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Abstract—Regional features and possible causal relationships of interannual changes in air tempera-
ture, sea surface temperature (SST), and water temperature in the upper 750-m layer with variations in
atmospheric pressure, wind, heat fluxes on the ocean surface, and climate indices over the last four
decades were determined. It is shown that in different regions of the Philippine Sea air temperature
increased by 0.2–0.5°C and SST rose by 0.6–0.8°C. In several layers of the water column, there are
multidirectional trends in water temperature. In winter, in the area of the Kuroshio energetically active
zone of the ocean (EAZO), both maximum fluxes and trends in sensible and latent heat from the ocean
to the atmosphere were recorded. The variations in air temperature and SST have stable correlations
with variations in the zonal and meridional components of wind speed and climate indices.
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IN TRO DUC TION

The ar eas of bound ary cur rents on the west ern pe riph ery of the North ern trop i cal and North ern sub trop i -
cal gyres [10] sit u ated in the Phil ip pine Sea, play a ma jor role in ac cu mu lat ing heat en ergy in the pro cesses
of trans fer, re dis tri bu tion of heat, and for ma tion of re gional and global cli mate con di tions [8, 22]. Here, the
ocean–at mo sphere in ter ac tion pro cesses in ten sify, heat and mois ture fluxes to the at mo sphere in crease, and 
sig nif i cant tem per a ture anom a lies are formed. Sen si ble and la tent heat fluxes on the sea sur face in ten sify in
win ter and play a key role in the cli mate sys tem dy nam ics [18, 27]. 

This area is sit u ated on the north ern pe riph ery of the West ern Pa cific warm pool (WPWP [25]), where
sea sur face tem per a ture (SST) ex ceeds 28°C, be ing the con nect ing link of wa ter cir cu la tion in the trop i cal
and mid dle lat i tudes. In the Pa cific Ocean, the dis charges of west ern trade cur rents in crease from east to
west, which fa vors the for ma tion of in creased heat en ergy re serves in the up per layer with a thick ness of
sev eral tens of me ters in the west ern equa to rial-tropical zone. It was shown [25] that in the re cent years the
area, vol ume, and heat con tent of the WPWP have in creased, and the pa ram e ters of its interannual anom -
a lies in di cate El Ni~no–South ern Os cil la tion events (phases NINO 3, NINO 3.4, NINO 4, SOI), Pa cific
De cad al Os cil la tion (PDO), and wind field vari abil ity. Ac cord ing to our es ti mates, there is a sta tis ti cally
sig nif i cant trend in the equa to rial Pa cific trade wind in dex at the level of 850 hPa (PTW) in the an a lyzed
pe riod, and the av er age an nual sur face speed of east ern winds in the zone of 0°–10° S, 160° E–160° W in -
creased by 1.5 m/s per 40 years. At the same time, interannual vari a tions in the zonal com po nent of wind
speed in this sec tor highly cor re late with vari a tions in the SST and wa ter tem per a ture in the subsurface lay -
ers in the area of the WPWP (the cor re la tion co ef fi cient R ~ |0.7|).

The study area is a part of the en er get i cally ac tive zone of the ocean and atmosphere in the North west
Pa cific, which has a ma jor ef fect on the pro cesses in both ad ja cent ocean ar eas and the Earth cli mate sys -
tem. The main ty phoon paths pass through it, and the cy clone ac tiv ity af fects the char ac ter is tics of the ther -
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mal re gime in the North Pa cific [2, 29]. The cy clone ac tiv ity over the North west Pa cific and Far East ern
seas is mainly formed by trop i cal and west ern extratropical cy clones in the warm sea son and by ac tive
west ern and south ern extratropical cy clones in the cold sea son [11]. 

The main ten den cies in the interannual vari a tions in ther mal con di tions in this re gion are de ter mined by
global cli mate changes, teleconnections in the ocean and at mo sphere, the re dis tri bu tion of heat be tween
dif fer ent parts of the World Ocean and are af fected by El Ni~no/La Ni~na events, while de cad al and lon ger
changes are con sis tent with the PDO phases [1, 4, 19, 25, 33]. Teleconnections are con sid ered as syn chro -
nous cor re la tions, mainly be tween me te o ro log i cal pa ram e ters in dis tant ar eas and play an im por tant role in
the global cli mate sys tem [4]. The El Ni~no and La Ni~na events are the dom i nat ing fac tors of the nat u ral
cyclicity of cli mate vari abil ity on var i ous timescales and were in ves ti gated rather well. They are as so ci ated
with the phases of large-scale ocean sur face heat ing and cool ing in the cen tral, east ern, and west ern equa to -
rial Pa cific in com bi na tion with changes in the at mo spheric cir cu la tion, cur rent fields, sea-level pres sure
gra di ent from east to west, wind, thermocline depth, and other char ac ter is tics [1, 17]. Pa cific De cad al Os -
cil la tion is the dom i nant fac tor in the SST vari abil ity in the North Pa cific. It is char ac ter ized by the al ter na -
tion of warm ing and cool ing phases in the west, within the Kuroshio–Oyashio and in the north east ern Pa -
cific. The pos i tive PDO phase is as so ci ated with the in creas ing wind im pact and the ex tend ing sub po lar
gyre in the North Pa cific and the deep en ing Aleu tian Low [33]. 

As a re sult of anthropogenic im pact un der con di tions of in creas ing green house gases emis sion to the at -
mo sphere, global warm ing con tin ues. This pro cess is ac com pa nied by the re or ga ni za tion of at mo spheric
pro cesses, which leads to the re dis tri bu tion of en ergy ex cess be tween the at mo sphere and the ocean. About
90% of ex ces sive heat added to the cli mate sys tem is ab sorbed by the ocean [13]. At the same time, the ther -
mal struc ture of the up per 100-m layer is ba si cally de ter mined by the sur face heat bud get, and the im pact of
advection and mix ing of wa ter is more sig nif i cantly man i fested in the subsurface layer [5]. 

