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ABSTRACT

The role of the Tibetan Plateau (TP) in El Niño–Southern Oscillation (ENSO) variability is investigated

using coupled model experiments with different topography setups. Removing the TP results in weakened

trade winds in the tropical Pacific, an eastward shift of atmospheric convection center, a shallowermixed layer

in the equatorial Pacific, and a flattened equatorial thermocline, which leads to an El Niño–like sea surface

temperature (SST) response. In association with these mean climate changes in the tropical atmosphere–

ocean system, the ENSO variability exhibits a much stronger amplitude in the world without the TP. Detailed

diagnoses reveal that in the absence of the TP, both thermocline feedback in the eastern equatorial Pacific and

Ekman pumping feedback in the central-eastern equatorial Pacific are enhanced substantially, leading to

stronger ENSO variability. The changes of these two feedbacks are caused by the eastward shift of the at-

mospheric convection center and enhanced ocean sensitivity; the latter is due to the shallowermixed layer and

flattened thermocline. This study suggests that the presence of the TP may be of fundamental importance for

modern-day tropical climate variability; namely, the TP may have played a role in suppressing ENSO

variability.

1. Introduction

The uplift of the Tibetan Plateau (TP) was a major tec-

tonic event that occurred during theLateCenozoic (Molnar

et al. 1993; Ruddiman and Kutzbach 1989). Paleoclimatic

proxy data show that the TP uplift induced a shift in

atmospheric jet stream and formation of large conti-

nental ice sheets in both hemispheres (Ruddiman and

Kutzbach 1989), and a lower atmospheric CO2 concen-

tration and thus a global cooling (Raymo andRuddiman

1992). The accelerated uplift of the TP can be traced

back to 10–8 million years ago (Ma) (Harrison et al.

1992; Molnar et al. 1993). The proxy records from China

and marine sediment data from the Indian and North

Pacific Oceans suggest that the establishment of the
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Indian and East Asian monsoon systems, and the pro-

gressively drier winter over the northern Great Plains

and the Eurasian interior, can be attributed to the rapid

TP uplift about 9–8 Ma (Ruddiman and Kutzbach 1989;

An et al. 2001). The uplift of the TP may also have led

to the enhanced draining at the southern side of the

Himalayan–Tibetan orogen about 9 Ma (Ruddiman

2013), the major dust peak from Asia to the North

Pacific about 8–7 Ma (Rea et al. 1998), and changes in

vegetation from forests to grasses about 8 Ma (Cerling

et al. 1997).

El Niño–Southern Oscillation (ENSO) is the most

prominent interannual oscillation in the tropical Pacific.

Both theoretical and modeling studies have suggested

that ENSO properties such as the growth rate and pe-

riod depend strongly on the background mean state

(e.g., Li and Hogan 1999; Fedorov and Philander 2000;

Sun et al. 2009; Chen et al. 2013). Many basic-state fields

such as trade wind strength (Guilyardi 2006), zonal-

mean thermocline depth (Latif et al. 1993), zonal sea

surface temperature (SST) gradient (Knutson et al.

1997), and the stability of ocean–atmosphere interaction

(Kim and Jin 2011) maymodulate the ENSO amplitude.

Paleoclimatic data suggest that the abruptly elevated

ENSO variability around 14 000 years ago may have

resulted from the significant retreat of the Laurentide

ice sheet, which was basically caused by reduced north–

south cross-equatorial SST contrast in the eastern Pacific

(Lu et al. 2016). The suppressed ENSO oscillation during

the mid-Holocene (;6000 years ago) (compared with

the preindustrial situation) may be due to the weakened

ocean feedbacks driven by mean surface meridional

current changes (Chen et al. 2019). The westerly wind

bursts in the western tropical Pacific are important for

the development of El Niño event, which is in turn

controlled by the mean state of the ocean and ocean–

atmosphere interaction (e.g., Fedorov et al. 2015). Many

studies suggested that the ENSO variability had been

strengthening during the past 50 years, which wasmainly

due to the enhanced thermocline strength (Yang and

Zhang 2008; Zhang et al. 2008). Cai et al. (2018) further

suggested that the warming-induced intensification of

upper-ocean stratification will cause a robust increase in

SST variability in the near future under persistent green-

house gas forcing.

The TP uplift may have affected the ENSO strength

through its impact on the mean climate of the tropical

atmosphere–ocean system. Many coupled atmosphere–

ocean modeling studies (e.g., Kitoh 1997; Abe et al.

2004; Schmittner et al. 2011; Sinha et al. 2012; Maffre

et al. 2017) suggested that the uplift can lead to SST

warming in the western tropical Pacific, stronger east-

erly wind, and thus an enhanced Walker circulation in

the tropical Pacific. Fallah et al. (2016) and Su et al.

(2018) showed that the removal of the TP can generate

an SST warming in the eastern tropical Pacific, weak-

ened trade winds, and thus an attenuated Walker cir-

culation. These results indicate that the uplift of the

TP can exert strong impacts on the tropical ocean–

atmosphere system. However, the influence of TP uplift

on ENSO has not yet been studied thoroughly. A

modeling study of Huber and Caballero (2003) sug-

gested that during the Eocene when the TP uplift had

not begun, ENSO exhibited a greater amplitude than in

the present climate, which is supported by the evidence

of ENSO-frequency band variability in Middle Eocene

sediments. However, these mechanisms remain unclear

because the tectonic movements were complicated

during that time (Manabe and Broccoli 1990), and the

forcing signals were mixed with large variations in in-

solation and greenhouse gas concentration (Huber and

Caballero 2003; Lowenstein and Demicco 2006). Here,

we investigate isolated influences of the TP uplift during

the Late Cenozoic on changes in ENSO variability using

idealized model simulations.

In this study, a temperature variance equation, pro-

posed by Yang and Zhang (2008), is used to reveal the

FIG. 1. Topography configuration (m) in coupled model experi-

ments: (a) the control simulation with realistic topography (Real)

and (b) the experiment without the Tibetan Plateau (NoTibet).

