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ABSTRACT

El Ni~no–Southern Oscillation (ENSO) in the Pacific and the analogous Atlantic Ni~no mode are generated

by processes involving coupled ocean–atmosphere interactions known as the Bjerknes feedback. It has been

argued that the Atlantic Ni~no mode is more strongly damped than ENSO, which is presumed to be closer to

neutrally stable. In this study the stability of ENSO and theAtlantic Ni~nomode is compared via an analysis of

the Bjerknes stability index. This index is based on recharge oscillator theory and can be interpreted as the

growth rate for coupled modes of ocean–atmosphere variability. Using observational data, an ocean rean-

alysis product, and output from an ocean general circulationmodel, the individual terms of the Bjerknes index

are calculated for the first time for the Atlantic and then compared to results for the Pacific. Positive ther-

mocline feedbacks in response to wind stress forcing favor anomaly growth in both basins, but they are twice

as large in the Pacific compared to the Atlantic. Thermocline feedback is related to the fetch of the zonal

winds, which is much greater in the equatorial Pacific than in the equatorial Atlantic due to larger basin size.

Negative feedbacks are dominated by thermal damping of sea surface temperature anomalies in both basins.

Overall, it is found that both ENSO and the Atlantic Ni~no mode are damped oscillators, but the Atlantic is

more strongly damped than the Pacific primarily because of the weaker thermocline feedback.

1. Introduction

Tropical sea surface temperature (SST) variability on

interannual time scales is of interest owing to its impact

on rainfall variability over adjacent land regions and the

associated socioeconomic impacts (e.g., Xie and Carton

2004). It is thus important to understand the processes

that control the strength and frequency of these SST

anomalies. The globally dominant mode of variability on

interannual time scales is the Pacific El Ni~no–Southern

Oscillation (ENSO) (McPhaden et al. 2006). ENSO has

received a lot of attention because it is so prominent and

its stability and associated ocean–atmosphere feedbacks

have been discussed extensively in the literature [for

a review see, e.g., Sarachik and Cane (2010)]. There is,

however, also a climate mode on interannual time scales

in the tropical Atlantic, the so-calledAtlantic zonalmode

or Atlantic Ni~no mode [see, e.g., Chang et al. (2006) for

a review of the tropical Atlantic climatemodes], which is

focused in the cold tongue region of the eastern tropical

Atlantic and along the southwestern African coast

(Fig. 1b). The Atlantic Ni~no mode plays an important

role in the onset of the West African monsoon (Brandt

et al. 2011) while SST variability in the southeastern

tropical Atlantic is related to rainfall anomalies (Reason

andRouault 2006) and to effects on themarine ecosystem

along theWestAfrican coast (Binet et al. 2001).Warmest

temperatures in the tropical Atlantic are on average

found in the western basin and to the north of the equator

coincident with the position of the intertropical conver-

gence zone (ITCZ, Fig. 1a). The wind field is dominated

by the convergence of the northeasterly and southeast-

erly trade winds just north of the equator.

On interannual time scales, the Atlantic Ni~no mode is

governed by feedbacks involving ocean dynamics and

ocean–atmosphere interactions very similar to those

that sustain ENSO in the tropical Pacific: A warm

anomaly in the eastern equatorial basin results in a re-

laxation of the trade winds to its west, which leads to

reduced upwelling and a deepening of the thermocline

in the east that causes further warming (Carton and

Huang 1994). Tendencies for cold events are opposite to
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those for warm events. Collectively, these processes are

referred to as the Bjerknes feedback (Bjerknes 1969).

There are, however, significant differences between

El Ni~no and La Ni~na in the Pacific and Atlantic Ni~no

andNi~na events. The Pacific Ni~no is, in general, stronger

and longer lived than its Atlantic counterpart. In addition,

the Atlantic Ni~no mode appears to be more strongly

damped and not self-sustained (Zebiak 1993) compared

to the Pacific, which has been argued to be closer to

neutrally stable (Fedorov and Philander 2000). Several

studies suggest that external forcing associated with

ENSO helps to maintain the otherwise damped inter-

annual variations in the tropical Atlantic (Nobre et al.