The sys tem of the main cur rents in the study area con sists of the North Equa to rial Cur rent, Mindanao
Cur rent, Equa to rial Coun ter Cur rent, and Kuroshio cur rent sys tem con sist ing of the ma jor cur rent and its
countercurrent, Luzon and Tai wan cur rents [3] (they are sche mat i cally pre sented in Fig. 1c). The Kuroshio
is the key com po nent of large-scale cir cu la tion in the sys tem of west ern bound ary cur rents, the ma jor
source of heat in flow to the at mo sphere, and the pe cu liar mod u la tor of cli mate change in ad join ing ar eas,
trans port ing the heat ex cess from low to mid dle and high lat i tudes [20, 27, 31, 32]. At the same time, the
Kuroshio EAZO was dis tin guished as a sep a rate area among five World Ocean EAZOs in the con cept of
the Sec tions na tional mon i tor ing pro gram per formed in 1980s–1990s. In the pres ent pa per, this area is con -
sid ered in the lim its of the Kuroshio within the Phil ip pine Sea. The sig nif i cant in ter est to the in ves ti ga tion
of the Kuroshio is con firmed by the ex am ples of nu mer ous na tional, in ter na tional pro grams and com plex
ex pe di tions such as MGG-MGS with par tic i pa tion of Vityaz’ re search ves sel (Shirshov In sti tute of
Oceanology, Rus sian Acad emy of Sci ences), Co op er a tive Study of the Kuroshio and Ad ja cent Re gions
(CSK), Kuroshio Edge Ex change Pro cesses Study (KEEP), “KISZ-80,” “KETI-82” (Far East ern Re search
Hydro meteoro logi cal In sti tute), Sec tions, WOCE, etc. Since 1967, Ja pan Me te o ro log i cal Agency (JMA)
has pro vided rou tine sur veys at the sec tion along 137° E from 3° to 34° N twice a year and has car ried out
other ex pe di tions in the Phil ip pine Sea, which al lowed ac cu mu lat ing a unique vol ume of in for ma tion about
the wa ter struc ture and dy nam ics in the re gion [23, 28]. As a re sult of long-term stud ies in this re gion, rather 
com plete ocean o graphic datasets were formed, and nu mer ous stud ies were ac com plished an a lyz ing the
spatiotemporal vari abil ity of the struc ture and dy nam ics of wa ter and var i ous cli ma tic char ac ter is tics in dif -
fer ent years. Since 1996, JMA has pub lished re gional year books with the re sults of mon i tor ing long-term
changes in the at mo spheric and oce anic char ac ter is tics in the area of the Jap a nese is lands and Kuroshio as
com pared to global changes [19]. 

The ob jec tive of the pres ent pa per is to re veal trends and spatiotemporal fea tures of interannual vari a -
tions in air tem per a ture, SST, wa ter tem per a ture in the up per 750-m layer, and sep a rate cli ma tic pa ram e ters
in the study re gion, as well as to an a lyze their pos si ble causal re la tion ships with large-scale and re gional
pro cesses in the ocean and at mo sphere over the last four de cades, i.e., at the mod ern stage of global warm -
ing. Re gional fea tures and quan ti ta tive char ac ter is tics of long-term interannual trends in pres sure, wind,
and heat fluxes on the ocean sur face, sur face air tem per a ture, SST, and heat con tent of the wa ter col umn,
which are stud ied us ing the set of ob ser va tional data, mod ern as sim i la tion mod els, and reanalysis, are un -
der es ti mated. It is also nec es sary to de ter mine the sta tis ti cal sig nif i cance and in ter re la tions of these changes 
with the phases of pre dom i nant modes of the nat u ral cy clic vari abil ity of cli ma tic char ac ter is tics un der con -
di tions of in creas ing anthropogenic im pact in such spe cific area with high ther mo dy namic ac tiv ity as the
Kuroshio EAZO.
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DATA AND METHODS

This re search used ob ser va tional data on air tem per a ture from 39 weather sta tions of the GHCN-M (V3) 
NOAA global cli mate net work (https://www.ncdc.noaa.gov/ghcnm/v3.php) over the pe riod from 1978 to
2019, NCEP/NCAR Reanalysis-1 sur face air tem per a ture (Ta) data [24], fields of pres sure, wind, and heat
fluxes on the ocean sur face, the se ries of cli mate (cir cu la tion) in di ces [6] (PDO, AMO, SOI, NP, WP, PNA, 
PTW, EP/NP) tak ing into ac count their sea son al ity. The listed data were taken from https://psl.noaa.gov/
data/gridded/in dex.html (the de vel oper is NOAA/ESRL/Phys i cal Sci ences Lab o ra tory (PSL), Boul der,
USA), https://www.nodc.noaa.gov/ and https://www.cpc.ncep.noaa.gov/ (NOAA/NCEI/CPC). The inter-
an nual changes in wa ter tem per a ture were an a lyzed us ing the data of op ti mum SST in ter po la tion (NOAA
OI SST V2) for 1982–2019 from https://www.esrl.noaa.gov/psd/ [30] and data on wa ter tem per a ture (Tw)
and cur rent ve loc ity at dif fer ent lev els from the GODAS sys tem [16] (https://www.esrl.noaa.gov/psd/
data/gridded/data.godas.html) for 1980–2019. In ad di tion, data of JMA long-term ocean o graphic sur veys
in the Phil ip pine Sea were ap plied [23].

The sta tis ti cal char ac ter is tics (mean, vari ance, anom a lies, cor re la tion co ef fi cient, trends for dif fer ent
sea sons) were cal cu lated, and the decomposition of the fields of anom a lies of the char ac ter is tics to prin ci pal 
com po nents of em pir i cal or thogo nal func tions (EOFs) was car ried out us ing the sin gle tech nique [9].
Taking into ac count the du ra tion of the sum mer and win ter mon soons and the intraannual vari a tions in Ta

and SST, the con di tion ally warm or sum mer (June–Sep tem ber) and con di tion ally cold or win ter (No vem -
ber–March) sea sons (pe ri ods) were dis tin guished. The trends were es ti mated for the av er age an nual and
sea sonal val ues of the pa ram e ters and their anom a lies (D). The anom a lies were de ter mined as a de vi a tion
from the mean for all years of the 30-year pe riod (1984–2013). 

