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ABSTRACT

The equatorial response to subtropical Pacific forcing was studied in a coupled climate model. The forcings in the west-
ern, central and eastern subtropical Pacific all caused a significant response in the equatorial thermocline, with comparable
magnitudes. This work highlights the key role of air—sea coupling in the subtropical impact on the equatorial thermocline,
instead of only the role of the “oceanic tunnel”. The suggested mechanism is that the cyclonic (anticyclonic) circulation in
the atmosphere caused by the subtropical surface warming (cooling) can generate an anomalous upwelling (downwelling) in
the interior region. At the same time, an anomalous downwelling (upwelling) occurs at the equatorward flank of the forc-
ing, which produces anomalous thermocline warming (cooling), propagating equatorward and resulting in warming (cooling)
in the equatorial thermocline. This is an indirect process that is much faster than the “oceanic tunnel” mechanism in the
subtropical impact on the equator.
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1. Introduction subtropical Pacific, flows westward and equatorward into the
eeeohuatorial Pacific Ocean either through the low-latitude west-

There hr_:tve been many studies on the interaction betv_v ern boundary current (LLWBC) or through the interior ocean,
the subtropics and tropics that have focused on subtropicgl—, ~." . . . :
inally joining the equatorial undercurrent (Gu and Philander,

equatorial exchanges of water. In a zonally integrated senp 97). Using the National Centers for Environmental Pre-
the water exchange within the tropical Pacific can be dgi- '

. . . ; ction’s (NCEP’s) ocean GCM, in which observed tempera-
scribed in terms of shallow subtropical—tropical overturmnh(zlreS are assimilated, Huang and Liu (1999) showed that the
cells (STCs) (Liu et al., 1994; McCreary and Lu, 1994), in- ' 9

! . o equatorward LLWBC and interior transports are about 14 and
volving e_quatorwar(_j geostrophic transport Wlthm the mal sy, respectively, at TOl. Potential vorticity dynamics are
gfr;n;ﬁ?:?vsltg%\:\é e!hnkﬂr?)t tlzg equator, and returning Sunca8reucial for explaining the routes taken by subtropical thermo-

Observations as well Zs rﬁodellin studies have im rovC” e waters as they intrude into the tropics (Rothstein et al.,

; 9 nprovg (?8), as well as the changes in their transport under global
knowledge regarding the routes, strength, mechanisms and . - i
L . ; : warming (Luo et al., 2009). The variability of the bound
variations of the subtropical-tropical thermocline water pata- and interior pathwavs have also been extensively inves-
ways (i.e. the subsurface branches of the Pacific STCt?éy P y y
through which waters within the subtropics flow into th g@lnsport Huang and Wang (2001) found signals associated

equatorial Pacific Ocean (e.g. McPhaden and Fine, 19W|th the El Nifio—Southern Oscillation (ENSO). It has also

Liu et al., 1994; McCreary and Lu, 1994; Gu and Philande[g . o
o7 ! ) ’ . . en noticed that interior exchange has a seasonal cycle re-
1997; Rothstein et al., 1998; Huang and Liu, 1999; Coles A:ed to the seasonality of pycnocline thickness because of

R|en§cker, 2001; Huang and Wang, 2001; Lee and FUKum?Hé seasonal variability of local Ekman pumping (Coles and
2003; Wang and Huang, 2005). A common feature is that P enecker 2001)

cnocline water, which is subducted in the central and eastern Itis believed that the passive tracers released in the west-

ern subtropical North Pacific cannot reach the equator by La-
* Corresponding author: WANG Lu grangian trajectory simulations (e.g. Huang and Liu, 1999).
Email: wanglu@chinansc.cn This region is a so-called “recirculation window” (RW),