2003; Illig and Dewitte 2006). Keenlyside and Latif

(2007) showed that all three elements of the Bjerknes

feedback exist in the Atlantic but are weaker than in the

Pacific, resulting in a 50% lower growth rate for anom-

alies. From a statistical analysis of observations as well

as a conceptual recharge oscillator model Jansen et al.

(2009) also found that Bjerknes feedbacks are active in

the Atlantic but more strongly damped than in the Pa-

cific. As pointed out by Chang et al. (2006), whether the

feedback can sustain itself depends on the strength of

the subsurface ocean response and the connection be-

tween subsurface and surface.

Based on the recharge oscillator framework for

ENSO, Jin et al. (2006) developed a stability index for

ocean–atmosphere interactions in the tropical Pacific.

This so-called Bjerknes index is derived from an area-

averaged form of the linear equation for SST anomalies.

It is a measure for the stability of the coupled ENSO

mode and can be interpreted as the growth rate of the

recharge oscillator. The Bjerknes index has been used to

assess the coupled stability of ENSO in various models

(Kim and Jin 2011a,b) and to investigate the seasonal

cycle in ENSO growth rate (Stein et al. 2010) but has not

been applied to the Atlantic Ni~no mode yet. Since the

main feedbacks are the same and it has been shown that

the Atlantic Ni~no mode is dominated by recharge os-

cillator dynamics similar to those of ENSO (Ding et al.

2010), the Bjerknes index can be applied to the Atlantic

as well.

In this study we will investigate the stability of the

Atlantic Ni~no mode in terms of the Bjerknes stability

index. This will offer new insights into the relative im-

portance of the factors that control Atlantic Ni~no mode

variability.Wewill check how consistent these results are

among different datasets and compare them to results for

the Pacific ENSO mode using output from model simu-

lations. This will help us better understand the differences

between the Pacific and Atlantic Ni~no modes.

The remainder of this paper is organized as follows. In

section 2, we derive the Bjerknes index following the for-

mulation of Jin et al. (2006). Then the observational data

and model output used in this study as well as the method

to calculate the terms are briefly described in section 3.

Section 4 presents the results for the tropical Atlantic,

which are compared to Pacific results in section 5. In sec-

tion 6 the results are summarized and their implications

are discussed.

2. BJ index formulation

The Bjerknes coupled stability index has been derived

by Jin et al. (2006) starting from the linear equation for

SST anomalies in the mixed layer:
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where T represents the sea surface temperature anom-

alies; u, y, and w are the zonal, meridional, and vertical

velocity anomalies; andQ represents the net anomalous

heat flux and diffusion. The overbar indicates the cli-

matological time mean of a particular variable.

FIG. 1. (a) Mean Reynolds SST (8C) and NCEP–NCAR wind stress (Nm22) and (b) standard deviation of

interannual SST (color shading) and wind stress (31000) anomalies (contours) in the tropical Atlantic (1982–2010);

white box indicates the Atl3 region (38S–38N, 208W–08).
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Next, a volume average is taken over the area of

maximum interannual SST anomalies, that is, the east-

ern equatorial region, and from the ocean surface to the

mixed layer depth:
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where h�iE denotes the volume average,Lx andLy are the

zonal andmeridional extent of the eastern equatorial box,

and y is the distance from the equator. The factor22y/Ly

comes from the assumption that the structure of the SST

anomalies isGaussian-likewith an e-folding decay scale of

Ly. The step function H(x) ensures that only upstream

vertical advection is taken into account. The depth Hm

represents the effective depth for vertical advection and

Tsub the subsurface temperature.

Then balance equations from approximations used to

derive the recharge oscillator model (Jin 1997) are

applied in order to write the rhs of Eq. (2) as a linear

function of eastern equatorial SST anomalies T and

zonally averaged thermocline depth or heat content

anomalies h as shown in detail in Jin et al. (2006), Stein

et al. (2010), and Kim and Jin (2011a). The balance

equations will be discussed in the next section when the

regression values are estimated for the Atlantic. The

equation then reads [following Jin et al. (2006) with

some modifications from Kim and Jin (2011a,b) and

Stein et al. (2010)] as

›hTiE
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where a represents the thermal damping, ma describes

the wind response to SST forcing, bu is the ocean surface

zonal current response to wind forcing, and buh denotes

the geostrophic adjustment of zonal currents to ther-

mocline depth variations. The bw and bh describe the

upwelling and thermocline slope response to wind

forcing, respectively, and ah represents the effect of

thermocline depth changes on subsurface temperature.

