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ABSTRACT: The tropical thermocline plays an important role in regulating equatorial sea surface temperature (SST); at

present, it is still poorly simulated in the state-of-the-art climate models. In this paper, thermocline biases in the tropical

North Pacific are investigated using the newly released CMIP6 historical simulations. It is found that CMIP6models tend to

produce an overly shallow thermocline in the northwestern tropics, accompanied by a deep thermocline in the northeastern

tropics. A pronounced thermocline strength bias arises in the tropical northeastern Pacific, demonstrating a dipole structure

with a sign change at about 88N. These thermocline biases are accompanied with biases in the simulations of oceanic

circulations, including a too weak North Equatorial Countercurrent (NECC), a reduction in water exchanges between the

subtropics and the equatorial regions, and an eastward extension of the equatorward interior water transport. The causes of

these thermocline biases are further analyzed. The thermocline bias is primarily caused by the model deficiency in simu-

lating the surface wind stress curl, which can be further attributed to the longstanding double-ITCZ bias in the tropical

North Pacific. Besides, thermocline strength bias can be partly attributed to the poor prescription of oceanic background

diffusivity. By constraining the diffusivity to match observations, the thermocline strength in the tropical northeastern

Pacific is greatly increased.
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1. Introduction

Identifying and understanding model biases and further re-

ducing uncertainties are critically important for the assess-

ments of future climate change. Considering the important role

played by sea surface temperature (SST) in air–sea interac-

tions, many previous studies have focused on the causes of SST

biases and their effects on large-scale atmospheric state (Wang

et al. 2014; Richter 2015; Zuidema et al. 2016; Richter and

Tokinaga 2020). Subsurface oceans are known to play an im-

portant role in the climate system. For example, the accelera-

tion of ocean subsurface warming and the slowdown of surface

warming in the early decade of the twenty-first century indicate

that deep oceans play an important role in regulating and

controlling the global warming (Chen and Tung 2014).

Therefore, it is essential to study subsurface biases for under-

standing the simulations and predictions of global energy and

heat redistribution.

The thermocline is an important property in the subsur-

face ocean, and it is typically defined as the depth with the

maximum vertical temperature gradient. By separating the

warm upper ocean from the cold deep ocean, thermocline

fluctuation can affect the temperature of seawater entering the

upper mixed layer, leading to a variation in SST. For example,

equatorial thermocline deepening during the warm phase of El

Niño–Southern Oscillation (ENSO) generates warmer water to

be pumped into the mixed layer by mean upwelling, leading to an

SST warming in the eastern equatorial Pacific (the so-called

thermocline feedback during the El Niño events). In addition,

with the aid of ventilation process, thermocline anomalies in the

subtropics can propagate equatorward, exerting a strong influence

on the decadal to interdecadal climate variability in the tropics

(Gu and Philander 1997; Zhang et al. 1998). Therefore, vertical

displacement of the thermocline is always accompanied by a large

change in upper ocean thermal structures, and the thermocline

depth simulations in climate models are critical to the realistic

simulations of the subsurface ocean.

Despite the important role played by thermocline in regu-

lating the tropical climate, tropical thermocline is poorly sim-

ulated in the state-of-the-art climate models (Nagura et al.

2013; Zheng et al. 2016; Castaño-Tierno et al. 2018; Zhang et al.
2020). In general, the thermocline in CMIP5 ensembles is too

diffuse and too shallow along the equatorial Pacific (de Szoeke

and Xie 2008; Li and Xie 2014) and is too flat and too diffuse

along the equatorial Atlantic (Richter et al. 2014; Xu et al.

2014), leading to an unrealistic thermocline feedback in trop-

ical air–sea coupling (Meehl et al. 2001; Xiang et al. 2012;

Bellenger et al. 2014).

Thermocline bias in climate models can be traced back to

various shortcomings in individual model components. For

Denotes content that is immediately available upon publica-

tion as open access.

Corresponding author: Rong-Hua Zhang, rzhang@qdio.ac.cn

1 MARCH 2021 ZHU ET AL . 1635

DOI: 10.1175/JCLI-D-20-0675.1

� 2021 American Meteorological Society. For information regarding reuse of this content and general copyright information, consult the AMS Copyright
Policy (www.ametsoc.org/PUBSReuseLicenses).

Brought to you by IFREMER/BILIOTHEQUE LA | Unauthenticated | Downloaded 04/06/21 03:09 PM UTC

mailto:rzhang@qdio.ac.cn
http://www.ametsoc.org/PUBSReuseLicenses
http://www.ametsoc.org/PUBSReuseLicenses
http://www.ametsoc.org/PUBSReuseLicenses


TABLE 1. CMIP6 models used in this study.

