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Abstract
It is necessary for air–sea interaction and climate research to evaluate heat and salinity transport between the mixed layer 
(ML) and the permanent pycnocline and its contribution to the ML properties. The authors have calculated the obduction 
and subduction rates with the Eulerian definition using a 1°-grid Argo dataset and incorporated the obduction rate into the 
ML budget analysis in order to assess the impact of the entrained permanent pycnocline water on the ML temperature and 
salinity. They have successfully separated the effect of obduction on the ML from the entrainment of the seasonal pycno-
cline, and specified the regions where the obduction impact is noticeable. The ML heating rate due to obduction was smaller 
than ± 0.1 K/yr on average over most of the domain, but it was larger than − 0.5 K/yr in places around the Circumpolar 
Current, in the northeastern tropical Pacific, the southwestern tropical Indian Ocean, and the northeastern North Atlantic. 
The salinizing rate due to obduction exceeded ± 0.02 psu/yr in these areas, and in the subarctic North Pacific and the eastern 
South Pacific. The waters entrained from the permanent pycnocline warm and salinize the ML in the high latitudes due to the 
dichothermal structure. The method applied in this study also enabled us to assess the residence time and route of obducted 
and subducted water parcels below the ML. Furthermore, the authors examined the changes of obduction and subduction 
related with the marine heatwave that occurred in the northeastern North Pacific around 2014.
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1  Introduction

The heat content of the global upper ocean above 700 m 
has been increasing since 1970s mainly due to the increase 
of carbon dioxide and other greenhouse gases in the atmos-
phere (e.g. Levitus et al. 2012; Rhein et al. 2013). Repeat 
hydrographic surveys revealed that the warming already 
spread to the global abyssal waters (Kouketsu et al. 2011). 
Besides the long-term warming trend, extreme high sea 

surface temperature (SST) events that persist for days to 
months within a limited region, which are referred to as 
“marine heatwaves”, often occur. The frequency and dura-
tion of the marine heatwave events are expected to increase 
under global warming (Frölicher et al. 2018; Oliver et al. 
2018). Extreme warming with a relatively short period may 
affect the ocean circulation. The exchanges of heat, salinity, 
and materials between the ocean upper layer and the interior, 
however, have not been investigated sufficiently.

The ocean mixed layer (ML) in the extratropics usually 
becomes deepest in winter or early spring due to strong sur-
face cooling and wind stress. In the following warm season, 
the seasonal pycnocline is formed above the permanent pyc-
nocline, and the layer between the shallow ML and perma-
nent pycnocline is isolated from the atmosphere. While some 
part of the isolated layer is entrained into the ML again in 
the following winter, the other part is transported along an 
isopycnal surface into the permanent pycnocline irrevers-
ibly. The latter process is referred to as subduction, one of 
the major processes by which properties of the upper layer 
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facing the atmosphere are transferred into the ocean interior. 
A layer of the nearly vertically homogeneous water below 
the seasonal thermocline found over a relatively large geo-
graphical area is defined as mode water (Hanawa and Talley 
2001), and mode waters are regarded as substantial reser-
voirs of heat and carbon dioxide that play an important role 
in climate (e.g. Bates 2012; Sugimoto et al. 2017). Subduc-
tion rate is large in the mode water formation areas around 
the world (e.g. Qiu and Huang 1995; Liu and Huang 2012).

The opposite process of subduction is obduction: water of 
the permanent pycnocline is entrained into the ML when it 
deepens in autumn and winter. This process is expected to be 
important for the atmosphere, especially its long-term varia-
tions, since it brings anomalies of temperature, carbon diox-
ide, and other properties in the ocean interior to the surface 
layer. Subduction and obduction rates are great in regions 
where the wintertime ML becomes deeper, but obduction 
does not necessarily occur where subduction does, and vice 
versa. For example, the southwestern Bering Sea is one of 
the regions with large obduction rate but with quite small 
subduction rate (Liu and Huang 2012; Toyama et al. 2015).

The budget of the ML consists of five components: 
surface forcing, Ekman advection, geostrophic advection, 
entrainment, and residual (e.g. Qiu and Kelly 1993; Ren and 
Riser 2009). The residual term here includes vertical and 
horizontal diffusions. The sum of these five terms is equal 
to the temporal change rate of a quantity such as temperature 
and salinity. The entrainment in ML deepening is further 
separated into two components: the erosion of the permanent 
pycnocline and that of the seasonal pycnocline (Fig. 1). The 
former is obduction, and the latter means that the water in 
contact with the atmosphere in the previous winter is again 
entrained into the ML within 1 year, which is referred to as 
“re-entrainment” in this paper and substantially equivalent to 
“reemergence”. The reemergence is the phenomenon that the 
SST anomaly (SSTA) formed in the previous winter emerges 
to the sea surface in the following winter due to re-entrain-
ment of the water of the previous-winter ML below the sum-
mertime ML. In this paper we define “re-entrainment” and 
“reemergence” as a process done only above the permanent 
pycnocline on a scale of 1 year, different from “obduction” 
that has a time scale longer than 1 year.

