
NOTES AND CORRESPONDENCE

Revisiting the Thermocline Depth in the Equatorial Pacific*

HAIJUN YANG AND FUYAO WANG

Department of Atmospheric Science, School of Physics, Peking University, Beijing, China

(Manuscript received 11 September 2008, in final form 6 December 2008)

ABSTRACT

The thermocline depth is defined as the depth of the maximum vertical temperature gradient. In the

equatorial Pacific, the depth of 208C isotherm is widely used to represent the thermocline depth. This work

proposes that under the circumstance of a significant mean climate shift, it is better to use the original

definition of the thermocline depth in studying the long-term changes in mean climate and tropical coupled

climate variabilities. For instance, during the transient period of global warming, the tropical thermocline is

usually enhanced because the surface layer warms more and faster than the lower layers. The depth of

maximum vertical temperature gradient shoals, which is consistent with the enhanced thermocline. However,

the 208C isotherm depth deepens, which suggests a weakened thermocline. This discrepancy exists in both the

observations and the future climate simulations of coupled models.

1. Introduction

The thermocline is a layer within a body of water

where the temperature changes rapidly with depth. The

word ‘‘thermocline’’ first appears in the limnology lit-

erature of the late nineteenth century (Pedlosky 2006)

and is then more frequently referred as a discontinuity

layer or transition layer (Sverdrup et al. 1942). It was

very difficult to detect the deep ocean thermocline until

the bathythermograph (BT) was invented in 1940s and

the expendable bathythermograph (XBT) was devel-

oped during the 1970s. Based on the definition, theo-

retically, the depth of thermocline (DTC) should be

taken as the depth of the maximum vertical temperature

gradient (Ztc). However, in practice, the vertical reso-

lution of observations is usually insufficient to resolve

the maximum temperature gradient. Thus, the DTC is

often determined by the depth of a ‘‘representative’’

isotherm [e.g., the depth of the 148 or 208C isotherm

(Z14 and Z20, respectively)] within the thermocline layer

(Meyers 1979a,b; Kessler 1990).

For the equatorial Pacific, Z20 is broadly used as the

DTC for studies (Kessler 1990; Ji et al. 1995; Vialard

and Delecluse 1998; Swenson and Hansen 1999; Chavez

et al. 1999; Durand and Delcrolx 2000; Vecchi and

Harrison 2000; Meinen and McPhaden 2000; Fedorov

and Philander 2001; Chepurin et al. 2005) because the

208C isotherm is located near the center of the main

thermocline. In earlier studies, the Z14 was chosen to

represent the permanent DTC because it indicates

strength of the North and South Equatorial Currents

better than shallower isotherms (Meyers 1979a), al-

though it is below the level of the Ztc. Both the Z20 and

Z14 have some problems in representing the DTC

(Wang et al. 2000). The Z20 is suitable for the warm

pool, but it may fail for the cold tongue and coastal

upwelling regions because the 208C isotherm may out-

crop to the surface during the cold season. On the other

hand, the Z14 is too deep to represent the warm pool

thermocline temperature. Therefore, Wang et al. (2000)

proposed to use a location-dependent representative

temperature Tc to characterize the thermocline tem-

perature. The DTC is defined by averaging 128C (rep-

resenting the temperature at the base of the thermocline

layer) and the local long-term mean sea surface tem-

perature (SST; representing the temperature at the top
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of the thermocline). Such defined representative tem-

perature Tc varies from 20.58C in the warmest places to

about 168C near the Peru coast.

The essence of wind-driven circulation is the ther-

mocline dynamics. For the equatorial Pacific, the DTC

variations play a key role in both the mean SST and the

coupled climate variabilities, such as El Niño–Southern

Oscillation (ENSO). The basin-wide adjustment of the

equatorial thermocline, including the vertical displace-

ment and zonal tilting, is closely related to the phase,

amplitude, and time scale of the tropical variabilities

(Zebiak and Cane 1987; Chang 1994; Wang et al. 2000).

Because of different physical processes involved, the

thermocline adjustment may exhibit distinctive features

and impact differently on the SST and ENSO (Chang

1994). An optimal proxy of the DTC is therefore critical

to properly understand the thermocline dynamics.