The timeline above (a) shows the integration lengths of these

experiments.
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mechanism of ENSO variability change in response to

the TP removal. The removal of the TP results in a

weaker east–west SST gradient and thus an attenuated

Walker circulation in the tropical Pacific, consistent with

previous findings (Fallah et al. 2016; Su et al. 2018). The

slowdown of the Walker circulation signals a more sta-

ble tropical atmosphere (Vecchi and Soden 2007), which

tends to weaken the coupled tropical variability.

However, the enhanced ENSO variability after remov-

ing the TP suggests that the stabilizing factors of the

atmospheric process cannot overcome the destabilizing

factors of the ocean dynamics (Yang and Zhang 2008).

The ocean appears to play a more important role. Thus,

it is necessary for us to scrutinize the ocean’s roles in

changing ENSO intensity. This paper is arranged as

follows. In section 2, we briefly introduce the model and

experiments. In section 3, we show the changes of

tropical climatology and ENSO in topography experi-

ments. In section 4, mechanisms for ENSO intensity

change are provided, followed by summary and discus-

sion in section 5.

2. Model experiments

To explore the role of the TP in modulating ENSO

properties, two parallel experiments are performed us-

ing the Community Earth System Model (CESM1.0)

of the National Center for Atmospheric Research

(NCAR). The model consists of five components and

one coupler: the CommunityAtmosphereModel (CAM5)

(Park et al. 2014), the Community Land Model (CLM4)

(Lawrence et al. 2012), the Community Ice Code (CICE4)

(Hunke and Lipscomb 2010), the Parallel Ocean Program

(POP2) (Smith and Gregory 2009), the Community Ice

Sheet Model (Glimmer-CISM), and the CESM Coupler

(CPL7). CESM1.0 has been widely used and validated by

researchers in the community (http://www2.cesm.ucar.edu/).

The model grid employed in this study is T31_gx3v7.

The CAM5 has 26 vertical levels, with the finite volume

nominally 3.758 3 3.758 in the horizontal. The CLM4 has

the same horizontal resolution as the CAM5. The POP2

has 60 vertical levels, and a uniform 3.68 spacing in the

zonal direction. In the meridional direction, the ocean

grid is nonuniformly spaced: It is 0.68 near the equator,

gradually increasing to the maximum 3.48 at 358N/S and

then decreasing poleward. The CICE4 has the same

horizontal grid as the POP2. No flux adjustments are

used in CESM1.0.

The experiments include a 2400-yr control run and a

400-yr topography-perturbation run (Fig. 1). The

control run uses the preindustrial configuration with

CO2 concentration of 285 ppm. The model geometry,

topography, and continents of the control run are

realistic (Fig. 1a). This control run is named ‘‘Real.’’ The

model climate in Real reaches a quasi-equilibrium state

after 1000 years of integration (Yang et al. 2015).

The sensitivity experiment without the TP, named

‘‘NoTibet,’’ starts from year 2001 of Real, with the to-

pography of the TP reset as 50m above the sea level

(Fig. 1b), and is integrated for 400 years. Note that the

TP area defined in this work is 238–808N, 638E–1808. All

other boundary conditions in this experiment, such as

continent–ocean distributions, planetary albedo, and

orbital parameters, are prescribed as in Real. For the

regions where the orography is modified, the surface

FIG. 2. Time series of SST anomalies (SSTA; 8C), standard de-

viation of SSTA [s(SST); 8C], and power spectrum of SSTA av-

eraged in the Niño-3 region (58S–58N, 1508–908W). (a) SSTA and

(b) s(SST) from Real (black), NoTibet (red), and the ERSST (of

1901–2000; green). The SSTA field is smoothed with a 5–85-month

bandpass filter. The s(SST) field is further smoothed with a sliding

window of 21 years. (c) The power spectra of the SSTA for Real

(black), NoTibet (red), and the ERSST (green), with 95% confi-

dence levels (dashed lines).
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roughness parameters used in the mountain gravity

wave drag parameterization are set to be those over

flat land.

The last 100 years of monthly model outputs are used

for analyses, during which both the ocean and atmo-

sphere reach quasi-equilibrium states. The quasi-equilibrium

responses of variables are obtained by subtracting re-

sults of Real from those of NoTibet. The temperature

variability discussed in section 4 is obtained as follows.

First, the mean seasonal cycle during the last 100 years is

removed. Second, a bandpass filter of 5–85 months is

applied so that the variability only contains information

of interannual time scale.

3. Equilibrium responses

a. Change in ENSO amplitude

Figure 2 shows the time series of ENSO variability

with and without the TP. Elevated ENSO variability is

clearly seen in the absence of the TP. For comparison,

the observations from NOAA Extended Reconstructed

SST version 4 (ERSST V4) during 1901–2018 (Huang

et al. 2015) are also plotted in Fig. 2. The SST anomaly

time series from the ERSST (green line in Fig. 2a) de-

picts strong 1982/83 and 1997/98 El Niño events. The

standard deviation of SST anomaly [s(SST)] in Real is

about 0.608C (black curve; Fig. 2b), which is comparable

with that from the ERSST (green curve, Fig. 2b). The

reasonable agreement of ENSO strength between Real

and observation suggests that the CESMmodel can well

reproduce the tropical Pacific variability. In NoTibet,

the tropical SST anomaly shows much bigger oscillation,

with s(SST) increased to about 1.08C (red curve;

Figs. 2a,b). The power spectrum of SST anomalies

confirms an enhanced ENSO strength after the TP re-

moval. Note that the principal period is about 2–4 years

for both model experiments and observation. The pe-

riod change in NoTibet is not significant, and we will not

elucidate this issue in this study. Note that the curves in

FIG. 3. Spatial patterns of the standard deviations of SSTA (8C) and thermocline depth (m) in the tropical Pacific.