A number of previous studies have shown that wintertime 
SSTAs in some mid-latitude regions recur in the following 
winter (e.g. Namias and Born 1970; Alexander and Deser 
1995; de Coëtlogon and Frankignoul 2003; Hanawa and 
Sugimoto 2004; Sugimoto and Hanawa 2005; Byju et al. 
2018). Numerical experiments and observations, for exam-
ple, indicated that the reemerging SSTA in the North Atlan-
tic Ocean contributed to the persistence of the North Atlantic 
Oscillation, altering the occurrence of weather patterns over 
Europe (Cassou et al. 2007; Taws et al. 2011). These studies 
suggest the reemergence is one of the important processes 

for atmospheric circulations and air–sea interaction. The 
obduction is expected to be of relatively minor importance 
for air–sea interaction compared with the reemergence 
because the amount of water obducted from the permanent 
pycnocline will be smaller than that of re-entrained water. 
The obducted water, however, can occupy 20% or more of 
the water entrained into the ML in some regions and is never 
negligible for the ML temperature and salinity as shown in 
Sect. 3. The water imported from the permanent pycnocline 
to the ML can have an old memory of more than 1 year and 
transport anomalies of properties a long distance from an 
area where the water is subducted. Obduction and its impact 
on the ML properties is essential for long-term air–sea inter-
action research. Toyama et al. (2017), who examined the 
subduction and obduction rates of anthropogenic carbon 
using a biogeochemistry model, indicated that the median 
ocean interior travel time of obducting particles was gener-
ally less than 10 years and that the rapid renewal should 
suppress the air–sea exchange of carbon.

In this study the authors obtain global obduction and sub-
duction rates with the Eulerian definition based on in situ 
observations, more than 10 years of Argo floats and ship 
data. This calculation enabled us to evaluate the contribu-
tion of obduction to the ML heat and salinity budgets and 
to trace water parcels below the ML. Section 2 provides 
explanations of the data and calculation method. Results are 
shown in Sect. 3. We pick up some areas where the effect of 
obducted water on the ML temperature or salinity is large 
as examples, and show seasonal or interannual variations of 

Fig. 1   Schematic picture of the obduction process (adapted from 
Fig. 3 of Qiu and Huang 1995). The solid curve depicts the seasonal 
cycle of the ML depth. Dotted arrows denote along-isopycnal, geo-
strophic flows. In the period before ts (Eq.  (7)), a water parcel that 
was in the ML in the previous winter is entrained into the ML again. 
This is referred to as ineffective entrainment or re-entrainment in this 
paper. After ts, permanent pycnocline water enters the ML, which is 
defined as obduction
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the ML budgets. Residence time and route of waters below 
the ML are also discussed in Sect. 3. In Sect. 4, we focus 
on recent interannual variations of obduction and subduc-
tion after 2013 in the mid and high latitudes of the North-
ern Hemisphere, especially the effects of the Pacific blob 
event, which is a prominent marine heatwave (e.g. Bond 
et al. 2015). Section 5 is a summary.

2 � Data and method

2.1 � Data

To investigate the global obduction and subduction rates, 
we use a monthly gridded dataset of temperature and salin-
ity based on Argo float data (the Grid Point Value of the 
Monthly Objective Analysis: MOAA-GPV) (Hosoda et al. 
2008). The used data for the MOAA-GPV are mainly 
obtained from Argo floats and vertically interpolated into 
selected standard pressure levels from 10 to 2000 dbar using 
the Akima spline (Argo 2020; Akima 1970). The spatial 
resolution of the dataset is 1° × 1° horizontally in the latitu-
dinal area within 61° S to 61° N except for the North Atlan-
tic, where the northern boundary is 71° N. The monthly 
dataset of temperature and salinity consists of gridded data 
into 1° × 1° fields using the two-dimensional optimal inter-
polation method to be able to represent large-scale variabil-
ity with long-term change. As accuracy and errors of the 
MOAA-GPV depend on weights of float data for each grid 
related to the number of profiles, the spatial distribution of 
Argo profiles in the North Pacific is not sufficient in 2003 or 
before (see Fig. 1 of Toyama et al. 2015); therefore, the data 
from 2001 to 2003 are not used in this study.

Monthly data are too sparse temporally to accurately clas-
sify entrained/detrained water into the obduction/subduc-
tion and re-entrainment components (Sect. 2.2.2); therefore, 
1-day mean values obtained by linear interpolation from the 
monthly data are analyzed. Temperature and salinity profiles 
are vertically interpolated into a 10-dbar grid using Akima 
spline from the MOAA GPV data (Toyama et al. 2015). The 
MOAA GPV dataset has no data south of 61° S and north 
of 71° N (no data north of 61° N for the Pacific sector), and 
below 2000 m. We need to note that water parcels that go 
across the southern or northern domain boundary, or subduct 
from or obduct in the ML of more than 2000 m cannot be 
considered in our calculation. The equatorial region in 5° 
S–5° N is also excluded from the analysis.

Numerical simulations have shown that mesoscale eddies 
enhance the annual obduction and subduction rates by nearly 
a factor of two or more (e.g. Nishikawa et al. 2010; Liu et al. 
2016). Using the MOAA GPV dataset makes it impossible 
to detect the effect of eddies. Besides the eddies, the western 
boundary currents are blurred in this dataset. Estimating the 

obduction and subduction rates without eddies is, however, 
still meaningful. While it is impossible to accurately con-
sider the effect of eddies and the narrow currents over a wide 
basin by in situ observations only, observation-based evalua-
tion of the ocean circulation is indispensable as a benchmark 
to assess the reliability of numerical models. One should 
note that the results shown in this paper do not include the 
effect of eddies and filtering to smooth out eddies needs to 
be applied to model data when verifying the model with the 
observation-based estimations.

Surface heat, freshwater, and momentum fluxes are 
obtained from a globe atmospheric reanalysis dataset, the 
European Centre for Medium-Range Weather Forecast 
(ECMWF) reanalysis interim version (ERA-interim) (Ber-
risford et al. 2011). The original grid interval is approxi-
mately 0.70° (nearly 80 km), and monthly data are used with 
temporal interpolation in this study.

