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ABSTRACT

Sea surface temperature (SST) variability associated with El Niño–Southern Oscillation (ENSO) slightly

increased in the central Pacific Ocean but weakened significantly in the eastern Pacific at the beginning of

twenty-first century relative to 1980–99. This decadal shift led to the greater prominence central Pacific (CP)

El Niño events during the 2000s relative to the previous two decades, whichwere dominated by eastern Pacific

(EP) events. To expand upon previous studies that have examined this shift in ENSO variability, temperature

and temperature variance budgets are examined in the mixed layer of the Niño-3 (58S–58N, 1508–908W) and

Niño-4 (58S–58N, 1608E–1508W) regions from seven ocean model products spanning the period 1980–2010.

Thismultimodel-product-based approach provides a robust assessment of dominantmechanisms that account

for decadal changes in two key index regions. A temperature variance budget perspective on the role of

thermocline feedbacks in the ENSO cycle based on recharge oscillator theory is also presented. As found in

previous studies, thermocline and zonal advective feedbacks are the most important positive feedbacks for

generating ENSO SST variance, and thermodynamic damping is the largest negative feedback for damping

ENSO variance. Consistent with the shift toward more CP El Niños after 2000, thermocline feedbacks

experienced a substantial reduction from 1980 to 1999 and into the 2000s, while zonal advective feedbacks

were less affected. Negative feedbacks likewise weakened after 2000, particularly thermal damping in the

Niño-3 region and the nonlinear sink of variance in both regions.

1. Introduction

The El Niño–Southern Oscillation (ENSO) phenom-

enon is the most prominent interannual climate fluc-

tuation on the planet, affecting patterns of weather

variability worldwide (McPhaden et al. 2006). The warm

phase of ENSO, known as El Niño, is associated with

weakened trade winds and warm sea surface tempera-

ture (SST) anomalies in the equatorial Pacific Ocean,

and the converse for its cold counterpart, La Niña. El
Niño and LaNiña are controlled by a delicate balance of

positive andnegative feedbacks that either amplify or damp

the ENSO anomalies. According to Jin et al. (2006), key

positive feedbacks determining ENSO event growth in-

clude the Bjerknes feedback between zonal wind stress and

SST, the thermocline feedback (TCF) associated with

equatorial thermocline depth variations and its effects on

SST, the zonal advective feedback (ZAF) that results from

anomalous zonal current advection of SST, and the Ekman

feedback (EKF) associated with local wind-driven anom-

alous vertical advection of temperature. Net surface heat

flux is, on the other hand, typically the largest negative

feedback that acts to damp SST anomalies.

Recently, a new type of El Niño has been detected,

with maximum warm SST anomalies centered near the

date line. This type of El Niño has been called a central

Pacific (CP) El Niño (Kao and Yu 2009), date line El

Niño (Larkin and Harrison 2005a,b), El Niño Modoki

PacificMarineEnvironmental Laboratory contribution number 4411.
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(Ashok et al. 2007), or warm pool El Niño (Kug et al.

2009). The occurrence of CP El Niños has attracted a

lot of scientific attention, challenging classical ENSO

theories because of its distinct spatial characteristics

and climate impacts that can differ from the typical

eastern Pacific (EP) El Niño events (Kug et al. 2009;

Ashok and Yamagata 2009). Numerous efforts have

been made to examine the differences between EP

and CP El Niños in terms of dynamical and thermo-

dynamical processes (e.g., Kug et al. 2009; Ren and

Jin 2013). It has been suggested that the TCF plays

a dominant role in the development phases of EP

El Niño events because of the shallow mean thermo-

cline in the EP, but the ZAF are more effective in the

generation of CP El Niño anomalies because of the

strong SST zonal gradient in the CP (Picaut et al. 1996;

Kug et al. 2009; Guan et al. 2013). Ren and Jin (2013)

argued, on the other hand, that the TCF makes the

largest contribution to the growth rate for CP as well

as EP El Niños.
The twenty-first century has witnessed a shift in ENSO

variability relative to the latter part of the twentieth

century (McPhaden 2012; Hu et al. 2013; Lübbecke
and McPhaden 2014, hereafter LM2014). CP El Niño
events have occurred more frequently than EP El Niño
events (Lee and McPhaden 2010; McPhaden 2012;

Xiang et al. 2013; Wen et al. 2014), accompanied by

a small increase in interannual SST variability in the

Niño-4 region (58S–58N, 160E8–1508W) and a larger

decrease in the Niño-3 region (58S–58N, 1508–908W) in

the 2000s (Figs. 1 and 2). At the same time, ENSO

predictability has also decreased (Barnston et al. 2012;

McPhaden 2012; Horii et al. 2012). It is of fundamental

importance to clarify why these changes in the ENSO

cycle have occurred and what processes account for

them because of the implications these changes have

for seasonal predictability and prediction.

To verify what accounts for this twenty-first-century

shift in ENSO characteristics, LM2014 assessed ENSO

feedbacks based on the Bjerknes stability index (BJ

index; Jin et al. 2006). They found that a weakened

TCF leads to a decrease of ENSO variability in EP in

the 2000s relative to the 1980s–90s because of a reduced

response of thermocline slope to zonal wind stress anom-

alies and the response of wind stress to eastern equatorial

Pacific SST anomalies. However, the BJ index meth-

odology does not allow for a detailed examination of

the spatial variability of various feedbacks, therefore

how the ZAF changed farther to the west, where it has

larger amplitude and is important in the development

of CP El Niños (e.g., Kug et al. 2009; Chung and Li 2013;

Guan et al. 2013), could not be thoroughly examined.

