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ABSTRACT

By analyzing the upper-ocean properties of observation-based hydrographic data and validated oceanic

reanalysis products, this study presents multidecadal changes of oceanic surface and subsurface thermal

conditions in the tropical northwest Pacific Ocean (TNWP) and South China Sea (SCS) during 1960–2015.

The analysis reveals that a transition of a 30-yr trend took place in 1980s during the analyzed period for both

the surface and subsurface environment. Generally, the warming trend of sea surface temperature (SST)

in the TNWPhas a similarmultidecadal change to that in the SCS. However, a huge accumulating rate of upper-

ocean heat content above the 268C isotherm (UOHC26) showed up in the TNWP (about 3 times compared to

that in the SCS) in the last 30 years. In the TNWP, the southward shift of the North Equatorial Current on the

multidecadal time scale induces the vertical displacement of isotherms, leading to a strong subsurface warming

around the top of the thermocline. Secondarily, the Pacific decadal oscillation (PDO)-related SST regulates the

thermal structure in the mixed layer. The multidecadal UOHC26 in the SCS is mainly attributed to the PDO-

related SST and further modulated by the isothermal variability caused by the change of basin-scale SCS

circulation.

1. Introduction

Upper-ocean thermal conditions play an important

role in regulating the climate on a variety of time scales.

For example, on time scales of hundreds to thousands of

years, changes of surface temperature make a signifi-

cant influence on the stability of thermohaline circula-

tion (e.g., Stocker and Schmittner 1997). On interannual

time scales, the El Niño–Southern Oscillation (ENSO)

has been believed to be tied to the thermal structure in

the equatorial ocean (e.g., Jin 1997; Wallace et al. 1998).

On shorter time scales (less than weeks), both sea

surface temperature (SST) and upper-ocean thermal

structure have been demonstrated to exert great impacts

on the intensity of tropical cyclones (TCs) (e.g., Price

1981; Emanuel 1999; Chan and Liu 2004; Pun et al. 2007;

Wu et al. 2007; Lin et al. 2008; Goni et al. 2009; Chiang

et al. 2011).

Ocean temperature is influenced by many factors,

such as solar radiation, winds, and ocean currents. These

factors may exert their impacts on different aspects. For

instance, solar radiation results in the diurnal and annual

cycles of SST on a larger spatial scale. Winds impose

momentum to the ocean and cause heat exchanges be-

tween the surface and subsurface layer. Ocean currents

transmit heat both horizontally and vertically. The

combined effect of winds and ocean currents form the

zonal distribution of basin-scale SST. These complicated

processes cause oceanic thermal conditions to be varied

on various time scales from hours to thousands of years.

With time scales longer than decades, the warming of

ocean temperature averaged over the globe has been

proposed based on hydrographic observations and

model simulations, and mainly ascribed to the global

warming that is induced by the increase of atmosphericCorresponding author: Dr. Chau-Ron Wu, cwu@ntnu.edu.tw
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CO2 concentration (Trenberth et al. 2007). However,

the warming in SST is highly inhomogeneous in space

despite the nearly uniform increasing atmospheric CO2

concentration (Belkin 2009; Wu et al. 2012). Besides,

recent studies have demonstrated that the warming

trend at the sea surface differs from that in the sub-

surface ocean (e.g., Huang et al. 2015; Zheng et al. 2015).

That is, inconsistent warming in the ocean takes place

not only horizontally but also vertically. This fact

triggers us to explore the long-term changes in a

regional ocean.

The focus of the present study is on the multidecadal

changes of surface and subsurface thermal conditions in

the northwest Pacific Ocean (NWP), which is one of the

most active areas for TCs (Peduzzi et al. 2012), including

the tropical northwest Pacific Ocean (TNWP; 58–258N,

1218–1708E) and South China Sea (SCS; 58–258N, 998–
1218E). Separated by the East and Southeast Asia island

arcs, oceanic characteristics on the two sides of Luzon

Strait are quite different (e.g., Chen and Huang 1996).

Hence, upper-ocean thermal conditions are not alike

between the TNWP and SCS. For example, Mei et al.

(2015) proposed that mixed layer depth in the SCS is

shallower but with stronger stratification in comparison

with that in the TNWP.

Figure 1 demonstrates distinct climatological tem-

perature patterns between the TNWP and SCS. As re-

vealed in the temperature distributions at 0 and 50m

(Figs. 1a,b), an obvious discrepancy is found in that the

horizontal gradients are northward in the TNWP but

northwestward in the SCS. In other words, the temper-

ature above 50m is warmer in the southern (southeast-

ern) part of the TNWP (SCS). A similar temperature

pattern at 100m is observed in the SCS, whereas a sig-

nificant difference is found in the TNWP in comparison

with those at 0 and 50m (Fig. 1c). Unlike the monotonic

northward increase of temperature above 50m, a ther-

mal trough occurs at the depth of 100m around 58–108N,

located between the westward-flowing North Equatorial

Current (NEC) and eastward-flowing North Equatorial

Countercurrent (NECC). The averages of temperature

and the depth of 268C isotherm (D26) in the TNWP and

SCS are further summarized in Table 1. The differences

of average temperature between the two regions are

0.28, 1.48, and 4.18C at the depths of 0, 50, and 100m,

respectively. In addition, the calculation of D26 at dif-

ferent latitude shows that the mean D26 is deeper in the

TNWP (about 1.5–2.5 times) than in the SCS (Fig. 1d

and Table 1). These results point to the high discrep-

ancy of temperature distribution between the TNWP

and SCS.