RE GIONAL FEA TURES OF INTERANNUAL VARI ABIL ITY
OF AIR TEM PER A TURE AND SST

Based on three principal components of the EOF for the SST anomaly (SSTA) field in winter (when
horizontal temperature gradients are increased, and three principal components describe 80% (50% + 25%
+ 5%) of SSTA variability) three relatively isolated areas were distinguished in the sea: northern (N), central
(C), and southern (S) (see Fig. 1g). Their location is generally consistent with the natural physiographic
zones of the sea area and with the schemes of spatial features of the circulation characteristics of sea water
[3, 10, 28]. In the northern area, the Kuroshio current is situated, the central area is the western periphery of
the North Pacific subtropical gyre, and the southern area is located on the western periphery of the North
Pacific tropical gyre, within the WPWP [25]. The 28°C isotherm of average annual SST values passes along
the northern boundary of the southern area in the zone of 15°–18° N. Climatic differences between the
distinguished areas are manifested from the comparison of both generalized estimates of the mean and
extreme values of air temperature and SST variations (Table 1) and their trends (Fig. 1). In all areas, the
mean and extreme estimates of SST are higher than for Ta. These estimates naturally increase from north to
south, and the variance increases in the opposite direction, reaching the maxima in the northern area in the
cold season. According to the observations at the coastal and island stations and the reanalysis, the
maximum values of Ta and SST were registered in 1998 in the northern and central areas and in 2010 and
2017 in the southern area. In the second half of 1997–the beginning of 1998 as well as during the similar
periods in 2009–2010, El Ni~no intensified [26], and in the spring of 2008 and in the summer of 2010, the
La Ni~na phase began (https://www.data.jma.go.jp/gmd/cpd/data/elnino/learning/faq/elnino_table.html,
https://ds.data.jma.go.jp/tcc/tcc/products/elnino/ensoevents.html). According to the same JMA monitoring
data, only the La Ni~na phase was recorded in the second half of 2017, during which the strengthening of
trade winds leads to the decrease in Ta and SST in the eastern equatorial Pacific and to their increase in the
western part. The greatest contribution to the formation of the maxima in the interannual variations of
average annual Ta and SST in all areas in the mentioned years (Table 1) is made by the warm-season
months during La Ni~na.

In the pres ence of high cor re la tion be tween vari a tions in air tem per a ture and SST, the trends and ba sic
fea tures of the spa tial dis tri bu tion of the trends in Ta and SST are con sis tent with each other and char ac ter -
ized only by the pos i tive val ues of the trends (b) in the av er age an nual val ues of tem per a ture. The ranges
of their maximum val ues (b = (0.2–0.3)°C/10 years) are con cen trated in the north ern and south ern ar eas of
the sea (Figs. 1a and 1b). In the warm sea son, the dis tri bu tion of the trends in SST (which is a more per sis -
tent char ac ter is tic than Ta) within the en tire sea is more uni form than for Ta, and there are zones with neg a -
tive val ues of b in the field of Ta. The re sults of es ti mat ing the trends us ing in stru men tal ob ser va tions at
weather sta tions dem on strated in Fig. 1b are in sat is fac tory agree ment with reanalysis data. The EOF prin -
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ci pal com po nents carry im por tant in for ma tion about the main modes of large-scale interannual vari abil ity
of the SSTA field, whose fea tures can be eval u ated us ing the vari ance, trends at grid points, and con nec tiv -
ity of vari a tions in the spa tial co or di nate sys tem. The first three SSTA EOF modes C1–C3 ac cu mu late 80%
of vari ance of interannual vari a tions in the anom a lies of av er age an nual SST in the re gion. The dis tri bu tion
of the SSTA EOF co ef fi cients C1 both in the warm (Fig. 1c) and cold sea sons is rep re sented by the pos i tive
val ues and char ac ter izes the synphase vari a tions in the SSTA in the whole ba sin. In the sea area, the pos i -
tive interannual trends in the SST are clearly pro nounced, while trends in Ta are mainly ob served in the cold 
sea son (Ta ble 2). The dis tri bu tion of the co ef fi cients of the sec ond SSTA EOF mode re flects the anti-phase
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Fig. 1. The linear trends (°C/10 years) in the anomalies of (a, d, g) sea surface temperature and (b, e, h) air temperature: (a,

b) the average annual trend, for (d, e) the warm and (g, h) cold seasons in 1982–2019, as well as the distribution of coefficients 
of (c) the first, (f) second, and (i) third EOF modes for the interannual SSTA variations in the cold season. Figure (g) presents
the location of the distinguished areas, figure (b) shows the value of Ta anomalies at weather stations, figure (c) demonstrates
the scheme of the major currents: (1, 2) Kuroshio and its countercurrent, (3) Luzon Current, (4) North Equatorial Current, (5)
Mindanao Current, (6) Equatorial Counter Current. The crosses mark the grid points where the trend estimates are
statistically significant at the 95% level. 
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Ta ble 1. The mean and ex treme val ues of av er age an nual air tem per a ture (°C; 1978–2019) and SST (°C;
1982–2019) in the dis tin guished ar eas 

Pa ram e ter
Area

North ern Cen tral South ern

Ta

Mean
Max
Min
s2 (year)
s2 (warm)
s2 (cold)

19.02
20.10 (1998)
18.17 (1984)

0.16
0.14
0.40

24.91
25.79 (1998)
24.52 (1996)

0.07
0.04
0.24

27.57
27.88 (2010)
26.76 (1992)

0.06
0.03
0.21

SST

Mean
Max
Min
s2 (year)
s2 (warm)
s2 (cold)
R

23.40
24.37 (1998)
22.78 (1982)

0.14
0.16
0.19
0.79

26.18
26.94 (1998)
25.69 (1984)

0.11
0.10
0.16
0.88

29.06
29.58 (2017)
28.50 (1991)

0.07
0.09
0.13
0.79

Max, min are the max i mum and min i mum val ues, the year is given in brack ets; s2 is vari ance over dif fer ent pe ri ods;
R is the coefficient of cor re la tion be tween the av er age an nual val ues of Ta and SST in the dis tin guished ar eas. Here and
in the other ta bles, sta tis ti cally sig nif i cant (95%) es ti mates are bolded.