(a),(b) SSTs fromReal and NoTibet, respectively; (c),(d) thermocline depths fromReal and NoTibet, respectively;

(e),(f) SSTs from the ERSST during the period of 1980–99 (P1) and of 2000–18 (P2), respectively. The SSTA and

thermocline depth are smoothed with a 5–85-month bandpass filter before they are used for calculating standard

deviations. P1 and P2 are the two periods to distinguish the eastern El Niño and central El Niño in the tropical

Pacific, according to Guan and McPhaden (2016). The thermocline depth Z20 is defined by the depth of 208C
isotherm. The solid black and dashed green boxes in (a) and (b) outline the Niño-3 (58S–58N, 1508–908W) andNiño-
4 (58S–58N, 1608–1508E) regions, respectively.
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Fig. 2 are for the SST anomalies in the Niño-3 region

(58S–58N, 1508–908W). In the Niño-4 region (58S–58N,

1608E–1508W), the SST anomalies show similar features

(figure not shown).

The pattern of tropical s(SST) in Real (Fig. 3a) shows

two distinguished centers located at 1208W and 1808,
respectively, which are consistent with the finding of

Vega-Westhoff and Sriver (2017). These two centers

represent, respectively, the eastern and central Pacific

El Niño events (Ashok et al. 2007; Kao and Yu 2009;

Lübbecke and McPhaden 2014; Guan and McPhaden

2016), which are also seen in the ERSST data (Figs. 3e,f).

In contrast, the SST variability in NoTibet is enhanced in

the entire equatorial Pacific (Fig. 3b).

Figures 3c and 3d show thermocline depth variability

s(Z20) in Real and NoTibet, respectively. For the

equatorial Pacific, we define the thermocline depth Z20

using the depth of 208C isotherm, as in many other

studies (e.g., Fedorov andPhilander 2001).Unlikes(SST),

s(Z20) shows a bigger amplitude in the central-western

equatorial Pacific in Real (Fig. 3c). The value of s(Z20) in

NoTibet also shows a notable increase in the whole

equatorial Pacific (Fig. 3d). The change of Z20 is usually

thought to lead the change of SST by about several weeks

in the eastern Pacific and by one year in the central Pacific

(Zelle et al. 2004), whichmay be the reason formodulating

ENSO amplitude (Rodgers et al. 2004; Zelle et al. 2004).

Since theENSOvariability has two centers inReal, wewill

discuss the mechanisms of ENSO response in the Niño-3
(solid black box) and Niño-4 (dashed green box) regions,

separately, in section 4.

Figure 4 shows the histogram of SST anomaly distribu-

tion in the Niño-3 region. We can see that the occurrences

of El Niño and La Niña events are roughly symmetric in

Real (Fig. 4a), and they are nearly symmetrically changed

after the TP removal (Fig. 4b). Here, an El Niño or La

Niña event is defined by SST anomalies exceeding 618C.
MoreElNiño (LaNiña) events occur inNoTibet (Fig. 4b),

compared with those in Real; and there is almost no

skewness in ENSO variability. The lack of asymmetry

of ENSO variability in the model is common in many

CMIP3 and CMIP5 models, which is related to many at-

mospheric and oceanic biases (An and Jin 2004; Sun et al.

2016; Zhang and Sun 2014; Levine et al. 2016; Liang et al.

2017) (see section 5). Our model results suggest that the

presence of the TP appears to have no preference for the

occurrence of either El Niño or La Niña.
In general, our model results show stronger ENSO

variability after the TP removal. As mentioned in the

introduction, the ENSO properties are closely related to

the background mean climate in the tropical Pacific

(e.g., Collins et al. 2010; Cai et al. 2018). To understand

the mechanisms of TP-induced ENSO changes, the

mean climate change in the tropical Pacific needs to be

examined next.

b. Mean climate change

Removing the TP results in significant warming over

the Eurasian continent due to the lapse-rate rela-

tionship. The remarkable warming over the Eurasian

continent contributes to the weakening of zonal Eurasian–

Pacific thermal contrast, leading to the weakening of

trade winds and zonal SST gradient in the tropical

Pacific (Fig. 5a; also see Su et al. 2018; Wen and Yang

2020; Yang et al. 2020). This suggests a slowdown of the

Walker circulation, which is thought to suppress ENSO

variability by many studies (e.g., Vecchi and Soden

2007). The SST anomaly pattern shows an El Niño–like
response. A further investigation using SST equation

indicates that the warmer SST in the central-eastern

Pacific is mainly contributed by the anomalous eastward

warm water advection, weakened upwelling, increased

downward surface shortwave flux, and reduced latent

heat flux (figure not shown). These processes can be

understood as follows. The weakened trade winds cause

anomalous eastward surface ocean currents and weaker

equatorial upwelling. The former transports warmwater

from the western Pacific warm pool, and the latter sup-

presses subsurface cold water upwelling, both contrib-

uting to SST warming in the central-eastern Pacific. At

the same time, the weakened easterly winds in the

FIG. 4. Distributions of SSTA in Niño-3 region in (a) Real and

(b) NoTibet. The SSTA field is smoothed with a 5–85-month

bandpass filter.
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central-eastern tropical Pacific reduce surface evapora-

tion, which also helps to warm the SST there. The higher

SST favors stronger atmospheric convection, leading to

less low clouds and thus more downward shortwave ra-

diation, which in turn warms the SST. This process can

be also summarized as the low-cloud positive feedback

(Zhang and Delworth 2005).

Removing the TP results in moisture convergence,

and thus freshwater gain in the central tropical Pacific

(Fig. 5b), which reduces the sea surface salinity (SSS)

there (figure not shown). The combined effect of lower

SSS, higher SST, and weakened trade winds in the cen-

tral Pacific leads to a shallower mixed layer depth

(MLD; Fig. 5c) and thus an intensified stratification in

the upper ocean. Previous studies suggested that the

strong upper-ocean stratification tends to retard vertical

mixing and entrainment of subsurface cold water into

the mixed layer, which would favor strong ENSO vari-

ability (Carton 1991;Meehl et al. 2001; Kang et al. 2014).