Furthermore, Graham et al. (2014) pointed out that the

BJ index overestimates the relative importance of the

TCF to the ZAF and also overlooks nonlinearities in

the surface layer heat balance.

In terms of decadal changes in ENSO variability,

Dewitte et al. (2013) suggested that TCF becomes more

FIG. 1. Interannual SST variations in the Niño-3 and Niño-4 regions. (a) Ensemble-mean

time series of Niño-3 and Niño-4 indices (thick lines) and individual time series derived from

the various model products (thin dashed lines). (b) Standard deviation (STD) of interannual

SST anomalies in P1 and P2 for each product in Niño-3 and Niño-4 regions. The labels EM and

Obs denote the ensemble mean of the model products and observational indices from NOAA/

CPC, respectively. Error bars are shown for 95% confidence intervals of EM.
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effective in the western-central equatorial Pacific after

the 1976 shift as a result of increased stratification. Re-

cently, Boucharel et al. (2015) found that the TCF and

the dynamical damping account for most of the multi-

decadal ENSO variance across the equatorial Pacific,

based on a variance heat budget (Santoso et al. 2010).

Thus, while there is general agreement that the TCF is

the most effective positive feedback in the eastern Pa-

cific, the relative contributions of the ZAF and TCF

in the central Pacific between the end of the twentieth

century and beginning of the twenty-first century is less

clear and still needs to be addressed.

Moreover, according to the recharge–discharge os-

cillator by Jin (1997a,b), the TCF affects not only the

growth rate of ENSO anomalies, but also the switch in

ENSO phase between El Niño and La Niña. Ren and

Jin (2013) found that the TCF contributes the most to

recharge–discharge processes throughout the life cy-

cles of both CP and EP ENSO types. Conversely, Kug

et al. (2009, 2010) argued that the TCF is effective

during the transition phase of EP events, but the clas-

sical recharge oscillator does not work as well for CP El

Niño events. Thus, it is also important to consider how

possible changes of these feedbacks might explain the

details of ENSO phase transitions in the twenty-first

century dominated by CP El Niños versus transitions in
the 1980s–90s dominated by EP El Niños.
Graham et al. (2014) argued that there are advan-

tages to directly computing the mixed layer tempera-

ture balance over using the more approximate BJ index

as in LM2014 for assessing various feedback processes

involved in ENSO evolution. In the present paper, we

will therefore examine both the temperature budget

and the temperature variance budget for 1980–99 and

2000–10 separately to directly describe how each dy-

namical process changed between the twentieth and

the twenty-first century in the equatorial Pacific. We

focus on the Niño-3 and Niño-4 regions that encompass

the areas of maximum interannual SST variance during

the 1980s–90s and 2000s respectively (Fig. 2). Our tem-

perature variance budget calculation is similar to that

of Boucharel et al. (2015), but unlike Boucharel et al.

(2015), we retain the time-dependent term and ex-

plicit representation of surface fluxes in our diagnostic

framework in order to provide a clearer definition of

positive and negative feedbacks over the course of

individual ENSO events. Our methodology will provide

a clearer picture of spatial variations in the important

feedbacks than LM2014 were able to discern using the

BJ index.

FIG. 2. Standard deviation of interannual SST anomalies during (a) P1 and (b) P2. (c)Mean SST and (e) depth of the 208C isothermwith

wind stress (vectors) overlaid for P1 and (d),(f) the differences between P2 and P1. Figures are based on the reanalysis ORAS3, which is

similar to other observations and model products used in this study.
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Data and methodology will be described in section 2,

followed by an investigation of the twenty-first-century

shift of ENSO variability in section 3, with emphasis on

clarifying the role of major feedbacks based on the

temperature variance budget. Section 4 will summarize

the results and discuss remaining issues.

2. Data and methods

a. Ocean data, reanalysis, and simulation products

Six ocean reanalysis products and one simulation

without data assimilation are used in this study. The

reanalyses include the German contribution to Esti-

mating the Circulation and Climate of the Ocean,

version 2 (GECCO2; Köhl and Stammer 2008), from

Hamburg University; the Ocean Reanalysis System,

versions 3 (ORAS3; Balmaseda et al. 2008) and 4

(ORAS4; Balmaseda et al. 2013), from the European

Centre forMedium-RangeWeather Forecasts (ECMWF);

the latest version of the Simple Ocean Data Assimilation

(SODA2.2.4; Carton and Giese 2008); the ensemble cou-

pled data assimilation (ECDA) product from the Geo-

physical Fluid Dynamics Laboratory (GFDL ECDA3.1;

Zhang et al. 2007); and the Global Ocean Data Assimi-

lation System (GODAS; Behringer and Xue 2004) from

the NOAA/Climate Prediction Center (CPC). The simu-

lation is from the Ocean GCM for the Earth Simulator

(OFES;Masumoto et al. 2004) based onMOM, version 3.0

(MOM 3.0). Collectively, we will refer to these as model

products, detailed descriptions of which can be found in

Table 1 and also from the Asia–Pacific Data-Research

Center at the University of Hawai‘i (http://apdrc.soest.

hawaii.edu/data/data.php).

Monthly averaged fields of ocean temperature, three-

dimensional ocean current velocities (u, y, and w), and

surface heat flux qnet are extracted from these products

for the temperature budget and temperature variance

budget calculations. For those products without vertical

velocity fields provided (GODAS, ORAS4, and GFDL

ECDA3.1), we calculate vertical velocity based on mass

continuity: w52
Ð 0
z52h

=h � v dz, where w(0) 5 0 and v

is the horizontal velocity vector. As for ORAS4 and

SODA2.2.4, sea surface net heat fluxes are taken from

atmospheric inputs that are used to force the corre-

sponding ocean model [i.e., ERA-40 (1980–89) and

ERA-Interim (1989–2009) for ORAS4 and NOAA

20CR, version 2 (20CRv2) for SODA2.2.4]. Each ocean

model product covers the period from January 1980 to

December 2010. We will use ORAS3 as a represen-

tative ocean analysis to illustrate certain aspects of

the variability in greater detail. We have extracted the

208C isotherm depth (h20) as an index describing the

thermocline depth in this model product in order

to analyze TCF changes associated with the recharge

oscillator.