Ta ble 2. The pat tern and interannual trends in the cli ma tic pa ram e ters in dif fer ent ar eas of the Phil ip pine Sea over
the last four de cades 

Area Pa ram e ter b tr D bw bc

North ern

Cen tral

South ern

En tire sea

Ta

SST
U
V
LH
SH
Ta

SST
U
V
LH
SH
Ta

SST
U
V
LH
SH
Ta

SST

0.13
0.19
0.0  
0.08
5.21
0.69
0.04
0.14

–0.02
0.04
2.91
0.85
0.10
0.17
0.01

–0.02
1.33
0.49
0.08
0.16

0.5
0.8
0.0
0.3

20.8
2.8
0.2
0.6

–0.1
0.2

11.6
3.4
0.4
0.7
0.0

–0.1
5.3
2.0
0.3
0.6

13
30

0
12
41

4
3

23
0
2

26
23
20
51

0
3

12
27
17
46

0.07
0.19
0.09
0.17
2.74
0.08
0.01
0.16
0.0  
0.04
5.46
0.97
0.02
0.18

–0.04
–0.10

1.89
0.95
0.02
0.17

0.16
0.18

–0.02
0.01
9.60
1.96
0.09
0.13

–0.08
–0.01

3.14
1.15
0.18
0.20
0.0  
0.04
1.53
0.24
0.12
0.17

b is the linear trend slope coefficient, °C per decade; tr is the trend per 40 years, °C; D is the trend contribution to total
variance, %; bw , bc are the trend coefficients for the warm and cold seasons, respectively; LH and SH are the latent and
sensible heat fluxes, W/m2; U, V are the zonal and meridional wind speed components, m/s.



SST vari a tions in the north ern and south ern parts of the sea (Fig. 1f), and the dis tri bu tion of the third mode
in di cates sim i lar vari a tions in three dis tin guished ar eas (Fig. 1i). 

In gen eral, over the re cent 40 years, air tem per a ture in dif fer ent re gions in creased by 0.2–0.5°C and SST 
rose by 0.6–0.8°C, and the max i mum growth was ob served in the north ern part of the sea. On av er age for
the sea, the con tri bu tion of the trend to to tal vari ance of fluc tu a tions in Ta and SST made up 17 and 46%, re -
spec tively. As noted above (Ta ble 1), the max i mum in 1998 is pro nounced in the tem po ral vari a tions in the
av er age an nual Ta and SST in the north ern and cen tral ar eas (Fig. 2a), which is also dis tin guished in the dis -
tri bu tion of tem po ral co ef fi cients of the first SSTA EOF mode. Then, un til the mid-2010s, the SST anom a -
lies were de creas ing. This pe riod was con sid ered as a hi a tus of the global warm ing (Fig. 2a), in par tic u lar,
in the area of the Kuroshio and ad join ing re gions [32, 34]. In the south ern area, the 1998 max i mum and the
sub se quent hi a tus against a back ground of the gen eral pos i tive trend are not strongly pro nounced. In this
area in the cold sea sons of 1991–1993 there were sig nif i cant neg a tive anom a lies of interannual val ues of Ta

(to –2.4°C) and SST (to –0.8°C), which could be as so ci ated with an in crease in the av er age speed of north -
ern winds in De cem ber 1992 (up to 3.6 m/s as com pared to the nor mal equal to 2.2 m/s). At the same time,
the north ern bound ary of the WPWP (the 28°C iso therm) moved to the south, and the av er age an nual sen si -
ble heat flux from the ocean to the at mo sphere reached the max i mum of 10.7 W/m2 in 1992.

COR RE LA TION BE TWEEN THER MAL CON DI TIONS
AND AT MO SPHERIC PRO CESSES

The fol low ing changes oc curred in the wind char ac ter is tics (Ta ble 2). Dur ing the sum mer mon soon, sta -
tis ti cally sig nif i cant trends to wards the strength en ing of south ern winds by 0.7 m/s were ob served in the
north ern area, while the trends to wards their weak en ing by 0.4 m/s were reg is tered in the south ern area. In
win ter, no sig nif i cant trends in the zonal and me rid i o nal wind speed com po nents were found. At the same
time, the vari a tions in Ta and wind speed com po nents are char ac ter ized by the mod er ate cor re la tion (R = 
0 4 06. – . ) both in sum mer and win ter. 

The differences in the pattern of warming in the separate areas are significantly determined by local
conditions, by the value of advective transport of heat by currents, as well as of sensible (SH) and latent
(LH) heat of condensation in the atmosphere [18, 29, 33]. As known, the area of the Kuroshio EAZO plays
an important role in the accumulation of heat energy and heat transfer to neighboring areas. This is
confirmed by the quantitative estimates of heat exchange at the ocean–atmosphere interface and by their
trends under global warming. The values of heat fluxes (W/m2) on the ocean surface are given below for
different areas of the Philippine Sea (N, C, and S) and the adjacent western subarctic (WSA) sea area:
average annual (M), warm- (W) and cold-season (C) ones on average for 1980–2019:

Area North ern Cen tral South ern WSA

Pe riod
SH
LH

M
45

167

W
7

90

C
88

246

M
18

146

W
5

108

C
33

198

M
8

117

W
7

111

C
10

130

M
15
42

W
5

12

C
25
71
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Fig. 2. The interannual changes in (a) the anom a lies and (b) ac cu mu lated anom a lies of av er age an nual SST in the north ern
area. 