Usually, in the equatorial Pacific, the location of the

maximum vertical temperature gradient Ztc is best

represented by Z20, as suggested in most studies. The Ztc

and Z20 are well overlapped with each other except in

the warm pool region where the Ztc tends to be located

at the upper portion of the thermocline layer (Wang

et al. 2000). One of advantages of using Z20 is that it

implies the studies of movements along an isopycnal

level. The tropical Pacific may be well approximated as

a two-layer system divided by the 208C isotherm

(Kessler 1990).

It is worth discussing if the Z20 is still the best proxy of

the Ztc under the circumstance of a significant mean

climate shift. For instance, in the global warming, the

208C isotherm will be intuitionally pushed downward

because of the general warming in the upper layer of

oceans. The Ztc, instead, may move upward because the

upper portion of the thermocline layer warms more and

faster than the lower ocean. The opposite changes in the

Z20 and Ztc may bring discrepancy in understanding the

FIG. 1. Climatological annual mean upper-ocean temperature

(8C) averaged between 58S and 58N from Levitus data (1955–2003).

The dashed line shows the location of the 208C isotherm (Z20), and

the solid line shows the location of the maximum vertical tem-

perature gradient (Ztc).

FIG. 2. Time evolution (curves) of (a) Z20 and (b) Ztc averaged over the WEP (dashed;

58S–58N, 1208E–1608W) and the EEP (solid; 58S–58N, 1308–808W) from the monthly JEDAC-XBT

over the period 1955–2003 in meters. The climatological annual mean values of Z20 and Ztc are

removed. The linear regressions of these curves are also plotted as straight lines. The 5-yr

running mean is applied to the time series lines.
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impact of thermocline change on the surface coupled cli-

mate variabilities such as ENSO. If during the transient

period of global warming a stronger ENSO is observed,

then this could result from either an intensified or

weakened equatorial thermocline (referring to Ztc and

Z20, respectively). This discrepancy arises unnecessarily

from the different treatment of the DTC. The rela-

tionship of a stronger ENSO to an intensified thermo-

cline is widely accepted (e.g., An et al. 2008; Meehl et al.

2001; Collins 2000; Timmermann et al. 1999).

In this note, we propose that it is necessary to use the

original definition of the thermocline depth to avoid this

discrepancy. The vertical resolution issue is not a prac-

tical obstacle to resolve the Ztc anymore, considering the

great improvement in both the observations and coupled

models in the past decades. Some recent works have

already adopted Ztc in the global warming studies (e.g.,

Vecchi et al. 2006). In the following context, we will

show that using Ztc is better for the consistencies be-

tween the thermocline dynamics and the coupled vari-

abilities under the background of mean climate shift.

2. Data

Observational datasets examined here include 1) the

monthly upper-ocean temperature dataset from the

Scripps Institution of Oceanography Joint Environ-

mental Data Analysis Center (JEDAC-XBT) and 2) the

yearly ocean temperature dataset from the National

Oceanographic Data Center (NODC; Levitus et al.

2005). The JEDAC-XBT data have a horizontal reso-

lution of 58 3 28 in longitude and latitude and 11 vertical

levels (0, 20, 40, 60, 80, 120, 160, 200, 240, 300, and

400; available online at http://jedac.ucsd.edu/DATA_

IMAGES/index.html). The Levitus data have a hori-

zontal resolution of 18 3 18 in longitude and latitude and

16 vertical levels (0, 10, 20, 30, 50, 75, 100, 125, 150, 200,

250, 300, 400, 500, 600, and 700). Both datasets span the

period 1955–2003.

The model datasets examined here are from phase 3 of

the Coupled Model Intercomparison Project (CMIP 3)

evaluated for the Fourth Assessment Report (AR4) of

the Intergovernmental Panel on Climate Change

(IPCC): the Geophysical Fluid Dynamics Laboratory

Climate Model version 2.1 (GFDL CM2.1) and the

National Center for Atmospheric Research Community

Climate System Model, version 3 (NCAR CCSM3). The

‘‘1% increase per year to doubling’’ (1pctto2x) experi-

ments from these two models are examined. In this

paper, only the first 70 yr of outputs of 1pctto2x ex-

periments are analyzed to identify the linear change in

the DTC in a future warming climate; that is, we only

focus on the transient period of the global warming

TABLE 1. The values of trends and corresponding confidence

intervals at the 99% significant level for the EEP Z20 and Ztc (in

m century21). The confidence interval is obtained by Student’s

t test. All the trends are significant at the 99% significance level.

The trends are calculated from the monthly XBT data over the

period of 1955–2003 and GFDL CM2.1 and NCAR CCSM3 data

over years 1–70. These values are also visualized in Fig. 3.