ated. By examining the interannual variability of interior
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within which the subducted waters recirculate in the sybtrounderstanding of climate adjustment to remote forcingaoul
ical ocean itself (Huang and Liu, 1999). Less is known abobe helpful to understand the reality. A more complete de-
the impact of the thermal forcing in the western subtropicatription of the sensitivity experiments is given in sectih
Pacific on the equatorial climate, especially on the thermBection 3 describes the thermocline responses in the equato
cline. In a recent coupled GCM study (Matei et al., 2008)ial Pacific. Section 4 investigates the possible mechanism
the relative impact of the subtropical North and South Racifinderpinning the equatorial thermocline responses. And fi-
oceans on the tropical Pacific climate mean state and varally, a summary and discussion are presented in section 5.
ability was quantified using tailored experiments in which t
model was forced by idealized SST anomalies in the subtrop-
ics of both hemispheres. In their experiments;& &varm- 2 Model, experiments and methods
ing/cooling was applied in the uppermost layer of the sekbct
domains, which were both in the regions of subduction win- The model used in this study was the Fast Ocean—
dows as indicated by Liu et al. (1994), Gu and Philandé&tmosphere Model (FOAM), developed jointly at the Univer-
(1997), and Huang and Liu (1999). Outside those domaisity of Wisconsin—Madison and the Argonne National Labo-
they allowed full ocean—atmosphere coupling. The model r&tory (Jacob, 1997). More details about the model can be
sults suggested that the subtropics affect equatorialatéimfound, for example, in Yang and Liu (2005), and Yang and
mainly through a slow “oceanic tunnel” in the North Pacifi¢vVang (2011).
Ocean. Nevertheless, the impact of western subtropicahNor  To quantify the impact of the climate change within one
Pacific thermal forcing on the equator remains unclear. & heegion on the climate in another remote region, the PC tech-
are two questions that interest us the most: (1) Can the walitjue was used in FOAM. Using this approach, the full air—
ern subtropical North Pacific thermal forcing impact on thgea coupling in a selected region was mandatorily suppesse
equatorial climate, especially the thermocline? (2) Ifigbat with an anomalous signal forcing the model atmosphere
are the mechanisms by which the thermal forcing in the west- ocean. Full coupling was kept unchanged everywhere
ern, central and eastern subtropics impact on the equlatogise.
mean climate? Using the same modelling technique as in Yang and Wang
This work complements our recent study (Wang ar{@011), we performed three pairs of PC experiments to ex-
Yang, 2013), in which we investigated the impact of subtroplicitly quantify the sensitivity of the equator to thernfiafc-
ical Pacific sea surface temperature anomalies (SSTAs)ing in the subtropical North Pacific. All experiments stdrte
the equatorial ocean, but did not discuss the possible metiem a stable control run (CTRL) and were integrated for 200
anisms in detail. In that previous work, we proposed thgears, when the upper ocean had reached quasi-equilibrium.
a “wind—evaporation—SST” mechanism plays the dominamt the PC experiments, 8@ SST warming (cooling) was
role in equatorial SST changes; while in this work, we prdseen” by both the atmosphere and ocean in the western
pose that air-sea coupling, which is much faster than t{i05-160°E), central (160E-160W), and eastern (166
“oceanic tunnel”, plays the dominant role in the process @05°W) subtropical Pacific between 28BN, respectively
subtropical SSTA impact on the equatorial thermocline. THEig. 1, solid line rectangular boxes). These experimers a
mechanisms were investigated in detail in the present stugjerred to as WSP, CSP and ESP hereafter. For each sensitiv-
through the approach of term balance analyses. ity experiment, the ocean and atmosphere was partially cou-
Using a so-called “partial coupling” (PC) technique ipled in the specific domain where the atmosphere was forced
a fully coupled climate model, sensitivity experiments gveby the climatic cycle of heat flux from the CTRL plus anoma-
carried out with localized SST warming over different lonlous heat flux calculated from thé 2 SST warming, and the
gitude bands in the subtropical North Pacific. Although thecean was forced by the heat flux from the atmosphere. The
prescribed SST warming in the subtropics was found to bémosphere and ocean remained fully coupled outside the PC
well beyond the range of intrinsic coupled variability, iags region. Each experiment had its own CTRL, in which the
within the range of the SST change for a doubling of ,COPC was still applied in the corresponding domain but without
(Kerr, 2004). The strong anomaly is necessary for gengyrat@nomalous SST forcing. The impact of the PC forcing was
significant change in this remote region. Our results indicaconveyed equatorward by both the atmospheric and oceanic
that the impacts of the SSTAs in different longitude bangsocesses. The relative contributions of the westernraknt
within the subtropical North Pacific on the equatorial themnd eastern subtropical Pacific to the equator could be esti-
mocline are comparable, with the warming from off-equatenated by studying the difference between the sensitivity ex
anomalous downwelling areas playing the dominant role. Iperiments and corresponding CTRLs. In the following, the
stead of focusing on the oceanic tunnel, in this study we eegquatorial response was calculated as the differencegeetra
phasize that air—sea coupling plays an indirect but efftcieover the last 50 years.
role in the equatorward propagation of the subtropical-ther To quantify the contributions of different mechanisms to
mal forcing. equatorial changes, we examined the heat budget by calcu-
All the results presented in this paper are appropriate flating the terms in the temperature equation (see Appendix)
our model, but could be model-dependent. However, we ekhe term differences between the warming experiments and
pect that the physical processes demonstrated here and@URLS were analyzed.
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Fig. 1. SSTA (left) and temperature (right) changes in the thermed22.7-25.5 isopycnal level) for
the (a, d) WSP, (b, e) CSP, and (c, f) ESP experiments avermagadhe last 50 years of each run.
The subtropical forcing domains are indicated using thildivle rectangular boxes. The dashed line
rectangular boxes represent the areas for equatorial hdgebanalysis in each case.