The maximum values of average annual heat fluxes from the ocean to the atmosphere are localized in
the northern area (in the Kuroshio EAZO) and observed in the cold season. The fluxes LH significantly
exceed the fluxes SH, which is also typical of the outgoing part of heat budget in the low-latitude areas. For
comparison, the values of LH in the adjoining area of the western subarctic are several times smaller. There
are statistically significant positive trends in the interannual variations in LH and SH in most of the sea area
(Fig. 3). In the northern area in some winter months, the fluxes LH and SH reached 380 and 170 W/m2, i.e.,
the highest values for the whole Pacific area, and increased at a rate up to 10–15 and 5–8 W/m2 per decade,
respectively, at the turn of the 20th and 21st centuries. Excessive heat comes to the atmosphere and is
transferred to the neighboring areas. The interannual changes in the fluxes of heat coming to the atmo-
sphere in the northern and central areas of the Philippine Sea and the variations in water temperature and air 
temperature in different areas of the subarctic Pacific are characterized by moderate correlations (R =
0.3–0.6). Under the influence of different mechanisms of small-scale turbulence and density convection,
SST variations in these areas are transferred to deeper layers.

TEM PER A TURE VARI ABIL ITY
IN THE SUR FACE AND IN TER ME DI ATE LAYERS

The in ter ac tion be tween sep a rate links of the sys tem of cur rents and wa ter masses of var i ous or i gin are a 
rea son for the for ma tion of the com plex spa tial struc ture and var i ous-scale vari abil ity of thermohaline char -
ac ter is tics in the Kuroshio EAZO and ad join ing ar eas of the Phil ip pine Sea. Pos i tive phases and trends in
the PTW and SOI in di cat ing the strength en ing of trade winds were ac com pa nied by a cer tain in crease in the 
ve loc ity of the North Equa to rial Cur rent, Kuroshio, and heat advection from the WPWP [25, 28, 31].
Inhomogeneities in the hor i zon tal and ver ti cal struc ture of flows, the vor tex gen er a tion and me an der ing
cre ate con di tions for the in tru sion of iso lated wa ter vol umes in dif fer ent lay ers, which leads to the
thermocline ero sion, an in ten si fi ca tion of ver ti cal ex change, and an in crease in the heat fluxes from the
ocean to the at mo sphere [20, 27]. Un der con di tions of the closed an nual cy cle, the ex ceed ing of the heat
emis sion through the ocean sur face over its in flux is com pen sated by the advection of heat by cur rents [5].
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Fig. 3. The trends in (a, b) la tent and (c, d) sen si ble heat for (a, c) the warm and (b, d) cold sea sons in 1980–2019.



Data of the 50-year cy cle of re peat ing ob ser va tions at the sec tion along 137° N in the Phil ip pine Sea [23, 
28] and GODAS [16] al low mon i tor ing interannual trends in wa ter tem per a ture (Tw) at dif fer ent ho ri zons in 
the dis tin guished ar eas. Like the vari a tions in Ta and SST, they are man i fested in the al ter na tion of warm
and cold pe ri ods and in the for ma tion of sep a rate lay ers and zones with tem per a ture trends of var i ous mag -
ni tude and sign. These pro cesses are highly inhomogeneous in time and space [14]. For ex am ple, wa ter
tem per a ture in the up per and in ter me di ate lay ers in the north ern and south ern ar eas of the men tioned sec -
tion was above the nor mal in 1975, whereas it was be low the nor mal in 2017 [19]. The sign, mag ni tude, and 
sta tis ti cal sig nif i cance of the interannual trend in Tw no tice ably dif fered in sep a rate lay ers and ar eas of the
sea [28]. There fore, the char ac ter is tics of vari abil ity in the ver ti cal struc ture of the tem per a ture field av er -
aged within each of the three ar eas are con sid ered be low (Fig. 4). The high est am pli tudes of vari a tions in
Tw are ob served in the south ern area of the sea in the up per thermocline layer, and the small est ones are reg -
is tered in the cen tral area. The val ues of the trends in Tw in the sur face layer and SST are close. The sign and 
mag ni tude of the tem per a ture trends in sep a rate lay ers of the wa ter col umn highly vary with depth. In the
north ern area, where, as shown above, the max i mum sen si ble and la tent heat fluxes from the ocean to the
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Fig. 4. The vertical distribution of (a, d, g)  average annual water temperature Tw, (b, e, h) the difference between the
maxima and minima of Tw, and (c, f, i) the value of linear trends in Tw for 1980–2019 in (1) the warm and (2) cold seasons in
different areas of the Philippine Sea according to the GODAS data: in (a, b, c) the northern, (d, e, f) central, and (g, h, i)
southern areas. 



at mo sphere were re corded, there are neg a tive tem per a ture trends and the cool ing within the whole layer,
ex cept for a thin sur face layer (in sum mer). At the same time, in the cen tral area mul ti di rec tional trends are
clearly pro nounced: to ward the warm ing in the up per 350-m layer and to ward the cool ing in the un der ly ing
lay ers. In the south ern area, a grad ual ac cu mu la tion of heat in the up per 300–400-m layer is mainly ob -
served, its trends are more pro nounced in the cold sea son; in sum mer, the heat loss is ob served in the layer
of 300–700 m. The anal y sis of data on the cor re la tion be tween the interannual changes in Tw at dif fer ent
depths and the vari a tions in air tem per a ture and wind speed re vealed that sta tis ti cally sig nif i cant cor re la -
tions be tween these pa ram e ters are ob served to the depth of 50, 200, and 200–300 m in the north ern, cen -
tral, and south ern ar eas, re spec tively. The rea sons and mech a nisms of the cool ing and warm ing pro cesses in 
in di vid ual wa ter lay ers are a sub ject of spe cial re search in volv ing re li able data on the struc ture and dy nam -
ics of wa ter in the re gion. 