EEP Trend Confidence interval

XBT (1955–2003) Z20 2.6 [0.4, 4.8]

Ztc 227.6 [231.2, 224.0]

GFDL (1–70) Z20 7.1 [2.6, 11.6]

Ztc 26.8 [28.8, 24.8]

NCAR (1–70) Z20 4.1 [2.3, 5.9]

Ztc 22.4 [23.8, 21.0]

FIG. 3. The values of trends (triangles) and corresponding con-

fidence intervals (short straight lines) at the 99% significant level

for the EEP Z20 (dashed) and Ztc (solid) in meters per century. It is

seen that all the trends are significant and the trends of Z20 and Ztc

are opposite in the EEP for both the XBT data and coupled

models (GFDL CM2.1 and NCAR CCSM3).

3858 J O U R N A L O F C L I M A T E VOLUME 22



during which the atmospheric CO2 is increased by 1%

yearly.

In this note, only the long-term linear trend of the DTC

is of interest. The least squares method is used to deter-

mine the linear trends. For the time evolution of the DTC,

a 5-yr running mean is applied to both the observational

and model data before the linear trend calculation. Fur-

thermore, a Student’s t test is used to test the significance

of the linear trends (see appendix for details).

3. Mean thermocline depth in the equatorial Pacific

The Ztc and Z20 in the equatorial Pacific generally

coincide with each other, except in the warm pool region

where the Ztc is shallower than the Z20 by about 20–40 m

(Fig. 1). Here, the climatological annual mean Levitus

data are analyzed because of their relatively higher ver-

tical resolution than XBT data. In the eastern Pacific,

where the thermocline dynamics is vital to the SST and

coupled variabilities, the Z20 can fully represent the Ztc.

In the western Pacific, where the thermocline is deep, the

discrepancy between the Z20 and Ztc does not matter

because the thermocline hardly affects the surface lo-

cally. Therefore, representing the Ztc with Z20 will not

bring dynamical inconsistency for a climate with a steady

time mean state, as shown in many previous studies.

4. Different changes in Z20 and Ztc

The Ztc and Z20 in the equatorial Pacific can change in

different directions if the mean climate has a significant

shift. Figure 2 shows the linear trends of the equatorial

thermocline depth during 1955–2003. For the western

equatorial Pacific (WEP; 58S–58N, 1208E–1608W), the

Z20 and Ztc exhibit the similar shoaling trend during the

past half century (black lines in Figs. 2a,b). However,

for the eastern equatorial Pacific (EEP; 58S–58N,

1308–808W), the Z20 shows a deepening trend whereas

the Ztc shows a shoaling trend (black lines in Figs. 2a,b).

Considering negative correlation between the thermo-

cline strength and its depth in the EEP, the deepening

of Z20 means a weakening thermocline, whereas the

shoaling of Ztc means a strengthening thermocline. An

obvious inconsistency in understanding the thermocline

dynamics occurs here. Figure 2 is plotted using monthly

JEDAC-XBT. The same situation also occurs in the

yearly Levitus data (figure not shown).

These trends in the equatorial DTC are significant at

the 99% level (Table 1; Fig. 3). The Student’s t test is

used to test the significance. The trends in the WEP are

remarkable, as shown in Fig. 2. For simplicity and clarity

only, the values in the EEP are listed in Table 1 and

plotted in Fig. 3. It is seen clearly that the lower and

upper limits of the confidence intervals have the same

sign, suggesting the significance of the linear trends.

Moreover, the trends of Z20 and Ztc are clearly opposite

of each other.

There is evidence showing that the global ocean has

been warming for a long time (Levitus et al. 2005;

Vecchi et al. 2006). The warming rate of tropical SST in

FIG. 4. (a) Linear trend of the upper-ocean temperature (8C century21) averaged between 58S and 58N from the

monthly JEDAC-XBT over the period 1955–2003. The thick black and gray lines represent the Z20 and Ztc, re-

spectively. The solid (dashed) lines shows the locations of Z20 and Ztc averaged over 1960–75 (1985–2000). (b) The

vertical temperature profile at 1008W. The solid line is for 1960–75 and the dashed line is for 1985–2000. The black

arrows denote the changes in direction of Ztc and Z20. The small inset shows the vertical temperature profile in the

upper 200 m, in which the dashed box marks the region of interest.