No. Institution Models

1 Commonwealth Scientific and Industrial Research Organization,

Australian Research Council Centre of Excellence for Climate

System Science (CSIRO-ARCCSS)

ACCESS-CM2

2 ACCESS-ESM1-5

3 Alfred Wegener Institute, Helmholtz Centre for Polar and Marine

Research (AWI)

AWI-CM-1-1-MR

4 AWI-ESM-1-1-LR

5 Beijing Climate Center (BCC) BCC-CSM2-MR

6 BCC-ESM1

7 Chinese Academy of Meteorological Sciences (CAMS) CAMS-CSM1-0

8 Chinese Academy of Sciences (CAS) CAS-ESM2-0

9 National Center for Atmospheric Research, Climate and Global

Dynamics Laboratory (NCAR)

CESM2

10 CESM2-FV2

11 CESM2-WACCM

12 CESM2-WACCM-FV2

13 Department of Earth System Science, Tsinghua University (THU) CIESM

14 Centre National de Recherches Meteorologiques; Centre Europeen

de Recherche et de Formation Avancee en Calcul Scientifique

(CNRM-CERFACS)

CNRM-CM6-1

15 CNRM-CM6-1-HR

16 CNRM-ESM2-1

17 Canadian Centre for Climate Modeling and Analysis, Environment

and Climate Change Canada (CCCma)

CanESM5

18 CanESM5-CanOE

19 Lawrence Livermore National Laboratory; Argonne National

Laboratory; Brookhaven National Laboratory; Los Alamos

National Laboratory; Lawrence Berkeley National Laboratory;

Oak Ridge National Laboratory; Pacific Northwest National

Laboratory; Sandia National Laboratories (E3SM-Project)

E3SM-1-0

20 E3SM-1-1

21 E3SM-1-1-ECA

22 AEMET; BSC; CNR-ISAC; DMI; ENEA; FMI; Geomar; ICHEC;

ICTP; IDL; IMAU; IPMA; KIT, Karlsruhe; KNMI; Lund

University; Met Eireann; NLeSC; NTNU; Oxford University;

surfSARA; SMHI; Stockholm University; Unite ASTR; University

College Dublin; University of Bergen; University of Copenhagen;

University of Helsinki; University of Santiago de Compostela;

Uppsala University; Utrecht University; Vrije Universiteit

Amsterdam; Wageningen University (EC-Earth-Consortium)

EC-Earth3

23 EC-Earth3-Veg

24 The State Key Laboratory of Numerical Modeling for Atmospheric

Sciences and Geophysical Fluid Dynamics (LASG), Institute of

Atmospheric Physics (IAP), Chinese Academy of Sciences (CAS)

FGOALS-f3-L

25 FGOALS_g3

26 First Institute of Oceanography, Ministry of Natural Resources;

Qingdao National Laboratory for Marine Science and Technology

(FIO-QLNM)

FIO-ESM-2-0

27 National Oceanic and Atmospheric Administration, Geophysical

Fluid Dynamics Laboratory (NOAA-GFDL)

GFDL-CM4

28 GFDL-ESM4

29 Goddard Institute for Space Studies (NASA-GISS) GISS-E2-1-G

30 GISS-E2-1-G-CC

31 GISS-E2-1-H

32 Met Office Hadley Centre (MOHC) HadGEM3-GC31-LL

33 HadGEM3-GC31-MM

34 Institute for Numerical Mathematics, Russian Academy of

Science (INM)

INM-CM4-8

35 INM-CM5-0

36 Institut Pierre Simon Laplace (IPSL) IPSL-CM6A-LR

37 Department of Geosciences, University of Arizona (UA) MCM-UA-1-0

38 JapanAgency forMarine-Earth Science andTechnology;Atmosphere

and Ocean Research Institute, The University of Tokyo; National

Institute for Environmental Studies; RIKEN Center for

Computational Science (MIROC)

MIROC-ES2L

39 MIROC6

40 Max Planck Institute for Meteorology (MPI-M) MPI-ESM-1-2-HAM

41 MPI-ESM1-2-HR

42 MPI-ESM1-2-LR

43 Meteorological Research Institute (MRI) MRI-ESM2-0

44 Nanjing University of Information Science and Technology (NUIST) NESM3

1636 JOURNAL OF CL IMATE VOLUME 34

Brought to you by IFREMER/BILIOTHEQUE LA | Unauthenticated | Downloaded 04/06/21 03:09 PM UTC



example, numerical diffusion induced by tracer advection

schemes (Tatebe and Hasumi 2010) and misrepresented ver-

tical turbulentmixing (Jochum 2009; Furue et al. 2015; Zhu and

Zhang 2018, 2019) in the oceanic models contribute greatly to

the diffuse thermocline along the equatorial Pacific. Excessive

easterly wind in the central tropical Pacific (Li and Xie 2014)

and overestimated subtropical cloud albedo (Burls et al. 2017)

in the atmospheric models influence the equatorial thermo-

cline structure through the local oceanic adjustments and the

advection of remote temperature biases from the subtropics to

the tropics (Thomas and Fedorov 2017), respectively.