RE LA TION SHIPS BE TWEEN THE VARI ABIL ITY OF AIR TEM PER A TURE, SST, WIND,
AND CLI MATE IN DICES

The relationships characterizing the influence of different circulation mechanisms and large-scale
pressure and temperature anomalies in the ocean and atmosphere on the regional features of interannual
variations in water temperature, air temperature, and other climatic characteristics are complex and diverse
even within one sea area. The spatial features of the distribution of regression coefficients (Reg) of
interannual variability both for the SSTA and the first three SSTA EOF modes (C1–C3) for the Philippine
Sea and 500 hPa geopotential height anomalies (AH500) over the North Pacific were analyzed to reveal the
structure of these connections (Fig. 5). The variations in H500 in the middle troposphere highly correlate
with the state of the atmospheric centers of action, with changes in the corresponding climate indices,
temperature and wind characteristics. The spatial distribution of the AH500 EOF C1 in the warm season, as
well as of the SSTA EOF C1 in both seasons (Fig. 1c), is characterized by the synphase changes within the
whole sea area. In the warm season, the values of the SSTA trends (Fig. 1d) and regression coefficients of
variations in the AH500 and SSTA C1 are positive and statistically significant for the whole sea (Fig. 5a). In
the cold season, when the dipole (north–south) pattern of antiphase variations in this AH500 EOF mode is
formed over the North Pacific, the negative values of Reg (–0.1…–0.3) were observed in the northern and
central areas of the Philippine Sea, while the positive values (0.4–0.6) were recorded in the southern area
(Fig. 5b). The zone of the maximum values spreading from west to east to 140° W is pronounced in the
spatial distribution of the second AH500 EOF mode over Japan and the northern Philippine Sea during a year 
(Figs. 5c and 5d). This zone may be connected with the latitudinal zone of the East Asian mid-tropospheric
jet stream resulting from the formation of upper-air frontal zones with high horizontal temperature
gradients [12]. The speed and frequency of jet streams are maximal in the zone of 25°–35° N and reach the
highest values in the vicinity of 30° N, 120°–140° E. In summer, the axis of jet streams moves to the north,
and their velocities have generally decreased in the recent decades [12]. The decrease in the jet stream
speed is consistent with a general trend toward a decrease in the Western Pacific index (WP) [7, 9],
indicating the weakening of the zonal transport in the atmosphere. On the maps of the distribution of
regression coefficients for the second AH500 and SSTA mode (C2) in the cold season (Fig. 5d) in the central
and northern areas of the Philippine Sea, there is a zone of statistically significant values of Reg (0.4–0.5), 
which spreads further to the east beyond the sea up to 150° W and moves to the north in the warm season
(Fig. 5c). The corresponding regression coefficients for the variations in the AH500 C3 (which indicates
~12% of contribution to the variability of AH500) and SSTA C3 in most of the sea area, are negative in the
warm season and  small in the cold season (–0.2…0.2). The revealed correlations and regressions reflect the 
features of the spatiotemporal structure of the main variability modes of the SSTA, atmospheric circulation
characteristics, and the state of the atmospheric centers of action, which may be generally expressed in
terms of climate indices [6]. Below see the estimates of the respective coefficients of correlation between
SSTA, SSTA EOF C1–C3, and AH500 C1–C3  for the warm and cold (in brackets) seasons.

Pa ram e ter

SSTA
SSTA C1
SSTA C2
SSTA C3

AH500 C1

0.7 (0.2)
0.7 (0.2)

–0.2 (–0.6)
–0.1 (0.2)

AH500 C2

0.3 (0.4)
0.2 (0.5)
0.4 (0.3)

–0.4 (0.0)  

AH500 C3

–0.3 (0.0)
–0.3 (0.0)
  0.1 (0.4)
  0.1 (0.2)

There is an effect of the first (in summer) and second (in winter) modes of AH500 variations on the SSTA
field characteristics both for the entire Philippine Sea (the second line) and for its separate modes
describing the spatiotemporal pattern of SSTA variations. 
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As noted above, the re la tion ships char ac ter iz ing the in flu ence of dif fer ent cir cu la tion mech a nisms and
large-scale pres sure and tem per a ture anom a lies in the ocean and at mo sphere on the re gional fea tures of
interannual vari a tions in cli ma tic pa ram e ters are com plex and di verse. The large-scale pro cesses that
influence and form a background for regional hydro meteoro logi cal con di tions development, can be char ac -
ter ized by a num ber of cli mate in di ces that are com monly used in mod ern cli mate change re search. Cli mate
in di ces are used as in di ca tors of large-scale cli ma tic pro cesses and teleconnections be tween them [4, 6].
The re la tion ships be tween the fea tures of the spatiotemporal vari abil ity of ther mal con di tions and the wind
field in the study area with the fol low ing cli mate in di ces are most clearly man i fested: West ern Pa cific
(WP), South ern Os cil la tion (SOI), At lan tic Multidecadal Os cil la tion (AMO), Pa cific Trade Wind (PTW),
East Pa cific/North Pa cific (EP/NP) (Ta ble 3). 

As fol lows from the ta ble, the pro cesses in the ocean and at mo sphere cor re spond ing to these cli mate in -
di ces take part in the for ma tion of the struc ture of the first three SSTA EOF modes, es pe cially of the first
(the most en er getic) one or only the first one (AMO and EP/NP). In ad di tion, the con nec tions of the fields
of tem per a ture and wind with vari a tions in the PDO and Okhotsk High in dex (OKH) are also pro nounced in 
the area of the Kuroshio EAZO, and the con nec tions with the Asian Low in dex (AD) are pro nounced in the
south ern area. In some ar eas in the cold sea son, there are also sta tis ti cally sig nif i cant cor re la tions of the
vari a tions in the North Pa cific (NP) and Pa cific/North Amer i can (PNA) in di ces, the val ues of the sur face
pres sure dif fer ence be tween the Si be rian High and Aleu tian Low (SM-Al) with SST, Ta, and wind speed
com po nents. The for ma tion of the sec ond mode (C2) de scrib ing the anti-phase vari a tions in SST and Ta in
the north ern and south ern ar eas of the sea in win ter is as so ci ated with the NP, WP, SOI, PTW, and PNA. In
the for ma tion of the char ac ter is tics for the third SSTA EOF mode (C3), there are con nec tions with the
PDO, SOI, PTW, and AD with ac count of their sea son al ity. The pat tern and sta tis ti cal sig nif i cance of con -
nec tions be tween the pa ram e ters of large-scale cli ma tic pro cesses and SSTA are in di cated by the maps of
re gres sions be tween SSTA and dif fer ent cli mate in di ces (Fig. 6). 
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Fig. 5. The co ef fi cients of lin ear re gres sion Reg of SST vari a tions with the first three H500 geopotential height anom aly EOF
modes (a, b) C1, (c, d) C2, and (e, f) C3 in (a, c, e) the warm and (b, d, f) cold seasons. Here and in Fig. 6, the crosses mark the