3. General impact of the subtropical North Pa- 1.2
cific 0.9
0.6
A 2°C SST warming in WSP, CSP and ESP ultimately -3 //.4),
increased the equatorial SST by 0°.230.27C, and 0.460C, » 0.09 P
. . . . ~ —0.3{/]
respectively (Fig. 2, red lines). The equatorial subserfac 2 _0.6
temperature changes were much weaker than the Chang(ZS 1.2
in SST. It was seen that the surface equator responded t@ 0.9
the subtropical forcing quickly, and was almost independenc 0.6 |
of the location of forcing. This implies a significant atmo- £ 0.37,
spheric role in the tropical-subtropical interaction. kswv
also found that the magnitude of the equatorial response inx ~
creased slightly with the eastward displacement of the sub&: ‘1;3
tropical forcing, suggesting thermal forcing in the easter S 0.9 (c)‘\ |
subtropical Pacific, compared with other longitude bands, 0.6
is more efficient in terms of the equatorial SST changes it 0.3{ /4, Ny
causes. The subsurface responses showed a cooling anomaly O-ON ik AR = L il
during the first couple of decades that were opposite to the —9-3 ! ‘
surface, suggesting a baroclinic response in the equitoria ~°® 55 410 60 80 100 120 140 160 180 200
upper ocean. It also took a much longer time for the sub- Time (yr)
surface ocean to reach the quasi-equilibrium and the final re

sponses showed a weak warming in general (C09.17C, Fig. 2. Time evolution of Pacific temperature changes for the
and 0.10C, respectively; Fig. 2, blue lines). (@) WSP, (b) CSP, and (c) ESP experiments. The red lines and
The equatorial responses to subtropical forcings at differ blue lines represent the temperature changes in the egalator
ent locations were actually very different, although the-ge (5°S-5N, 120°E-80W) surface (0—40 m) and subsurface (40—
eral responses were comparable in magnitude. The horlzont400 m), respectively. The green lines represent the tertysera
patterns of SST changes showed that the ESP forcing causéfianges in the thermocline (22.7-25.5 isopycnal levelhiwit
the biggest response in the tropics betweetsldhd 10N, in the dashed line rectangular nges indicated in Figs. 1dcef a _
both magnitude and range (Fig. 1c). The equatorial resjgons or each case. The 25-yr running means are also plottedds thi

to WSP and CSP forcing were more or less concentrated i nes.
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the west, with comparable amplitude (Figs. 1la and b). The
thermocline changes were more dramatically different from ;g
the surface. First of all, locally, a clear baroclinic stiwe

was apparent in the subtropical forcing region when com- 200
pared to the surface (Fig. 1d—f). There were strong coolings

RS

|occooo~rr~1r
[N Yo

beneath the surface warming forcings. This was partigularl 300 o
clear for the WSP and CSP forcings (Figs. 1d and e). In the 400 E%ig
ESP forcing case, the thermocline cooling was shifted to the “12
southwest of the surface warming (Fig. 1f), with the range 500 B
extending from 30N to the equator and from 120/ to the 1.4
whole western Pacific. Second, remotely, there were strong 100 i
warming anomalies betweert @nd 15N, induced directly  — 06
to the south of cooling anomalies in the WSP and CSP forc-é 200 0z
ing cases (Figs. 1d and e). In the ESP forcing, the equatoriaiS 300 %02
thermocline warming was located in the central-eastert par§ 0%
(Fig. 1f). The local off-equatorial warming centers were re 400 e
lated to the surface wind forcing, and we prove this in more l o
detail later. 500 . - L6

The equatorial warming, no matter whether the centers - ; e
were on the equator or off-equator, on the surface or at the 100 SN \ 4 o8
thermocline, appeared to lack any clear connection with the ., |/ /[1~//I\ -y 06
source forcing regions. This can be clearly seen in the merid c') ' \Um’; l 92

. /

CSP, equatorial thermocline anomalies were isolated from
the subtropical SST anomalies by a warming center located 400 )
at the equatorial flank of the subtropical forcing domains.