Many previous studies have largely focused on the thermo-

cline bias just along the equator. However, little is known

about the thermocline simulation in the tropical North Pacific

(TNP). The thermocline in the TNP is the crucial precedent

source for thermocline variation along the equatorial Pacific

and a potential precursor for ENSO evolution (Li et al. 2020).

However, our recent study has demonstrated a significant

upper-ocean warm bias over the intertropical convergence

zone (ITCZ) in the northeastern tropical Pacific, and biases in

CMIP6 simulations do not show clear alleviations compared

with those in CMIP5 (Zhu et al. 2020), implying that thermo-

cline bias is still rather large and stubborn in the TNP.

Although it is substantial, to our surprise thermocline bias in

the TNP does not receive a lot of attention yet in climate

modeling community.

The thermocline structure is critically important in the TNP,

where an upward displacement of ridge-like thermocline exists

due to the local wind stress curl–induced Ekman pumping. This

thermocline forms a potential vorticity barrier, which acts to

block the local water exchange between the subtropics and

tropics (Lu and McCreary 1995; Rothstein et al. 1998; Johnson

and McPhaden 1999; Zhang and Busalacchi 1999). As such,

thermocline bias in the TNP can affect the simulation of

subtropical–tropical water exchange and, consequently, affect

the simulations of tropical climate (Gu and Philander 1997;

Zhang et al. 2001; Lohmann and Latif 2005). Thus in this study,

we will focus on the origins and consequences of the TNP

thermocline bias using the simulations from CMIP6 models;

modeling experiments will be performed to attribute to

their causes.

The rest of this paper is organized as follows. Section 2 de-

scribes models, datasets, and methods used in this study.

Section 3 describes the characteristics of thermocline biases in

the TNP. Influences and origins of the thermocline biases are

investigated in sections 4 and 5. Finally, a discussion and

summary are given in section 6.

2. Models, datasets, and methods

a. Climate model simulations

This study is primarily based on the historical simulations of

the World Climate Research Programme (WCRP) CMIP6

(Eyring et al. 2016), which are available online at https://esgf-

node.llnl.gov/projects/cmip6/. The historical simulations are

forced by the observed solar forcing, volcanic aerosols, and

TABLE 1. (Continued)

No. Institution Models

45 Center for International Climate and Environmental Research;

Norwegian Meteorological Institute; Nansen Environmental and

Remote Sensing Center; Norwegian Institute for Air Research;

University of Bergen; University of Oslo and Uni Research (NCC)

NorCPM1

46 NorESM2-LM

47 NorESM2-MM

48 Seoul National University (SNU) SAM0-UNICON

49 Research Center for Environmental Changes, Academia Sinica

(AS-RCEC)

TaiESM1

50 Met Office Hadley Centre (MOHC) UKESM1-0-LL

FIG. 1. One example for thermocline depth determination. The

red line is the June temperature profile at 208N, 1608W from EN4,

and its vertical gradient is shown by the blue line. The maximum

vertical temperature gradient (defined as thermocline depth in this

study) is at 220-m depth, which is about 60m deeper than Z20.
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greenhouse gases from 1850 to 2014, providing an opportunity

to evaluate model ability to simulate the past climate. In our

analysis, 50 models are used, and their serial numbers are listed

in Table 1. Because the atmospheric products are available

since 1979, the last 35 years (1980–2014) of historical simula-

tions are selected for comparison. The selected outputs are

interpolated onto a 18 horizontal grid, and the fields of po-

tential temperature and 3D velocities are further interpolated

to 87 standard levels with a vertical resolution of 10m near the

surface and an increase to 200m at depth.

b. Datasets for model evaluation

To evaluate the thermocline bias in CMIP6 simulations, the

version 4 of the Met Office Hadley Centre ‘‘EN’’ series of

datasets (EN4; Good et al. 2013) are used for comparison in

our study. The EN4 dataset consists of the objective analyses of

subsurface ocean temperature and salinity from 1900 to the

present, with a 18 horizontal resolution and 42 vertical levels.

Atmospheric data are taken from the fifth generation of

ECMWF atmospheric reanalyses (ERA5; Copernicus Climate

Change Service 2017), with a horizontal resolution of 0.258
from 1979 to the present. Consistent with the preprocessing for

CMIP6 simulations, data spanning from 1980 to 2014 are

chosen. All datasets are interpolated onto a 18 horizontal grid,
and hydrographic data from EN4 are further interpolated to 87

vertical levels.

c. The determination of thermocline depth

The depth of the 208C isotherm (Z20) is widely used as a

proxy of thermocline depth (TD) in the tropical Pacific.