grid points where the es ti mates are sta tis ti cally sig nif i cant at the 95% level.



In the interannual changes in the WP, there were positive trends in the cold season and statistically sig-
nificant negative trends during the warm season. The strengthening of the positive or negative phase of the
WP variations means zonal or meridional fluctuations in the position and intensity of the East Asian jet
stream [12], as well as the strengthening or weakening of zonal and meridional transport in the atmosphere
[15] and related changes in the wind and temperature regimes. Statistically significant connections between 
variations in this parameter and the changes in the wind speed components U and V are manifested only in
the cold season in the northern and southern areas of the Philippine Sea. The processes parameterized by
this index are associated with the first SSTA (and Ta) EOF mode in both seasons (Table 3). In the cold sea-
son, the pattern of the relationship between variations in the SSTA and the climate index changes (Fig. 6b),
and it is determined by the features of the spatial structure of the second SSTA EOF mode (Table 3, Fig. 1f).

The SOI used for the regression analysis with the SSTA is a measure of the sea-level pressure (SLP) drop
in the Pacific Ocean, from Tahiti in the southeast to Darwin (Australia) in the west. The SOI is used for
monitoring and forecasting changes both in the El Ni~no–Southern Oscillation phenomenon and in the
Walker circulation spreading across the whole tropical Pacific Ocean, the lower branch of which covers
trade winds blowing from east to west. The Southern Oscillation is at the negative phase during El Ni~no and
at the positive phase during La Ni~na (https://ds.data.jma.go.jp/tcc/tcc/products/elnino/ensoevents.html).
The transition of interannual SOI variations to the positive phase corresponding to the increasing SLP
difference between the mentioned regions, the strengthening of eastern trade winds in the Western Pacific
and their weakening in the Eastern Pacific were observed during the analyzed period. At the same time, the
SLP rise was due to a statistically significant positive trend in this parameter in the area of Tahiti
(https://www.cpc. ncep.noaa.gov/data/indices/tahiti). The variations in the SOI and PTW are characterized
by high correlation (R = |0.7–0.9| depending on a season). An increase in the speed of eastern trade winds in 
the Western Pacific is accompanied by the advection of heat to the WPWP and the Philippine Sea. At the
same time, the maps of regression dependences of the SSTA on the SOI and PTW are almost identical
(Figs. 6c, 6d, 6e, and 6f), and the respective connections with the main SSTA EOF modes are similar (Table 3).

The in dex of the Interdecadal Pa cific Os cil la tion (IPO), which was called the tripole in dex (TPI) for the
IPO, is con nected with three ma jor cen ters of SSTA and air pres sure vari a tions on de cad al timescales [21],
as well as with the changes in the PDO and SOI af fect ing not only re gions in Amer ica, East Asia, Aus tra lia,
and New Zea land but also the global sur face air tem per a ture. Its value is based on the dif fer ence be tween
the av er age val ues of the SSTA in the cen tral equa to rial part and in the north west ern and south west ern Pa -
cific. In gen eral, the al ter na tion of the pos i tive and neg a tive phases of this pro cess with a grad ual tran si tion
of the IPO trend to the neg a tive val ues has been ob served since the mid-20th cen tury. The pos i tive phase
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Ta ble 3. The co ef fi cients of cor re la tion be tween interannual vari a tions in the cli mate in di ces and vari a tions in air
temperature and wa ter tem per a ture in the dis tin guished ar eas, wind speed com po nents, and co ef fi cients of time
se ries of the first SSTA EOF modes (C1–C3) for the warm and cold (in brack ets) sea sons

Area Parameter WP SOI AMO PTW EP/NP

N

C

S

En tire sea

b
Ta

SST
V
U
Ta

SST
V
U
Ta

SST
V
U
C1
C2
C3

–0.3 (0.1)
0.0 (0.8)

–0.2 (0.6)
0.0 (0.5)

–0.3 (–0.6)
–0.2 (0.8)
–0.4 (0.7)

0.1 (0.5)
–0.3 (–0.4)

–0.2 (0.0)
–0.4 (0.0)

0.2 (0.0)
0.1 (–0.2)

–0.4 (–0.4)
0.2 (0.6)

–0.1 (–0.1)

0.1 (0.4)
0.3 (–0.2)

0.4 (0.1)
0.1 (–0.4)

0.0 (0.1)
0.2 (0.0)
0.3 (0.1)
0.4 (0.1)

0.0 (–0.5)
0.5 (0.6)
0.7 (0.8)

–0.7 (0.5)
–0.8 (0.0)

0.5 (0.5)
–0.2 (–0.6)

–0.4 (0.2)

0.1 (0.1)
0.4 (0.3)
0.6 (0.6)
0.4 (0.0)
0.4 (0.0)
0.3 (0.3)
0.6 (0.5)
0.3 (0.0)
0.0 (0.0)
0.4 (0.5)
0.7 (0.5)

–0.5 (0.1)
–0.3 (0.0)
0.7 (0.6)
0.1 (0.0)

–0.1 (0.2)

0.4 (0.9)
0.3 (–0.1)