2.2 � Methods

2.2.1 � Mixed‑layer budget

The advection–diffusion equation of temperature for each 
water column is as follows:

where T, u, and w are temperature, horizontal, and verti-
cal velocity, respectively. D, Q, cp, and ρ are ML depth, 
net surface heat flux, specific heat at a constant pressure, 
and the density of ML water. K = (Kx, Ky, Kz) is a vector 
that consists of horizontal and vertical eddy diffusion coef-
ficients. Using the continuity equation, the ML heat budget 
can be expressed as (Cronin et al. 2013; Katsura et al. 2013) 
follows:
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where We is the entrainment velocity. T′ and u′ are the devia-
tions of temperature and horizontal velocity from the aver-
ages within the ML, Tm, and um, respectively. T−D is the tem-
perature just below the base of the ML, and the value 20 m 
below the base is used (e.g. Ren and Riser 2009; Katsura 
et al. 2013) in our budget analysis. ug and uE are geostrophic 
and Ekman velocities averaged within the ML, and the sum 
of them is equal to um. f, τx, and τy are the Coriolis param-
eter, zonal, and meridional wind stresses. D is determined 
as the depth at which the potential density difference from 
a near-surface value at 10-m depth exceeds + 0.125 kg m−3 
(Levitus 1982; Toyama et al. 2015). The diffusion term can-
not be calculated from the MOAA GPV data and is included 
in the residual term Rt. The first term on the right-hand side 
of Eq. (3) is derived from the advection term of Eq. (1) 
and is negligible when the temperature is almost vertically 
homogeneous. Similarly, the salinity budget equation of the 
ML is also derived:

where Sm, S−D, E, P, and Rs are the mean salinity within the 
ML, the salinity just below the base of the ML, evaporation, 
precipitation, and the residual term of salinity. In this paper, 
the horizontal advection terms are not discussed and they are 
added to the residual term in the following budget analyses.

2.2.2 � Annual obduction and subduction rates 
with the Eulerian definition

The Lagrangian definition has been often used to estimate 
the annual obduction and subduction rates conventionally 
(e.g. Qiu and Huang 1995; Toyama et al. 2015). However, 
it is difficult to directly associate the obduction rate with 
the ML budget analysis by the Lagrangian definition. Hence 
the Eulerian definition is applied in this study. The annual 
obduction rate Oann is defined as:
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where ta is the time of the average, taken as 1 year here. oi 
is the instantaneous obduction rate (Cushman-Roisin 1987; 
Liu et al. 2011), and umb and wmb are horizontal and verti-
cal velocity at the base of the ML. ts and te are times when 
effective entrainment starts and ends (Fig. 1). The “effec-
tive entrainment” means that a water parcel that was below 
the ML in the previous winter is entrained. We determine 
whether each entrained water parcel is effective or inef-
fective by tracing a trajectory on an isopycnal surface of 
a parcel released at the base of the ML backward at every 
time step (1 day). If the entrained water was below the ML 
and not in any land grid throughout 1 year, it is regarded as 
effective entrainment, that is, obduction. By definition, oi in 
Eq. (8) should be positive, just the same as We in Eq. (5). We 
can divide the entrainment term in Eq. (2) into the obduc-
tion and re-entrainment components based on the isopycnal 
backward trajectory:

In the same way, a detrained water parcel can be sorted 
into the subduction and re-entrainment components (Fig. 1). 
The isopycnal velocities, which are 5-day means to save 
computation time, are obtained from the pressure anomaly 
stream function defined by Zhang and Hogg (1992) on an 
isopycnal surface at 0.1 potential density interval.

3 � Results

3.1 � Mean obduction and subduction rates

First of all, the annual maximum depth of the ML is checked 
(Fig. 2). The general feature of the maximum depth is con-
sistent with previous studies (e.g. Karstensen and Quadfasel 
2002; Toyama et al. 2015). In the Southern Hemisphere, the 
regions where the ML was deeper than 200 m were along 
the northern flank of the Circumpolar Current. Most of the 
ML trough lay between 26.5 and 27.0 σθ in the Southern 
Hemisphere. The maximum ML depth along the circum-
polar trough was about 200 m in the western Indian Ocean, 
where the depth and density were smaller than that in the 
eastern side. The climatological maximum depth in the 
zonal regions south of Australia reached 700 m or more. The 
depth along the trough was relatively shallow in the South 
Atlantic, but exceeded 200 m. In the northern North Atlantic 
south off Greenland between 30 and 60°W, the late-winter 
ML depth reached more than 1000 m, and exceeded 2000 m 
in the Labrador Sea, where the standard Argo floats and 
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MOAA GPV dataset cannot detect the bottom of the ML in 
late winter. The maximum ML was relatively shallow in the 
North Pacific. It exceeded 200 m only in the southwestern 
Bering Sea and limited areas within the Kuroshio recircula-
tion region and along the southern rim of the subarctic gyre. 
The density surpassed 26.5 σθ in the Oyashio region and the 
western Bering Sea only.