However, some studies argue that Z20 is systematically flatter

and deeper than the TD along the equator, and the Z20 does

not respond correctly to surface wind variations (Castaño-
Tierno et al. 2018). In our study, TD for each horizontal grid

point is determined by finding the depth at which the vertical

temperature gradient has its maximum. One example of TD

determination is given in Fig. 1. It is shown that TD is about

60mdeeper thanZ20, implying that Z20 is not a good proxy for

FIG. 2. Annual-mean thermocline depth (color; m) and SST (contours; 8C) estimated from (a) the observations (EN4 and OISST) and

(b) the CMIP6MME. (c) Annual-mean TD and SST biases of CMIP6MME relative to the observations. (d)–(f) As in (a)–(c), but for the

annual-mean Z20.

FIG. 3. As in Figs. 2a–c, but for the thermocline strength (8Cm21).
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TD there. In addition, thermocline strength (TS) is defined as

the maximum temperature gradient. For example, TS in Fig. 1

is about 6.65 3 1022 8Cm21.

d. Ocean modeling

To investigate the oceanic contribution to thermocline bias

in the TNP, MOM5-based ocean-only simulations are also

conducted. This ocean model has a nominal 18 horizontal

resolution with meridional resolution progressively refined

to 1/38 equatorward of 308 latitude, and 50 vertical levels with

10m resolution in the upper 220m. Its vertical mixing scheme

consists of three components: a K-profile parameterization

for the upper boundary layer, a topographically enhanced

mixing scheme for the abyss, and a constant background

diffusivity representing the diapycnal mixing in the ocean

interior. More model details can be found in Griffies

et al. (2009).

e. Fine-scale parameterization

To demonstrate the spatial pattern of diapycnal mixing in

the TNP, the field of diapycnal diffusivity is estimated from the

strain-based fine-scale parameterization (Kunze et al. 2006):

K5K
0

hj2zi
2

GMhj2zi
h(R

v
)j(f /N) ,

where hj2zi is the observed strain variance, GMhj2zi is the strain
variance from the Garrett–Munk model spectrum, h(Rv)

is a function of the ratio between shear and strain variance, and

j(f/N) is a latitudinal correction given the influence of the

FIG. 4. Annual mean zonal currents (color; m s21) and temperature (gray contours; 8C) along 1408W for (a) the observation of Johnson

et al. (2002) and (b) theCMIP6MME. (c) Their difference (CMIP6minusEN4). The black lines in (a) and (b) denote theTD. (d)–(f)As in

(a)–(c), but the zonal currents (m s21) estimated based on the thermal wind relation using the temperature fields from EN4 in (d) and

CMIP6 MME in (e).
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Coriolis force on the internal wave breaking. To obtain the

strain variance, Argo profiles (available online at ftp://

ftp.ifremer.fr/ifremer/argo/) with 2–10-m vertical resolution

and from 2006 to 2019 are used. Each selected profile is broken

into 256-m half-overlapping segments, and the strain in each

segment is calculated and is then integrated in vertical wave-

number space to obtain the strain variance. Diffusivity esti-

mates inferred from Argo profiles are grouped into 28 3 28
bins, and the median diffusivity averaged between 250 and

500m is used to present the diapycnal diffusivity in each bin (at

least 10 estimates in each bin to obtain the median).

3. Thermocline simulations in the TNP

Figures 2a and 2b contrast the annual-mean TD in EN4 and

CMIP6 multimodel ensemble (MME) respectively, and Fig. 2c

shows their annual-mean difference. Compared with the ob-

servation, CMIP6 models tend to produce an overly shallow

thermocline in the region equatorward of 58N. This shallow

equatorial thermocline bias also exists in CMIP5 models, and

some previous studies have attributed the bias to systematic

errors in equatorial wind simulation (Li andXie 2014; Castaño-
Tierno et al. 2018). Although it is substantial in magnitude,

little attention has been previously placed on the too deep

thermocline over the northeastern topical Pacific (NETP; 88–
158N, 1108–1508W; dashed black box in Fig. 2c) and the too

shallow thermocline over the northwestern topical Pacific

(NWTP; 118–188N, 1308E–1508W; solid black box in Fig. 2c).

Specifically, the annual-mean TD over the NETP in EN4 is

only about 50m, but that in CMIP6 MME reaches 80m. In

contrast, the TD over the NWTP is about 200m in EN4, and is

shallower than 150m in CMIP6 MME. In general, although

bias in Z20 (Fig. 2f) indicates a similar spatial pattern to that in

TD, a great discrepancy in bias magnitude occurs in the NWTP

where the TDbias is about 50m but the Z20 bias is smaller than

20m, implying that Z20 fails to represent TD in the NWTP

(also shown in Fig. 1). Because SST changes are closely cou-

pled with thermocline fluctuations, annual-mean SST bias is

also demonstrated in Fig. 2c. Corresponding to the deep

thermocline bias, a 0.58C warm SST bias arises in the NETP.

Both the biases in thermocline and SST are related to the wind

simulations in the NETP, and more discussion will be given in

section 5.