To date, changes of upper-ocean temperature on

centennial (e.g., global warming; Bindoff et al. 2007;

Trenberth et al. 2007), interdecadal [e.g., Pacific decadal

oscillation (PDO); Mantua et al. 1997; Newman et al.

2016], and interannual (e.g., ENSO; Jin 1997; Wallace

et al. 1998) time scales have been extensively in-

vestigated, while study of changes of upper-ocean ther-

mal conditions (including surface and subsurface) on

multidecadal time scales in a basin is still rare, let alone

two basins. Thus, this study aims to discuss the differ-

ence of multidecadal changes in upper-ocean thermal

conditions between the TNWP and SCS during 1960–

2015 by analyzing observation-based hydrographic data

and oceanic reanalysis products. Physical processes

leading to the multidecadal oceanic variability are also

proposed in the study. The rest of the paper is structured

as follows. Section 2 describes the data and quantities

utilized in this study, and section 3 briefly evaluates

several oceanic reanalysis products, and the most suit-

able product is applied for this study. The multidecadal

changes and possible mechanism of oceanic surface and

subsurface thermal conditions in the TNWPand SCS are

explored in detail in section 4. We also identified that

ocean circulation variability plays a very important part

in causing temperature to be warmed up or cooled down

in the subsurface ocean. Finally, conclusions are given in

section 5.

2. Data and quantities

Two observation-based hydrographic datasets are

used in this study, climatological monthly temperature

profile and monthly SST. The climatological monthly

temperature data of theWorld Ocean Atlas 2013 version

2 (WOA13v2; Locarnini et al. 2013) are provided by

the Ocean Climate Laboratory/National Centers for

Environmental Information/National Oceanic and

Atmospheric Administration (https://www.nodc.noaa.gov/

about/oceanclimate.html). The WOA13v2 is a set of

objectively analyzed (18 3 18) climatological fields of

in situ temperature, salinity, dissolved oxygen, and nu-

trients at a new standard depth levels of 101 (for com-

parison, 33 standard levels were used in the previous

World Ocean Atlas datasets) for the World Ocean. The

long-termmean temperature inWOA13v2was computed

for a time span of six decades (1955–2012), whereas data

spanning only five decades were adopted in the older

WOA datasets.

The monthly SST data adopted in this study are from

the Hadley Centre Sea Ice and Sea Surface Tempera-

ture dataset (HadISST; Rayner et al. 2003), which

is provided by the Hadley Centre/Met Office (http://

www.metoffice.gov.uk/hadobs/). The HadISST dataset

is a unique combination of monthly globally complete

fields of SST and sea ice concentration on a 18 3 18 grid
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from 1870 to date. In combined use of SST from theMet

Office Marine Data Bank (MDB; 1982 to date) and

Comprehensive Ocean Atmosphere Dataset (COADS;

1871–1995), the temperature in HadISST is recon-

structed by using a two-stage reduced-space optimal

interpolation procedure, followed by superposition of

quality-improved gridded observations onto the recon-

structions to restore local detail.

Oceanic reanalysis products assimilated with obser-

vations could provide a reliable and complete data

continuous in both time and space, although they are

always limited by the coarse spatial resolution of

;100km and temporal interval of one month. Tem-

perature profiles in oceanic reanalysis products are still

able to provide us a good chance to investigate the

spatiotemporal basin-scale variability of both surface

and subsurface thermal conditions on multidecadal time

scales. There are more than 10 oceanic reanalysis

products available since 1960 (Hsin 2016). Only three

oceanic reanalysis products cover periods up to 2014.

One is 18 3 18, the European Centre for Medium-Range

TABLE 1.Mean temperature (8C) at different depth andD26 (m) at

different latitude of the WOA13v2 in the TNWP and SCS.

WOA13v2 TNWP SCS

Temperature (0m) 28.0 27.8

Temperature (50m) 27.4 26.0

Temperature (100m) 25.0 20.9

D26 (108N) 92 57

D26 (158N) 114 49

D26 (208N) 70 40

FIG. 1. Mean WOA13v2 temperature distributions at (a) 0, (b) 50, and (c) 100m, and along

(d) 158N. Thick dashed line denotes the latitude of 1218E.
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Weather Forecasts (ECMWF) Ocean Reanalysis Sys-

tem4 (ORAS4; http://www.ecmwf.int/en/research/climate-

reanalysis/ocean-reanalysis; Balmaseda et al. 2013)

from 1958 to 2015, another is 28 3 18, the Predictive

Ocean Atmosphere Model for Australia (POAMA)

Ensemble Ocean Data Assimilation System (PEODAS;

http://poama.bom.gov.au; Yin et al. 2011) from 1960 to

2014; and the third is the 18 3 1/38German contribution of

the Estimating the Circulation and Climate of the Ocean

project 2 (GECCO2; https://icdc.cen.uni-hamburg.de/1/

daten/reanalysis-ocean/gecco2.html; Köhl 2015) from

1948 to 2014 distributed by the Integrated Climate

Data Center/Center for Earth System Research and

Sustainability. All oceanic reanalysis products are re-

gridded onto 18 latitude–longitude grid for further

analyses.

