changes in thermal and haline stratification to trends in the density
stratification (Figures 4a-4c). The thermal stratification trends contribute most to the density stratification
trends; that is, the spatial distribution of the density stratification trend is caused mainly by changes in
the vertical thermal structure. Conversely, salinity stratification trends show contributions to the density
stratification trend comparable to that of the thermal stratification trends only in regions where there are
significant salinity components of the density stratification in the climatological field (Figure 2), such as
the subarctic North Pacific, the tropical Pacific-Indian warm pool region, and the Southern Ocean near
Antarctica. The salinity stratification changes also contribute to a reduction in the density stratification in
the South Atlantic and the subtropical North and South Pacific.

In accordance with the definition of density stratification, thermal and haline stratification components can
be further decomposed into density trends due to changes in temperature and salinity at the 10 and 200-m
depth (Figures 4d-4i). Relatively spatially uniform negative surface density trends caused by SST warming
contribute to the strengthening of density stratification (Figure 4e). The spatial pattern corresponds well
with the SST warming since the 1960s, which shows weaker warming in the central North Pacific (around
40°N) and Southern Ocean (Armour et al., 2016; Huang et al., 2019).

Strong positive density trends due to subsurface cooling also contribute to the strengthening of density stra-
tification in the western tropical Pacific and the equatorial-side margins of the Pacific subtropical gyre
(Figure 4h). Since the subsurface cooling trends are located around the western part of the tropical
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Figure 5. (Left) Relative contributions of sea surface density (0(10)) and subsurface density (0(200)) changes to upper-
ocean stratification (Ap200) trends since the 1960s. Each dot corresponds a 5° (lat.) x 10° (lon.) grid cell in Figure 4a.
The numbers in the rectangle (in parenthesis) indicate the percentages of the sum of the cell areas corresponding to the
points included in the quadrant (half of quadrant) to the global ocean. (Right) Spatial distribution of the subsurface
contribution to the change in Ap200. Regions are colored depending on the difference in the contribution of p(200) change
and the resultant change in Ap200.

Pacific, it is suggested that the equatorial part of the subsurface cooling is associated with weakening of the
Walker circulation from the mid-twentieth century (Tokinaga et al., 2012). In climatological equatorial
Pacific, since the easterlies pile up warm water in the western part, the equatorial thermocline located at
upper depth than 200 m has east-west gradient that is deeper (shallower) in the western (eastern) part.
The weakening of the easterlies in the tropical Pacific flattens the east-west gradient of the equatorial
thermocline and results in subsurface cooling (warming) anomalies in the western (eastern) part of the
equatorial Pacific. These subsurface anomalies, therefore, contribute to strengthen (weaken) the density
stratification in the western (eastern) equatorial Pacific.

Subsurface temperature warming trends stand out especially within the subtropical gyres of each basin
(Figure 4h). The subsurface decrease in density due to temperature warming contributes to partially com-
pensate the strengthening density stratification caused by surface warming (Figures 4b, 4e, and 4h). In
general, the subsurface water within the subtropical gyre has its origin in a subduction process in which
the water mass formed in the winter surface mixed layer and spreads across the gyre (Luyten et al., 1983;
Suga et al., 2004). The subducted water masses enhance warming of subsurface water by carrying the
strong surface warming signals occurring in western boundary current regions into the subsurface
(Sugimoto et al., 2017). In the subtropical North Pacific/Atlantic, the southern Indian Ocean, and the
South Pacific, the strengthening of density stratification by surface warming is mitigated by comparable
subsurface warming.

To understand the relative importance, we show, in Figure 5, the relationships between the contributions of
sea surface density and subsurface density changes to upper-ocean stratification changes. In 55% of the glo-
bal ocean area, subsurface warming mitigates (47.7%) or reverses (7.8%) the strengthening of density strati-
fication by surface warming (third quadrant in Figure 5, left). Conversely, in 25.7% of the global ocean area,
an increase in subsurface density accelerates the strengthening of density stratification due to subsurface
cooling and/or salinification, complicating the traditional attribution of increased density stratification to
surface warming (second, third, and fourth half of quadrant in Figure 5, left). The enhanced strengthening
of the density stratification by increase in subsurface density occurs mainly in the tropical Pacific and Indian
Ocean (Figure 5, right).