The Bjerknes coupled stability index (or BJ index) is

represented as IBJ. It corresponds to the growth rate of

the recharge oscillator while F[h] is associated with the

recharge/discharge phase transition of heat content. The

terms of the BJ index [Eq. (4)] describe either damping

or enhancement of a SST anomaly in the eastern equa-

torial basin. From left to right they correspond to mean

advection and thermal damping that make negative

contributions, and zonal advection, Ekman, and ther-

mocline feedbacks that make positive contributions. A

negative BJ index is associated with a damped system,

while a positive index indicates that the coupled system

is unstable and potentially a self-sustained oscillator.We

first calculate the individual terms for the tropical At-

lantic in order to assess the stability of the Atlantic Ni~no

mode and then compare them to their Pacific counter-

parts. The regression coefficients a, ma, bu, buh, bw, bh,

and ah are explained in more detail in the subsections on

the individual terms.

3. Data and methodology

Fields of tropical Atlantic Ocean temperature, ocean

velocity, zonal wind stress, and heat flux are taken from

observational datasets and reanalysis products as well as

from output of numerical ocean model simulations. The

same ocean model simulations are used for the Pacific.

All time series are detrended prior to further analysis.

We computed interannual anomalies by subtracting a

mean seasonal cycle from the full time series.

As observational datasets for the tropical Atlantic, we

use monthly NOAA Optimum Interpolation SST (or

Reynolds SST) (Reynolds et al. 2002) consisting of

a blend of satellite and in situ observations with a spatial

resolution of 18, available fromDecember 1981 to present.

Although observations of subsurface temperature are

sparse in the tropical Atlantic, subsurface temperature

and thermocline depth are available from the expendable-

bathythermograph-derived monthly Tropical Atlantic

Ocean Subsurface Temperature Atlas (TAOSTA) da-

taset by Vauclair and du Penhoat (2001) for the time

period 1979–99 with 28 spatial resolution. For ocean

currents we use 15-m depth velocity from the Lumpkin

and Garzoli (2005) drifter climatology with a spatial

resolution of 18. We also use Ocean Surface Currents
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Analyses–Real time (OSCAR) ocean currents, a prod-

uct constructed from satellite sea surface height (SSH),

scatterometer winds, and SST that is designed to rep-

resent the average flow in the upper 30m. OSCAR is

available at 1/38 horizontal resolution for 1993–2011

(Bonjean and Lagerloef 2002; see http://www.oscar.

noaa.gov). Monthly heat flux data are taken from

TropFlux, available for 1979–2010 at 18 horizontal res-
olution since this product performs well compared to

tropical moored buoy array data (Praveen Kumar et al.

2012). We also use surface heat flux from the 40-yr Eu-

ropean Centre for Medium-Range Weather Forecasts

Re-Analysis (ERA-40) (Uppala et al. 2005) for 1958–

2001 with a spatial resolution of 2.58. These datasets are
complemented by monthly zonal wind stress from the

National Centers forEnvironmental Prediction (NCEP)–

National Center for Atmospheric Research (NCAR)

reanalysis (Kalney et al. 1996) for 1958–2000 at 28 hori-
zontal resolution.

Not all of the variables that are needed to calculate the

Bjerknes index are available from observations such as,

for example, vertical velocities. Furthermore, some of

the observational time series are only 20 years long and

the time periods for which they are available only

overlap for, in some cases, less than 10 years. For

a dataset in which all variables are available and related

to each other in a dynamically consistent way, we use

output from the Nucleus for European Modeling of the

Ocean (NEMO) global ocean circulation model with

a horizontal resolution of 0.58 (NEMO-ORCA05). The

hindcast simulation used in this study is described inmore

detail in Lorbacher et al. (2010). NEMO-ORCA05 is

forced by the interannually varying Co-ordinated

Ocean-Ice Reference Experiments (CORE) (Griffies

et al. 2009) atmospheric forcing for the time period 1958

to 2004. The surface boundary conditions for momen-

tum, heat, and freshwater are implemented using a bulk

forcing methodology. As a result, although no SST re-

storing is used, SST is implicitly damped toward the

prescribed surface air temperatures and thus ceases to

be a fully prognostic variable. L€ubbecke and McPhaden

(2012) showed that the model simulation successfully

captures the interannual variability in the eastern equa-

torial Atlantic and Pacific. Observed and simulated time

series of SST and SSHanomalies are highly correlated and

agree in amplitude. Mechanisms that generate eastern

equatorial SST anomalies including wind stress variations

and equatorial wave propagation are well represented.