The Niño-3 and Niño-4 indices provided by the

NOAA/Climate PredictCenter (http://www.cpc.noaa.gov/

products/analysis_monitoring/ensostuff/ensoyears.shtml)

are also used in this paper to compare with results from

the model products. These indices are obtained from

the 3-month running mean of ERSST version 4 (Huang

et al. 2015) in situ monthly SST anomalies centered on

30-yr base periods updated every 5 yr. The SST data are

on a 28 3 28 grid and derived from ICOADS release 2.5

from 1875 to 2007 (Woodruff et al. 2011) and after 2007

from Global Telecommunications System (GTS) re-

ceipts from the National Centers for Environmental

Prediction (NCEP).

b. Methods

A temperature budget analysis is first carried out

for the Niño-3 and Niño-4 regions with a fixed bot-

tom as 50-m depth, following Lee et al. (2004) and

Zhang and McPhaden (2010, hereafter ZM2010).

The mixed-layer temperature balance can be ex-

pressed as

MLT
t
5T

advB
1T

advW
1T

advE
1T

advS
1T

advN

1T
surf

1R , (1)

where MLTt represents the time tendency of box-

mean mixed layer temperature (MLT; i.e., Tave 5
B21

ÐÐ Ð
B
T dx dy dz), and Tsurf is proportional to the net

surface heat flux qnet [i.e., Tsurf 5 (rcpB)
21ÐÐ qnet dx dy,

where r is density, cp is heat capacity, and B is volume].

Here r and cp are respectively constants 1022.6kgm23

and 3940Jkg21K21. Advection across the five interior

ocean interfaces of the box is denoted TadvB (for bottom)

and TadvW, TadvE, TadvS, and TadvN (for western, eastern,

southern, and northern boundaries, respectively). Ad-

vection terms are defined as Tadvi 5B21
Ð
A
(V � n)dTi dS,

where i denotes various boundaries, S denotes corre-

sponding interfacial area, andV � n is the normal velocity

at each interface. Temperature difference dTi represents

the difference between the interface temperature Ti and

the MLT (i.e., dTi 5 Ti 2 Tave). Thus, these advection

terms represent the advection of interfacial temperature

relative to the volume averaged temperature of the box

by inflow normal to the interface. Since the Niño-3 re-

gion has a larger horizontal area than the Niño-4 region,
we normalize each term by its corresponding volume B

for ease of comparisons between two regions. Heat

redistributed internally by small-scale processes

inside the box does not affect the tendency of the
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average temperature within the box (Lee et al. 2004;

Kim et al. 2007) and would not affect the calculation

of heat advection. Besides, effects of volume trans-

ports whose temperature is the same as the box av-

erage temperature produce no effect (ZM2010). More

details can be found in Lee et al. (2004).

Our study is primarily motivated to explore the role of

different feedbacks affecting the twenty-first-century

shift in ENSO variability, expanding on the work of

LM2014. Therefore, we used a constant mixed layer

depth (MLD) of 50m in both the Niño-3 and Niño-4
regions to make comparisons easier with previous

studies that also used a constant mixed layer depth

(e.g., ZM2010; LM2014; Graham et al. 2014). We find

that results are not fundamentally sensitive to varying

this fixed mixed layer depth by 620m as long as that

definition leads to an MLT that is representative of

SST. Other choices of mixed layer depth definition

are possible: for example, MLD defined based on a

vertical density change criterion that would allow the

mixed layer to migrate vertically with time. However, a

time-varyingmixed layer, which has certain advantages

in separating out diabatic and adiabatic vertical pro-

cesses, would make comparison with previous results

more difficult.

Horizontal and vertical diffusion, effects from

high-frequency tropical instability waves, penetrative

shortwave radiation through the base of the mixed

layer, and computational errors and errors associated

with imperfect closure of the heat budget are con-

tained in the residual term R. The imperfect closure

of the heat budget can include (i) the MLT tendency

due to SST relaxation and (ii) the tendency incurred

by the so-called assimilation increment, which is a

statistical correction applied during sequential data

assimilation time steps to correct the model state to

fit the observations. These assimilation increments

result in internal heat sources and sinks due at each

time step. Only the free-run OFES and GECCO2,

which uses an adjoint assimilation method, do not

have assimilation increments. In using seven model

products, each having different assimilation proce-

dures, it is our expectation that uncertainties in any

individual model result will be reduced through en-

semble averaging.

To examine the individual physical feedbacks sep-

arately, we regrouped terms in the temperature bal-

ance by breaking up variables into climatological

means and monthly anomalies about the mean:

M5M1M0, where M is MLT, ocean velocity, or

another variable. For instance, anomalous TadvB can

be divided into three parts [(2)]: anomalous temper-

ature advection by the mean current wBdT
0
B, which

refers to the thermocline feedback; mean tempera-

ture advection by the anomalous current w0
BdTB,

which is the Ekman feedback; and anomalous tem-

perature advection by the anomalous current w0
BdT

0
B,

which is a nonlinear term:

T 0
advB 5

1

B

ðð
(w

B
dT 0

B 1w0
BdTB

1w0
BdT

0
B) dx dy . (2)

In this manner, we rewrite (1) to illustrate the various

feedbacks as (see the appendixes)

MLT
t
5TCF1EKF1ZAF1MAF1MHD

1TD1NL1R , (3)

where TCF, EKF, and ZAF are defined as above, and

the other terms are meridional advective feedback

(MAF), mean horizontal dynamical heating term

(MHD), thermal damping by net surface heat flux

(TD), and nonlinear advection (NL). In (3), all terms

refer to anomalies and primes have been dropped for

simplicity.