Im et al. (2015) also reported that as theMLDdecreases,

the sensitivity of ocean dynamics to wind forcing becomes

larger, which is a primary cause for the increase in positive

dynamic feedback and thus a larger El Niño. In this study,

the shallower MLD indeed contributes to stronger ENSO

variability by enhancing ocean sensitivity to surface wind

stress perturbation, a point to be carefully examined in

section 4c.

Removing the TP also results in flattening equatorial

thermocline, with its depth shoaling in the western

equatorial Pacific and slightly deepening in the eastern

equatorial Pacific (Figs. 5d and 6). Here, the depth of

FIG. 5. Quasi-equilibrium changes in mean tropical climate in NoTibet: (a) SST (8C) and surface wind stress

(dyn cm22), (b) precipitation minus evaporation (PmE; 1025 kgm22 s21), (c) mixed layer depth (m), and

(d) thermocline depth (m).

FIG. 6. Upper-ocean temperature (8C) averaged between 58S and
58N in Real (white contours) and its change in NoTibet (shading).

The contour interval is 28C. The black and red lines represent the

mean thermocline depth in Real and NoTibet, respectively, which

is defined by the depth of 208C isotherm.
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208C isotherm Z20 is used once again as a proxy for

equatorial thermocline depth; thus, the response of

thermocline depth is closely related to vertical tem-

perature change. After removing the TP, there is a

cooling above 200m in the western equatorial Pacific

(Fig. 6), which is due to the anomalous ascending mo-

tion of the cold water beneath. The upper-ocean

warming in the eastern equatorial Pacific is due to

suppressed ocean upwelling. Previous studies have

established a robust connection between ENSO am-

plitude and equatorial thermocline. For example, both

Zebiak and Cane (1987) and Latif et al. (1993) showed

that the amplitude of the El Niño is sensitive to the

thermocline depth in the equatorial Pacific. The shal-

lower thermocline in the eastern equatorial Pacific may

favor the so-called local mode of SST change, which is

important to the strength of ENSO variability (Fedorov

and Philander 2001). Philip and van Oldenborgh (2006)

suggested that the shoaling of the thermocline, espe-

cially in the western equatorial Pacific, is likely to in-

crease SST sensitivity to the thermocline. Other studies,

such as Kirtman and Schopf (1998), Barnett et al.

(1999), Kleeman et al. (1999), and Fedorov and

Philander (2001), all revealed that stronger ENSO

variability is associated with deeper thermocline in the

eastern equatorial Pacific. In this study, we find that the

thermocline slope sensitivity to surface wind stress

forcing is increased in the absence of the TP, which

plays a destabilizing role in ENSO variability, which

will be examined in section 4c.

4. Mechanisms

To understand thoroughly the mechanisms of ENSO

amplitude change, we diagnose the terms in a temper-

ature variance equation, following the approach used in

Yang and Zhang (2008):

›[s2(t)]

›t
5

2

N2 1
�

t1N/2

t2N/2

[(2uT 0T 0
x 2u0T 0T

x
2 u0T 0T 0

x)

1 (2yT 0T 0
y 2 y0T 0T

y
2 y0T 0T 0

y)

1 (2wT 0T 0
z 2w0T 0T

z
2w0T 0T 0

z)

1A
h
T 0T 0

xx 1A
h
T 0T 0

yy 1T 0Q0
F 1T 0R0

E] (1)

where

s2(t)5
1

N2 1
�

t1N/2

t2N/2

T 02(t): (2)

Equation (1) denotes the variance of temperature

anomaly in a given sliding window. Terms are defined as

follows: N is the width of the temporal sliding window,

FIG. 7. Time evolution of the terms in the temperature variance equation. (a),(b) The Niño-3 and the Niño-4
regions in Real, respectively. (c),(d) As in (a) and (b), but for NoTibet. A 21-yr sliding window has been applied to

each curve. The units of these terms are 1026 8C2 s21.
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and is set to 21 years in this study; the overbar denotes

annual-mean climatology; T0 is temperature anomaly,

u0, y0, and w0 are ocean current velocity anomalies, and

T 0
x, T

0
y, andT

0
z are gradients of temperature anomalies,

which are positive eastward, northward, and upward,

respectively. Also, Q0 is the total surface heat flux

anomaly, Ah is the constant diffusion coefficient

(4000m2 s21), and R0
E includes the vertical diffusion

term AyT
0T 0

zz, which is obtained by subtracting the

other terms from ›s2/›t. The first three terms on the

right-hand side of Eq. (1) denote the temperature vari-

ance caused by mean ocean current with anomalous

temperature gradient (2uT 0T 0
x, 2yT 0T 0

y, 2wT 0T 0
z),

mean temperature gradient with anomalous ocean cur-

rents (2u0T 0Tx, 2y0T 0Ty, 2w0T 0Tz), and anomalous

ocean currents with anomalous temperature gradients

(2u0T 0T 0
x,2y0T 0T 0

y,2w0T 0T 0
z). The fourth and fifth terms

represent horizontal mixing. The sixth term is surface

heat flux, which always plays a damping role in ENSO

variability and is not plotted in Fig. 7. The last term is the

residual, which mainly represents vertical temperature

diffusion.

The temperature variance equation can be conve-

niently used to quantify dynamic effects on ENSO

FIG. 8. Decomposition of the vertical temperature advection term averaged in the Niño-3 region over the

thermocline for (a)–(c) Real and (d)–(f) NoTibet. In (a) and (d), the black, blue, red, and gray lines represent the

total vertical temperature advection (2wT 0Tz), perturbation upwelling of mean temperature gradient (2w0T 0Tz),

mean upwelling of perturbation temperature gradient (2wT 0T 0
z), and pure nonlinear term (2w0T 0T 0

z), respectively.