The spatial patterns of the annual mean obduction and 
subduction rates with the Eulerian definition (Fig. 3) are 
basically close to those estimated with the Lagrangian defi-
nition (e.g. Qiu and Huang 1995; Karstensen and Quadfasel 
2002; Liu and Huang 2012). The obduction/subduction rates 
were large along the circumpolar ML trough in the Southern 
Ocean, but the subduction rate was smaller in south of the 
trough compared with the previous studies. One of the rea-
sons is that water parcels cannot be tracked south of 61° S. 
As mentioned in Sect. 2.1, underestimation of the obduction 
and subduction rates is inevitable near the southern/northern 
domain boundaries, the equatorial band, and around the Lab-
rador Sea (areas surrounded with magenta lines in Fig. 3). 
The ratio of the obduction rate to the total entrainment rate 

exceeded 20% where the obduction rate was large, and these 
regions accounted for 10.5% of the whole domain. The 
regions with the subduction-to-detrainment ratio of more 
than 20% were 25.2% of the domain.

We check the consistency of our calculation with previous 
studies for the North Pacific. The temporal variations of the 
obduction and subduction rates in the North Pacific, which 
show a striking increase in 2010, are consistent with those 
shown by Toyama et al. (2015), although the temporal mean 
of obduction is smaller by about 0.5 Sv and that of subduc-
tion is larger by about 7 Sv (Fig. 4). Toyama et al. (2015) 
indicated the correspondence between the subduction rate 
within this region and the Pacific Decadal Oscillation (PDO) 
index. The PDO index became positive and large from 2014 
to 2017 (not shown). Increases of the obduction rate in 2014 
and 2016 might be partly related with the PDO, but the sub-
duction rate did not correspond to the PDO index after 2013.

One possible reason for our subduction rate being larger 
than the previous studies in the North Pacific (Qiu and 
Huang 1995; Suga et al. 2008; Toyama et al. 2015) is small-
scale variations that are not completely smoothed out in the 

Fig. 2   a Annual maximum ML depth and b density derived from 
monthly climatologies from 2004 to 2018. In a, contour intervals are 
50 m from 50 m to 200 m, and 100 m from 200 m. The white and 
yellow bold contours indicate 200 m and 1000 m, respectively. In b, 
contour intervals are 0.5 and the bold contour indicates 25.0

Fig. 3   a Annual obduction and b subduction rates averaged from 
2005 to 2018. Regions enclosed with white lines indicate where 
obducted (subducted) water accounts for 20% or more of entrained 
(detrained) water. Magenta contours denote areas where the obduc-
tion or subduction rate is underestimated due to its closeness to the 
domain boundary or the 5°S/N lines or the ML deeper than 2000 m. 
White grids mean no subduction/obduction
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gridded dataset. For the lateral induction, we see only the 
differences of the horizontal position and ML depth between 
two winters for each water column in the Lagrangian defini-
tion. On the other hand, in the Eulerian definition, a small 
part detrained from the ML at every time step is tracked on 
an isopycnal surface for 1 year, and we integrate the parcels 
not being entrained into the ML. For example, if the ML 
depth has double peaks at a grid within 1 year, the Eule-
rian definition will produce larger subduction rate than the 
Lagrangian definition, and the Eulerian definition needs to 
be adopted (cf. Liu et al. 2011). Furthermore, while the ML 
depth in the formation areas of the North Pacific subtropi-
cal and central mode waters are less than 250 m (Fig. 2a), 
these mode waters spread to around 300 m depth or deeper 
(e.g. Qiu et al. 2006; Oka et al. 2020), which is captured 
in the Eulerian definition. The vertical shift of water col-
umn is considered solely by the vertical pumping term in 
the Lagrangian definition, but the vertical pumping rate is 
a few tens of meters per year in the North Pacific (Qiu and 

Huang 1995; Suga et al. 2008) and is not large enough to 
explain the vertical displacement of the mode waters.

The obduction and subduction rates integrated for the 
global oceans are summarized in Table 1. Naturally, these 
values are much smaller compared with those of Liu and 
Huang (2012), who used an eddy-permitting reanalysis 
dataset that covers the whole globe. Our subduction rates 
in the Southern Hemisphere are relatively close to those of 
Karstensen and Quadfasel (2002).

3.2 � Mixed‑layer cooling/salinizing by obducted 
water

Cooling or salinizing rate of the ML due to the obduction 
process is part of the entrainment term as expressed in 
Eq. (9). Their spatial patterns basically reflect that of the 
obduction rate (Figs. 3a, 5). The contribution of obduc-
tion was smaller than ± 0.1 K/yr over most of the regions, 
but exceeded − 0.5 K/yr in places around the Circumpo-
lar Current, in the northeastern tropical Pacific, the south-
western tropical Indian Ocean, and the northeastern North 
Atlantic (Fig. 5a), where the ratio of the obduction cooling 

Fig. 4   Annual obduction (solid line) and subduction (dashed line) 
rates in the region of 15°–45° N, 135° E–110° W

Table 1   Obduction and subduction rates averaged from 2005 to 2018 
(Sv)

*The zonal boundaries between the Atlantic, Indian, and Pacific 
Oceans in the Southern Hemisphere are 30° E, 145° E, and 70° W, 
respectively (Liu and Huang 2012)

Hemisphere Indian Pacific Atlantic Sum

Obduction Northern 0.1 8.7 30.1 38.9
Southern* 46.0 40.0 10.3 96.3
Sum 46.1 48.7 40.4 135.2

Subduction Northern 0.7 46.1 31.4 78.2
Southern* 31.0 59.2 26.0 116.2
Sum 31.7 105.3 57.4 194.4

Fig. 5   a Heating and b salinizing rates of the ML by obducted water. 
The white contour indicates ± 0.5 K/yr in (a) and ± 0.02 psu/yr in (b). 
The magenta rectangles in (a) and (b) show the regions where sea-
sonal cycles of heat and salinity are examined in Fig. 6
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component to the total entrainment cooling term reached 
20% or more. In the latitudes south of 50° S and north of 
50° N in the North Pacific, the obduction process is related 
with heating due to the dichothermal structure. The salinity 
change rate due to obduction exceeded ± 0.02 psu/yr where 
the obduction cooling was large (Fig. 5b). The salinizing 
rate was also noticeable in the subarctic North Pacific and 
the eastern South Pacific. Basically the entrainment causes 
freshening in the mid latitudes and salinizing in the tropics 
and high latitudes. The salinization by obduction was espe-
cially large in the southwestern Bering Sea and the Gulf of 
Alaska, where the cooling was not very large.