The feedbacks in (3) have been represented in various

ways by different authors. Our definitions are similar to

those in ZM2010 andGraham et al. (2014). In particular,

we use dTB in the expression for TCF to calculate net

contributions of thermocline variations to MLT vari-

ance. Our definition of TCF (B21
ÐÐ

wBdT
0
B dx dy) is ex-

pressed as wB[(T
0
B 2T 0

ave)/h], which includes both

wB(T
0
B/h) and 2wB(T

0
ave/h). This definition differs from

that of the BJ index, where the TCF includes only the

first of these terms with the second term grouped into

the BJ index expression for three-dimensional mean

dynamical heating. As Graham et al. (2014) showed, the

two expressions for TCF are highly correlated (primarily

because T 0
B and T 0

ave are highly correlated). As a con-

sequence of grouping 2wB(T
0
ave/h) into TCF, our defi-

nition of MHD includes only advection by mean

horizontal currents, in contrast to advection by three-

dimensional mean currents as in the BJ index and

some other studies (e.g., An et al. 1999; Jin et al. 2006;

LM2014; Boucharel et al. 2015). MAF is a relatively

small term, which has been neglected or grouped into

EKF in some previous studies (e.g., Jin et al. 2006;

LM2014; Boucharel et al. 2015). These differences in

definitions between various studies though do not

obscure the fundamental dynamical and thermody-

namical processes at work in the ENSO cycle, as we

shall see below.

Interannual variations for each term are obtained

using a Fourier low-pass filter with a cutoff period of

15 months (Walters and Heston 1982). From Fig. 3, we

can see that the sum of the first seven temperature
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feedback terms on the right-hand side of (3), namely

Fall, is highly correlated with and accounts for most

of the temperature tendency, exceeding 95% sig-

nificance. Among the various products, GECCO2,

ORAS3, ORAS4, and OFES show the highest cor-

relation coefficients between MLTt and Fall. The

highest correlation is for GECCO2, where the ad-

joint assimilation method is used to adjust the entire

model state to improve the consistency with obser-

vations as well as prior estimates of surface fluxes,

such that heat is conserved. As for the products that

do not conserve heat because of the way tempera-

ture data are assimilated (e.g., SODA2.2.4, GFDL

ECDA3.1, and GODAS), one should expect less

exact balances and lower correlations between MLTt

and Fall. We also note that in general the temperature

balance closes better in the Niño-3 than the Niño-4
region since SST variability is stronger in the Niño-3
region with the exception of the last 10 yr of the 30-yr

record (Fig. 1). There is a tendency for the amplitude of

Fall to be larger than MLTt in both regions. This ten-

dency may result from the neglect of processes such as

vertical and horizontal diffusion. It could also indicate

that they tend to produce overly energetic ENSO SST

variations because of model limitations and that as-

similation increments, as reflected in the residuals R,

correct these deficiencies to produce a more realistic

ENSO SSTs.

FIG. 3. Interannual anomalies (8Cmonth21) in the mixed layer heat balance from (3): MLTt (solid black), Fall (red dotted), and

residual term R (dashed green) for (top)–(bottom) each model product for (left) the Niño-3 region and (right) the Niño-4
region. The Fall is the sum of all the feedback terms on the right-hand side of (3), except for R. Cross correlation coefficients (xc)

between MLTt and Fall and the ratios (rs) of STD(R)/STD(MLTt) are shown in each graph. A perfect match between MLTt and

Fall, implying exact closure of the heat balance involving the explicitly represented terms, would have a cross correlation of

unity and ratio of zero. Note the vertical scale for Niño-4 at right is smaller than for Niño-3. All correlation coefficients are

significantly different from zero at the 95% confidence levels according to methods described in Dawdy and Matalas (1964) and

Haan (2002).

1 OCTOBER 2016 GUAN AND MCPHADEN 6867



Analysis of the temperature or heat budget has

been the traditional approach for determining how

various processes affect the storage of heat in the

mixed layer. Santoso et al. (2010) recently suggested a

complimentary methodology, namely a ‘‘temperature

variance equation,’’ obtained by multiplying the tem-

perature balance equation by temperature anomalies.

This method is able to estimate the contributions of each

term to the temperature variance growth rate, and by

so doing explicitly identifies when a term is a positive

feedback (creating variance) or a negative feedback

(damping variance). Thus, we multiply (3) by MLT

anomaly T 0
ave to obtain the temperature variance

budget:

MLTy
t 5TCFy 1EKFy 1ZAFy 1MAFy 1MHDy

1NLy 1TDy 1Ry , (4)

where MLTy
t 5T 0

ave(›T
0
ave/›t)5 0:5(MLTy)t and each

feedback term is labeled with superscript y to rep-

resent the corresponding term in the temperature

budget [(3)]. The left-hand side of (4) shows the

time-dependent temperature variance tendency in

the mixed layer. On the right-hand side, a positive

value of a component means that term represents

a positive feedback on MLT variance growth, while

negative values represent negative feedbacks. Spe-

cific definitions of each term in the tempera-

ture variance budget equation are shown in the

appendixes.