In (b) and (e), the light blue, blue, and dashed gray curves represent vertical heat flux (2w0T 0), perturbation
upwelling of mean temperature gradient (2w0T 0Tz), and mean vertical temperature gradient (Tz), respectively.

The green and light red curves represent the Ekman pumping anomaly (w0) and temperature anomaly (T 0), re-
spectively. In (c) and (f), the dark red, dashed gray, and red curves represent 2T 0T 0

z, mean upwelling (w), and the

mean upwelling of perturbation temperature gradient (2wT 0T 0
z), respectively. The green and light red curves

represent vertical gradient of temperature anomaly (T 0
z) and temperature anomaly (T0), respectively. A 21-yr

sliding window has been applied to each term. In (a) and (d), the units are 1026 8C2 s21. In (b), (c), (e), (f), the terms

are scaled by a factor of a certain constant so that they can be plotted in the same figure. The units of w and Tz are

cm s21 and 8C cm21, respectively. The values ofw,Tz,w
0T 0,T 0T 0

z,T
0,T 0

z, andw
0 are plotted after beingmultiplied by

2 3 1023, 1022, 1023, 1023, 10, 1023, and 1023, respectively.
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amplitude, without considering the sign of temperature

anomaly (Yang and Zhang 2008; Santoso et al. 2011;

Guan and McPhaden 2016). By analyzing these terms,

we can identify which term has positive or negative

feedback, and thus the underlying mechanism. All terms

are calculated within themean thermocline depth where

the term balance analyses can also represent the situa-

tion above the thermocline.

a. Destabilizing factors for ENSO variability

Clearly, the vertical advection term (2wT0Tz) is the

most important destabilizing factor for temperature

variability in both Niño-3 and Niño-4 regions, in both

experiments with and without the TP (orange curve;

Fig. 7); this is consistent with the conclusion of Yang and

Zhang (2008). When the TP is removed, the vertical

advection term becomes even stronger, contributing

greatly to the enhanced ENSO variability in these two

regions (Figs. 7c,d). Note that in the Niño-4 region, the

vertical diffusion term (AyT
0T 0

zz) also contributes to

enhanced ENSO variability after the TP removal (gray

curve; Fig. 7d). The positive contribution of vertical

diffusion term in the Niño-4 region is due to the stronger

upper-ocean stratification mentioned in section 3b. In

the Niño-3 region (Figs. 7a,c), the dominant stabilizing

effect comes from the meridional diffusion (AhT
0T 0

yy;

dashed green curve), meridional advection (2yT0Ty;

solid blue curve), and vertical diffusion (AyT
0T 0

zz; solid

gray curve), while in the Niño-4 region (Figs. 7b,d) the

meridional diffusion (AhT
0T 0

yy; dashed green curve) and

zonal advection (2uT0Tx; red curve) have dominant

stabilizing effects. The zonal diffusion term is negligible

in these two regions.

Here, we focus on the vertical advection term

(2wT0Tz), since it is the most important driving mech-

anism for ENSO variability. This term can be further

decomposed into mean upwelling of anomalous vertical

temperature gradient (2wT 0T 0
z), anomalous upwelling

of mean vertical temperature gradient (2w0T 0Tz), and a

higher-order nonlinear term (2w0T 0T 0
z). The first term

can be thought as a remote mode, resulting from the

remote wind–thermocline feedback; and it is important

in the eastern equatorial Pacific (Fedorov and Philander

2001; Burgers and van Oldenborgh 2003). The second

term can be thought of as a local mode, resulting from

local SST–wind interaction; it dominates in the central

FIG. 9. As in Fig. 8, but for the Niño-4 region.
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equatorial Pacific (Burgers and van Oldenborgh 2003).

These two terms have been recognized widely in terms

of ENSO dynamics (Neelin et al. 1998; Wang and

McPhaden 2000; Fedorov and Philander 2001; Burgers

and van Oldenborgh 2003; Wang and Picaut 2004; Kug

and Kang 2006). Note that the higher-order nonlinear

term is negligible in this study (solid gray curve; Figs. 8a

and 9a).

In the Niño-3 region, both the local mode (2w0T 0Tz)

and remote mode (2wT 0T 0
z) play destabilizing roles in

ENSO variability, with the former being stronger than

the latter (Figs. 8a,d). The local mode is proportional to

the mean vertical temperature gradient Tz and the so-

called virtual vertical heat flux (2w0T0) (Yang and

Zhang 2008). Note that Tz is always positive and also

constant in the tropical Pacific, so that the sign and

fluctuation of the local mode are determined by 2w0T0

(Fig. 8b). Although the temperature anomaly T0 (pink
curve; Fig. 8b) and vertical velocity anomaly w0 (green
curve; Fig. 8b) oscillate between positive and negative

values, their product, after applying a bandpass filter of

5–85 months and a 21-yr sliding window, is always

positive. The positive vertical heat flux can be under-

stood as the positive Ekman pumping feedback; that is,

an initial positive T0 reduces the trade wind, which leads

to anomalous downwelling (w0 , 0), and vice versa. This

anomalous downwelling can cause surface warming

(T0 . 0), and vice versa. In any case, 2w0T0 . 0 (i.e., an

anomalous upwelling or downwelling) always tends to

enhance the initial SST perturbation in the Niño-3 re-

gion. Later (in Fig. 11b and section 4b), we will see ex-

plicitly that upwelling w0 is determined by Ekman

pumping w0
e, which is driven by surface wind stress

anomaly. The terms w0 and T0 have a strong negative

correlation, with the former leading the latter by 2–3

months, consistent with the finding of Yang and

Zhang (2008).