Another important aspect of thermocline representation is

its strength. For example, a diffuse thermocline structure along

the Pacific equator tends to weaken the sensitivity of SST to

anomalous upwelling and vertical mixing (Guilyardi et al.

2009). Figures 3a and 3b compare the annual-mean TS in EN4

and CMIP6 MME. Despite large efforts in model develop-

ments over the past decade, diffuse equatorial thermocline bias

still persists in the current generation of climate models

(Fig. 3c). Besides, TS bias demonstrates a dipole pattern in the

NETP, whereas the TS bias is trivial in the NWTP despite the

great TD bias there.

4. The influences of the thermocline biases

These thermocline biases can degrade the simulations of

oceanic circulations in the tropical Pacific. The North

Equatorial Countercurrent (NECC) plays an important role in

regulating the tropical Pacific climate (Clement et al. 2005), but

it is poorly simulated inmany ocean and climatemodels (Tseng

et al. 2016; Sun et al. 2019). For example, ocean models par-

ticipating in the Coordinated Ocean-ice Reference

Experiments produce a NECC whose intensity is approxi-

mately half of that observed at 1408W (Tseng et al. 2016). A

similar problem is also found in CMIP6 simulations (Figs. 4a–c).

The annual mean zonal speed of the NECC in CMIP6 MME

is only about 0.1m s21 (Fig. 4b) compared to the observed

;0.3m s21 (Fig. 4a). Volume transport of theNECC is primarily

FIG. 5. (a) Scatterplots of the relationship between the biases in WSC and TD over the NETP. Models with a large TD bias are

represented by the red dots, whilemodels with a small TDbias are represented by the blue dots. The small numbers next to the circles refer

to the numbers listed in Table 1. (b),(c) Zonal–vertical sections of meridional velocity (cm s21) along 108N for the models with the large

bias and the small bias, respectively.
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controlled by the Sverdrup dynamics (Yu et al. 2000), and hence

the biases inmeridional derivative ofwind stress curl (WSC) and

TD would distort the simulation of the NECC. Figures 4d–f

demonstrate the zonal currents estimated based on the thermal

wind relation (f›u/›z 5 2ag›T/›y, where f is the Coriolis pa-

rameter and a is the thermal expansion coefficient 2›r/r0›T;

the reference level is 400m in our calculation). It is shown that

the flatter meridional thermocline over the NETP in CMIP6

MME contributes to a weaker NECC as compared with the

estimate from EN4 (Fig. 4f).

Another consequence of the shallow TD over the NETP is

an influence on the subtropical–tropical water exchange. The

ridge-like thermocline in the NETP forms a potential vorticity

barrier, which acts to block the local water exchange between

the subtropics and tropics (Lu and McCreary 1995; Johnson

and McPhaden 1999). In this way, the flat thermocline bias

(Figs. 2c,f) tends to weaken the potential vorticity barrier in the

NETP, and can affect the width of subtropical–tropical ex-

change window. To investigate the relationship between the

TD bias and the simulated exchange window width among

CMIP6 simulations, we define two model groups according to

the magnitude of TD biases (Fig. 5a): 18 models that are seen

to have large TD bias, and 12 models that are seen to have

trivial or little TD bias. As demonstrated by Figs. 5b and 5c, the

models with a great TDbias can produce an equatorward water

transport at 100–150m throughout the basin. But the meridi-

onal velocity is mostly poleward between 1208 and 1608W in

the models with a small TD bias (Fig. 5c), and the equatorward

water transport is largely blocked in the NETP.

As the simulated TD is too deep in the NETP and is too

shallow in the NWTP (Fig. 2c), the thermocline is also too flat

in the zonal direction (Fig. 6a), and the subtropical cells (STCs)

in the TNP might be poorly represented. Figure 6b shows the

scatterplots of the thermocline slope versus the volume trans-

port between 58 and 158N. Obviously, these two quantities

show a positive correlation (R 5 0.65), indicating that CMIP6

simulations with the flatter thermocline in the TNP tend to

produce a weaker equatorward volume transport in the ocean

interior. It is worth noting that the equatorward volume

transport is about 6.8 Sv (1 Sv [ 106m3 s21) according to the

EN4 thermocline slope if the linear relationship derived from

CMIP6 simulations still hold for observations. This value is

close to the estimates (5–7 Sv) in many previous studies

(Huang and Liu 1999; Johnson and McPhaden 1999;

McPhaden and Zhang 2002). Therefore, the interior volume

transport in the TNP is greatly underestimated in most of the

CMIP6 simulations. Figure 7a demonstrates the regression

map of the intermodel velocities within the thermocline onto

the normalized equatorward volume transport. It reveals that

the flat thermocline in both the zonal andmeridional directions

over the NWTP tends to weaken the southwestward volume

transport by the STCs, leading to a further decrease in water

supply to the Equatorial Undercurrent (EUC). Figure 7b

shows a significant negative correlation between the interior

transport and the EUC transport at 1708W.However, the EUC

is underestimated by ;3.7 Sv in CMIP6 MME, whereas the

TNP interior transport seems to be underestimated only by

1.6 Sv. The inconsistency could be due to the fact that the in-

terior transport would move northward along the western

boundary and the underestimated TNP interior transport

cannot solely explain the too weak EUC. In fact, as the TD bias

in the NWTP is primarily caused by the double-ITCZ problem

as discussed in the next section, similar WSC and TD biases

should also be anchored symmetrically in the southwestern

tropical Pacific. Thus, STC errors in southern tropical Pacific

might contribute greatly to the EUC bias.