3. Results

a. Characterizing the twenty-first-century shift of
ENSO SST variability

As in LM2014, we define the period 1980–99 as P1 and

2000–10 as P2. Computing the standard deviations of

interannual SST anomalies separately over these pe-

riods in both theNiño-3 andNiño-4 regions from various

datasets (Fig. 1) shows very good agreement between

the model products with themselves and with the ob-

servations. This is not surprising, since all the products

(except for the simulation from OFES) assimilate ob-

served SSTs. The shift of ENSO variability in the first

decade of the twenty-first century is evident in both

observations and the seven oceanic model products,

with weaker interannual SST variability in the Niño-3
region (an ensemble-mean value of 0.648C in the 2000s

versus 0.988C in the 1980s–90s) but slightly stronger in-

terannual SST variability in the Niño-4 region (0.718C in

the 2000s relative to 0.648C in the 1980s–90s). The

spatial variability in SST standard deviation for the

ORAS3 SST product during P1 and P2 (Figs. 2a,b)

indicates a clear change of pattern of ENSO SST

anomalies, with the largest SST variance during P1

in the Niño-3 region of the eastern equatorial Pa-

cific but largest SST anomalies during P2 shifted

westward to the Niño-4 region. This longitudinal

shift in SST variance is consistent with previous

studies, indicating a greater frequency of occur-

rence of CP El Niño events in the 2000s than in the

previous two decades (Lee and McPhaden 2010;

McPhaden et al. 2011; McPhaden 2012; Xiang

et al. 2013).

These changes in ENSO SST variability occur in

concert with changes in the background state of

the tropical Pacific Ocean over the past 30 years

(McPhaden et al. 2011; Chung and Li 2013). In

particular, easterly zonal wind stress was enhanced

in the 2000s compared to 1980–99 and accompanied

by stronger zonal SST and thermocline gradients

across the equatorial Pacific. We will return to a

discussion of these decadal time-scale background

state changes in relation to ENSO SST variations in

the final section.

b. The temperature variance budget

The ensemble-mean time series of individual terms

in both the Niño-3 and Niño-4 boxes from the seven

model products (Figs. 4 and 5) show that the temper-

ature variance tendency MLTy
t is positive during de-

veloping phases of El Niño and LaNiña events, negative
during their decay phases, and zero at the peaks of events.

Among the various terms in the budget, TCFy, EKFy,

ZAFy, and MHDy are mostly positive (i.e., tending to

generate temperature variance). Of these, TCFy and

ZAFy are the largest positive terms and thus the most

effective in generating ENSO variability (Kug et al.

2009; ZM2010; Ren and Jin 2013). The Ekman feed-

back is most effective in the Niño-3 region, particu-

larly in the developing and decaying phases of events.

It is noteworthy that TCFy and ZAFy become nega-

tive during decay phases of both warm and cold

events, especially in extreme El Niño events. The

implications of negative TCFy from the perspective

of recharge oscillator theory will be discussed in

section 3d.

The thermal damping term TDy is always negative,

tending to destroy MLT variance once developed in

both the Niño-3 and Niño-4 regions. Similarly, the

mean horizontal dynamical term MHDy sets in only

once anomalies are developed. By our definition,

this is a positive feedback and mostly due to mean

meridional currents acting on the surface tempera-

ture anomalies, which are largest in the center of the
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Niño-3 and Niño-4 regions (Fig. 2). Climatological

poleward meridional currents at the northern and

southern boundaries thus advect relative weaker

anomalies out of these regions, thus reinforcing box

averaged MLT variance, as also shown by ZM2010

and Kug et al. (2009). The MAFy in both regions is

relatively small.

The nonlinear term NLy is generally negative but

can at times be positive, as, for example, during the

decay phase of extreme events like the 1997/98 El

Niño and in the Niño-4 region during P2. It is most

significant in the Niño-3 region, where anomalies are

largest on average, consistent with the fact that

nonlinearity is proportional to squared anomaly

fields. This effect of nonlinearity in our balance is

different from that inferred by Jin et al. (2003), who

suggested that the nonlinear terms contribute to

amplifying strong warm ENSO events based on the

SODA2.2.4 and GODAS products. In our analysis,

however, these terms in both SODA2.2.4 (a different

version than used in Jin et al.) and GODAS are

negative feedbacks during the development phase of

FIG. 4. Ensemble means of individual temperature variance budget terms (red lines) superimposed on the

ensemble-mean MLT anomalies (black lines) and temperature variance tendency (blue lines; 8C2 month21)

averaged in the Niño-3 region. Shading around the ensemble means indicates the standard deviation among

different products.
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ENSO events (see Fig. 7). Thus, our results suggest

that the role of nonlinearity may not only be sensitive

to the particular region in question and whether one

considers the growth or decay phase of ENSO, but

also to the particular choice of model.

Finally, the residual term Ry is mostly negative in

both regions and generally small compared to the

largest terms (i.e.,MLTy
t , TCF

y, ZAFy, and TDy). It is

not well correlated with MLTy
t or MLTy in either

region, but tends to be anticorrelated with Fall

(especially for OFES, ORAS4, GFDL ECDA3.1,

SODA2.2.4, and GODAS). As discussed in relation

to the heat balance (3), this tendency may result from

some combination of neglected physical processes in

our temperature variance formulation and from as-

similation increments, as reflected in the residual R,

that correct for model deficiencies to produce re-

alistic ENSO SSTs.