Examples of the mean seasonal cycles of the ML budgets 
are shown in Fig. 6. Basically surface flux was dominant 

in both temperature and salinity budgets. Cooling due to 
entrainment began from late summer, and the contribution 
of obducted water became larger in winter in the area of 
38°–43° S, 60°–70° E (Fig. 6a). The total cooling by the 
obduction component was close to that of the re-entrainment 
for this area. For salinity in the southwestern Bering Sea, 
entrainment started salinizing the ML from late summer 
and became dominant in autumn and winter (Fig. 6b). The 
effect of obducted water appeared in December and became 
larger than the re-entrainment component in late winter. 
Although the contribution of the re-entrainment component 
was much larger in total, the obduction component played 
an important role in wintertime salinity. In the regions such 
as the southwestern Bering Sea, the northern North Atlan-
tic, and the mid-latitude Indian Ocean, water in the main 
pycnoline started being entrained into the ML in December 
or earlier (Fig. 7a). It is reasonable that the onset of obd-
cution, ts in Eq. (7), tended to be earlier and the duration 
of obduction tended to be long where the obduction effect 
was large (Fig. 7b) since the formation of deeper ML needs 

Fig. 6   Examples of mean seasonal cycle of ML budget. a Heat 
budget in 38°–43° S, 60°–70° E (box in Fig.  4a), and b salinity 
budget in 50°–60° N, 160°–173° E (box in Fig. 4b). Change rate of 
temperature (salinity), obduction heating (salinizing), re-entrainment 
heating (salinizing), surface flux are denoted by the black solid, red 
solid, red dashed, and blue solid lines, respectively. The cyan solid 
line indicates the sum of Ekman advection, geostrophic advection, 
and residual term

Fig. 7   a Climatology of the mean date (in month) when effective 
entrainment starts. Color varies from August to August in the North-
ern Hemisphere, and from February to February in the Southern 
Hemisphere (see the color bar). The white contours indicate January 
1st for the Northern Hemisphere, and July 1st for the Southern Hemi-
sphere. b Climatology of the duration of obduction (te− ts)
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longer time. Marchall et al. (1993) indicated that the effec-
tive period in which fluid was irreversibly entrained from 
the main thermocline into the ML, namely obduction, was 
2–4 months in the subpolar gyre in the North Atlantic (their 
Fig. 6). Our result is not contradictory to their indication, 
although the duration in the North Atlantic is shorter in our 
analysis. 

The effect of obduction to interannual variations of tem-
perature and salinity is then examined. We show the ratio of 
the variance of the obduction cooling/salinizing term to that 
of the ML temperature/salinity change rate through the cold 
season to assess the contribution of the obduction term. The 
ratio for the temperature is:

where Var(x) means the variance of x. t0 and t1 are the 
start (October in the Northern Hemisphere, April in the 
Southern Hemisphere) and the end (April in the Northern 

(10)
Var

(∫ t1
t0

[

−
(Tm−T−D)We

D

]

obduction
dt
)

Var
(∫ t1

t0

�Tm

�t
dt
) ,

Hemisphere, October in the Southern Hemisphere) of the 
cold season, respectively.

Fig. 8   a Ratio of the variance of the obduction heating term to that of 
the temperature change rate in the cold season (Eq. (10)). b Same as 
(a) but for salinity. The gray contours indicate 0.2. The blue rectan-
gles show the regions where interannual changes of heat and salinity 
are examined in Figs. 9, 12, 16, 18 and 19

(a) Heating

(b)

Change rate

Surface flux

Others

Obduction

Re-entrainment

Change rate

Obduction

Re-entrainment

(c)

Others

Fig. 9   a Change rate of the ML temperature and its components in 
the mid-latitude Indian Ocean (35°–42° S, 45°–115° E). b As in (a), 
but for salinity. c Annual obduction rate and depth of the wintertime 
ML (July–September) in this region
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Obviously, the spatial distribution of the ratio (Fig. 8) 
almost mirrored that of the obduction cooling/salinizing 
term in Fig. 5. In the high and mid latitudes, the effect on 
temperature was relatively small compared with that on 
salinity, probably because surface heat flux was more effec-
tive on the ML budget. On the other hand, the obduction 
process affected the ML temperature more than the salin-
ity in the northeastern tropical Pacific and the southwestern 
tropical Indian Ocean. Although it might be associated with 
the El Nino or Indian Ocean Dipole event, we do not focus it 
in this paper since water parcels coming from the zone of 5° 
S to 5° N are not counted in the obduction rate and the rate 
near the equator will be less accurate (Fig. 3).

For the mid latitude in the Indian Ocean, where the vari-
ability of obduction was large (Fig. 8), the interannual vari-
ation of the ML temperature change rate was determined 
mainly by surface heat flux, but the variation of the obduc-
tion heating term also corresponded to the ML change rate 
(Fig. 9a). For salinity, both the obduction and re-entrainment 
terms greatly contributed to the ML change rate (Fig. 9b). 
The obduction rate and heating/salinizing terms tended to 
be small when the ML was shallow (Fig. 9c). The variation 
of salinity in the southwestern Bering Sea, which is one of 

the most important areas from the viewpoint of obduction 
(Fig. 8b), is focused on in Sect. 4.1.