1 JULY 2009 N O T E S A N D C O R R E S P O N D E N C E 3859



the past 50 yr is generally over 18C century21; it reaches

1.58C century21 in the EEP (Fig. 4a). This big surface

warming, however, has not penetrated sufficiently deep

into the thermocline, where a cooling trend occurs in-

stead. The cooling rate in the western thermocline reach-

es as much as 228C century21. Although the cooling rate

in the eastern thermocline is not as significant as that in

the west, the overall vertical temperature gradient is

enhanced during the past 50 yr. This clearly shows a

strengthening trend in the equatorial Pacific thermocline.

The different trends in the Z20 and Ztc can be also

seen in Fig. 4. Because of the overall surface warming,

the 208C isotherm level has to be pushed downward.

Because of the much faster warming in the surface layer

than in the subsurface, the location of the maximum

vertical temperature gradient has to move upward so

that the Ztc has a shoaling trend in the eastern Pacific

(Fig. 4b). The real situation that happened in the EEP is

that the thermocline is strengthening and shoaling as

disclosed by Ztc instead of weakening and deepening as

suggested by Z20.

Figure 4a also shows an overall reduction in the Ztc

and Z20 in the equatorial Pacific. The shoaling trend of

the DTC is more notable in the western equatorial Pa-

cific than in the east, suggesting a flattening in the east–

west tilt of the equatorial Pacific thermocline (Fig. 4a).

The horizontal pattern of Z20 trend clearly shows a

zonally flattening thermocline with a shoaling in the

west and a deepening in the east (Fig. 5a), whereas the

horizontal pattern of Ztc shows a zonal shoaling and

flattening in the whole equatorial Pacific (Fig. 5b). The

flattening of the equatorial thermocline can be attrib-

uted to the weakened trade wind and, therefore, the

weakening of tropical Walker circulation (Vecchi et al.

2006; Vecchi and Soden 2007). It is worth noting that the

magnitude of the Ztc trend is much larger than that of

the Z20 trend: about 5 times more in the west and about

10 times more in the east. This implies that the signifi-

cant change in the thermocline depth could be incor-

rectly ignored if the focus is only on the Z20.

The shoaling of Ztc (i.e., the strengthened thermo-

cline in the EEP) is consistent with the enhancing

FIG. 5. Linear trends of (a) Z20 and (b) Ztc (m century21) in the

tropical Pacific from the monthly JEDAC-XBT over the period

1955–2003.

FIG. 6. Linear trends of the upper-ocean temperature

(8C century21) averaged between 58S and 58N from the 1pctto2x

experiments of (a) GFDL CM2.1 and (b) NCAR CCSM3 over

years 1–70. The thick solid and dashed lines in (a) and (b) repre-

sent the time averaged Z20 and Ztc over years 1–70, respectively.
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ENSO amplitude in the past 50 yr (Yang and Zhang

2008). The shoaling of Ztc increases the SST sensitivity

to the thermocline in the Niño-3 region (58S–58N,

1508–908W; Philip and van Oldenborgh 2006). A shallower

Ztc means the thermocline water would be easier to affect

the SST through the anomalous upwelling. A stronger

thermocline means a bigger impact on the SST. The

shallower and stronger thermocline can result in an en-

hanced ENSO variability because of the positive feed-

back among the wind variability, anomalous upwelling,

and SST variability in the central-east Pacific (Yang and

Zhang 2008). If the Z20 is used to represent the DTC in

this situation, a false dynamic connection between the

DTC and ENSO changes would be concluded.

Here, we further check the DTC change in 1pctto2x

experiments of two coupled models: GFDL CM2.1 and

NCAR CCSM3. Because coupled models are the most

important tools in climate studies, the proper treatment

of the equatorial thermocline in coupled models is

crucial to correctly understand the mechanisms of the

tropical climate variabilities. Figure 6 shows that, during

the transient stage of global warming, the equatorial

thermocline is enhanced in both of the models and the

mean Ztc is usually shallower than the mean Z20. It is

seen that, in the EEP, the Z20 has a deepening trend

(Figs. 7a,c), whereas the Ztc has a shoaling trend

(Figs. 7b,d). The Ztc differs from the Z20 in both the sign

and size. The deepening of Z20 should suggest a weak-

ening thermocline, particularly in the eastern Pacific;

however, the trend in the upper-ocean temperature

(Fig. 6) suggests that the thermocline is enhanced during

the transient stage of global warming, which is consistent

with the shoaling of Ztc, as shown in Figs. 7b,d. More-

over, conformed to the enhancing thermocline, ENSO

amplitude is also increased in these two coupled models

(figure not shown). This has been examined carefully in

Yang and Zhang (2008). The change in ENSO ampli-

tude is well complied with the change in Ztc in dynamics.