Figure 6 summarizes averages of individual feed-

back terms over the entire 30-yr record in both Niño
index regions. Following Santoso et al. (2010), we

also averaged over the positive and negative values

of MLTy
t separately to distinguish between the

strength of feedback tendencies during variance

growth and decay phases. Thus, our method, using

the MLT variance tendency as an index to examine

FIG. 5. As in Fig. 4, but for the Niño-4 region. Note, however, that the vertical scale is different.
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different feedback terms, is distinct from that of

Boucharel et al. (2015), who omitted the MLTy ten-

dency term in their diagnostic equation to study de-

cadal variations of ENSO properties averaged over

complete cycles.

In Fig. 6, the temperature variance tendency term is

much larger in the Niño-3 versus in the Niño-4 region,
as expected. Positive MLTy

t values are also larger

in amplitude than negative values, indicating a more

rapid growth rate than decay rate for both El Niño and

La Niña events. In the variance growth phase, TCFy

is the largest of the positive feedbacks in the Niño-3
region, followed by ZAFy. In the Niño-4 region on

the other hand, ZAFy is of comparable magnitude to

TCFy. In the variance decay phase, positive feedbacks

associated with TCFy and ZAFy decrease, leaving

MHDy as the largest positive feedback. The TDy is the

largest negative feedback term during both phases in

both regions; MAFy is the smallest term in both

regions.

c. Temperature variance budget changes between the
1980s–90s and 2000s

To investigate how various terms in the temperature

variance budget changed between the latter decades

of the twentieth century and the first decade of the

twenty-first century, we averaged each term in the two

periods P1 and P2 for each individual model product

(Fig. 7) and for the ensemble means (Fig. 8). Compared

to P1, both the net and the positive temperature vari-

ance tendency MLTy
t decrease in the Niño-3 region and

increase in Niño-4 in P2, which is consistent with the

shift toward more CP El Niños in the first decade of the

twenty-first century.

During the variance growth phase (Fig. 8a), most

terms (both positive and negative values) decreased

from P1 to P2 in the Niño-3 region. Among the posi-

tive terms, TCFy is both the largest and shows the

biggest reduction from P1 to P2, consistent with a

weakening of the thermocline feedback, as described

in LM2014. The value of ZAFy is the second largest

positive term in Niño-3 and also decreases on average

from P1 to P2 (Fig. 8), but less so than TCFy. Thus,

positive values of ZAFy become comparable to those

of TCFy during P2 in the Niño-3 region. The value of

MHDy decreases as well from P1 to P2, and the de-

crease in the sum of ZAFy andMHDy is comparable to

that of the decrease in TCFy.

For the Niño-4 region, ensemble average differ-

ences in positive feedbacks from P1 to P2 during the

growing phase are smaller than in Niño-3 (Fig. 8a).

There is a slight reduction in TCFy evident in all seven

FIG. 6. Averages of individual temperature variance budget terms (8C2month21) in theNiño-3
and Niño-4 regions over the 30-yr period. Averages are calculated separately over (a) growing

phase (shown as MLTy
t . 0) and (b) decaying phase (MLTy

t , 0). Error bars are shown for 95%

confidence levels based on the seven different products.
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model products, which, although small, is probably

significant (Fig. 7b). Notably, TCFy is also important

in generating MLT variance in both the variance

growth and decay phases in the Niño-4 region during

both periods, consistent with the results of Ren and

Jin (2013). The value of ZAFy increases in some

model products but decreases in others (Fig. 7b), re-

maining relatively unchanged from P1 to P2 in the

ensemble mean (Fig. 8a).

Nonlinearity as a sink of variance decreased sig-

nificantly from the P1 to P2 in both regions during the

variance growth phase. This decreased NLy in the

Niño-3 region is related to a weaker ENSO cycle in

P2, since nonlinearity in general decreases as the

amplitude of events decreases. In the Niño-4 region,

the nonlinearity in P1 results mainly from variations

at the bottom of the mixed layer (not shown). This

nonlinearity weakens in P2 most likely because the

FIG. 7. Averages of individual temperature variance budget terms (8C2month21) for two periods, P1 (bars

without black edge) and P2 (bars with black edge), in the (a) Niño-3 and (b) Niño-4 regions. Averages are cal-

culated over the growing phase (MLTy
t . 0) and decaying phase (MLTy

t , 0) of the MLT variance separately.
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thermocline is deeper in P2 than in P1 in the Niño-4
region as a result of the stronger trade winds in P1

(Fig. 2). Thus, at our fixed 50-m depth used for the

temperature variance analysis, the vertical temper-

ature gradients and temperature variations are weaker in

P2, resulting in weaker nonlinearity. The changes in Ry

from P1 to P2 among various products in both regions is

highly variable (Fig. 7), and, given that variability, there is

no clear change in the ensemble means from P1 to P2

(Fig. 8a).

With respect to negative tendencies, thermal

damping TDy is in general the most significant sink of

variance in both regions during growth and decay

phases. It undergoes substantial reduction in the

Niño-3 region from P1 to P2 in all the model products

and in the ensemble mean, consistent with the re-

duction in the amplitude of Niño-3 MLT anomalies

from P1 to P2 (Fig. 7a). During the variance decay

phase (Fig. 8b), both TCFy and MHDy undergo

substantial reduction from P1 to P2, making the

weaker TDy more effective at damping variance than

it would otherwise be.