5. Attributions of the thermocline biases

Thermocline fluctuation is strongly influenced by the surface

wind stress variation. Thus, we first investigate the contribution

of surface wind stress to thermocline bias in the TNP. Figure 8a

FIG. 6. (a) Depth–longitude section of temperature bias (8C;
averaged between 58 and 158N) of CMIP6 MME relative to EN4.

Solid and dashed lines indicate the TD estimated from EN4 and

CMIP6 MME, respectively. (b) Scatterplots of the relationship

between the thermocline slope and volume transport, which is

produced as follows. First, TD and meridional velocities are me-

ridionally averaged between 58 and 158N. Afterward, the trend of

the averaged TD shoaling from 1458E to 1308W is used to calculate

the thermocline slope; the interior volume transport is estimated by

vertically integrating the averaged equatorward meridional ve-

locities from 50 to 250m and then zonally integrating from 1458E to

1308W. The dashed gray line is the thermocline slope in EN4. The

gray solid line is the least squares fit, and the intermodel correlation

R is shown in the lower right corner.
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shows the intermodel regressions of wind stress vectors and

WSC onto the TD bias in the NWTP. The intermodel differ-

ences in the NWTP TD simulations can be explained by the

differences in the local WSC simulations. For example, cor-

responding to a cyclonic WSC bias near 158N (Fig. 8c) and the

resultant Ekman upwelling, TD in CMIP6 models tends to

shoal in the NWTP. Similarly, the TD simulations in the NETP

also largely depend on the local wind stress simulations

(Fig. 8b). The strong northeasterly wind stress bias in the

NETP produces a negative curl on its right flank and a positive

curl on its left (Fig. 8c), a dipole pattern that is also seen in the

TD and TS biases (Figs. 2c and 3c). In addition, the warm SST

bias in the NETP (Fig. 2c) is associated with the local wind

simulations. As shown in Fig. 8c, the southwesterly wind stress

bias over 1808–1208W, 58–208N acts to weaken the easterly

trade winds and further reduce the upward latent heat flux,

eventually leading to the surface warming. Moreover, the

southwesterly wind stress bias will produce a negative WSC

bias on its right flank. Therefore, both SST bias and TD bias

arise in the NETP, but center of the warm SST bias is displaced

farther westward. It is interesting to note that regression pat-

terns of wind stress onto the first two principal components of

intermodel variability in tropical Pacific precipitation (Li and

Xie 2014) are similar to the patterns shown in Figs. 8a and 8b.

Therefore, the thermocline bias can also be traced back to the

errors in precipitation simulations.

Intermodel regression analysis is also applied to the annual

mean precipitation and sea level pressure (SLP). Associated

with the overestimated precipitation near 108N, low SLP bias

centers on the subtropical North Pacific (Figs. 9a,c), resulting

in a meridional pressure gradient and the resultant cyclonic

WSC bias in the NWTP. These precipitation and SLP biases

are part of the double-ITCZproblem. In general, double-ITCZ

bias in the western Pacific is controlled by the insufficient at-

mospheric net energy input near the equator, which is associ-

ated with the well-known Pacific cold tongue bias (Adam et al.

2018; Samanta et al. 2019). In contrast, double-ITCZ bias in the

eastern Pacific is related to the northeastern Pacific cold bias,

which is related to the poor simulations of the North American

monsoon in the present climate models (Song and Zhang

2020). Consistent with these studies, CMIP6 models with ex-

cessive northeasterly wind stress and large precipitation deficit

in the NETP would have a large positive SLP bias in the North

America (Figs. 9b,c); these errors eventually lead to the ther-

mocline bias with a dipole pattern in the NETP. Figures 9d–f

further show the multimodel scatterplots between the TD

biases and their corresponding precipitation biases. It is

FIG. 8. Linear regressions of the intermodelWSC (color; Nm23)

and wind stress vectors (Nm22) onto the normalized (a) NWTP

(118–188N, 1308E–1508W) and (b) NETP (88–158N, 1108–1508W)

thermocline depth biases, respectively. (c) WSC and wind stress

vectors biases relative to ERA5.

FIG. 7. (a) Linear regressions of the intermodel horizontal

(vectors) and vertical (color; m day21) velocities within the ther-

mocline onto the normalized equatorward volume transport.