Therefore, the Ztc is better to reflect the real changes in

the equatorial thermocline and should be paid more

attention in the study of the tropical coupled climate

variabilities, particularly under the circumstance of

mean climate shift.

The significance of these trends in the two models is

also checked. All the trends are significant at the 99%

confidence level (Table 1). It is noticed that the shoaling

trend of the Ztc in the EEP is much smaller than that in

the observation (Fig. 3). This is consistent with the rel-

atively weaker changes in the equatorial thermocline

strength suggested in Fig. 6 than those in the XBT

(Fig. 4a). In the coupled models, the warming trends in

the EEP penetrate much deeper than those in the XBT,

whereas the cooling trends mostly occur to the west of

1308W (Figs. 6a,b). This is responsible for the smaller

Ztc changes in the coupled model (Fig. 3). As for what

causes the vertical temperature structures in the cou-

pled models as shown in Fig. 6, we have to turn to a

thorough examination of the coupled models simula-

tions, which is outside of the discussions of this work.

5. Summary

The analyses above remind us that we should be

cautious when investigating the long-term change in the

FIG. 7. Linear trends of (a),(c) Z20 and (b),(d) Ztc (m century21) in the tropical Pacific from the 1pctto2x experiments

of (left) GFDL CM2.1 and (right) NCAR CCSM3 over years 1–70.
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equatorial thermocline and its impact on the surface

dynamics. The different treatment of the DTC may result

in controversies in understanding the mechanisms of the

coupled climate variabilities in the tropics. Although

using Z20 to represent the DTC has many advantages

(e.g., it is the most convenient and simplest method to

determine the DTC in the tropical Pacific and it simplifies

the three-dimensional variability into a two-dimensional

field, which can be mapped and studied conveniently;

Kessler 1990), Z20 may fail to reflect the realistic long-

term trend of the thermocline strength. Identifying the

change in the depth of the maximum vertical tempera-

ture gradient is of great necessity in understanding the

long-term climate change properly.

To avoid some unnecessary discrepancies, it is par-

ticularly important to figure out if Z20 or Ztc is better to

represent the DTC in the tropical Pacific when studying

the past or future climate change by coupled models,

because the changes in Z20 and Ztc can be out of phase

along the equator in the situation of global warming or

cooling. Some of recent modeling studies have already

used Ztc (e.g., Vecchi et al. 2006). Considering the great

improvement of the vertical resolution of coupled

models, reasonably identifying Ztc no longer has any

practical obstacles.
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APPENDIX

Linear Trend and Student’s t Test

A linear regression line for a random sample y(x) can be

represented as y 5 bx 1 a. Here, x is the independent

variable and y is the dependent variable. For conve-

nience, we introduce Sxx and Syy as the variances of

variables x and y, respectively, and Sxy as the covariance

of x and y as follows:

Sxx 5 �
n

i51
(xi � x)2, Syy 5 �

n

i51
(yi � y)2, and

Sxy 5 �
n

i51
(xi � x)(yi � y). (A1)

The slope (i.e., the linear trend) can then be calculated

by the formula b̂ 5 Sxy/Sxx, according to the least

squares method.

The significance of the linear trend can be tested as

follows: First, the sum of square errors is calculated as

Qe 5 Syy � b̂Sxy. If the variance of the error term is

denoted by s2, then an unbiased estimate of s2 can be

given by ŝ2 5 Qe/(n� 2).

Second, the test statistic is defined as the following:

T 5
b̂� b0

ŝ/
ffiffiffiffiffiffiffi
Sxx

p , (A2)

where b0 is given. For the two-tailed t test H0:b0 5 0 and

H1:b0 6¼ 0. Under the significant level a, the rejection

region for H0 is the following:

jb̂j
ŝ

ffiffiffiffiffiffiffi
Sxx

p
$ ta/2(n� 2). (A3)

Therefore, the (1� a) percent confidence interval for

the slope (linear trend) is the following:

b̂ 6 ta/2(n� 2) 3
ŝ
ffiffiffiffiffiffiffi
Sxx

p . (A4)
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