The trend field of the sea surface salinity (SSS) component shows systematic spatial distribution of its con-
tributions to the change in surface density (Figure 4f). Negative surface density trends caused by decreased
salinity occur in the subarctic North Pacific, the tropical warm pool region, and the Southern Ocean. Positive
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Figure 6. (Upper map) Definition of ocean regions used to calculate the regional trends and area-averaged annual mean Ap200 climatology (kg/ m3). The blue rec-
tangle in the North Pacific is used to divide the region into the two poles of the PDO SST variability (see text and Figure 9a). (Lower panels) Regionally
averaged yearly time series of Ap200 anomaly with the value of the linear trend (kg/m3/decade) and its standard error. Trend value superposed by ** (*) indicates
statistically significant trend exceeding the 99 (95)% confidence level.

trends due to salinification of SSS occur in the subtropical North and South Pacific and the tropical and
subtropical Atlantic. These trends are consistent with the reported tendency of near-surface salinity
change associated with intensification of the global water cycle, which is characterized by SSS
salinification (freshening) in regions of net evaporation (precipitation; Durack & Wijffels, 2010; Hosoda
et al., 2009).

Subsurface salinity components of density change show systematic significant negative trends in the western
part of the North Pacific, equatorial-side margins of the Pacific subtropical gyre, and large part of the
Southern Ocean and show positive trends in the tropical and subtropical Atlantic (Figure 4i). At the
equatorial-side margins of the Pacific subtropical gyre, as the freshening trends are accompanied by subsur-
face cooling trends (Figure 4h), these are thought to be associated with the poleward displacement of the
mean meridional temperature and salinity structures (Levitus et al., 2009; Rhein et al., 2013). The subsurface
freshening trends in the western part of the North Pacific subtropical gyre and salinification trends in the
tropical and subtropical Atlantic are consistent with recently reported freshening of the North Pacific
Subtropical Mode Water (Oka et al., 2017) and salinification signals associated with the changes in SSS
(Durack & Wijffels, 2010), respectively.
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Figure 7. Vertical structure of the long-term change in potential density (gray bars) since the 1960s and the contributions from temperature (orange bars) and sali-
nity (blue bars) changes in the nine ocean regions. The error bars indicate the standard errors of the trend. Trends at each depth are computed by same QC and
analytical procedures as the case of Ap200. Noted that the trend in the Arctic Ocean is computed since 1979.

3.2. Regional Trend and Its Vertical Structure

To discuss regional and vertical differences in the characteristic of the long-term trend, we computed regio-
nal trends for nine ocean regions. Figure 6 shows the regional trends in density stratification estimated from
the time series of annual Ap200 anomaly averaged over individual ocean regions without spatial interpola-
tion; that is, using only grid cells where data exist for regional averaging (missing grid cells are neglected). In
calculating the time series, we only used years when the spatial data coverage exceeds 20% of the total area of
each ocean region. We also checked following results are qualitatively unchanged if the criteria were altered
from 1% to 30%. Although there are few missing years in the regional time series (Figure 6), the number of
available year (N) exceeds the 80% of the analytical periods (i.e., 46 years out of 58 years), except for the
Arctic Ocean.

As expected from the results in Figure 3a, significant strengthening of the upper-ocean stratification has con-
tinued since the 1960s in all ocean regions, except in the Arctic Ocean where the regional trend estimated
since 1979 is statistically insignificant. Global-averaged strengthening trend estimated by area-weighted
averaging of the regional trends is 0.0191 kg/m>/decade. Therefore, the global upper-ocean density stratifi-
cation increased by ~0.11 kg/m?> over these 58 years. This increase corresponds to ~6.1% of the climatological
annual mean stratification (1.82 kg/m?). In each region, the largest and dominant change occurs in the tro-
pical Pacific, at a rate of 0.0454 kg/m>/decade, followed by the Indian Ocean. The globally averaged trend
decreases by 37% to 0.0120 kg/m3/decade when the tropical Pacific is excluded and by 58% to 0.0081
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Figure 8. (a) The month of annual maximum upper-ocean density stratification (Ap200) at each grid point determined
from the monthly climatology. (b, c) Seasonal mean of the monthly climatology of Ap200. Season I is defined on each grid
points as three consecutive months centered on the month of maximum density stratification and Season III indicates a
half year after the Season 1.

kg/m>/decade when all tropical regions (the tropical Pacific/Atlantic and the Indian Ocean) are not
considered, indicating the dominance of tropical regions in global trends as shown in Figure 3a.