To assess the consistency of our results for different

datasets we also use output from version 2.0.2-4 of the

Simple Ocean Data Assimilation (SODA) ocean re-

analysis product (Carton and Giese 2008) with a 0.58 hori-
zontal resolution and forced by surface momentum and

heat fluxes fromERA-40.Monthly output is available for

the time period 1958–2007. Fields from the sameNEMO-

ORCA05 and SODA simulations are used for calculat-

ing both Atlantic and Pacific stability index terms.

To calculate the BJ index, the coefficients introduced

in Eq. (4) need to be determined from linear relations

between two (or three) variables as, for example, be-

tween heat flux and SST anomalies to estimate the

thermal damping a. As in previous studies, we use linear

least squares regression (LSR) that minimizes the sum

of squared residuals between a dependent variable and

the regression fit. To filter out high frequency fluctua-

tions a 3-month running mean is applied to the time

series prior to regression. The 3-month filter reduces

scatter about the regression curves but does not signifi-

cantly impact their slope. Error bounds for 95% confi-

dence levels are determined by calculating the standard

error of the regression slope and then multiplying it by

the critical value according to a t distribution with the

degrees of freedom estimated from the decorrelation

time scales of the time series. The decorrelation time

scale is determined from the first zero-crossing of the

autocorrelation function or, in case of no zero-crossing

from using an e-folding scale determined by fitting an

exponential to the autocorrelation function (Sarkar

et al. 2002).

4. BJ index calculation for the tropical Atlantic

a. Region

Calculation of the individual terms of the BJ index is

sensitive to the choice of region over which the vari-

ables are averaged. The volume average that is in-

dicated by h�iE is here defined by the Atlantic 3 region

(Atl3: 38S–38N, 208W–08) as the area of maximum in-

terannual SST variability (Fig. 1b) and a mixed layer

depth (MLD) of 32m, which is the mean MLD aver-

aged over the Atl3 region in the NEMO-ORCA05

simulation. TheMLD in the model is determined as the

depth at which the density is 0.01 kgm23 higher than at

the surface.

The terms that are weighted by Lx, Ly, and Hm are

additionally dependent on the dimensions of the area

and the effective depth of vertical advection. In our case,

Lx and Ly are the zonal and meridional extent of the

Atl3 region, that is, 68 latitude and 208 longitude. The
effective depth for vertical advection Hm was found to

be best represented as 43m. This is the depth of the first

vertical NEMO-ORCA05 model level showing high

vertical velocities in the Atl3 region. It also agrees with

the relation between mixed layer depth and effective

depth for vertical advection used in the Zebiak–Cane
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model (Zebiak and Cane 1987). As explained by Stein

et al. (2010), the difference between the mixed layer

depth and the effective depth of vertical advection is due

to the spatial inhomogeneities in upper ocean upwelling

velocities in the cold tongue region. In the following

section all terms contributing to the BJ index will be

calculated and discussed.

b. Thermal damping

We start with the thermal damping term a, which is

determined from the relationship between interannual

anomalies of net anomalous heat flux from the atmo-

sphere into the ocean Q and associated SST anomalies

in the eastern equatorial Atlantic:

hQiE5ahTiE . (6)

Fields of mean SST and net surface heat flux as well as

their interannual variability are shown in Figs. 1 and 2.

Mean net surface heat flux into the ocean is high over the

cold tongue region, mainly due to reduced latent heat

flux from the cool surface water. Interannual surface

heat flux variability shows a local maximum in the cold

tongue region (Fig. 2b), consistent with high interannual

SST variability there (Fig. 1b). In a detailed analysis of

mechanisms responsible for the heat flux feedback in the

tropical Pacific, Lloyd et al. (2011) showed that short-

wave and latent heat flux dominate.