Quantities utilized in this study include the upper-

ocean heat content. The upper-ocean heat content

referred to 268C (UOHC26) is the vertical inte-

gration of temperature anomalies above the isother-

mal surface of 268C, and is derived by the formula

cp
Ð Z50

z5D26
r(T2 26)dz (Leipper and Volgenau 1972),

where cp is specific heat, T is water temperature in 8C,
r is seawater density, z is depth, and D26 is depth of the

268C isotherm.

3. Brief evaluation of the oceanic reanalysis
products

Hsin (2016) has compared mean spatial patterns of

zonal velocity from the three oceanic reanalysis products

with Argo drifter–derived data over 158S–208N in the

PacificOcean. Time series ofmonthly zonal velocity were

also compared with the ADCPs (acoustic Doppler cur-

rent profilers) and current meters observed at the TAO/

TRITON (Tropical Atmosphere Ocean/Triangle Trans-

Ocean Buoy Network) array. The comparison reveals

that the three products can well reproduce the velocity

field in the tropical Pacific (correlation coefficients

are. 0.8 for the mean pattern and. 0.75 for temporal

variation).

Furthermore, we have evaluated mean temperature

andD26 from the three oceanic reanalysis products with

the WOA13v2 in the TNWP and SCS. In addition,

temporal variations ofD26 from the three products were

also evaluated with gridded Argo data (http://apdrc.

soest.hawaii.edu/projects/argo/). As revealed in Fig. 2a,

the observed D26 in the SCS is, on average, deeper in

the southeast part, and that in the TNWP is deeper

along the latitude of ;158N. In general, the spatial

patterns of D26 in the three products are alike. Larger

discrepancies are found in the PEODAS for the SCS and

in the GECCO2 for the TNWP.

To further quantitatively compare mean D26 in the

three reanalysis products with that in the WOA13v2, the

pattern correlation analysis (i.e., correlation in the space

domain) and root-mean-square error (RMSE) referred to

in the WOA13v2 are carried out for different regions of

the TNWP and SCS (Table 2). By comparing pattern

correlation coefficients and RMSEs among the three prod-

ucts, there is the worst correlation in GECCO2 for the

TNWPand inPEODASfor theSCS. In termsof theRMSE,

the largest value occurs in GECCO2 and PEODAS for the

TNWP and SCS, respectively. This outcome indicates again

that a larger discrepancy of the D26 pattern exists in

GECCO2 (PEODAS) for the TNWP (SCS).

Another intercomparison is also performed for the

depth-dependent mean temperature and latitude-

dependent mean D26 in the TNWP and SCS (Tables

1 and 3). Generally, the values of temperature and D26

in the TNWP and SCS of ORAS4 are close to those

derived from the WOA13v2, but the values of PEO-

DAS (GECCO2) in the SCS (TNWP and SCS) have a

greater difference from those inWOA13v2. The depth-

dependent RMSEs of temperature referred to in the

WOA13v2 are calculated in Fig. 3 to further com-

pare the performance of temperature at different depth

in the three oceanic products. In both the TNWP

and SCS, the temperature in the ORAS4 deviates less

from the observations, consistent with the above

comparisons.

Although gridded Argo data do not cover the region

in the SCS and the period before 2004, the gridded Argo

data still provide some observational base for the com-

parison of temporal variation. The correlation co-

efficient of monthly D26 time series in the TNWP

between the ORAS4, PEODAS, and GECCO2 and

gridded Argo data is higher than 0.97, 0.97, and 0.95,

respectively. Based on the above analyses, we can sim-

ply conclude that the ORAS4 is the most suitable oce-

anic reanalysis product to be used in this study.

4. Results and discussion

a. Multidecadal changes in oceanic surface conditions
in the TNWP versus SCS

Figure 4 shows the time series with a 5-yr moving

average of HadISST SST anomalies (1960–2015) aver-

aged in the TNWP and SCS. The SSTs in both the

TNWP and SCS have warming tendencies in the pe-

riod of 1960–2015, and their linear trends are ;18C
(100 yr)21 and;1.58C (100 yr)21 in the TNWP (red line

in Fig. 4a) and SCS (orange line in Fig. 4b), respectively.