In Figure 7, we show the vertical structures of the change in the density and the contributions from tempera-
ture and salinity changes in individual ocean regions. The large rate of strengthening of density stratification
in the Tropical Pacific and Indian Ocean are attributed to extremely small or slightly positive changes in the
subsurface density, in addition to strong surface warming. Conversely, in the North/South Pacific and North
Atlantic, as the surface warming signals substantially penetrate to the subsurface, the strengthening trend of
the upper-ocean stratification is reduced. Therefore, the subsurface response to forcing associated with glo-
bal warming is also significantly important for setting regional stratification change.

Contributions from salinity changes are not negligible. Although the sign of the trend in density change fol-
lows the trend in temperature in most of the ocean regions and depths, the magnitudes of the long-term den-
sity change cannot be explained without components of salinity change, especially in the Atlantic and Arctic
Ocean. In the Southern Ocean, the long-term change in density due to salinity change is larger than that due
to the warming near the surface.

3.3. Seasonality of the Long-Term Trend

The upper-ocean state drastically changes with season, and the seasonality is crucial for regulating not only
its physical conditions but also biogeochemical activities. In this section, we examine the seasonality of the
long-term trend in the density stratification. To take account of the seasonal variability of the upper ocean,
we attempt to estimate the long-term trends from the yearly time series of seasonally averaged Ap200
anomalies. Here the seasons are defined using the maximum density stratification at each grid points. We
determined the month of annual maximum of Ap200 at each grid points from the monthly climatology
(Figure 8a). And then, we defined “Season I” on each grid points as three consecutive months centered on
the month of annual maximum of Ap200. Seasons II, III, and IV are defined as the consecutive 3-month
groupings following season I.

Because the number of available data for computing regional yearly time series of each season-averaged
Ap200 anomalies is inevitably smaller than that of annual average Ap200 anomalies, ocean regions where
the trends are able to be estimated based on the same criteria as the case of annual mean time series are
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Figure 9. Regional trends estimated from seasonally averaged Ap200 anomalies

in the tropical Pacific (TP), the tropical Atlantic (TA), the North Pacific (NP),

and the North Atlantic (NA). Filled symbols indicate statistically significant trend
exceeding the 99% confidence level and error bars show the standard errors of the

trend.

subduction. Therefore, the variability in density stratification
induced by the SST changes could be smaller in these regions
because the anomalous SST signals can be carried well below the
surface by subduction and thus the subsurface water also has the
same signal as the surface. Indeed, Ap200 time series averaged over
the region of warm SST in positive NAO does not show statistically
significant positive correlation, while the region north of 40°N has
significant simultaneous negative correlation with the NAO index
(data not shown).

Note also that the correlation between variation in the density strati-
fication and NAO reaches its maximum with a NAO lead of 2 years.
This feature supports the explanation of SST-driven stratification
variability because cool SST anomalies induced by positive NAO
extend over the wider region of the North Atlantic with a 2-year lag
(Visbeck et al., 2003). Therefore, it is suggested that the lagged nega-
tive correlation of the density stratification in the North Atlantic with
the NAO is largely explained by its SST variability.

Interannual variability in the upper-ocean stratification in the tropi-
cal Atlantic is also strongly affected by SST variability induced by
the NAO. Its time series of Ap200 shows statistically significant
simultaneous negative correlation with NAO index. It is consistent
with the third pole of NAO SST variability, which is the cooler (war-
mer) SST south of 20°N during positive (negative) NAO.

Averaged time series over the whole of the North Pacific do not

have a statistically significant correlation with the PDO index (data not shown). However, the SST pattern
of the PDO, which shows the prevailing variance on interannual to decadal timescales over the entire
basin, has a spatial pattern of two poles of the opposite sign in the midlatitude region. To examine the
possibility that the opposite signals cancel each other when averaging over a large area, we divide the
North Pacific into two regions corresponding to the two poles of PDO SST variation: one is the southwes-
tern North Pacific and the other includes the northern North Pacific and the region along the North
American coast (Figure 6, upper map), following Newman et al. (2016). We then find a significant posi-
tive correlation in the northern and eastern regions and significant negative correlation in the