We thus conclude that Niño-3 variance decreased

from P1 to P2, mostly due to a reduced positive TCFy,

consistent with LM2014. The increase in Niño-4
variance between P1 and P2 is related to the weaker

variance sink from nonlinearity in P2, since other

positive feedbacks did not strengthen overall and

thermal damping did not significantly weaken. In

both regions, the TCFy weakened relative to the

ZAFy in P2 compared to P1, such that the latter be-

came relatively more important than TCFy in gen-

erating ENSO SST variance. These results are

consistent with the shift from EP to CP El Niños
between the two time periods. They also offer a

more precise determination of regional variations in

feedback terms than the BJ index method and allow

for greater resolution of the zonal variations in key

feedback terms between P1 and P2. Another advan-

tage of the temperature variance approach is de-

scribed in the following section, where we examine

aspects of TCFy in the context of the recharge oscil-

lator theory (Jin 1997a,b).

d. A temperature variance budget perspective on
recharge oscillator dynamics

The thermocline feedback has traditionally been

viewed as a positive feedback on ENSO SST anomaly

growth in most previous heat budget studies (e.g., Jin

and Neelin 1993; Jin and An 1999; Jin et al. 2006;

LM2014; Boucharel et al. 2015). However, from our

temperature variance budget analysis, it is evident that

there are times when this feedback is clearly negative

(Figs. 4 and 5). These periods of negative feedback occur

mostly during decaying phases of El Niño and La Niña,
suggestive of the role of the thermocline feedback in

FIG. 8. As in Fig. 7, but for ensemble means: (a) variance growing phase and (b) variance

decaying phase. Error bars are for 95% confidence limits based on the seven different model

products.
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terminating ENSO events (see also Kug et al. 2009).

According to recharge oscillator theory (Jin 1997a,b),

the TCF affects both ENSO anomaly growth and

phase transition. Anomaly growth in this theory is

influenced by the anomalous zonal tilt of the thermo-

cline, while transitions from one phase of ENSO to

another are linked to variations in zonal mean ther-

mocline depth anomalies across the Pacific basin. In

this section, we apply the temperature variance budget

formalism to the ECMWF ORAS3, which is repre-

sentative of other reanalysis products in our ensemble,

to quantitatively diagnose the components of the

thermocline feedback in the Niño-3 region where this

feedback is strongest.

Variability in the thermocline feedback is controlled

by variability in dTB: namely, the difference between

temperature at 50-m depth and the temperature aver-

aged in the surface layer, based on (2) and the equivalent

expression in the variance budget (see the appendixes).

Temperature variations at 50-m depth are induced by

changes in thermocline depth and are typically larger

than the variations in MLT. In the Niño-3 region,

thermocline depth anomalies result from both ther-

mocline tilt and also the mean zonally averaged ther-

mocline depth across the entire basin. Here we average

h20 anomalies in both the eastern box (58S–58N, 1508–
908W) and the western box (58S–58N, 1508E–1508W),

designated as h20E and h20W, respectively. The zonal

mean thermocline depth is then defined as h20ZM 5
(h20E 1 h20W)/2 and the thermocline tilt as h20ZG 5
(h20E 2 h20W)/2. Note the eastern box is also the Niño-3
region, so the thermocline anomalies in Niño-3 can be

derived as h20E 5 h20ZM 1 h20ZG.

As expected, temperature difference between the

bottom interface and mixed layer average in the Niño-3
region (defined as dTB,E) is highly correlated and in

phase with thermocline depth, with a zero lag correla-

tion coefficient of 0.95 (Fig. 9). Thus, the relationship

between these two variables can be expressed as dTB,E5
ah20E, where a is the linear regression coefficient. We

can define h20E 5 h20ZM 1 h20ZG so that dTB 5
ah20ZM1 ah20ZG. Then we can separate TCFy into two

parts:

TCFy 5TCFy
ZM 1TCFy

ZG , (5)

where TCFy
ZM5(a/B)

ÐÐ
wBh20

0
ZMT

0
ave dx dy and TCFy

ZG5
(a/B)

ÐÐ
wBh20

0
ZGT

0
ave dx dy. We find that TCFy

ZG always

acts as positive feedback (Fig. 10), while TCFy
ZM is positive

during developing phases of ENSO events, but negative

during decay phases. For example, after an El Niño
peaks, zonal-mean thermocline across equatorial Pa-

cific shoals rapidly, discharging heat to off-equator

regions. At the same time, climatological upwelling

pumps anomalous cold subsurface thermocline water

upward to the surface while the surface temperatures

are still anomalously high. Thus, during the decay

phase of an El Niño, TCFy
ZM is a negative feedback that

helps to terminate the event. As the zonal-mean ther-

mocline continues to shoal, the system transitions

from a warm El Niño event to a cold La Niña event,

with the TCFy becoming a positive feedback during the

developing phase of La Niña. Similar phasing of feed-

backs is involved in the transition from La Niña to El

Niño events.

Associated with the decrease in TCFy from P1 to P2,

we see both TCFy
ZG and TCFy

ZM are weaker in the 2000s

in both growing and decaying phases (Fig. 10b). In the

growth phase, the significant reduction of TCFy
ZM sug-

gests reduced effectiveness of warm water volume as a

predictor for interannual SST anomalies (McPhaden

2012). The decrease of TCFy
ZM from P1 to P2 in the

decaying phase is consistent with a reduced efficiency

of recharge oscillator dynamics in the termination of

CP El Niño events, which dominate this decade (Kug

et al. 2009).

4. Summary

We assessed the twenty-first-century shift in ENSO

SST variability, characterized by a significant decrease

in the magnitude of interannual SST anomalies in the

eastern equatorial Pacific but a slight increase in anom-

alous SST variability in the central equatorial Pacific.