(b) Scatterplots of the relationship between the interior volume

transport and the EUC transport at 1708W. The observed EUC

transport is estimated based on the observation of Johnson

et al. (2002).

1642 JOURNAL OF CL IMATE VOLUME 34

Brought to you by IFREMER/BILIOTHEQUE LA | Unauthenticated | Downloaded 04/06/21 03:09 PM UTC



obvious that the CMIP6 simulations with small TD biases tend

to produce a better representation of the ITCZ.

It is known that the double-ITCZ bias is seasonally depen-

dent (Adam et al. 2018), and hence the TD bias should vary

with seasons as well. Figure 10 shows the seasonality of TD,

WSC, and precipitation biases in the TNP. During the second

half of a year, the magnitude of the precipitation bias increases

(contours in Fig. 10b), and the WSC biases at its north and

south flanks both increase correspondingly (color in Fig. 10b).

The WSC biases affect the simulations of Ekman pumping in

the ITCZ regions, leading to a more pronounced TD bias

during June–December (Fig. 10a).

Although these atmospheric factors control the thermocline

bias in the TNP, the contributions from ocean processes should

be considered as well. Theoretically, when the ocean temper-

ature profile can be fitted by exponential-like solutions and

hypothesizing a balance between vertical advection (we›T/›z)

and diffusion (ky›
2T/›z2) within the thermocline (Munk 1966),

TS is proportional to we/ky, where we is the upwelling and ky is

the vertical eddy diffusivity within the thermocline. The we is

generally caused by the WSC-induced Ekman pumping, and

we have investigated its effects above on the oceanic side. The

effects of ky on equatorial TS have been widely investigated in

some previous studies (Jochum 2009; Furue et al. 2015; Zhu

and Zhang 2018), concluding that reducing the equatorial ky
helps to produce a sharper equatorial thermocline. Thus, some

climate models in CMIP6 (e.g., CESM2) take into account the

reduced diffusivity near the equator. However, as demon-

strated in Fig. 11, ky is still overestimated in the NETP, being a

potential reason for the poorly simulated TS there.

Great uncertainties exist in the parameterizations of oceanic

vertical mixing processes, which are considered to be an im-

portant source for biases in the ocean simulations (Chen et al.

1994; Fox-Kemper et al. 2019). The observational evidence

FIG. 9. (a)–(c)As in Fig. 8, but for the annual precipitation (color; mmday21) and SLP (contours; Pa). (d)–(f) The

multimodel scatterplots between the TD biases [in the NWTP in (d); in the NETP in (e) and (f)] and the corre-

sponding precipitation biases [horizontally averaged over 108–158N, 1558E–1558W in (d), 138–208N, 1308–1558W in

(e), and 88–128N, 908–1058W in (f)].
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shows that near-inertial energy input from winds and eddy kinetic

energy in theNETPare lower than those in themidlatitudeand, as a

consequence, the observed local oceanic diapycnal mixing is weak

(Whalen et al. 2018). To investigate the relationship between the

thermocline bias and the observed weak diapycnal mixing in the

NETP, MOM5-based ocean-only simulations are conducted with

two experiments are performed. In the control run, background

diffusivity is taken as the commonly used value (1025m2 s21). In the

sensitivity run, the background diffusivity over the NETP is re-

placed by the Argo-derived one (Fig. 11a). Figure 12 presents the

differences between the sensitivity run and the control run. In

general, the TD differences (Fig. 12a) are not obvious, implying a

trivial influence of background diffusivity on the TD in the NETP.

However, the thermocline in the NETP is more stratified when the

background diffusivity is more realistically prescribed (Fig. 12b),

implying that, in addition to the Ekman pumping caused by local

WSC, the weak vertical mixing is also an important factor in

maintaining the ridge-like thermocline in the NETP.

6. Summary and discussion

The oceanic thermocline is a layer that acts to isolate the

upper boundary layer from the deep ocean, and its vertical

displacement is always accompanied by a large change in upper

ocean thermal and current structures. Realistic simulation of

the thermocline is important for accurate simulations and

predictions of climate variability. At present, great thermo-

cline biases still exist in the current generation of climate

models. In this study, thermocline biases in the TNP are in-

vestigated using the newly released CMIP6 simulations. It is

found that CMIP6 models produce an overly shallow ther-

mocline in the NWTP and the region equatorward of 58N, but

produce a deep thermocline in the NETP. Although significant

TD bias also arises in the NWTP, large thermocline strength

bias only arises in the NETP, which demonstrates a dipole

structure centered about 88N.