Trend [kg/m®/decade]
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Figure 10. Seasonality of the long-term trend in the upper-ocean density since the 1960s in the North Pacific and North
Atlantic. Red and blue lines with error bars indicate density trends and its standard error at individual depths calculated
from each season-averaged density anomalies. The warm (cool) season is defined as five consecutive months centered
on the Season I (Season III). Gray bars are density trend estimated from annual mean anomalies (same as Figure 7).
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Figure 11. Detrended and normalized time series of the annual mean anomaly of the upper-ocean density stratification
(Ap200) and climate mode indices for the North Pacific (a), the North Atlantic (b), tropical Pacific (c), and tropical
Atlantic (d). Only the NAO index in (b) is shown with a lead of 2 years.

southwestern regions covering the subtropical gyre (Figure 11a). These relationships are qualitatively con-
sistent with cooler SSTs associated with stronger westerly winds in the southwestern region and relatively
warmer SSTs in the northern and eastern region for a positive PDO phase, and vice versa. The correlation
coefficients, however, are relatively small especially in the southwestern region (R = —0.43), although it is
statistically significant. This suggests that subsurface variability is also an important factor on the inter-
annual variation of the stratification.

In this study, we could not analyze the variability in stratification and its relationship to the climate mode in
oceans of the Southern Hemisphere and polar regions because the observational data were not able to
resolve the year-to-year variability over long periods. Regionally averaged time series over the Indian
Ocean show no correlation with both Indian Ocean Dipole Mode index (Saji et al., 1999) and Nifio 3.4 index,
although these correlations are estimated from time series with a few gaps (cf. Figure 6).

5. Summary and Discussion

We investigated the long-term trends and variability in upper-ocean stratification since the 1960s only using
observational profiles. We detect that the statistically significant strengthening of the upper-ocean density
stratification in the ~40% are of the global ocean, defined as the potential density difference between the sur-
face and 200-m depth (Ap200). The half of this significant strengthening concentrates in the tropical region,
and the spatial distribution of this strengthening is similar to the future projections by CMIP3 and 5 climate
models (Cabré et al., 2015; Capotondi et al., 2012). In the global average, the strengthening over these 58
years corresponds to an increase of 6.1% of the climatological mean stratification, including the dominant
contribution from tropical regions to the global trends.

This result appears to be larger than the estimate of ~4% increase in density stratification from 1971 to 2010
provided by the IPCC AR5 (Levitus et al., 2009; Rhein et al., 2013). Although there are some subtle differ-
ences in the two analyses, such as the periods and areal coverage, the main cause of the discrepancy seems
to be whether the anomalies are spatially interpolated. Generally, widely used objective interpolation meth-
ods tend to attenuate anomalies, especially where data are relatively sparse, such as for the 1960s/1970s and
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in the Southern Hemisphere. Spatial interpolation is not used in this study, so the present estimates may
represent the upper limit of the range that includes the true value. Indeed, the same analysis with the
assumption that grid cells of missing data have zero anomalies showed a smaller increase in global density
stratification (~3.3%).

In addition, it should be noted that in regions where the seasonal cycle cannot be resolved, estimated annual
trends tend to be based on the data taken during the Season I and thus the long-term trends shown in
Figures 3a and 6 could be biased to the summertime trends. Indeed, such tendency that the annual trend
is similar to the trend of Season I is shown in some of ocean regions outside the tropical region (South
Atlantic and Southern Ocean in Table 1 and Figure 6). Assuming a seasonal behavior similar to the remain-
ing ocean regions outside the tropics (North Pacific/Atlantic; cf. Figure 9), the wintertime trends would be
smaller, and thus, estimated annual trend in regions where the seasonal cycle cannot be resolved in this
study also could be smaller.

Regional stratification trends are spatially nonuniform, but mostly everywhere positive (~80% of the global
ocean area) although half of them are not significant. In addition to the well-known contribution of warming
SST to strengthening the density stratification, subsurface cooling due to weakening of the Walker circula-
tion also contributes to the strengthening in the tropical warm pool region, while the strengthening is miti-
gated by enhanced subsurface warming inside of the subtropical gyre. Moreover, the haline stratification
changes due to the intensification of the global water cycle and changes in ocean circulation also have sig-
nificant impacts on the changes in density stratification. It is revealed, therefore, that subsurface changes in
temperature and salinity are also important for the estimation of the trends itself and explaining how its
regional difference set.