: . 500
The warming started from this center, penetrated equatdrwa 10°S 0° 10°N  20°N  30°N
through the North Equatorial Counter Current (NECC), and
then joined the Southern Equatorial Current (SEC) and Equa'-:ig 3. Zonal averaged temperature changes (colors) in the
tongl Undercurrent (EUC) (Fig. 3a, b). In ESP, the warming a) WSP (120-150E), (b) CSP (140-180°E), and (c) ESP
basically penetrated equatorward through the NECC within

. . 2 . (170°-110W) experiments. The black contours represent
shallower thermocline, and then finally joined the SEC (Fig., 44 velocity (cm s1). The green contours represent isopy-

3c). cnal levels (kg m3). The vertical axis represents depth in the
The zonal sections of equatorial temperature changegcean (m).
show the differences clearly (Fig. 4). For the equilibrium
stage (Figs. 4d-f), the warmings concentrated in the wegl, the “oceanic tunnel” from the central or eastern subtropi
central-west and central-east under the WSP, CSP and EaPpacific. If the SST anomalies we exerted in the subtropi-
forcings, respectively. It was also found that the warmingsy| North Pacific are treated as passive tracers, both tree tim
were located in the upper thermocline (aboveéQ@@sother-  gcgje of the impact of the subtropics on the equatorial therm
mal level), below which there was either cooling or very weakine and the changes in the equatorial thermocline can-be ex
warming. This also explains the generally weak responggcted according to the subtropical-equatorial watenpagh
in the equatorial thermocline shown in Figs. 1d—f. Itis ingeory, as demonstrated by previous studies (e.g. Gu and Phi
teresting to check the transient response along the equai@ier, 1997; Huang and Liu, 1999). It has been pointed out
(Figs. 4a—c). During the first 5 years, the equatorial thefat the time scale of water exchange between the subtropics
mocline warming centers were located at the western boungy equator is decadal to multidecadal. For example, Matei
ary, western-central part, and central part of the Paciféd@c gt 5], (2008) showed in their North Pacific subduction win-
basin, respectively. The response patterns resembleantie fiyo\ thermal forcing experiment that there was no significant
state very well, with the warming centers being exactly & themperature change propagating through the oceanic tunnel
locations where they were in equilibrium stages. This iny the equatorial subsurface until 30 years after the orfset o
plies that a fast atmospheric teleconnection played a mleg,piropical warming. In addition, the maximum of equato-
the equator—off-equator interaction. rial thermocline changes for ESP and CSP could be expected
to occur at about 149V, where the NECC merges with the
EUC, or at the west boundary where the warm waters join the
EUC right after pushing southward along the Mindanao Cur-
In this paper, we pay more attention to the changes fignt. For WSP, the subtropical SST anomalies should not be
the equatorial thermocline, which are believed to be causalle to reach the equator because the subducted warm water

L
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l
ional section of the temperature changes (Fig. 3). InWSP and 300 S ])
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4. Mechanisms
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Fig. 4. Temperature changes at the equat65(&'N) in the (a, d) WSP, (b, €) CSP, and (c, f)
ESP experiments for the first 5 years (left panel) and thebldgtears (right panel). The grey
lines represent the 2C isotherm in the corresponding CTRL runs. The vertical essesents
depth in the ocean (m).

would be located within the “recirculation window” (Huangow pressure and cyclonic wind stress locally (Figs. 5a—c),
and Liu, 1999). which in turn induced anomalous upwelling at the bottom of

The subtropical North Pacific warming in our experithe Ekman layer (Figs. 5d—f). The cold water from the bot-
ments, however, seemed not to impact the equatorial thiem of the Ekman layer led to local subsurface cooling. The
mocline through the pathways of the oceanic tunnel. On thwestward propagation of the baroclinic Rossby wave, which
one hand, the first 5-yr averaged response captured mawas aroused by cyclonic wind stress, resulted in a westward
mum warming located in the same position as it was in tlshift of the subsurface cooling. This could be clearly seen
final steady state for each sensitivity experiment (Figs- 4 the CSP and ESP experiments (Figs. le and f). In the
f), which implies that there should be another process fast&SP experiment, the cooling was located within the forcing
than the oceanic tunnel generating the equatorial theimeocldomain due to the western continental boundary (Fig. 1d).
warming. On the other hand, for WSP, a strong warming oc- The thermocline warming in the equatorward flank of
curred in the western equatorial Pacific within the upper-thdorcing domains resulted from a similar mechanism. While
mocline (Figs. 4a and d), which is inconsistent with the waubtropical SST forcing caused anomalous low pressure and
ter exchange pathway theory. It is also worth noting that alyclonic wind stress locally, it also led to anomalous weste
the maximum warmings in our three sensitivity experimenligs and anomalous wind stress curl at its equatorward flank
were within the equatorial upper thermocline (above tH&20 (Figs. 5a—c), and in turn downwelling at the bottom of the
isotherm), which reminds us that these warmings might hakz&man layer (Figs. 5d—f). The warm water from the bot-
come from the lower latitudes instead of the subtropics. tom of the Ekman layer led to subsurface warming between