0.5 (0.4)
0.2 (–0.4)

0.0 (0.1)
0.2 (0.2)
0.4 (0.4)

0.2 (–0.4)
0.1 (–0.2)

0.5 (0.7)
0.7 (0.9)

–0.7 (0.7)
–0.8 (–0.4)

0.6 (0.7)
–0.2 (–0.5)

–0.4 (0.1)

–0.2 (–0.1)
–0.1 (–0.2)
–0.3 (–0.3)

0.0 (0.2)
0.0 (0.4)

–0.2 (–0.4)
–0.4 (–0.3)

–0.1 (0.2)
–0.2 (–0.5)
–0.4 (–0.3)
–0.4 (–0.2)

0.3 (–0.3)
0.2 (0.3)

–0.4 (–0.3)
0.0 (–0.2)
0.2 (–0.1)

b is the lin ear trend co ef fi cient for the cli mate in di ces in 1979–2018.



pre vailed in 1977 to 1999, and the neg a tive phase dom i nated in 1999 to 2012. At the same time, the neg a -
tive IPO phase cor re sponds to the trend to ward a tran si tion to rel a tively higher sea-level pres sure in the
Cen tral and East Pa cific and to lower pres sure in the West ern Pa cific, with the op po site trend dur ing the
pos i tive IPO phase [21]. The IPO cor re lates with the for ma tion of the struc ture of the first and sec ond Ta

and SSTA EOF modes (Figs. 1c and 1f), mainly in the cold sea son. A de crease in this in dex was ac com pa -
nied by the in crease in Ta and SST in the en tire Phil ip pine Sea.

In the north ern area in dif fer ent sea sons, sta tis ti cally sig nif i cant cor re la tions be tween vari a tions in wa ter 
tem per a ture at dif fer ent ho ri zons and cli mate in di ces are pro nounced in the up per quasihomogeneous layer
and sea sonal thermocline layer. These con nec tions in the cen tral and south ern ar eas are ob served to the
depth of 200–350 and 350–700 m, re spec tively. The de tailed anal y sis of the rea sons and mech a nisms of
these re la tion ships will be pos si ble as soon as data are ac cu mu lated and can be an is sue of fur ther re search.

CONCLUSIONS

The Phil ip pine Sea is the ma jor ac cu mu la tor of heat en ergy, and the Kuroshio EAZO is the pow er ful
source of heat for ad ja cent ar eas. In the area of the Kuroshio EAZO in win ter, there are the great est la tent
and sen si ble heat fluxes in the North Pa cific with a value up to 380 and 170 W/m2, re spec tively, which in -
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Fig. 6. The co ef fi cients of lin ear re gres sion Reg of SST vari a tions with the cli mate in di ces: (a, b) WP, (c, d) SOI, (e, f) PTW,
and (g, h) IPO in (a, c, e, g) warm and (b, d, f, h) cold sea sons. 



crease at a rate up to 10–15 and 5–8 W/m2 per de cade. The interannual vari a tions and trends in these fluxes
in the north ern and cen tral Phil ip pine Sea are con sis tent with changes in sur face air tem per a ture, SST, and
wa ter tem per a ture in the sur face and in ter me di ate lay ers in dif fer ent ar eas of the sub arc tic Pa cific. 

The interannual vari abil ity of av er age an nual air tem per a ture and SST in the area of the Phil ip pine Sea is 
char ac ter ized by the pos i tive val ues of trends b. The zones of max i mum trends in av er age an nual Ta and
SST (b = 0.2–0.3°C/de cade) were reg is tered in the north west ern and south east ern sec tors of the sea. In gen -
eral, over the last 40 years, air tem per a ture in the study area rose by 0.2–0.5°C and the SST in creased by
0.6–0.8°C, the max i mum growth was re corded in the north ern part of the sea. The changes in Ta and SST
are char ac ter ized by the sig nif i cant cor re la tion with vari a tions in the zonal and me rid i o nal wind speed com -
po nents and cli mate in di ces. 

The high est am pli tudes of interannual vari a tions in Tw at dif fer ent depths are ob served in the south ern
area of the sea in the up per thermocline layer, and the small est am pli tudes are reg is tered in the cen tral area.
The sign and mag ni tude of tem per a ture trends at sep a rate ho ri zons vary quasisynchronously and es sen tially 
dif fer in sep a rate lay ers. In the north ern area (the Kuroshio EAZO), where the max i mum sen si ble and la tent 
heat fluxes are reg is tered, there are neg a tive tem per a ture trends and the cool ing within the whole 750-m
layer, ex cept for the sur face layer (in sum mer). In the cen tral area, there are mul ti di rec tional trends to ward
the warm ing in the up per 350-m layer and to ward the cool ing in the un der ly ing lay ers. In the south ern area,
there is a grad ual ac cu mu la tion of heat in the layer of 300–400 m, which is most pro nounced in the cold
sea son; in the warm sea son, the heat loss is ob served in the layer of 300–700 m. 

The cor re la tion was found that in di cates the fea tures of spatiotemporal vari abil ity of the fields of Ta,
SST, and wind, the char ac ter is tics of at mo spheric cir cu la tion, and the state of the at mo spheric cen ters of ac -
tion. These con nec tions are ex pressed in terms of the 500 hPa geopotential height anom aly EOFs and cli -
mate in di ces. There are the ef fects of the first (es pe cially in sum mer) and sec ond (win ter) modes of H500

vari abil ity on the spatiotemporal struc ture of the SSTA field in the Phil ip pine Sea area. The zones of sta tis -
ti cally sig nif i cant cor re la tions be tween the an a lyzed pa ram e ters and var i ous cli mate in di ces are dis tin -
guished on the cor re spond ing maps of isocorrelates and re gres sion. These cor re la tions are the high est with
the West ern Pa cific (WP), South ern Os cil la tion (SOI), At lan tic Multidecadal Os cil la tion (AMO), Pa cific
trade wind (PTW), and East Pa cific/North Pa cific (EP/NP) in di ces.
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