In the midlatitude and high-latitude Northern Hemisphere ocean and the tropics of the Pacific and Atlantic,
seasonality of the long-term trend in the density stratification is observed. The strengthening trend in the
midlatitude and high-latitude ocean is larger in the warm season than in the cool season, resulting from lar-
ger density anomaly near the surface due to thinner ML of the warm season. Although the strengthening
trend itself is smaller in the cool season, the impact of this observed stratification change on winter mixing
and thus ocean ventilation, nutrient replenishment, and biological productivity still could be significant
because of its weak climatological mean stratification. Considering the climatological mean stratification
in the Season III (North Pacific: 0.91 kg/m?; North Atlantic: 0.42 kg/m®), wintertime increases in density
stratification over these 58 years correspond to 9.2 + 1.8% and 7.6 + 2.5% of the climatological mean strati-
fication in the North Pacific and the North Atlantic, respectively.

In individual ocean regions, the variabilities in stratification associated with a particular climate mode are
found from the detrended time series. The regionally averaged variability indicates a positive correlation
with the Nifio 3.4 index in the tropical Pacific, a negative lagged correlation with the NAO index in the
North Atlantic, and correspondence with SST variations related to the PDO and NAO in the North Pacific
and tropical Atlantic, respectively. As the climate modes are closely related to variability in large-scale
atmospheric circulation, oceanic circulation, and biogeochemical processes (Mantua et al.,, 1997;
Martinez et al., 2016), these significant correlations shown in this study suggest the possibility that the
variability in density stratification is a key factor to explain the mechanism of the impact of large-scale
atmospheric changes on biogeochemical processes, as suggested by Behrenfeld et al. (2006).

The use of the simplest metric representing stratification in this study may have limited our ability to con-
duct more quantitative analysis. As mentioned above, Ap200 does not have information about the detail
of water column structure such as the ML depth, which is an important factor in air-sea interaction and
biogeochemical processes. Although this study can provide the reference of the global change in the
upper-ocean stratification to date, the results are no more than one descriptive aspect of the long-term
change. Further studies are needed to assess the impact of detected stratification change to ocean ventila-
tion and biogeochemical process with the use of more appropriate metrics such as the potential energy of
water column (Burchard & Hofmeister, 2008; Yamaguchi et al., 2019). In order to do that, globally
expanded and long-term sustained vertical profile observation of both physical and biogeochemical para-
meter is essential. With the development of the Biogeochemical Argo observation network, we hope that
future investigations will advance our understanding of physical-biogeochemical interactions in the
upper ocean.

YAMAGUCHI AND SUGA

8946



~1
AGU

100

ADVANCING EARTH
'AND SPACESCIENCE

Journal of Geophysical Research: Oceans

10.1029/2019JC015439

Acknowledgments

The authors thank the members of the
Physical Oceanography Group at
Tohoku University and the participants
of Otsuchi Symposium 2018 at the
International Coastal Research Center,
the University of Tokyo for useful
comments and discussions. Also, we
would like to express our appreciation
to two anonymous reviewers for giving
many constructive comments. This
work was financially supported
through JSPS grant 17J02314. T. S. is
financially supported by JSPS through
grants 16H04046 and 15H02129. This
work also was partly supported by
activity of the Core Research Cluster of
Disaster Science in Tohoku University
(a Designated National University). The
processed data used to estimate long-
term trends and variability in this study
are publicly available at https://doi.org/
10.5281/zenodo.3466122.

References

Armour, K. C., Marshall, J., Scott, J., Donohoe, A., & Newsom, E. R. (2016). Southern Ocean warming delayed by circumpolar upwelling
and equatorward transport. Nature Geoscience, 9, 549-554. https://doi.org/10.1038/nge02731

Behrenfeld, M. J., O'Malley, R. T, Siegel, D. A., McClain, C. R., Sarmiento, J. L., Feldman, G. C., et al. (2006). Climate-driven trends in
contemporary ocean productivity. Nature, 444, 752-755. https://doi.org/10.1038/nature05317

Boyer, T. P., Antonov, J. I., Baranova, O. K., Coleman, C., Garcia, H. E., Grodsky, A., et al. (2013). World Ocean Database 2013. In S. Levitus
& A. Mishonov (Eds.), NOAA Atlas NESDIS (Vol. 72, p. 209). Silver Springs, MD. https://doi.org/10.7289/V5NZ85MT