The TNP thermocline bias can seriously degrade the simu-

lations of oceanic circulations, including a too weak NECC

and a reduction and eastward extension of the equatorward

interior water transport. The too weak NECC in CMIP6

models leads to too weak lateral shear instabilities between the

NECC and the South Equatorial Current, failing in simulating

the observed tropical instability waves (TIWs). By stirring the

warm water equatorward, TIWs play an important role in

maintaining the heat balance in the eastern tropical Pacific

(Kessler et al. 1998; Jochum et al. 2007). Thus, the too weak

FIG. 10. (a) TD bias (m) and (b) WSC bias (color; Nm23) and precipitation bias (contours;

mmday21) zonally averaged across the basin as a function of calendar month.
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NECC bias is likely to make a contribution to the equatorial

too cold tongue bias, and further heat budget analyses are

needed to explore this possibility. As demonstrated in Fig. 5,

the flat thermocline bias tends to weaken the potential vorticity

barrier in the NETP, broaden the subtropical–tropical ex-

change window, and decrease the equatorward velocity in the

NWTP. Thus, the flat thermocline bias weakens the STCs

in the TNP. Many previous studies have suggested a strong

influence of STCs onto the tropical SST variability. For

example, a slowdown of STCs since 1970s has caused a rise in

equatorial SST by 0.88C (McPhaden and Zhang 2002). Similar

conclusions still hold for the equatorial SST bias in CMIP6

simulations. CMIP6 models with a large equatorward interior

transport always have a more serious equatorial cold tongue

bias (Fig. 13), and further studies are needed to address this

issue quantitatively. In addition, Gu and Philander (1997)

propose that the time scale of the tropical Pacific decadal

variability (TPDV) is determined by the mean advection of

temperature anomalies from the subtropics to the tropics.

Therefore, the flat thermocline bias in the TNP has a potential

impact on the TPDV. It is hard to explore this relationship

using the CMIP6 simulations only, and TPDV should be

evaluated under the same model configurations. Thus, further

sensitivity experiments with one climate model will be

conducted.

Thermocline bias in the TNP is primarily caused by the

model deficiency in simulating the surface WSC, which can be

further attributed to the longstanding double-ITCZ bias in the

TNP. Besides, thermocline bias in the NETP can be partly

attributed to the prescription of oceanic background diffusiv-

ity. By constraining the diffusivity to match observations, TS in

the NETP is greatly increased. The thermocline bias in the

TNP is a consequence of the double-ITCZ bias, a persistent

problem in climate model simulations. Using the CMIP5 sim-

ulations, Xiang et al. (2017) have found that the largest source

of the double-ITCZ bias is from atmospheric models. Figure 14

shows the TNP precipitation and WSC biases in CMIP6 and

AMIP MME. Consistent with Xiang et al. (2017), the double-

ITCZ bias in the NWTP also exists in the AMIP simulations,

including an overestimated precipitation and a positive WSC

bias over (1608E–1608W, 108–208N). Through atmospheric

general circulation model experiments with different equato-

rial SST biases prescribed, Samanta et al. (2019) found that this

double-ITCZ bias in the atmospheric models can be exacer-

bated by the Pacific too cold tongue bias. Thus, the double-

ITCZ bias in the NWTP is amplified in fully coupled

FIG. 11. (a) Diapycnal diffusivity (m2 s21, averaged between 250

and 500m) estimated based on the fine-scale parameterization

(Kunze et al. 2006) using the Argo profiles from 2006 to 2019.

(b) The prescribed background diffusivity in CESM2. (c) Their

difference (CESM2 minus Argo-derived).

FIG. 12. (a) TD (m) and (b) TS (8Cm21) differences between the

sensitivity run and the control run.

FIG. 13. Scatterplots of the relationship between the interior

volume transport and the equatorial SST bias (28S–28N,

1808–908W).
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simulations (Fig. 14a). But in the NETP, CMIP, and AMIP

simulations have different bias patterns. In particular, the di-

pole structure of WSC bias in the CMIP simulations does not

appear in the AMIP simulations, implying that the North

American monsoon is better captured by atmospheric models

but is poorly represented by coupled climate models.

While the thermocline bias in the TNP is a consequence of

the double-ITCZ problem and the overestimated precipitation

straddles the equator, thermocline bias might be significant in

the south tropical Pacific as well. Moreover, considering the

fact that the water mass within the Pacific equatorial thermo-

cline is primarily from the Southern Hemisphere (Goodman

et al. 2005), tropical climate simulations might be more easily

influenced by the thermocline bias in the tropical South Pacific,

which will be a subject in our next study.

Finally, it should be cautioned that the reanalysis data are

not real observations and sometimes they have large biases

themselves. For example, in the present study, the ERA5 wind

fields are used to calculate the WSC bias in CMIP6 MME.

However, if the wind measurements by QuikSCAT are con-

sidered to bemore realistic than the ERA5winds, the resultant

patterns of the WSC bias in the TNP are changed greatly

(Fig. 15). In fact, it is still unclear which dataset is more reliable

for use in ocean modeling. In particular, accuracies of the

satellite measurements and reanalysis data will be degraded by

rain in the ITCZ region. Thus, more in situ observations are

needed to better describe the oceanic and atmospheric state in

the TNP.
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