_ ) the subtropical forcing domains and the equator (Figs. 1d—

4.1. Roleof atmospheric teleconnection f). The zonal mean structure of the dipole-like temperature

We propose that the dipole-like subtropical cooling arahomalies indicates clearly that the warming signal propa-
the associated warming in the south, which was the reaggated equatorward from an off-equator thermocline warm-
for the equatorial thermocline warming, resulted fromséa ing center through the SEC and EUC, ultimately leading to
interaction. The subtropical SST forcing caused anomalocaisvarming of the equatorial thermocline (Fig. 3).
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Fig. 5. Changes of wind stress curl (left panel; units 8N m~3) and Ekman pumping (right panel;
units: m d1) for the (a, d) WSP, (b, €) CSP, and (c, f) ESP experiments. sTiropical forcing
domains are indicated by the solid line rectangular boxes.

From the above analysis, we can conclude that the

“oceanic tunnel” only works in the process whereby warming 100
propagates equatorward from the downwelling areas south 200
of the forcing domains. Instead of affecting the equatorial
Pacific through direct subtropical-equatorial water exgea 300
our results emphasize that the impact of the subtropicsen th 400
equatorial Pacific thermocline is an indirect, but mucheast
process, mainly depending on air—sea coupling. 500
600

4.2. Changesin STCs

Changes STCs also play a role in sustaining the equato- 100
rial thermocline warming. In all the experiments, the nerth — 200
ern STC (NSTC) slowed down due to the weakening of east- E 200
ern winds. This is consistent with previous studies that the S
strength of STCs depends on the strength of trade winds in EJ 400
both hemispheres (Nonaka et al., 2002; Yang et al., 2004). 500
The weakened STCs suppressed the upwelling and reduced
the poleward heat transport, warming the equatorial SS&. Th 600
most significant weakening of the NSTC occurred in the ESP
experiment (Fig. 6c), indicating the key region where the 100
trade wind affects the Pacific NSTC the most. In the WSP 200
and CSP experiments, we noticed that the anomalous NSTC
was divided into two closed cells (Figs. 6a and b), which was 300
related to strong Ekman downwelling arourftNg(Figs. 5d 400
and e).

500
4.3. Heat budget analysis 600

To further understand the dynamic mechanisms of the re- 8079 20°S 10°S 0% 10°N 20°N 30°N

sponses in the equatorial thermocline to the subtropicettiNo  Fig. 6. Changes of the mean Pacific meridional overturning cir-

Pacific thermal forcing, the heat budget was analyzed by calculation in the (a) WSP, (b) CSP, and (c) ESP experiments
culating term balances (see Appendix) within both the Racifi (units: Sv). The vertical axis represents depth in the o¢egn
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equatorial thermocline (dashed line rectangular boxegje F gradient was negative in the Northern Hemisphdye<( 0);
1d-f) and the dipole-like temperature anomalies areas (1= the anomalous poleward currevitt 0, Fig. 6b) resulted
boxes and blue boxes in Fig. 7). in positive perturbation meridional advectior\Ty > 0;