Burchard, H., & Hofmeister, R. (2008). A dynamic equation for the potential energy anomaly for analysing mixing and stratification in
estuaries and coastal seas. Estuarine, Coastal and Shelf Science, 77, 679-687. https://doi.org/10.1016/j.ecss.2007.10.025

Cabré, A., Marinov, 1., & Leung, S. (2015). Consistent global responses of marine ecosystems to future climate change across the IPCC AR5
Earth system models. Climate Dynamics, 45, 1253-1280. https://doi.org/10.1007/s00382-014-2374-3

Capotondi, A., Alexander, M. A., Bond, N. A., Curchitser, E. N., & Scott, J. D. (2012). Enhanced upper ocean stratification with climate
change in the CMIP3 models. Journal of Geophysical Research, 117, C04031. https://doi.org/10.1029/2011JC007409

Chiba, S., Ono, T., Tadokoro, K., Midorikawa, T., & Saino, T. (2004). Increased stratification and decreased lower trophic level productivity
in the Oyashio region of the North Pacific: A 30-year retrospective study. Journal of Oceanography, 60, 149-162. https://doi.org/10.1023/
B:JOCE.0000038324.14054.cf

Corno, G., Karl, D. M., Church, M. J, Letelier, R. M., Lukas, R., Bidigare, R. R., & Abbott, M. R. (2007). Impact of climate forcing on eco-
system processes in the North Pacific subtropical gyre. Journal of Geophysical Research, 112, C04021. https://doi.org/10.1029/
2006JC003730

Cronin, M. F., Bond, N. A, Farrar, J. T., Ichikawa, H., Jayne, S. R., Kawai, Y., et al. (2013). Formation and erosion of the seasonal
thermocline in the Kuroshio Extension recirculation gyre. Deep Sea Research, Part II, 85, 62-74. https://doi.org/10.1016/j.
dsr2.2012.07.018

Dave, A. C., & Lozier, M. S. (2013). Examining the global record of interannual variability in stratification and marine productivity in the
low-latitude and mid-latitude ocean. Journal of Geophysical Research: Oceans, 118, 3114-3127. https://doi.org/10.1002/jgrc.20224

Doney, S. C. (2006). Plankton in a warmer world. Nature, 444, 695-696. https://doi.org/10.1038/444695a

Durack, P. I., & Wijffels, S. E. (2010). Fifty-year trends in global ocean salinities and their relationship to broad-scale warming. Journal of
Climate, 23, 4342-4362. https://doi.org/10.1175/2010JCLI3377.1

Fu, W., Randerson, J. T., & Moore, J. K. (2016). Climate change impacts on net primary production (NPP) and export production (EP)
regulated by increasing stratification and phytoplankton community structure in the CMIP5 models. Biogeosciences, 13, 5151-5170.
https://doi.org/10.5194/bg-13-5151-2016

Hosoda, S., Suga, T., Shikama, N., & Mizuno, K. (2009). Global surface layer salinity change detected by Argo and its implication for
hydrological cycle intensification. Journal of Oceanography, 65, 579-586. https://doi.org/10.1007/s10872-009-0049-1

Huang, Y., Li, T., & Wu, B. (2019). Why SST trend in North Pacific is peculiarly negative against warming trend elsewhere since 1958.
Climate Dynamics, 52, 4447-4461. https://doi.org/10.1007/s00382-018-4389-7

Hurrell, J. W. (2003). NAO Index data provided by the Climate Analysis Section, NCAR, Boulder, USA, Updated regularly. Accessed 20
August 2018 [Annual North Atlantic Oscillation Index (Station-based)].

Levitus, S., Antonov, J. I, Boyer, T. P., Locarnini, R. A., Garcia, H. E., & Mishonov, A. V. (2009). Global ocean heat content 1955-2008 in
light of recently revealed instrumentation problems. Geophysical Research Letters, 36, L07608. https://doi.org/10.1029/2008GL037155

Luyten, J. R., Pedlosky, J., & Stommel, H. (1983). The ventilated thermocline. Journal of Physical Oceanography, 13, 292-309. https://doi.
0rg/10.1175/1520-0485(1983)013%3C0292:TVT%3E2.0.CO;2