The linear regression of Atl3 heat flux anomalies

against Atl3 SST anomalies is shown in Fig. 3 for

TropFlux heat flux and Reynolds SST (1982–2010),

NEMO-ORCA05 (1958–2004), and ERA-40 heat flux

and SODA SST (1958–2001). The correlation between

heat flux and SST anomalies, all significant at the 95%

level according to a Student’s t test, is highest in NEMO-

ORCA05 (r5 0.64); it is lowest for TropFlux and Reyn-

olds SST (r 5 0.47), probably because the model SST is

directly influenced by the model heat flux while the other

datasets and reanalysis fields are more independent.

Differences also stem from the different time periods

that were considered for the regression. The correlations

are closer if the overlapping time period from 1982 to

2001 is considered for all three cases, namely 0.54 from

NEMO-ORCA05, 0.55 from ERA-40/SODA, and 0.46

from Reynolds/TropFlux. The regression slope that

represents the thermal damping a is fairly similar in all

cases with the largest damping occurring for ERA-40/

SODA (16.5 6 6.8Wm22 K21), followed by 13.3 6
6.5Wm22 K21 for TropFlux/Reynolds and 12.4 6
3.8Wm22 K21 for NEMO-ORCA05. These values are

in the range of other estimates for the heat flux feedback

in the tropical Atlantic. Using SST and heat flux data

from the Comprehensive Ocean–Atmosphere Data Set

(COADS) and NCEP reanalysis, Frankignoul and

Kestenare (2002) found a thermal damping of around

10–20Wm22K21 for the eastern equatorial Atlantic. In

a comparison between several coupled models

(Frankignoul et al. 2004) the values ranged between 10

and 35Wm22K21.

To compare the results for a to the other terms of the

BJ index, they can be converted to a frequency by di-

viding them by the product of the mixed layer depth and

the density and specific heat capacity of water. The corre-

sponding thermal damping frequencies are then 1.52 6
0.7yr21 for TropFlux/Reynolds, 1.42 6 0.43yr21 for

NEMO-ORCA05, and 1.886 0.8 yr21 forERA-40/SODA.

c. Dynamical damping

The dynamical damping term
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consists of three terms for advection by mean zonal and

meridional currents as well as mean upwelling at the

base of the mixed layer. Assuming a warm SST anomaly in

the easternbasin that is—inan anomaly sense—surrounded

FIG. 2. (a) Mean net surface heat flux (Wm22) and (b) standard deviation of interannual heat flux anomalies in the

tropical Atlantic from TropFlux (1979–2011).
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by cooler water, mean eastward zonal velocities would tend

to damp this anomaly as would upward mean vertical ve-

locities and mean meridional currents directed toward the

center of the SST anomaly.

Themeanupper-oceanflowfield for the tropicalAtlantic

from the drifter climatology, OSCAR, NEMO-ORCA05,

and SODA is shown in Fig. 4. It is dominated by the

northward flowing North Brazil Current (NBC) crossing

the equator along the western boundary and the west-

ward flowing South Equatorial Current (SEC) centered

at 48S. Surface drifter observations showmeanwestward

velocities also in the eastern equatorial Atlantic (EEA),

associated with the northern branch of the SEC [Fig. 4a,

cf. Fig. 6 of Lumpkin andGarzoli (2005)]. The first term is

thus positive (3.38yr21); that is, it acts to enhance the SST

anomaly. This is also the case in the NEMO-ORCA05

simulation (Fig. 4c) where we find a mean zonal ad-

vection contribution of 2.29 6 0.22 yr21. Zonal currents

are rather weak but westward on average as well in the

OSCAR data (Fig. 4b), leading to a mean zonal advec-

tion contribution of 0.41 yr21. In contrast, in SODA the

Equatorial Undercurrent (EUC) extends all the way up

to the surface so that eastward upper ocean velocities

prevail in the EEA (Fig. 4d). The mean zonal advection

term is thus negative for SODA (20.84 6 0.39 yr21).

Compared to velocity data from cross-equatorial ship

sections and moored acoustic Doppler current profilers

(ADCPs) at 238W analyzed by Brandt et al. (2006), the

depth of the EUC agrees very well in NEMO-ORCA05,

while the upper boundary of the EUC is too shallow in

SODA. This bias in SODA leads to unrealistic eastward

velocities close to the surface. Regarding OSCAR cur-

rents, Helber et al. (2007) compared them to surface drifter

and ship drift data for the tropical Atlantic and found that,

despite a good overall agreement, OSCAR currents do not

capture the strength of the SEC in theEEA, in particular in

boreal winter and spring.We thus infer that the drifter and

NEMO-ORCA05 results are more realistic.