To investigate the warming mechanism in the equatbig. 8e, thin light-grey bar), and consequently a rise in-tem
rial thermocline, boxes were selected between 22.7 and 2pésature. This term represents enhanced equatorward heat
isopycnal levels (dashed line rectangular boxes in Fig. I)ansportation from off-equator by anomalous currentolvhi
within which the thermocline changes were most distinct (ublayed a relatively important role in the CSP experiment.
timately 0.32C, 0.28C, and 0.23C, respectively; Fig. 2, The term balance of the subtropical thermocline cool-
green lines). To better understand the heat budget in thg and the off-equator warming were also calculated to
sensitivity experiments, the mean climatology of the terfarther confirm the proposed mechanism. Take CSP for ex-
balance is also plotted. Usually, the equatorial thermecliample: The most significant dipole-like warming and cooling
(Figs. 8a—c) is maintained primarily by the warming effedfig. 1e) are indicated using the boxes in Fig. 7. For the
of the heat transport from the extratropics (for north of theorresponding CTRL, the mean climatology in the subtrop-
equatory < 0, Ty > 0, and thus-vTy > 0) and cooling effect ical cooling box (Fig. 7, blue box) was mainly maintained
of the cold-water upwellingw > 0, T, > 0,—wT, < 0). The by the balance between the warming effect of vertical and
three sensitivity experiments (Figs. 8d—f) shared theufeat meridional temperature advections and the cooling efféct o
that the equatorial thermocline was mainly warmed by thertical diffusion and convection (Fig. 9a); whereas, ia th
enhanced meridional advection. Both the perturbationadrerbff-equator warming box (Fig. 7, red box), it was maintained
ional advection and mean meridional advection played a rddg the balance between the warming effect of vertical temper
in warming the equatorial thermocline. Take CSP for exarature advection and the cooling effect of meridional teraper
ple: Within the selected box, on the one hand the perturbatiimre advection and horizontal diffusion (Fig. 9b). Genlgral
meridional temperature gradient was positive (for the Norf; > 0 (Fig. 7a, colors) and/ < O (Fig. 7b, contours) for both
Hemisphere Ty > 0; Fig. le); so, the mean equatorwarthe boxes; thus, the vertical temperature advection warmed
current ¢ < 0) led to positive mean meridional advectiorthe subsurface ocean for both of them in the CTRL run. In
(—vT)j > 0; Fig. 8e, thin dark-grey bar), which representetthe corresponding sensitivity experiment, CSP, the keg rol
heat transportation from the adjacent thermocline warmiog vertical temperature advection was highlighted agam fo
center. This term played a relatively important role in ththve anomalous term balance of both boxes, though playing
WSP and ESP experiments (Figs. 8d and f, thin dark-grepposite roles in the two boxes. Figure 9c indicates that the
bar). On the other hand, the mean meridional temperatiweal subsurface cooling was caused by the weakened Jertica
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° ‘ A M\F—’—f?—-—//—’i’\\fﬁ\ﬂ -6
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100°E 140°E 180° 140°W 100°wW

Fig. 7.(a) The thermocline mean vertical temperature gradieritérQTRL run
(colors; units: 10%°C m~1) with the thermocline upwelling changes in the
CSP experiment (contours; units: 0m s™1) averaged between the 22.7 and
25.5 isopycnal levels. (b) The thermocline mean upwelliognfours; units:
106 m s71) in the CTRL run with the vertical temperature gradient ajes
in the CSP experiment (colors; units: T0C m~1) averaged between the 22.7
and 25.5 isopycnal levels.
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! T PT ?% s & the heat budget analysis (Fig. 9), are the most direct prbof o

the importance of air—sea coupling in the subtropical inhpac

_ on the equatorial thermocline.
Fig. 8. The total term balance of the CTRLs (left panel) and

their changes (right panel) for the (a, d) WSP, (b, €) CSP, and

(c, f) ESP experiments calculated for the equatorial thermo ; ; ;
cline boxes (isopycnal level 22.7-25.5) indicated in Fipd-f 5. Conclusions and discussions

(dashed line rectangular boxes) [unit€ (10 yr)~]. The phys- Using the so-called PC technique, the impact of the sub-
ical meaning of each bar is marked below the lower panel.  tropical North Pacific on the equator was revisited using a
fully coupled climate model. Not only the equatorial SST re-

temperature advections-fi(wT;) < 0]. Further decomposi- sponses, but also the equatorial thermocline responsks to t
tion of —d(wT,) showed that the change was primarily causedestern, central and eastern subtropical North Pacifictaker
by the weakened downwelling{ > 0, Fig. 7a) and, conse- forcing were found to be comparable.
guently, a cooling effect of perturbation vertical tempera The mechanism of equatorial thermocline warming was
advection £ WT, < 0; Fig. 9c, thin light-grey bar), consistentcarefully investigated in this study. Instead of the water e
with the weakening of northern STCs (Fig. 6b). In contrasthange pathway theory, which has been emphasized in many
perturbation vertical temperature advectiavi £ 0,T, > 0 previous studies, we have highlighted an indirect, but much
(Fig. 7a), so-wW'T, > 0 (Fig. 9d, thin light-grey bar)] causedfaster mechanism of the subtropical impact on the equato-
the enhanced vertical temperature advectiod(vT;) > 0], rial thermocline: namely, that the thermal forcing imposed
which increased the subsurface temperature in the warmthg subtropical North Pacific leads to an adjustment of wind
box. This was also true in the WSP and ESP experimerggress in the low—mid latitudes (Figs. 5a—c), which regults
Anomalous winds caused by the subtropical SST forcirrgnomalous oceanic upwelling near the forcing domains and
did not only generate positive wind stress curl anomalies downwelling in its equatorward flank (Figs. 5d—f). Both the
the forcing domains, but also led to anomalous negative winadomalous upwelling and downwelling result in local tem-
stress curl to the north and south of the forcing domainss(Figoerature anomalies in the subsurface (Figs. 1d—f), with the
5a—c). The anomalous vertical motions (Figs. 5d—f) arouskedter dominating the equatorial thermocline warming.
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In our previous work (Yang and Wang, 2008), the tropir is the vector wind stressy is zonal wind stress is den-
cal (< 30°) response to warmed and cooled extratropical SSity of the ocean, and is the Coriolis parameter. It shows
were both investigated using the same model as we usedhat, even forced by the same magnitude of wind stress, the
this study. It was found that the nonlinear response in taeoused Ekman pumping is much stronger in lower latitudes
tropical upper ocean is less than 10% of the linear resportkan in higher latitudes due to tifkeffect.
to the extratropical SSTA. The insignificance of tropicahno  In the case of subtropical or extratropical SST warming,
linear response is mainly due to the fact that the ocean-cir@erturbation vertical temperature advectienw(T, < 0) and
lation tends to change antisymmetrically in the warming amdean vertical temperature advectienyT, > 0) always play
cooling experiments. Therefore, we expected generaltinean opposite role in local subsurface temperature changes. |
ity in the equatorial response to the imposed subtropicat foour previous studies, in which the anomalous warmed SST
ing in this study. That is, anomalous downwelling was exvas imposed poleward of 30the magnitude o/ was rel-
pected to occur in the local subsurface of the subtropic@l S&tively small due to the largeness of the Coriolis parameter
cooling forcing, while anomalous upwelling at its southerthere. Thus, the magnitude efw T, was smaller than that
flank. The latter would produce thermocline cooling, propaf the —wT,, which resulted in a warmed subsurface. In
gating equatorward and resulting in cooling in the equatorihe present study, however, the forcing domains{30°N)
thermocline. were closer to the equator, so the anomalous wind stress