Mantua, N. J,, Hare, S. R., Zhang, Y., Wallace, J. M., & Francis, R. C. (1997). A Pacific interdecadal climate oscillation with impacts on
salmon production. Bulletin of the American Meteorological Society, 78, 1069-1079. https://doi.org/10.1175/1520-0477(1997)078<1069:
APICOW>2.0.CO;2

Martinez, E., Raitsos, D. E., & Antoine, D. (2016). Warmer, deeper, and greener mixed layers in the North Atlantic subpolar gyre over the
last 50 years. Global Change Biology, 22(2), 604-612. https://doi.org/10.1111/gcb.13100

Moore, J. K., Fu, W., Primeau, F., Britten, G. L., Lindsay, K., Long, M., et al. (2018). Sustained climate warming drives declining marine
biological productivity. Science, 359(6380), 1139-1143. https://doi.org/10.1126/science.aa06379

Newman, M., Alexander, M. A., Ault, T. R., Cobb, K. M., Deser, C., Di Lorenzo, E., et al. (2016). The Pacific Decadal Oscillation, revisited.
Journal of Climate, 29, 4399-4427. https://doi.org/10.1175/JCLI-D-15-0508.1

Oka, E., Katsura, S., Inoue, H., Kojima, A., Kitamoto, M., Nakano, T., & Suga, T. (2017). Long-term change and variation of salinity in the
western North Pacific subtropical gyre revealed by 50-year long observations along 137°E. Journal of Oceanography, 73(4), 479-490.
https://doi.org/10.1007/510872-017-0416-2

Qiu, B., Chen, S., & Hacker, P. (2004). Synoptic-scale air-sea flux forcing in the western North Pacific: Observations and their impact on
SST and the mixed layer. Journal of Physical Oceanography, 34, 2148-2159. https://doi.org/10.1175/1520-0485(2004)034<2148:
SAFFIT>2.0.CO;2

Rhein, M., Rintoul, S. R., Aoki, S., Campos, E., Chambers, D., Feely, R. A., et al. (2013). Observations: Ocean. In T. F. Stocker, et al. (Eds.),
Climate Change 2013: The Physical Science Basis. Contribution of Working Group I to the Fifth Assessment Report of the Intergovernmental
Panel on Climate Change, Observations: Ocean (Chap. 3). Cambridge, UK and New York, NY, USA: Cambridge University Press.

Saji, N. H., Goswami, B. N., Vinayachandran, P. N., & Yamagata, T. (1999). A dipole mode in the tropical Indian Ocean. Nature, 401(6751),
360-363. https://doi.org/10.1038/43854

Singh, A., Delcroix, T., & Cravatte, S. (2011). Contrasting the flavors of El Nifio and Southern Oscillation using sea surface salinity
observations. Journal of Geophysical Research, 116, C06016. https://doi.org/10.1029/2010JC006862

Somavilla, R., Gonzélez-Pola, C., & Fernandez-Diaz, J. (2017). The warmer the ocean surface, the shallower the mixed layer. How much of
this is true? Journal of Geophysical Research: Oceans, 122, 7698-7716. https://doi.org/10.1002/2017JC013125

Suga, T., Motoki, K., Aoki, Y., & MacDonald, A. M. (2004). The North Pacific climatology of winter mixed layer and mode waters. Journal of
Physical Oceanography, 34, 3-22. https://doi.org/10.1175/1520-0485(2004)034<0003: TNPCOW>2.0.CO;2

Sugimoto, S., Hanawa, K., Watanabe, T., Suga, T., & Xie, S.-P. (2017). Enhanced warming of the subtropical mode water in the North Pacific
and North Atlantic. Nature Climate Change, 7(9), 656-658. https://doi.org/10.1038/nclimate3371

Tokinaga, H., Xie, S.-P., Timmermann, A., McGregor, S., Ogata, T., Kubota, H., & Okumura, Y. M. (2012). Regional patterns of tropical
Indo-Pacific climate change: Evidence of the Walker circulation weakening. Journal of Climate, 25, 1689-1710. https://doi.org/10.1175/
JCLI-D-11-00263.1