The mean meridional velocity is more consistent

among the different products but comparatively weak. Its

contribution is further decreased by being more strongly

weighted at the boundaries of the box than close to the

equator. The second term is negative in all cases except

for OSCAR and rather small (20.71 yr21 from the drifter

climatology, 0.31 yr21 from OSCAR, 20.86 6 0.05yr21

from NEMO-ORCA05, and 20.85 6 0.07 yr21 from

SODA).

There are no long-term observational datasets avail-

able for vertical velocity. We thus rely on the model

simulations. The upwelling term has a value of21.696
0.15 yr21 fromNEMO-ORCA05 and22.146 0.20 yr21

from SODA, that is, a strong damping effect in both ca-

ses. Together, the terms add up to a dynamical damping

contribution of 20.13 6 0.14 yr21 from NEMO-

ORCA05 and21.926 0.22 yr21 from SODA. Thus, the

dynamical damping is dominated by the upwelling term.

In NEMO-ORCA05 it is much weaker than the thermal

damping while it is of comparable size in SODA, owing

to the unrealistically strong eastward upper zonal currents.

FIG. 3. Estimation of thermal damping a: linear regression

between Atl3 SST and downward heat flux anomalies from

(a) Reynolds SST vs TropFlux heat flux (r5 0.47, slope5213.36
6.5Wm22 K21), (b) NEMO-ORCA05 (r5 0.64, slope5212.46
3.8Wm22 K21), and (c) SODA SST vs ERA-40 heat flux (r5 0.56,

slope 5 216.5 6 6.8Wm22K21).
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d. Zonal advection feedback

For all three positive feedback terms the parameter

ma needs to be determined. It describes the response of

the zonal component of equatorial wind stress to forcing

by anomalous SST in the eastern equatorial basin. It

multiplies the b parameters in the various feedback

terms to describe the effect of the anomalous zonal wind

stress on ocean currents, upwelling, and thermocline

slope. The parameter ma is estimated from the re-

lationship between zonal wind stress anomalies aver-

aged over the entire equatorial Atlantic (38S–38N,

408W–08) and Atl3 SST anomalies; that is,

[tx]5mahTiE . (7)

The linear regressions are shown in Fig. 5 for Reynolds

SST versus NCEP wind stress (1982–2010), NEMO-

ORCA05 (1958–2004), and SODA (1958–2001). Cor-

relations between SST and zonal wind stress anomalies

are highest for NEMO-ORCA05 (r 5 0.63) and a little

lower for SODA and Reynolds/NECP (r 5 0.53 and

0.50, respectively). All correlations are significant at

the 95% level according to a Student’s t test. The re-

gression slope corresponding to ma is 0.48 6 0.22 3
1022Nm22K21 for Reynolds SST andNCEPwind stress,

very similar to the value calculated from SODA data

(0.47 6 0.19 3 1022Nm22K21). The slope is steeper

for NEMO-ORCA05 with a value of 0.86 6 0.27 3
1022Nm22K21. This value is close to that found by

Keenlyside and Latif (2007) and Jansen et al. (2009) of

about 0.75 3 1022Nm22K21 between the Atl3 Hadley

Centre Sea Ice and Sea Surface Temperature dataset

(HadISST) and westernAtlantic (WAtl) NCEP–NCAR

wind stress anomalies for the period 1950–2002.

We note that Keenlyside and Latif (2007) and Jansen

et al. (2009) used wind stress anomalies in the western

half of the basin to define the relationship between zonal

wind stress and SST because this is where the wind stress

response to eastern equatorial SST anomalies is stron-

gest. In the BJ index definition, however, dynamical

consistency requires that the wind stress response to SST

forcing is computed for the region that is used to esti-

mate the ocean response to that wind stress forcing.

Thus an average across the entire equatorial Atlantic is

used for all parameter calculations as done in Kim and

Jin (2011a). The sensitivity of our results to this choice is

discussed in section 6.