Besides the whole analyzed period in 1960–2015, linear

trends in the first 30 years (green lines in Figs. 4a,b) and
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the last 30 years (blue lines in Figs. 4a,b) are also estimated

to clarify whether a multidecadal change occurred in the

past ;6decades. The linear trends in the TNWP during

1960–89 and 1986–2015 are about 0.98 and 1.28C (100yr)21,

whereas those in the SCS are 1.68 and 1.28C (100yr)21,

respectively. The results show that linear trends of SST

increased steadilywith a slight change [0.38–0.48C(100yr)21]

from the former three decades to the latter three decades in

both the TNWP and SCS. It is noteworthy that a slight in-

crease of warming rate in the latter 30 years happened in the

TNWP, whereas the warming rate in the same duration

flattened in the SCS.

As mentioned in the introduction, the warming rate

at the sea surface varies spatially. During the entire

analyzed period (Fig. 5a), there is a general warming

tendency with the highest value in the vicinity of Taiwan

and smaller values (even cooling) to the east of;1508E.
Similar spatial patterns are obtained as the period of the

former three decades (1960–89) is adopted (Fig. 5b).

TABLE 2. Mean D26 pattern correlation analysis between three

oceanic reanalysis products andWOA13v2, and RMSE of D26 (m)

referred to theWOA13v2 calculated from three oceanic reanalysis

in the TNWP and SCS.

D26

Pattern correla-

tion coefficient RMSE

TNWP SCS TNWP SCS

ORAS4 (1960–2015) 0.98 0.78 4.08 7.97

PEODAS (1960–2014) 0.99 0.70 4.33 10.62

GECCO2 (1960–2014) 0.92 0.83 11.43 7.67

FIG. 2. Mean D26 distributions calculated from the (a) WOA13v2 (1955–2012), (b) ORAS4

(1960–2015), (c) PEODAS (1960–2014), and (d) GECCO2 (1960–2014). Thick dashed line

denotes the latitude of 1218E.
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However, one can find that a stronger east–west contrast

appears along ;1508E; that is, a stronger warming

(cooling) trend shows up to the west (east) of;1508E. A
dramatic change took place in the recent three decades

(Fig. 5c). Although the entire studied area warmed up

concurrently, the warming rate to the west of 1508E has

been getting slower and the ocean to the east of 1508E
changes from a cooling environment to a warming one.

In the SCS, the multidecadal change of spatial distri-

bution of SST anomaly simply represents that of the

TABLE 3. Mean temperature (8C) at different depth and D26 (m) at different latitude of the ORAS4, PEODAS, and GECCO2 in the

TNWP and SCS. Asterisks (*) indicate T . WOA13v2 6 0.58C, D26 . WOA13v2 6 5m)

TNWP ORAS4 (1960–2015) PEODAS (1960–2014) GECCO2 (1960–2014)

Temperature (0m) 28.1 28.1 28.4

Temperature (50m) 27.6 27.3 27.6

Temperature (100m) 24.9 25.0 24.7

D26 (108N) 89 90 78*

D26 (158N) 115 113 105*

D26 (208N) 73 72 72

SCS ORAS4 (1960–2015) PEODAS (1960–2014) GECCO2 (1960–2014)

Temperature (0m) 27.8 27.8 28.1

Temperature (50m) 26.4 26.0 26.4

Temperature (100m) 21.3 22.1* 22.7*

D26 (108N) 62 61 59

D26 (158N) 50 57* 48

D26 (208N) 42 50* 45

FIG. 3. RMSEs of temperature (8C) referred to in the WOA13v2 calculated from the ORAS4, PEODAS, and

GECCO2 in the (a) TNWP and (b) SCS.
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domain-averaged SST anomaly shown in Fig. 4b. How-

ever, the multidecadal change of SST anomaly in the

TNWP exhibits a contrast between the two sides

of ;1508E, which results in a faster increasing rate of

domain-averaged SST anomaly in the entire TNWP

after the 1980s (Fig. 4a).

b. Multidecadal changes in subsurface conditions in
the TNWP versus the SCS

Figure 6 depicts the 5-yr moving averaged time series

of ORAS4 UOHC26 anomaly averaged spatially over

the TNWP and SCS. During 1960–2015, the UOHC26s

in the TNWP and SCS increased with a linear trend

of ;50KJ cm22 (100 yr)21 and ;40KJ cm22 (100 yr)21,

respectively. In 1960–89 (1986–2015), the linear trends

of UOHC26 are about 31 (95) KJ cm22 (100 yr)21 in the

TNWP and 37 (34) KJ cm22 (100 yr)21 in the SCS. This

result indicates that the change of multidecadal trends

from the former 30 years to the latter 30 years in the

TNWP significantly differs from that in the SCS. The

increase of UOHC26 in the SCS has been slowed down

in the latter three decades whenmore andmore heat has

been accumulated in the TNWP with a faster (;3 times

greater) increasing rate.

Similarly, the spatial distribution of UOHC26 trend is

further examined in Fig. 7. One can find that the ten-

dency patterns of subsurface conditions are totally dis-

similar to those of the surface conditions, especially in

the TNWP. In the SCS, the trends of UOHC26 are

about 0–40KJ cm22 (100 yr)21 regardless of analyzed

period (including 1960–2015, 1960–89, and 1986–2015).