The remote mode (2wT 0T 0
z) is determined by mean

upwelling w and 2T 0T 0
z; w is always positive in the

eastern equatorial Pacific because of the climatological

Ekman upwelling, so 2T 0T 0
z determines the sign of the

remote term (Fig. 8c). We can rewrite it as 2(T02/2)z,
representing the vertical gradient of temperature vari-

ability. The positive 2T 0T 0
z can be understood as

FIG. 10. Bar chart for the mean values of (a) the local term and its components and (b) the remote term and its

components averaged in the Niño-3 region over the thermocline. (c),(d)As in (a) and (b), but for the Niño-4 region.
The units and scale factors of these terms are as in Fig. 8.
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positive thermocline feedback; that is, an initial positive

T0 in the eastern tropical Pacific reduces the basinwide

trade wind and thus leads to a flattened thermocline,

which induces a warmer subsurface water and vertical

temperature gradient reduction (T 0
z , 0). The anoma-

lous warmer subsurface water is transported upward by

mean upwelling, amplifying the initial positive T0 and
thus playing a destabilizing role in ENSO variability

(2T 0T 0
z . 0). Thus, this term describes the effect of

changes in the equatorial thermocline slope forced by

anomalous basinwide zonal wind stress on subsurface

temperature, and subsequently via mean upwelling. The

importance of the thermocline feedback is emphasized

in the concept of the delayed oscillator (Battisti and

Hirst 1989) and of the recharge oscillator (Jin 1997).

In the Niño-4 region, only the local mode plays an

important destabilizing role in ENSO variability, while

the contribution of the remote mode is negligible

(Fig. 9a). This is understandable because the thermo-

cline depth in the central-western Pacific is much deeper

than that in the eastern Pacific, so the interaction be-

tween SST and thermocline is weak in the west. This is

also consistent with previous findings (Zelle et al. 2004;

Yang and Zhang 2008). Later (in Figs. 11a and 11c and

section 4b) we will see explicitly that the remote term is

well correlated to temperature variability in the Niño-3
region, with the former leading the latter by 2–3 months,

whereas in the Niño-4 region the correlation between

these two variables is insignificant.

b. Changes in term balance after removing the TP

It has been shown in Figs. 8 and 9 that the destabilizing

effect of vertical temperature advection is enhanced

substantially when the TP is removed. Specifically, in the

Niño-3 region both the local term (2w0T 0Tz) and re-

mote term (2wT 0T 0
z), that is, the Ekman upwelling

feedback and thermocline feedback, contribute to the

enhanced ENSO variability (Figs. 8d–f); in the Niño-4
region, only the local term contributes to the enhanced

temperature variability (Figs. 9d–f).

A summary of the destabilizing effect and its change is

shown in Fig. 10. For the Niño-3 region, the effect of the
local term is enhanced by about 100%, which is mainly

contributed by the enhanced vertical heat flux (2w0T0)
(increased by 125%; Fig. 10a), in response to the TP

removal. The mean vertical temperature gradient is

roughly unchanged. Removing the TP also results in

about 70% increase in the effect of the remote term

(Fig. 10b), which is mainly controlled by increased gra-

dient of temperature variability (2T 0T 0
z) (about 60%).

The change in mean upwelling is negligible. For the

Niño-4 region, the enhanced temperature variability

comes only from the enhanced local term, whose effect

is increased by about 70% (Fig. 10c). The enhanced local

term effect can be explained solely by the vertical heat

flux (increased by 80%). The remotemode in theNiño-4
region is negligible (Fig. 10d).

The roles of the local and remote modes in ENSO

variability can also be inferred from correlation analyses

(Fig. 11). In the Niño-3 region, the local term leads the

temperature variability by about 2 months, with the

peak correlation of about 0.6 (blue curve; Fig. 11a). This

is mainly due to the vertical heat flux effect (light blue

curve). The remote term leads the temperature vari-

ability by about 3 months, with the peak correlation of

about 0.7 (red curve), which can be attributed to the

effect of 2T 0T 0
z (dark red curve). The effect of the local

term in the Niño-4 region is similar to that in the Niño-3
region (blue and light blue curves, Fig. 11c), while the

correlation between the remote term and temperature

variability is small and insignificant (red and dark red

curves). For both regions, the change in local Ekman

upwelling leads the change in local temperature by

2–3 months, with the peak correlation of about 0.8 (black

and gray curves; Figs. 11b,d). Figure 11 shows the situ-

ation in Real. The situation in NoTibet is very similar to

that in Real (figure not shown).

In general, the mechanisms for surface ocean vari-

ability in the Niño-3 and Niño-4 regions are different. In
the Niño-3 region, both the thermocline and Ekman

pumping feedbacks are responsible for ENSO variability.

In theNiño-4 region, only the Ekman pumping feedback

is important. Removing the TP results in stronger

thermocline and Ekman pumping feedbacks, and thus

stronger ENSO variability. Next, we will further ex-

amine these two feedbacks by investigating changes in

tropical ocean sensitivities.

c. Changes in tropical ocean sensitivity

Many studies have concluded that a strengthening

thermocline can lead to stronger ENSO variability (e.g.,

Timmermann et al. 1999; Meehl et al. 2001). However,

we would like to emphasize that our model results sug-

gest that the increased vertical heat flux (2w0T0) is the
primary reason for the stronger ENSO variability in

NoTibet (Figs. 8a,b,d,e), while the thermocline process

(2T 0T 0
z) is the secondary reason (Figs. 8a,c,d,f). Given a

temperature anomaly T0, the enhanced vertical heat flux

comes from enhanced 2w0, while the enhanced ther-

mocline process comes from increased 2T 0
z. Here, we

rewrite 2w0 and 2T 0
z in a form of sensitivity to initial

temperature perturbation T0 following Jin et al. (2006)

and Liu et al. (2014) with some modifications; then,

these two processes are determined by sensitivity coef-

ficients. The anomalous zonal wind stress (t0x) sensitivity
to the eastern Pacific temperature anomaly T0 (here
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referring to the Niño-3 index) is estimated approxi-

mately as the regression coefficient ma:

t0x 5m
a
T 0 . (3)