3.3 � Residence time and route within the ocean 
interior

Residence time of obducted or subducted waters within the 
ocean interior is estimated by tracking them for more than 
1 year (Fig. 10). Note that this estimation is based on geos-
trophic velocity on an isopycnal surface only, and the effects 
of diffusion and eddies are not considered. Properties of a 
water mass would dissipate and its trajectory would devi-
ate from the actual one gradually during a long tracking 
period. In fact, the residence time shown in Fig. 10 was 
much shorter compared with previous studies with three-
dimensional model trajectory (Blanke et al. 2002; Toyama 
et al. 2017). It will be useful, however, to approximately 
see where aged waters tend to appear in the ML or where 
aged waters originate. The spatial distribution of the travel 

Fig. 10   a Median residence time below the ML of obducted water 
parcels from 2009 to 2018. b As in (a), but for subducted water par-
cels from 2005 to 2010

2014
South route

East route

(a)

(b)

South route

Total

Fig. 11   a 4-Year trajectories of water parcels  obducted within the 
area of 55°–60°N, 160°–173°E (enclosed by cyan lines) in the win-
ter of 2014. Red marks indicate positions where water parcels were 
4 year before, or subducted, or encountered land. b Total obduction 
rate within the cyan box (black), and obduction rate by water parcels 
followed the South route (blue)
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time was qualitatively close to Toyama et al. (2017) (their 
Fig. 8). The waters subducted in 30°–45° N/S stayed longer 
in the interior, and the residence time was especially long 

in the Pacific due to its zonal width (Fig. 10b). It has been 
known that the waters below the ML in the extratropical 
eastern Pacific are long-lived and travel to the equatorial 

(a) Heating

(b) Salinizing

Change rate

Others

Obduction

Re-entrainment

Obduction

Change rate
Surface flux

Others

Re-entrainment

(c)

(d)

(e)

Fig. 12   Change rate of the ML a temperature, and b salinity and their 
components in the southwestern Bering Sea (50°–60° N, 160°–173° 
E). c Increments of ML temperature and salinity by obduction. d 

Annual obduction rate and depth, e temperature and potential density 
of the wintertime ML (January–March) in this region
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region, being assumed to play an important role in decadal 
variability (e.g. Gu and Philander, 1997; Sasaki et al. 2010).

The age of water obducted into the ML was larger 
where the ML was deeper (Fig. 10a). Besides, aged water 
appeared in the middle of the North and South Pacific. The 
southwestern Bering Sea is one of the interesting areas 
since salinizing effect by obducted water is the largest 
in the extratropics and dense and aged water comes into 
the surface. The water that was entrained into the ML in 
the area of 55°–60° N, 160°–173° E followed two differ-
ent routes: from passes of the eastern Aleutian Islands, 
and from the northwestern North Pacific without passing 
through the Gulf of Alaska (Fig. 11a). The former route 
(“East route”) must be connected to the Gulf of Alaska, 
but in the MOAA GPV dataset, the passes of the east-
ern Aleutian Islands such as Samalga Pass and Unimak 
Pass are not open and water cannot be traced back through 
them. The latter route (“South route”) was traced back to 
around the Kuril Islands and Hokkaido along the west-
ern subarctic gyre without extending 170° W. These two 
routes are consistent with the indication by Uehara et al. 
(2014), who examined propagation of salinity anoma-
lies in the layer above 100 m, while we examined the 

circulation below the wintertime ML. The volume ratio 
of the obducted waters taking these two routes varied 
much depending on years (Fig. 11b). Although the water 
on the East route tended to be dominant, the water on 
the South route accounted for more than 50% of the total 
obduction rate in 2013–2015. After 2015, the contribution 
of the South-route water decreased. Water entering the 
Bering Sea goes through some narrow strait, where tidal 
mixing is dominant, and properties of the water might not 
be always conserved across the strait. Nevertheless, it is 
important to consider the differences of the route and ori-
gin of obducted water when we examine properties of the 
ML and material circulation.

4 � Changes after 2013 related 
with the Pacific warm blob event

4.1 � Southwestern Bering Sea

The time series of the MOAA GPV data is still not long 
enough to evaluate long-term trends of heat and salinity 
transport, but it is possible to detect changes with a time 

Fig. 13   Wintertime (January–March) ML temperature anomalies (K) 
from the average between 2004 and 2018. a 2013, b 2014, c 2015 and 
d 2016. The white contour denote zero. The black  rectangles show 

the regions where interannual changes of heat and salinity are exam-
ined in Figs. 12, 16, 18 and 19
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scale of several years. First, we focus on the southwestern 
Bering Sea, which is one of the areas where the effect of 
obduction on the ML was notable (Fig. 8). While the re-
entrainment term was dominant on the basis of annual mean, 
the obduction term affected the year-to-year variation of 
salinity (Fig. 12b). The obduction heating term was quite 
small, but its interannual variation (Fig. 12a, c) was similar 
to that of salinity. These variations of the obduction heating 
and salinizing terms naturally corresponded with those of 
the obduction rate and wintertime ML depth to some extent 
(Fig. 12d), although the former was not completely deter-
mined by the latter.