YAMAGUCHI AND SUGA

8947


https://doi.org/10.1038/ngeo2731
https://doi.org/10.1038/nature05317
https://doi.org/10.7289/V5NZ85MT
https://doi.org/10.1016/j.ecss.2007.10.025
https://doi.org/10.1007/s00382-014-2374-3
https://doi.org/10.1029/2011JC007409
https://doi.org/10.1023/B:JOCE.0000038324.14054.cf
https://doi.org/10.1023/B:JOCE.0000038324.14054.cf
https://doi.org/10.1029/2006JC003730
https://doi.org/10.1029/2006JC003730
https://doi.org/10.1016/j.dsr2.2012.07.018
https://doi.org/10.1016/j.dsr2.2012.07.018
https://doi.org/10.1002/jgrc.20224
https://doi.org/10.1038/444695a
https://doi.org/10.1175/2010JCLI3377.1
https://doi.org/10.5194/bg-13-5151-2016
https://doi.org/10.1007/s10872-009-0049-1
https://doi.org/10.1007/s00382-018-4389-7
https://doi.org/10.1029/2008GL037155
https://doi.org/10.1175/1520-0485(1983)013%3C0292:TVT%3E2.0.CO;2
https://doi.org/10.1175/1520-0485(1983)013%3C0292:TVT%3E2.0.CO;2
https://doi.org/10.1175/1520-0477(1997)078%3c1069:APICOW%3e2.0.CO;2
https://doi.org/10.1175/1520-0477(1997)078%3c1069:APICOW%3e2.0.CO;2
https://doi.org/10.1111/gcb.13100
https://doi.org/10.1126/science.aao6379
https://doi.org/10.1175/JCLI-D-15-0508.1
https://doi.org/10.1007/s10872-017-0416-2
https://doi.org/10.1175/1520-0485(2004)034%3c2148:SAFFIT%3e2.0.CO;2
https://doi.org/10.1175/1520-0485(2004)034%3c2148:SAFFIT%3e2.0.CO;2
https://doi.org/10.1038/43854
https://doi.org/10.1029/2010JC006862
https://doi.org/10.1002/2017JC013125
https://doi.org/10.1175/1520-0485(2004)034%3c0003:TNPCOW%3e2.0.CO;2
https://doi.org/10.1038/nclimate3371
https://doi.org/10.1175/JCLI-D-11-00263.1
https://doi.org/10.1175/JCLI-D-11-00263.1
https://doi.org/10.5281/zenodo.3466122
https://doi.org/10.5281/zenodo.3466122

~1
AGU

100 Journal of Geophysical Research: Oceans 10.1029/2019JC015439

ADVANCING EARTH
'AND SPACESCIENCE

Trenberth, K. E. (1997). The definition of El Nifio. Bulletin of the American Meteorological Society, 78, 2771-2777. https://doi.org/10.1175/
1520-0477(1997)078<2771:TDOENO>2.0.CO;2

Trenberth, K. E., & Hoar, T. J. (1996). The 1990-1995 El Nifio-Southern Oscillation event: Longest on record. Geophysical Research Letters,
23, 57-60. https://doi.org/10.1029/95GL03602

Visbeck, M., Chassignet, E. P., Curry, R. G., Delworth, T. L., Dickson, R. R., & Krahmann, G. (2003). The ocean's response to North Atlantic
Oscillation variability. In J. W. Hurrell, et al. (Eds.), The North Atlantic Oscillation: Climatic significance and environmental impact (pp.
113-145). Washington, DC: American Geophysical Union. https://doi.org/10.1029/134GM06

Wallhead, P. J., Gargon, V. C,, Casey, J. R., & Lomas, M. W. (2014). Long-term variability of phytoplankton carbon biomass in the Sargasso
Sea. Global Biogeochemical Cycles, 28, 825-841. https://doi.org/10.1002/2013GB004797

Watanabe, Y., Ishida, H., Nakano, T., & Nagai, N. (2005). Spatiotemporal decreases of nutrients and chlorophyll-a in the surface mixed layer
of the western North Pacific from 1971 to 2000. Journal of Oceanography, 61, 1011-1016. https://doi.org/10.1007/s10872-006-0017-y

Yamaguchi, R., Suga, T., Richards, K. J., & Qiu, B. (2019). Diagnosing the development of seasonal stratification using the potential energy
anomaly in the North Pacific. Climate Dynamics, 53(7-8), 4667-4681. https://doi.org/10.1007/s00382-019-04816-y

Erratum

Due to typesetting errors, A symbols were omitted from the captions of Figures 2, 3, 5, 6, 7, 8,9 and 11, and
the caption of Table 1 of the originally published version of this article. The symbols have been restored, and
this may be considered the official version of record.
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