In 1960–2015, the increasing rate of UOHC26 in the

TNWP is, on average, greater than that in the SCS

(Fig. 7a). More complicated multidecadal changes of

spatial distribution of accumulating rate of heat content

show up in the TNWP (Figs. 7b,c).

In the three decades between the 1960s and 1980s, a

broad accumulatedUOHC26 area was found to the west

of ;1508E and scaled down to a smaller area in the

northern part to the east of;1508E (Fig. 7b). Besides, a

significant releasing rate of heat content was observed in

the southern part to the east of ;1508E. In the three

FIG. 4. Time series of HadISST SST anomaly with a 5-yr moving average in the (a) TNWP

and (b) SCS. Red and orange lines denote the linear trend during 1960–2015. Green and blue

lines indicate the linear trends during 1960–89 and 1986–2015, respectively. Black thin lines

denote time series of the ORAS4 SST anomaly with a 5-yr moving average.
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decades of 1986–2015, the UOHC26 in the TNWP ac-

cumulated faster to the south of 188–208N with the

fastest accumulating rate [.100KJ cm22 (100 yr)21]

along the latitudes of 58–188N (Fig. 7c). To the north of

188–208N, an opposite multidecadal variation occurred;

that is, the accumulating heat content became a re-

leasing one, and vice versa. Another significant multi-

decadal change occurred in the southern part to the east

of 1508E where the releasing heat content changed to be

accumulative.

c. Transition period of multidecadal trends

Themultidecadal trends of oceanic environment have

been proposed in the previous two subsections. One of

the questions is when the multidecadal trends transi-

tion. Analyses of moving trend with a time window

of 30 years are carried out for the SST and UOHC26

(Fig. 8) to examine when the transition periods of trend

took place for these two upper-ocean thermal condi-

tions. As revealed in Fig. 8a, the 30-yr moving trend of

the HadISST SST anomaly from 1960 to 2015 is positive

in both the TNWP and SCS (red and orange lines), in-

dicative of a continuous warming at the sea surface, but

the warming rate in the SCS is higher than that in the

TNWP. One can find a trend transition of the warming

rates occurring in the 1980s. Before the 1980s, the

warming rate in the SCS and TNWP speeded up with a

similar temporal evolution. This condition changed

dramatically after the 1980s. The warming rate in the

TNWP reduced slightly after the 1980s, whereas that in

the SCS dropped quickly from 2.58 to 1.58C (100 yr)21.

The warming rates in the TNWP and SCS became close

and had a similar changing tendency after the 1990s.

A similar transition period of trend appears in the

UOHC26 field with different changing tendencies in the

TNWP and SCS, and the heat content in upper oceans of

the TNWP and SCS accumulated continuously in the

entire analyzed period of ;6 decades (red and orange

lines in Fig. 8b). In the SCS, the temporal evolution of

the UOHC26 accumulating rate almost follows that of

SST warming rate. In the TNWP, the accumulating

rate of oceanic heat content varied in a small range of

15–30KJ cm22 (100 yr)21 in 1970s, suffered an abruptly

rise to 80KJcm22 (100yr)21 in the 1980s, and kept a

magnitude larger than 80KJcm22 (100yr)21 with a slight

increase after the 1990s. The transition period (1980s) of

FIG. 5. Linear trends of the HadISST SST anomaly during (a) 1960–2015, (b) 1960–89, and

(c) 1986–2015. Thick dashed line denotes the longitude of 1218E.
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multidecadal trends in the SST and UOHC26 with a

time window of 30 years (Fig. 8) could result from an

abrupt change of SST and UOHC26 anomalies in the

beginning of the 1990s (Figs. 4 and 6). This abrupt

change has been proposed to be related to the regime

shift of SST in the 1990s (Yu et al. 2012; Thompson

et al. 2017).

One may notice that a large difference of multi-

decadal warming trends shows up between the areas

west and east of ;1508E in the TNWP (hereafter

TNWPw and TNWPe; Figs. 5 and 7). Therefore, it is

necessary to further examine regional discrepancy in the

TNWP. As shown in Fig. 8a, the trends of SST in the

TNWPw and TNWPe transited in the same period as

the TNWP and SCS, indicative of the robust transition

period of the warming trend in the whole NWP. It is

noteworthy that the TNWPw and TNWPe had a con-

sistent evolution of warming rate with the TNWP after

1980s. Before the 1980s, the increased warming rate

of SST in the TNWPw changed a little in the range of

1.58–28C (100 yr)21, but the SST in the TNWPe

suffered a huge transition from a cooling environment

to a warming one in the end of the 1970s. The evolutions

of SST trends in the TNWPw and TNWPe are similar

after 1980s.