To quantify the roles of various physical processes in

affecting this shift, we examined both the temperature

budget and the temperature variance budget in the

mixed layer of the Niño-3 and Niño-4 regions for the

time periods 1980–99 (P1) and 2000–10 (P2) using seven

ocean model products. We found a prominent reduction

during the growth phase of ENSO events in the ther-

mocline feedback from P1 to P2 in the Niño-3 region, as
well as reductions in the positive feedbacks associated

with zonal advection and mean dynamical heating. Also

evident was a weakening of thermodynamic damping

and the variance sink due to nonlinearity. The net effect

of all these changes was decreased interannual ENSO

variability in the Niño-3 region in the 2000s relative to

the 1980s and 1990s. In the Niño-4 region, there was

little notable difference in most feedbacks from P1 to

P2, except for slight weakening of the thermocline

feedback and a reduction in the damping effect of

nonlinearity during the growth phase. These decadal

tendencies are consistent with the shift from pre-

dominantly EP El Niño variability in P1 to CP El Niño
variability in P2.
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We also examined the implications of recharge

oscillator theory and how it is reflected in the tem-

perature and temperature variance budgets during P1

and P2. During the growth phase of ENSO, a signifi-

cant reduction of TCFy
ZM from P1 to P2 in the Niño-3

region suggests reduced effectiveness of warm water

volume as a predictor for interannual SST anomalies

(McPhaden 2012). The weakening of this process in

the decay phase of ENSO indicates a reduced efficiency

of recharge oscillator dynamics in the termination of

CP El Niño events.

The shift in maximum SST variability from the Niño-3
region to the Niño-4 region in the twenty-first century is
evident in various ocean products. From the perspec-

tive of a temperature variance budget, we confirmed

the results of LM2014 as to why Niño-3 SST variability

decreased in the 2000s and also determined with more

precise localizationwhat dynamical processes contributed

to the greatly decreased SST variability in the Niño-3 re-

gion. In addition, our temperature variance methodology

allows us to describe within a consistent framework

how both the positive and negative thermocline feed-

backs operate in the context of recharge oscillator theory.

While we have diagnosed processes responsible for

the observed patterns of equatorial Pacific SST vari-

ability in the 1980s–90s and 2000s separately, we have

not addressed the reasons why these changes have oc-

curred. It could be that decadal changes in background

conditions between these two periods favored the de-

velopment of EP El Niños in the 1980s–90s and CP El

Niños in the 2000s (Choi et al. 2011; Chung and Li 2013;

Xiang et al. 2013). Using model simulations, Choi et al.

(2011) pointed out that a high occurrence of CPElNiños
is related to strengthened trade winds and stronger zonal

mean surface temperature gradients in the equatorial

Pacific. Chung and Li (2013) further analyzed the re-

lationship between the mean state and El Niño type on

interdecadal time scales and found a steepening zonal

SST gradient in the 2000s favored CP El Niños due to

the westward shift of anomalous convection. Based on

FIG. 9. Decomposition of h20 anomalies. (a) Mean state of h20 during 1980–2010, where regions to calculate the

zonal gradient thermocline anomaly (h20ZG) and the zonal mean thermocline anomaly (h20ZM) are labeled by two

dashed boxes h20W and h20E. (b) Interannual anomalies of h20 and temperature difference between the bottom

interface and mixed layer average (dTB,E). Note the dTB,E (green dotted line), which is a measure of the thermocline

feedback, and h20 in the Niño-3 region (h20E) are highly correlated, with a correlation coefficient of 0.95.
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numerical model experiments, Xiang et al. (2013) pro-

posed that the more frequent occurrence of CP El Niños
in the 2000s arose from an enhanced subsidence and

surface divergence in the central Pacific based on nu-

merical model experiments. Conversely, the changes

in ENSO statistics may be the result of random varia-

tions in the climate system that then project onto mean

state changes (Rodgers et al. 2004; Choi et al. 2012;

McPhaden et al. 2011). This larger question of what

ultimately accounts for the observed decadal changes,

although very important, is beyond the scope of the

present study.

Recently, a major El Niño occurred in the tropical

Pacific in 2015/16 (McPhaden 2015). Initial develop-

ment of this El Niño, which is not represented in our

model products that extend only to 2010, resembled an

EP-type El Niño, with largest SST and thermocline

depth variations in the eastern Pacific. Whether this

event signals a decadal shift toward more frequent EP

versus CP El Niños as in the 1980s and 1990s remains

to be seen.
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APPENDIX A

Volumetric Temperature Budget Formulation

The schematic box shown in Fig. A1 is used to define

the following formulation.

MLT
t
5T

advB
1T

advW
1T

advE
1T

advS
1T

advN

1T
surf

1R , (A1)

where

MLT
t
5 ›T

ave
/›t ;

FIG. 10. Decomposition of the TCFy in the Niño-3 region based on ORAS3. (a) Time series of total TCFy, TCFy
ZM, TCF

y
ZG, MLTy (gray

bars), andMLTy
t . (b) Averages of TCFy and its two components over the two periods P1 and P2, darker colors represent P2. (c) Lead–lag

correlation between MLTy
t and TCFy

ZM. (d) Lead–lag correlation between MLTy and TCFy
ZG.
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APPENDIX B

Temperature Budget Written in Terms of Individual
Feedback Terms

We can define each variable asM5M1M0, whereM
is MLT, ocean velocity, or another variable, and M0

denotes monthly anomaly. Then, for anomalies, we can

write (dropping the primes for simplicity)

MLT
t
5TCF1EKF1ZAF1MAF1MHD

1TD1NL1R , (B1)

where
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APPENDIX C

Temperature Variance Budget Written in Terms of
Individual Feedback Terms

Analogous to (B1), we can write the temperature

variance budget as

MLTy
t 5TCFy 1EKFy 1ZAFy 1MAFy 1MHDy

1TDy 1NLy 1Ry , (C1)

where
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FIG. A1. Schematic plot to indicate the boxes over Niño-3 and

Niño-4 used for the heat budget analysis.
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