The anomalous Ekman upwelling (w0) sensitivity to

the wind stress perturbation averaged over the tropi-

cal Pacific (58S–58N, 1408E–908W) is regressed as

follows:

w0 52b
w
t0x . (4)

So, we have

2w0 5b
w
m
a
T 0 . (5)

Also,

2T 0
z 5

T 0
sub

H
, (6)

where T 0
sub denotes subsurface ocean temperature

anomalies induced by vertical thermocline movement;

and H is the climatology thermocline depth, which be-

comes deeper in the eastern tropical Pacific in the ab-

sence of the TP (red curve; Fig. 6). The entrainment

temperature in the eastern Pacific is proportional to the

depth of local thermocline or the upper-ocean heat

content h0 averaged over the eastern Pacific (58S–58N,

1708–1208W):

T 0
sub 5 ah0 . (7)

The thermocline slope sensitivity towind stress is regressed

as follows:

h0 2 [h0]5b
h
t0x , (8)

where [���]stands for zonally averaged value over the

tropical Pacific. Finally,

2T 0
z 5

ab
h
[t0x]
H

5
ab

h
m
a
T 0

H
. (9)

The bigger H favors suppressed 2T 0
z and a 5 1 in a

comprehensive model (Jin et al. 2006). The enhanced

2w0 and 2T 0
z come from zonal wind stress sensitivity

(ma) and oceanic response sensitivity (bw and bh), re-

spectively. These sensitivities can be easily quantified

using model outputs.

Figure 12 shows the spatial patterns of wind stress

sensitivity ma and Ekman pumping sensitivity bw. Positive

ma means a westerly (easterly) wind anomaly in response

to a warm (cold) anomaly in the Niño-3 region. In Real,

FIG. 11. (a) Lagged correlations between temperature variability and the local term (blue), between temperature

variability and vertical heat flux (light sky blue), and between the vertical remote term (red) and2T 0T 0
z (dark red)

in the Niño-3 region in Real. Positive monthly mean temperature variability lags the other terms. (b) Lagged

correlations among anomalous temperature (T0), upwelling (w0), and Ekman pumping (w0
e) over the thermocline in

the Niño-3 region in Real. The black, gray, and dashed black curves represent the correlations between w0 and T 0,
betweenw0

e andT
0, and betweenw0 andw0

e, respectively. Positivemonthmeans the time thatT0 lagsw0,T0 lagsw0
e, or

w0
e lags w

0, respectively. (c),(d) As in (a) and (b), but for the Niño-4 region.
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positive ma occurs mainly in the central-western Pacific

(Fig. 12a) where downwelling Kelvin waves are generated

(Capotondi et al. 2006; Naiman et al. 2017). Removing the

TP results in an eastward shift of this positive wind stress

sensitivity (Fig. 12b), suggesting an eastward shift of at-

mospheric convection center. This relationship between

wind stress sensitivity and atmospheric convection center

has been reported in previous studies (Guilyardi et al.

2009a; Kim and Jin 2011; Lübbecke and McPhaden

2014). The eastward shift of wind stress sensitivity re-

sults in biggerma in the central-eastern equatorial Pacific

(Fig. 12c), and thus bigger 2w0 and 2T 0
z based on Eqs.

(5) and (9). The positive bw in Real (Fig. 12d) means a

downwelling (upwelling) anomaly in response to a west-

erly (easterly) wind anomaly. Removing the TP also re-

sults in bigger bw in the whole equatorial Pacific (Fig. 12f)

and thus bigger 2w0 as well, because of the shoaling of

MLD (Fig. 5c), asmentioned in section 3b (Philip andVan

Oldenborgh 2006; Kim and Jin 2011). The increased 2T 0
z

in the eastern Pacific also comes from a bigger bh in the

absence of the TP (Fig. 13). Kim et al. (2014) revealed that

the strength of bh varies with climatological zonal ther-

mocline slope, which increases as the thermocline slope

flattens, but decreases thereafter as the thermocline slope

steepens, which is confirmed in this study. In addition, the

eastward movement of wind stress sensitivity to temper-

ature anomaly after the TP removal can explain the

strengthening bh. Clarke et al. (2007) and Lübbecke and

McPhaden (2014) suggested that as ENSO-related wind

anomalies are stronger and more confined to the eastern

basin, the thermocline slope response to wind stress

anomaly becomes stronger.

In general, removing the TP results in stronger

Ekman feedback and thermocline feedback, contrib-

uting to the elevated ENSO variability. The change in

ENSO variability in response to the TP removal is

closely related to changes in background conditions in

the tropical Pacific, including the location and intensity

of the trade wind, thermocline depth, and upper-ocean

stratification.

FIG. 12. Spatial patterns of regression coefficients between surface wind stress anomalies and the Niño-3 SSTA

(ma; 10
23 Nm22 8C21) in (a) Real, (b) NoTibet, and (c) their differences. (d)–(f) As in (a)–(c), but for the regression

coefficient between anomalous upwelling velocity averaged at thermocline depth and surface wind stress anomalies

averaged over the tropical Pacific (58S–58N, 1408E–908W) (bw; 10
25 m s21 N21 m22).
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5. Summary and discussion

In this studywe investigate the role of the TP in ENSO

variability using a fully coupled climate model. The

ENSO exhibits an enhanced variability after the TP

removal. Removing the TP results in a weakened trade

wind and flattened thermocline in the equatorial Pacific.

The weakened trade wind leads to an El Niño–like SST

response in the tropical Pacific, which causes an east-

ward shift of atmospheric convection center and shal-

lower MLD in the central-eastern Pacific. Analyses of

the temperature variance equation reveal distinct dy-

namic mechanisms behind the elevated ENSO variability

in the Niño-3 and Niño-4 regions. In the Niño-3 region,

both the enhanced thermocline and Ekman upwelling

positive feedbacks are responsible for the enhanced

ENSO variability, while in the Niño-4 region the ele-

vated ENSO variability is only caused by the en-

hanced positive Ekman upwelling feedback. The

changes of these two feedbacks are attributed to the

eastward shift of atmospheric convection center and

enhanced ocean sensitivities. The enhanced ocean

sensitivities are related to a shallower mixed layer. In

addition, the thermocline feedback is contributed by the

flattened equatorial thermocline after the TP removal.