Our results demonstrated a much faster equatorial muld lead to much more intense upwelling due to fhe
sponse. After the first 5 years, the response patterns reseffect. As is shown in Fig. 9c, the magnitude of the per-
bled the final state very well (Figs. 4a-c), with the warnturbation vertical temperature advectien/'T, was so large
ing centers being exactly in the locations where they wetteat it dominated the anomalous vertical temperature advec
in equilibrium stages (Figs. 4d-f). The responses duritign —d(wT;) and made itself the dominant role in the subsur-
first 5 years reached more than 50% of that in equilibriuface cooling. Thg3-effect can also explain why the negative
stages. In contrast, Matei et al. (2008) showed no warmingnd stress curl in the area to the south of the forcing domain
to occur at the equator until 30 years of simulation, whidfirigs. 5a—c), which was of comparable magnitude to that in
was in accordance with decadal or even longer time scathe area to the north of the domain, generated much stronger
of water exchange between the tropics and extratropics. Fdownwelling than that in the area to the north (Figs. 5d—f).
thermore, Matei et al. (2008) emphasized the key role of the Further investigation is needed for a deeper understand-
oceanic tunnel, by which only the water particles from thieg of the relative significance between perturbation atti
“subduction window” could reach the equatorial thermaoelin temperature advection and mean vertical temperature advec
Our model results, however, suggested that under the thertian to the local subsurface changes, and we intend to parfor
forcing in the subtropics, air—sea coupling plays the doméxperiments with different magnitudes of subtropical fiogc
nant role in the equatorial thermocline changes, by whieh tin order to further diagnose this.
“subduction window”, as well as other longitude bands in the Although it is uncertain if our results would also be valid
subtropical North Pacific, can all impact the equatoriatthein other models, this work is nevertheless valuable forrits p
mocline climate, indirectly but quickly. vision of a quantitative estimate of the equatorial respsng

In our previous studies, the PC technique was used to the subtropical North Pacific thermal forcing within diféert
vestigate tropical-extratropical climate interactioalf and longitude bands. Instead of denying the water exchange path
Liu, 2005; Yang and Wang, 2008; Yang and Wang, 2011yays (e.g. oceanic tunnel) by which subtropical water parti
Using the same model and technique, we showed the vecles penetrate into the equator, the message of this stualy is
cal mean Pacific subsurface temperature changes of the foeernind people of the vital role of air—sea coupling, by which
ing domains to exhibit the same sign as those of the dke “subduction window”, as well as other longitude bands
erted SST forcing in warmed/cooled extratropical 30°) in the subtropical North Pacific, can all impact the equato-
SST experiments. Accordingly, one important question herial thermocline climate, indirectly but effectively. Weowid
is: why did the subsurface changes of the forcing domaiakso like to emphasize that surface thermal forcings in the
in the present study show the opposite sign to those of tloev-mid latitudes should not be treated only as a “passive
surface forcing? In fact, both the subtropical and extratacer”, since the Coriolis effect might play a very impaitta
ropical warmed (cooled) SST were able to locally generatele there.
the positive (negative) vertical temperature gradientyel
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Lee, T., and I. Fukumori, 2003: Interannual-to-decadaliavar
tions of tropical-subtropical exchange in the Pacific Ocean
Boundary versus interior pycnocline transpords Climate
16, 4022-4042.