From 2013 to 2016 in the southwestern Bering Sea, the 
obduction heating and salinizing rates were at a low level 
(Fig. 12a–c). The obduction rate was small and the ML was 
shallow during this period, and the contribution of the south-
route water to the total obduction rate was relatively large 
(Fig. 11b). The wintertime ML temperature was not high 
in 2013 (Figs. 12e, 13a), but the variation of density fol-
lowed salinity rather than temperature in this region and 
the decrease of salinity led to shallowing of the ML (not 
shown) and the reduction of the obduction rate (Figs. 12d–e, 
14). The heating effect due to obduction almost vanished or 
turned to negative, and the salinizing term became small 

in this period (Fig. 12c). The decreases of the obduction 
salinization and (E–P) in the cold season contributed to 
freshening the ML in 2013 (Fig. 12b), but dominant factor 
for the low salinity was the increase of the negative residual 
term in the preceding warm season (not shown), suggesting 
freshening by diffusions and/or large error of (E–P). More 
precipitation might have entered the ocean than the reanaly-
sis value. In 2014 and 2015 the ML salinity was still low and 
the temperature increased, leading to the lowest density less 
than 26.35 σθ (Fig. 12e). This warming around the Bering 
Sea in 2014–2015 appears to have been associated with the 
Pacific blob event that occurred in the northeastern North 
Pacific (Fig. 13b, c) (e.g. Bond et al. 2015; Liang et al. 2017) 
through a large-scale atmospheric circulation. The atmos-
pheric condition that warms the Bering Sea changes the 
role of obduction in the ML budgets, and then it may have 
an impact on the atmosphere. It is an important subject for 
air–sea interaction, but this is beyond the scope of this study 
and left for future study.

4.2 � Northeastern Pacific

The mean obduction rate in the region of 35°–50° N, 
120°–150° W was relatively small (Fig. 3a), and we here 

Fig. 14   Annual obduction rate anomalies from the average between 2005 and 2018. a 2013, b 2014, c 2015, and d 2016
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focus the subduction process instead. The subduction rate 
there clearly decreased in 2015 and 2016 (Figs. 15c, d, 16a). 
Off the West Coast of North America, the wintertime ML 
became shallower by more than 15 m in 2014–2015 com-
pared with that before the blob event (Fig. 16a). The subduc-
tion rate in 2014 was still at a normal level because the ML 
in the following winter was also quite shallow and the water 
that was detrained in 2014 was not entrained. The warm-
ing weakened and the ML deepened in the winter of 2016, 
causing subduction to almost cease in 2015. Even though 
the area-averaged ML depth did not much change from 2016 
to 2017, the subduction rate was still quite small in 2016 
because the ML density became the largest in 2017, that is, 
isopycnal surfaces rose and large part of the detrained water 
in 2016 could not be subducted (Fig. 17a). The density of 
the ML was much lower in 2014 (Fig. 16b), which affected 

the age of the subducted water. The volume of the subducted 
water that was entrained into the ML again within 2 years 
reached 1.5 Sv in 2014, the largest in the analyzed period 
(Fig. 16a). The short-lived subducted water also increased 
in 2005 and 2009, reflecting the density.

4.3 � North Atlantic

The northeastern North Atlantic off Europe is also one of the 
most interesting regions from the viewpoint of the obduc-
tion effects on the ML budget (Fig. 5), while subduction 
was scarcely caused in the North Atlantic around 50°N on 
average (Fig. 3b). The temperature and salinity change rates 
in the cold season correlated well with the obduction heat-
ing and salinizing, and the obduction rate reflected the ML 
depth (Fig. 18a–c). The ML temperature had a decreasing 
tendency until 2014, but the trend of density was relatively 
small (Fig. 18d) because a freshening trend cancelled the 

Fig. 15   Annual subduction rate anomalies from the average between 2005 and 2018. a 2013, b 2014, c 2015 and d 2016
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temperature effect on density. The wintertime ML in 2014 
became the deepest and coldest since 2005, resulting in the 
largest obduction rate. The cooling and freshening effects 
by obuction and re-entrainment were large and in phase 
with surface flux this year. The cold condition lasted until 
the spring of 2016 because the whole ML was drastically 
cooled in 2014 and the seasonal pycnocline remained cold. 
The reemergence process that the cool detrained water was 
entrained again was effective in making the wintertime ML 
cold. The ML depth and obduction rate largely decreased 
in 2015–2016 even though the ML density did not decline 
very much. The decreases were due to a rise of isopycnal 
surfaces (Fig. 17b). In this region, it is also interesting that 
while the erosion of the seasonal pycnocline made the ML 

saltier, that of the permanent pycnocline had the opposite 
role (Fig. 18b).

The spatial pattern of the ML temperature anomaly 
in 2014–2016 (Fig. 13b–d) is consistent with the blob-
regressed SST anomaly pattern shown by Liang et  al. 
(2017): negative in the central North Pacific and the North 
Atlantic around 50° N, and positive in the western North 
Atlantic (their Fig. 2e). The obduction and subduction anom-
alies approximately reflected this pattern (Figs. 14, 15). The 
cold anomaly in the northern North Atlantic is known as 
the Atlantic cold blob. Liang et al. (2017) indicated that 
it coincided with the Pacific warm blob through the tropi-
cal Northern Hemisphere pattern. The average domain of 
Fig. 18 is slightly shifted from the center of the cold blob, 
but the features of the variations around the center are almost 
the same as Fig. 18. In the western North Atlantic (30°–35° 
N, 45°–75° W), the ML density was at the lowest level in 
2014–2016 due to high temperature, corresponding to the 
shallowest ML and the smallest obduction and subduction 
rates (Fig. 19). These changes are consistent with those in 
the Pacific blob region (Fig. 16), except that the warm con-
dition still remained in 2016 in the western North Atlan-
tic. Isopycnal surfaces became shallower in 2017 as in the 
Pacific blob region (Fig. 17a, c). The Pacific and Atlantic 
blob events simultaneously affected obduction and subduc-
tion, probably also material transport to/from the surface 
layer, through an atmospheric teleconnection pattern.