As to theUOHC26 (Fig. 8b), a larger difference of the

accumulating rate can be also found between TNWPw

and TNWPe in the 1970s. The accumulating rate in the

TNWPw reduced but that in the TNWPe remained

nearly constant. After the early 1980s, the UOHC26

trends in the two regions had a consistent evolution with

that in the whole TNWP. In sum, both the surface and

subsurface ocean thermal conditions experienced mul-

tidecadal changes with a transition in the 1980s.

d. Possible mechanism

The PDO is considered to be the most important de-

cadal climate variability in the Pacific Ocean. More and

more studies (e.g., Qiu 2003; Han and Huang 2008; Wu

2013; Newman et al. 2016; Wu et al. 2016) have focused

on discussing how PDO-related atmospheric variability

results in the oceanic variations (e.g., SST, sea surface

height, current intensity, and bifurcation latitude of

current) in theNorth PacificOcean on time scales longer

FIG. 6. Time series of the ORAS4 UOHC26 anomaly with a 5-yr moving average in the

(a) TNWP and (b) SCS. Red and orange lines denote the linear trend during 1960-2015. Green

and blue lines indicate the linear trends during 1960–89 and 1986–2015, respectively.
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than a decade. The PDO, defined as the leading princi-

pal component of monthly SST anomalies in the North

PacificOcean (Fig. 9a), is a climate phenomenonwith an

internal switch between warm phase (positive index)

and cold phase (negative index) at a period of 20–30

years. Thus, the multidecadal changes of SST in the

NWP could be connected with the PDO. Considering

the temporal evolution and spatial pattern of the PDO

(Figs. 9a,b), PDO-related SST anomalies contribute

negative values in the TNWPe during the warm PDO

phase.

During the 1960s to 1980s, the first three decades in

the analyzed period, the 30-yr low-pass filtered (based

on fast Fourier transformwith a rectangular window of a

30-yr cutoff period) the PDO index increased and

transitioned from the cold phase to the warm phase,

supporting a cooling trend of SST in the TNWPe (east of

1508E), a warming trend in the SCS, and an unobvious

trend in between (the TNWPw), shown in Figs. 5b and

8a. Furthermore, when the filtered PDO index had an

opposite tendency with decreasing and shifting from a

warm phase to a cold phase during the 1930s to 1960s,

the spatial pattern of SST trend in the whole NWP area

reversed (Fig. 9c). During the latter three decades in the

analyzed period, the filtered PDO index ran at a de-

creasing tendency from a large and positive value to a

slightly negative one. This weaker change in the PDO

resulted in a weaker contrast of trends between the west

and east of 1508E compared with the events in the 1930s

to 1960s (cf. Figs. 5c and 9c). In other words, the SST in

the TNWPw presented a weaker warming tendency

whereas that in the TNWPe had a stronger one (Fig. 5c).

To sum up, the multidecadal change of SST in the NWP

is ascribed to the basin-scale decadal oscillation in the

Pacific Ocean.

According to the definition in section 2, the UOHC26

is the integrated effect of the temperature profile above

the D26. As discussed in the previous sections, there are

some similarities of multidecadal changes between the

surface (SST) and subsurface (UOHC26) conditions. A

transition period of trend in 1980s took place and there

was an opposite multidecadal tendency between the

west and east of;1508E. Therefore, one may attempt to

ascribe the multidecadal change of UOHC26 to the

multidecadal change of SST. However, when comparing

the spatial distributions of SST and UOHC26 trends in

1960–89 and 1986–2015, some obvious discrepancies are

found. For example, in 1960–89, a more complicated

FIG. 7. Linear trends of the ORAS4 UOHC26 anomaly during (a) 1960–2015, (b) 1960–89, and

(c) 1986–2015. Thick dashed line denotes the longitude of 1218E.
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distribution was found in the UOHC26 than in the SST

(cf. Figs. 5b and 7b). During 1986–2015, the UOHC26

trend was positive in most of the TNWP and SCS with

very large values along the latitudes of 58–188N in the

TNWP, whereas the SST had a weaker warming rate in

the entire studied area (cf. Figs. 5c and 7c). Thus, the

outcome shows that the multidecadal change of SST

is not sufficient to directly address the multidecadal

change in the subsurface ocean.

As mentioned above, multidecadal trends in the

UOHC26 are significantly different to the east and west

of 1508E; therefore, multidecadal trends of UOHC26,

D26, and temperature profiles averaged in 1358–1408E
(west of 1508E) and 1608–1658E (east of 1508E) are

adopted to clarify the processes resulting in the multi-

decadal change of upper-ocean heat content in the two

regions (Figs. 10 and 11). To the west of 1508E (Fig. 10a),

the multidecadal trends of UOHC26 in 1960–89 (red

line) peaked at 58–78N and dropped toward the north to

negative values to the north of 218N; those in 1986–2015

(blue line) had amaximal accumulating rate at 128–138N
and smaller ones to the north of;198N. Similar changes

are found in the multidecadal trends of D26 for both

periods (Fig. 10c). To the east of 1508E (Fig. 10b), the

UOHC26 in 1960–89 (red line) had smaller accumulating/

releasing trends varying at a range of 230 ; 30KJ cm22

(100 yr)21 with a maximum at 168–178N, whereas those

in 1986–2015 (blue line) kept compatible accumula-

tive trends as in the area west of 1508E (Fig. 10a). In

comparison with the multidecadal trends of D26

(Fig. 10d), similar change is only found for the period of

1986–2015.