This study highlights the ocean’s role, and suggests that

the TP may play a critical role in suppressing ENSO

variability.

Both observations and climate models show that in

the Eocene (55–35 Ma), ENSO exhibited a greater

amplitude than it is today (Huber and Caballero 2003)

before the large-scale uplift of mountains (Manabe and

Broccoli 1990). This scenario is qualitatively supported

by our modeling study; that is, the ENSO variability

shows a stronger amplitude after removing the TP,

compared with the modern conditions. Although it

is a highly idealized modeling study, our results may

provide a reference for understanding the evolution

process of the Cenozoic ENSO during which the TP

experienced a significant phase uplift (Manabe and

Broccoli 1990).

In this study, we use the temperature variance equa-

tion to quantify ocean dynamics in ENSO amplitude

change, and focus on the vertical advection term. This

analysis is different from that used in previous works.

For example, Feng and Poulsen (2014), Kitoh (2007),

and Naiman et al. (2017) studied the effects of global or

regional orography on ENSO variability, but their ana-

lyses were more or less qualitative. Bear in mind that

although the mean state change over the equatorial

Pacific is similar to an Indonesian Throughflow (ITF)

closure experiment in Santoso et al. (2011), like the

weakened trade wind and a flattened equatorial ther-

mocline, the ENSO variability may still have different

responses. Changes in atmospheric convection scheme

and ocean MLD are also important factors contributing

to the properties of ENSO variability. As was done in

many previous studies (Fedorov and Philander 2000; An

and Jin 2004), we have examined the impact of back-

ground mean state induced by the removal of TP over

tropical Pacific on the ENSO activity. However, the

ENSO activity may also feed back to the mean climate

(Sun and Zhang 2006) and the mean climate already has

the rectified ENSO effect (Liang et al. 2012; Ogata et al.

2013; Sun et al. 2014; Penland and Sardeshmukh 1995).

Note that the stability of the mean climate of the cou-

pled tropical ocean–atmosphere system is not the same

as the stability of the equilibrium states of the coupled

tropical ocean–atmosphere system (Sun 1997; Liang

et al. 2012; Hua et al. 2018). So, we should be cautious

when using the stability of the mean climate as a pre-

dictor of the level of ENSO activity.

Our conclusions in this study may be model depen-

dent, which is also subject to model resolution. Meehl

et al. (2001) suggested that the vertical resolution of

ocean model could have a great impact on ENSO

variability. If the vertical resolution is coarse, upwell-

ing can be robust even at a large depth, which would

FIG. 13. Scatterplots for the thermocline slope [difference in

upper-ocean heat content anomalies (8C; y axis) in the eastern

Pacific (58S–58N, 1708–1208W,) and western Pacific (58S–58N,

1208E–1808)] vs basinwide equatorial zonal wind stress anomalies

(58S–58N, 1408E–908W; Nm22; x axis). The red line is the linear

regression line of the pink scattered crosses for Real, the slope of

which refers to the thermocline slope response to anomalous zonal

wind stress forcing (bh). The blue line is the same as the red line,

but is for NoTibet.
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bring up more cold water to the surface, contributing to

stronger ENSO variability. Bear in mind that the uplift

of the TP spanned a very long (geological time scale)

period, during which the CO2 concentration was not

constant, accompanied by massive oscillations of ice

sheets’ extents at the orbital time scale (Kürschner
et al. 2008). The varying CO2 and ice sheet extent can

both affect ENSO behaviors. The impact of model bias

on the results in this work is another concern. Unlike

observations, the CESM exhibits linear ENSO, with

SST skewness near zero in the tropical Pacific. This

bias is a common feature in the CMIP3 and CMIP5

models, whichmay come from the westerly wind bursts

(Levine et al. 2016), the time-mean zonal winds

(Zhang and Sun 2014), and the weak nonlinear inter-

actions, such as atmospheric convection, evaporation,

wind response to SST anomalies, zonal advection, and

thermocline–surface coupling (Guilyardi et al. 2009b;

Sun et al. 2016). By employing a nonlinear model

in simulating the observed ENSO asymmetry, Liang

et al. (2017), however, showed that the nonlinear

heating term does not guarantee the oscillation in the

system to possess positive asymmetry. This work un-

derscores the difficulty of simulating the observed

ENSO asymmetry by CMIP5 models. In addition, the

mean SST pattern from the CESM (Fig. 14 in Yang

et al. 2020) shows an excessive cold tongue in the

eastern tropical Pacific compared with observation.

This bias will lead to enhanced cooling via oceanic

upwelling, mixing, and latent heat flux to the atmo-

sphere (Guilyardi et al. 2009b). The excessive cold

tongue may also lead to the lack of asymmetry of

ENSO variability (Sun et al. 2006, 2013).

The westward extent of simulated ENSO variability is

another problem in CESM (Figs. 3a,e). This may be due

to the westward displacement of the equatorial trade

wind in the western Pacific. This is also a systematic bias

amongmany CMIP5models (Taschetto et al. 2014). The

bias of atmospheric convection scheme in CESM may

also affect the sensitivity of surface wind stress to SST

perturbation, and thus ENSO amplitude. This study

should be regarded as an idealized study designed to

explore ENSO magnitude change resulting exclusively

from the TP uplift, rather than an attempt to quantify

the paleoclimatic ENSO evolution for a specific geo-

logical period, because it is difficult to reconstruct vari-

ous boundary conditions for a specific geological time.

ENSO behaviors and related mechanisms under the TP

uplift need to be scrutinized using other coupled models

in future.
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