5 � Concluding remarks

The authors quantitatively evaluated heat and salinity trans-
port between the ML and permanent pycnocline by calcu-
lating the obduction rate with a 1°-grid observation dataset. 
The obduction rate obtained with the Eulerian definition 
can be directly incorporated into the ML budget equation to 
assess its contribution to the change rate of the ML tempera-
ture or salinity. The authors showed the heating and salin-
izing effects of obducted waters on the ML quantitatively 
based on observations for the first time.

While the mean heating rate by obduction was smaller 
than ± 0.1 K/yr over most of the domain, it was larger than 
− 0.5 K/yr in places around the Circumpolar Current, in 
the northeastern tropical Pacific, the southwestern tropi-
cal Indian Ocean, and the northeastern North Atlantic. The 
salinizing rate due to obduction exceeded ± 0.02 psu/yr in 
these areas, the subarctic North Pacific and the eastern South 
Pacific. Calculating transport of other materials such as car-
bon into the ML needs their vertical gradients (Eq. (9)), and 

Fig. 16   a Annual subduction rate and depth, and b temperature and 
potential density of the winter (January–March) ML in the northeast-
ern North Pacific (35°–50° N, 120°–150° W). The black dashed line 
in (a) shows subducted waters that stayed below the ML for less than 
2 years
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we cannot show the material transport quantitatively in this 
study. However, Toyama et al. (2017) showed that the spatial 
pattern of anthropogenic carbon transport across the ML 
base was similar to that of net water transport (obduction 
minus subduction). It can be inferred that the transport of 
materials other than salinity is large where the obduction 
salinizing term is notable. The obducted waters warm and 
salinize the ML in the high latitudes due to the dichother-
mal structure. The salinizing by obduction was especially 
large in the southwestern Bering Sea and the Gulf of Alaska. 
The interannual variations of the obduction heating and 

salinizing terms tended to correspond with that of the ML 
depth, but did not completely follow it. The authors briefly 
examined the residence time and route of the obducted or 
subducted waters below the ML and found that there were 
two different routes for the waters obducted in the south-
western Bering Sea. One can evaluate the volume and its 
interannual change of the obducted water on each route by 
the calculation with the Eulerian definition.

The history of the Argo observation network is still not 
long enough to detect a significant trend of heat and salinity 
transport between the ML and the permanent pycnocline, 

(a) Northeastern North Pacific (b) Northeastern North Atlantic

27.0

26.0

25.0

(c) Western North Atlantic

26.0

Fig. 17   Time-depth diagram of potential density. Red line denotes the 
ML depth. a Northeastern North Pacific (35°–50°N, 120°–150°W), 
b northeastern North Atlantic  (40°–45° N, 30°–40° W and 40°–57° 

N, 15°–30° W), and c western North Atlantic (30°–35° N, 45°–75° 
W). The intervals of thin (bold) contours are 0.2 (1.0) to 26.0, and 0.1 
(0.5) from 26.0
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but large changes with a time scale of several years can be 
assessed with the Argo product. The authors examined the 
effects of the marine heatwave in the North Pacific on sub-
cution and obduction as a case study. The famous “blob” 
event occurred around the Gulf of Alaska in 2014–2016. In 
the region of 35°–50° N, 120°–150° W, the wintertime ML 
became shallower by more than 15 m in 2014–2015 com-
pared with that before the blob event, and subduction almost 
ceased in 2015. The subduction rate in 2014 was still at the 
normal level because the ML in the following winter was 
also shallow and the water that was detrained in 2014 was 
not entrained, but nearly half of the water subducted in 2014 
was eroded within only 2 years. Although the wintertime 
ML depth returned to the average level in 2016, the subduc-
tion rate was still low due to a rise of isopycnal surfaces. 
The subduction rate in this region recovered in 2017. The 
effect of the blob event spread to the southwestern Bering 

Sea, where the wintertime ML temperature increased and 
the obduction rate decreased in 2014–2015, although the 
ML was already shallow in 2013 due to lower salinity. In the 
western North Atlantic, the ML became shallower and the 
obduction and subduction rates decreased simultaneously 
with the Pacific blob. On the other hand, a cold SST anom-
aly in the northeastern North Atlantic coincided with the 
Pacific blob, and the ML depth and obduction rate became 
the maximum in the winter of 2014. The cold condition 
lasted for nearly 3 years, but the ML depth and obduction 
rate largely decreased in 2015–2016 due to a rise of isopyc-
nal surfaces. This region had an interesting feature that while 
the re-entrainment of the seasonal pycnocline made the ML 
saltier, obduction played the opposite role. An atmospheric 
teleconnection pattern caused the Pacific and Atlantic blob 
events simultaneously, resulting in large changes in water 
mass exchanges across the ML base. We need to examine in 
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(b) Salinizing
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Surface flux

Obduction

Re-entrainment

Change rate

Others
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Re-entrainment
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Fig. 18   a Change rate of the ML temperature and its components in 
the region of 40°–45° N, 30°–40° W and 40°–57° N, 15°–30° W in 
the northeastern North Atlantic. b As in (a), but for salinity. c Annual 

obduction rate and depth, and d temperature and potential density of 
the wintertime (January–March) ML
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the next step whether the obduction/subduction processes 
give feedback to the atmosphere.
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