The zonal advection feedback term

mabu

�
2
›T

›x

�
E

describes the effect on an eastern equatorial SST

anomaly by wind-driven zonal currents acting on the

mean zonal temperature gradient. Following Kim and

FIG. 4. Mean upper ocean currents (m s21) in the tropical Atlantic from (a) drifter climatology, (b) OSCAR,

(c) NEMO-ORCA05, and (d) SODA; Atl3 region indicated by black box.
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Jin, bu is estimated from an equation for near-surface

zonal currents taking into account the effects of direct

equatorial wind forcing and geostrophic adjustment to

the thermocline depth gradient:

huiE5bu[tx]1buhhhiW . (8)

Then bu and buh are calculated as the first and second

multilinear regression coefficients between the Atl3

upper-layer zonal current anomalies and the zonal wind

stress and the western Atlantic thermocline depth, re-

spectively. Using OSCAR currents, TAOSTA thermo-

cline depth, and NCEP wind stress anomalies for the

overlapping time period of 1993–1999, we obtain values

of bu 5 2.99 6 6.11ms21N21m22 and buh 5 0.18 3
1022 s21. The values are considerably larger for themodel

simulations with bu 5 7.92 6 1.55ms21N21m22 and

buh 5 0.43 3 1022 s21 from NEMO-ORCA05 and bu 5
18.76 6 6.04m s21N21m22 and buh 5 1.3 3 1022 s21

from SODA. Using buh from the multilinear regression,

Fig. 6 shows the linear regression between equatorial

Atlantic zonal wind stress anomalies including the effect

of geostrophic adjustment to thermocline depth changes

and Atl3 zonal current anomalies. The correlation is

quite high and significant at the 95% level in NEMO-

ORCA05 (r5 0.75) and in SODA (r5 0.63) whereas it

is very low and not significant at the 90% level for the

observational datasets (r 5 0.18), reflected also in the

very large uncertainty range for the observational data.

This is probably related to the very short time period of

overlapping years and the poor quality of the thermo-

cline data [as pointed out by Keenlyside and Latif

(2007)]. The bu value from the observational data can

thus be deemed unreliable.

The zonal SST gradient averaged over the Atl3 region

is 10.55 3 1028Km21 from Reynolds SST and 8.60 3
1028Km21 from NEMO-ORCA05 but only 2.53 3
1028Km21 from SODA. Thus, the total advective

feedback term amounts to 0.02 6 0.04 yr21 from the ob-

servational data, 0.096 0.03 yr21 fromNEMO-ORCA05,

and 0.04 6 0.02 yr21 from SODA. Compared to the

damping terms discussed above the zonal advective

feedback is an order of magnitude smaller in all cases.

e. Ekman feedback

The Ekman feedback term

mabw

�
2
›T

›z

�
E

describes the effect on an eastern equatorial SST

anomaly by anomalous wind-forced upwelling acting on

the mean vertical temperature gradient. The parameter

ma characterizes the wind response to SST anomalies from

Eq. (7), and bw is calculated from the relation between

Atl3 upwelling and wind stress anomalies across the

equatorial Atlantic:

hH(w)wiE 52bw[tx] . (9)

FIG. 5. Estimation of wind response to SST forcing ma: linear

regression between Atl3 SST and equatorial Atlantic zonal wind

stress anomalies from (a) NCEPwind stress andReynolds SST (r5
0.50, slope5 0.486 0.223 1022Nm22K21), (b)NEMO-ORCA05

(r 5 0.63, slope 5 0.86 6 0.27 3 1022Nm22K21), and (c) SODA

(r 5 0.53, slope 5 0.47 6 0.19 3 1022Nm22K21).
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The step functionH ensures that only upstream vertical

advection is taken into account. Long-term observations

of vertical velocities in the EEA are not available, so we

have to rely on simulated upwelling time series. From

the linear regression shown in Fig. 7, bw is estimated

to be 0.28 6 0.18 3 1024 m s21 N21 m22 from NEMO-

ORCA05 and 1.35 6 0.94 3 1024 m s21 N21 m22 from

SODA. The correlation between upwelling and wind

stress is rather low (r 5 0.35 for SODA, r 5 0.33

for NEMO-ORCA05, barely significant at the 90%

level).