To clarify the changes of temperature profiles re-

sponsible for the multidecadal change of UOHC26,

trends of depth-dependent temperature above D26 are

depicted in Fig. 11 for the first half (black contour) and

last half (green contour) of both three-decade periods

(1960–1989 and 1986–2015). To the west of 1508E,
warming occurred in the whole water column above

D26 during both three-decade periods (shading in

Figs. 11a,c). However, the temperature to the east of

1508E suffered a cooling trend in the surface layer

with a warming trend below the ;27.58C isotherm in

1960–89 (Fig. 11b) whereas that warmed up in the

whole water column above the D26 in 1986–2015

(Fig. 11d).

FIG. 8.Moving trends of the (a)HadISST SST anomaly and (b) ORAS4UOHC26 anomaly

in the TNWP, SCS, TNWPw, and TNWPe in 1960–2015 with a window of 30 yr. Labeled year

on the x-axis denotes the center of each 30-yr window.
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One may notice from the multidecadal tendency of

temperature that larger warming rate occurred near the

268–278C isotherm. This is because the 268–278C iso-

therm is consistent with the top of the thermocline (or

the bottom of the mixed layer) in the region. That is, a

small vertical displacement of the isotherm could lead

to a large change of temperature in the thermocline

compared with that in the mixed layer. Besides, a

warming (cooling) in the thermocline accompanies

sinking (uplifting) of isotherms. By comparing the

temperature in the first 15 years with the last 15 years

during both three-decade periods, a stronger warming

around the 268–278C isotherm occurred with a larger

sinking of isotherms (black and green contours in

Fig. 11). Furthermore, an uplifting of the 288C isotherm

took place for the surface cooling of temperature to the

east of 1508E during 1960–89 (Fig. 11b). The outcome

shows that a change in isotherms (involving the change

of D26) in the whole water column above the D26 is the

major controller for warming and cooling.

The temperature profile in the upper ocean could be

influenced by several factors. The wind field is one of the

most important factors, causing a vertical motion via the

Ekman pumping that vertically transmits heat down-

ward from the sea surface or upward from the sub-

surface. In addition, convergence and divergence

induced by the horizontal velocity shear could be the

other governing factors. As shown by contours in Fig. 11,

the larger displacement of isotherms usually appears

near the peak or trough of an isotherm, where it is

usually associated with the divergent or convergent zone

of two zonally flowing currents. In the studied area

(Fig. 12a), the divergent area (peak) in the south is lo-

cated along the edge between the eastward-flowing

NECC (solid contour) and the westward-flowing NEC

(dashed contour). The change of the pair of the two

currents could cause a change of the isotherms across

them. The comparison of velocity profiles on the two

currents shows an insignificant change of the current

strength (black and green contours in Figs. 12b–e).

FIG. 9. (a) Time series of PDO index (HadISST) with an 1-yr moving average (red and blue)

and 30-yr low-pass filter (green line) and (b) PDOwarmphase. (c) Linear trend of theHadISST

SST anomaly during 1935–64. Thick dashed line denotes the longitude of 1218E.

4010 JOURNAL OF CL IMATE VOLUME 31



Aside from the relative change of strength of two

parallel currents, a horizontal shift of an individual

current could accompany a horizontal shift of the un-

derlying thermal structure, resulting in a change of

isotherms. For example, an isotherm below the mixed

layer (say 268C) across the NEC has a shallower depth

in the south and a deeper depth in the middle. As the

NEC migrates southward (Figs. 12b–e), the deeper

FIG. 10. Linear trends of theORAS4 (top)UOHC26 and (bottom)D26 at (left) 1358–1408E and (right) 1608–1658E.
Red and blue lines denote the trends during 1960–89 and 1986–2015, respectively.

FIG. 11. Linear trends of the ORAS4 temperature of (left) 1358–1408E and (right) 1608–1658E during (top) 1960–

89 and (bottom) 1986–2015 with mask (mean temperature ,268C). Black and green contours denote the ORAS4

temperature (.268C) averaged over the earlier and later 15-yr period, respectively.
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isotherm in the middle shifts southward with depth

unchanged, leading to a deepening of this isotherm in

the south. One can conclude from the outcome that

meridional movement of the NEC could be the major

contributor to the vertical displacement of isotherms,

leading to a strong subsurface warming around the top

of the thermocline.

Similar vertical displacement of isotherms could be

also found in the SCS. During 1960–1989 (Fig. 13a),

warming and cooling trends took place in the surface

and subsurface, respectively. After a transition in 1980s,

warming occurred in the whole water column above the

D26 during 1986–2015 (Fig. 13b). The warming in both

periods seems to be transmitted from the sea surface.

Besides, the SST in the SCS possessed an in-phase

multidecadal change of warming trend (greater in the

former three decades) with the temperature warming

trends in the surface layer. The outcome indicates that

the SST could be a major contributor to the UOHC26 in

the SCS. This fact may result from the shallower D26

in the SCS.