0T /0t = —uTx—VTy —WT,+ ApTax+ ApTyy+H +R. (A1)  Liu, Z, S. G. H. Philander, and R. C. Pacanowski, 1994: A GCM
study of tropical-subtropical upper-ocean water exchadge

Here, T /dt represents the local temperature tendency; Phys. Oceanogr24, 2606-2623.

—uTy, —VTy and —wT; represent the zonal, meridional andLuo, Y. Y., L. M. Rothstein, and R.-H. Zhang, 2009: Response

Term Balance Analysis

The terms in the temperature equation are:

vertical temperature advection, respectivélyTyx andAnTyy of Pacific subtropical-tropical thermocline water pathsay
represent the horizontal diffusion terms with the constiifint and transports to global warmin@Geophys. Res. Lett36,
fusion coefficienfy, (4000 nf s1); andH represents the sur- L04601, doi: 10.1029/2008GL036705.

face net heat flux forcing (zero for the thermocline box). ThéVatei, D., N. Keenlyside, M. Latif, and J. Jungclaus, 2008bS
vertical diffusion and convection are included in fRéerm. tropical forcing of tropical Pacific climate and decadal ENS

modulation.J. Climate 15, 4691-4709.

Ris obtained by subtracting the other terms frain/dt, be- cCreary, J. P., and P. Lu, 1994 Interaction between thrapb

cause it can.not l_Je directly calcu!ated. The changes of a'}{' ical and equatorial ocean circulations: The subtropictl de
terms used in this paper are derived as the differences be- Phys. Oceanogr24, 466—497.
tween the terms from the sensitivity PC experiments and thejycpnaden, M. J., and ’R. A. Fine, 1988: A dynamical interpreta

CTRLs. These anomalous terms are: tion of the tritium maximum in the central equatorial Pacific
’ _ I I / / ’ ’ J. Phys. Oceanogrl8, 1454-1457.

OT /ot=—(uT) —(VTy) — (WT) +AnToct AnTyy+H —;‘F;’ Nonaka, M., S.-P. Xie, and J. P. McCreary, 2002: Decadahvari

, (A2) tions in the subtropical cells and equatorial Pacific S58o-

where dT’/dt = (9T /dt)pc — (9T /dt)cTrL and all other phys. Res. Lett2q(7), 1116, doi: 10.1029/2001GL013717.

terms are similarly obtained. In this paper, the time averagrothstein, L. M., R.-H. Zhang, A. J. Busalacchi, and D. Chen,

over the last 50-yr simulation is analyzed. 1998: A numerical simulation of the mean water pathways in
The temperature advection terms can be further decom- the subtropical and tropical Pacific OcearPhys. Oceanogr.

posed as 28, 322-343.

, , , .y Shuto, K., 1996: Interannual variations of water tempegtand
—(UT)" = —UTx—uTy —UTy salinity along the 137E meridian.J. Oceanogr.52, 575-595.
—(VIy) = — —VT, — . ang, L., and H. J. Yang, . Impact of subtropical pacific
) = —VTy—vIy-VTy A3) Wang, L., and H. J. Yang, 2013: | f subtropical pacifi
—WT) = —WT,—WT, —WT, SSTA on the Equ_atorla_l OceaActa Scientiarum Naturalium
Universitatis Pekinensjgl9, 791-798.
Thus, the changes in the temperature advection result frokvang, Q., and R. X. Huang, 2005: Decadal variability of pycn-
the changes of mean currenty Ty, _\/Ty7 —~wWT,) and mean ocline flows from the subtropical to the equatorial Pacific.
temperature gradient-uT;, —vTy,—wT;) as well as their Phys. Oceanogr35, 1861-1875. .
nonlinear interactions—(u’TX/,—\/T);,—V\/TZ’). The tempera- Yang, H. J., and L_. Wang, 2008: Esumayng the_non_llnear re-
ture gradient is positive poleward and upward. We do not ~ SPonse of tropical ocean to extratropical forcing in a cou-
discuss the nonlinear terms in this paper, since they are usu pled climate modelGeophys. Res. Left35, L15705, doi:

I Il that th b felv di ded 10.1029/2008GL034256.
ally so small that (n€y can be safely discarded. Yang, H. J., and L. Wang, 2011: Tropical oceanic response-to e

tratropical thermal forcing in a coupled climate model: emeo
parison between the Atlantic and Pacific oceah<limate
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