Aside from SST, the thermal structure in the SCS

could be also determined by the basin-scale gyre circu-

lation. Generally, the mean ocean circulation in the SCS

is the cyclonic gyre with positive vorticity (e.g., Wyrtki

1961; Levitus 1984). As revealed in Figs. 13c and 13d, the

basin-scale positive vorticity in 1960–89 intensified

whereas the trends of vorticity in 1985–2015 became

insignificant. During 1960–89, the significantly strength-

ening of basin-scale positive vorticity, indicative of an

intensification of the SCS gyre circulation, induced an

upward motion and uplifted the isotherm, leading to the

subsurface cooling in 58–108N. Further, the subsurface

cooling offset the greater surface warming (Fig. 13a),

resulting in a smaller accumulating rate of UOHC26

in the former 30 years of analyzed period (Fig. 7b).

Based on the above analyses, one can conclude that

the multidecadal change of SST in the SCS can be

FIG. 12. (a) The ORAS4 temperature averaged over 1308–1708E from 1960 to 2015 with mean zonal velocity

(white contour). (b)–(e)As in Figs. 11a–d, but black and green contours denote theORAS4 zonal velocity averaged

over the earlier and later 15-yr period, respectively.

4012 JOURNAL OF CL IMATE VOLUME 31



connected to the PDO-related SST variability, while

multidecadal change of ocean heat content is regulated

by both the surface temperature and basin-scale ocean

circulation.

5. Discussion and conclusions

The study utilizes the HadISST dataset and ORAS4

oceanic reanalysis product during 1960–2015 to in-

vestigate the multidecadal changes in surface and sub-

surface ocean conditions in the NWP region, including

the TNWP and SCS. The analysis reveals that there

was a transition in 1980s during the analyzed period of

1960–2015 for both the surface and subsurface envi-

ronment in the TNWP and SCS. The 30-yr trends of SST

and UOHC26 in the SCS and TNWP (including

TNWPw and TNWPe) during 1960–89 and 1986–2015,

and the possible factors resulting in the multidecadal

changes of surface and subsurface conditions, are sum-

marized in Fig. 14. In the SCS, the SST and UOHC26

had a similar evolution of warming tendencies, in which

the warming is greater in the first three decades (top

panel in Fig. 14). The multidecadal changes of oceanic

thermal conditions in the TNWP differ, with divergent

conditions in the TNWPw and TNWPe, where ;1508E
is the dividing line. The SST warming trend in the

TNWPw has a similar multidecadal change as that in

the SCS, greater in the former three decades, but the

UOHC26 experienced a greater warming in the latter

three decades. A totally different multidecadal change is

found in the TNWPe. Cooling occurred in the former

30 years and SST warmed up afterward. An insignificant

trend of UOHC26 is found in the first 30 years, and a

huge accumulating rate of oceanic heat shows up in the

last 30 years. Besides, we found that the accumulating

UOHC26 is mainly contributed from the subsurface

warming of temperature around the top of thermocline

(or the bottom of mixed layer).

At the sea surface, the temperature trend in the whole

NWP is associated with the PDO. The PDO-related SST

trend shows an opposite pattern between the east and

west of 1508E. As to the subsurface environment,

changes of SST and subsurface isotherms take part in the

multidecadal change of UOHC26. In the SCS, the

UOHC26 is primarily dominated by the SST and sec-

ondarily by the isothermal variability due to the change

of basin-scale gyre. In contrast, the change of isotherms

plays a major role in generating a subsurface warming

around the top of thermocline, and the PDO-related

SST plays a minor role in the TNWP. The change of

isotherms is ascribed to the southward shift of the NEC

in terms of the multidecadal time scale. Based on the

outcome in this study, it is worth noting that the change

of upper-ocean circulation has to be taken into ac-

count in addressing the change of subsurface oceanic

environment.

Besides, the results in the present study show that

upper oceanic thermal conditions in the past six decades

FIG. 13. Linear trends of theORAS4 temperature of 1108–1208E during (a) 1960–89 and (b) 1986–2015 withmask

(mean temperature ,268C). (c),(d) As in (a),(b), but for the linear trend of ORAS4 vorticity. Black and green

contours denote the ORAS4 temperature (.268C) averaged over the earlier and later 15-yr period, respectively.
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could provide a favorable condition for the TC in-

tensification in the NWP (TNWP and SCS). However,

greater trends ofUOHC26were found in the latter three

decades (;3 times greater compared to the first three

decades) in the TNWP region, implying that much more

energy supply in the TNWP might be available in this

period, which may cause TCs to be more intensified.

Normalized by the total amount of a year, trends of

number of TC with maximum sustained wind speed

(Vmax) greater than 86.8 kt (the average Vmax in the

TNWP over 1960–2015; 1 kt 5 0.51m s21) are further

estimated for both three-decade periods based on the

TC best-track data from the Joint Typhoon Warning

Center. The outcome shows that the increasing trend in

the latter period (0.17%yr21) was greater than that in

the latter period (0.01%yr21), indicating that there are

more and more intensified TCs occurring in the TNWP

area in the latter three decades.
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