With an Atl3 vertical temperature gradient averaged

over the upper layer of20.01Km21 (NEMO-ORCA05)

and 20.02Km21 (SODA), respectively, the Ekman

feedback amounts to 0.04 6 0.03 yr21 from NEMO-

ORCA05 and 0.20 6 0.16 yr21 from SODA. Thus, the

Ekman feedback is more important than the zonal ad-

vection feedback in SODA but less in NEMO-ORCA05.

In both cases it is small compared to the thermal damping

term.

FIG. 6. Estimation of zonal current response to wind forcing bu:

linear regression between equatorial Atlantic zonal wind stress

anomalies plus geostrophic adjustment to thermocline depth

changes and Atl3 zonal current anomalies from (a) OSCAR

currents and NCEP wind stress (r 5 0.18, slope 5 2.99 6
6.11m s21 N21 m22), (b) NEMO-ORCA05 (r 5 0.75, slope 5
7.92 6 1.55m s21 N21m22), and (c) SODA (r 5 0.63, slope 5
18.76 6 6.04m s21 N21 m22).

FIG. 7. Estimation of upwelling response to wind stress forcing

bw: linear regression between equatorial Atlantic zonal wind stress

anomalies andAtl3 upwelling anomalies from (a)NEMO-ORCA05

(r 5 0.33, slope 5 20.28 6 0.18 3 1024m s21N21m22) and (b)

SODA (r 5 0.35, slope 5 21.35 6 0.94 3 1024m s21N21m22).
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f. Thermocline feedback

The thermocline feedback term

mabh

�
H(w)w

Hm

ah

�
E

reflects how wind-induced changes in the slope of the

thermocline affect EEA subsurface and, subsequently,

surface temperature. As shown in Fig. 8 the mean

thermocline is deeper in the western tropical Atlantic

than in the eastern part of the basin. This slope is due to

the zonally integrated effect of mean easterly winds over

the tropical Atlantic. Changes in zonal wind stress thus

give rise to changes in the slope of the thermocline.

The coefficient bh is estimated from a relation for the

adjustment of the thermocline slope to basinwide changes

in zonal wind stress:

hhiE2 hhiW 5bh[tx] . (10)

The linear regression fit for the difference between east-

ern and western equatorial Atlantic thermocline depth

anomalies versus wind stress anomalies averaged across

the equatorial Atlantic is shown in Fig. 9. Observational

thermocline data are sparse, and thermocline slope anom-

alies from the XBT-derived TAOSTA dataset are only

weakly related toNCEP zonal wind stress variations with

a correlation of 0.19, which is not significant at the 90%

level. As pointed out by Keenlyside and Latif (2007), this

is probably due to poor ocean subsurface temperature

data quality. The data are thus not suited for reliably

estimating bh. Both SODA and NEMO-ORCA05 show

a much stronger relationship between thermocline slope

and zonal wind stress anomalies. The thermocline slope

coefficientbh is found to be 11.56 1.9m (1022 Nm22)21

for NEMO-ORCA05 (r 5 0.81) and 8.5 6 3.1m

(1022 Nm22)21 for SODA (r5 0.58). Both correlations

are significant at the 95% level.

Thermocline depth anomalies are associated with lo-

cal subsurface temperature anomalies. Thus ah is esti-

mated from the relationship

hH(w)TsubiE5 ahhhiE . (11)

The regression slope in Fig. 10 is 3.86 0.93 1022Km21

for NEMO-ORCA05 and 6.9 6 1022Km21 for SODA.

The variables are highly correlated (both significant at

the 95% level) at 0.78 and 0.88, respectively.

Taking into account the values of 8.62 6 0.21 3 1028

and 8.77 6 0.22 3 1028 s21, respectively, for mean up-

stream upwelling at the depth of the mixed layer that ad-

vects subsurface temperature anomalies to the surface, the

thermocline feedback amounts to 0.51 6 0.22 yr21

forNEMO-ORCA05 and 0.386 0.21 yr21 for SODA. In

FIG. 8.Mean thermocline depth (as estimated by the depth of the

238C isotherm) and wind stress in the tropical Atlantic from

SODA; boxes indicate western (yellow: 38S–38N, 408–208W) and

eastern (red: 38S–38N, 208W–08) averaging regions that are denoted
by h�iW and h�iE in Eq. (10).

FIG. 9. Estimation of thermocline slope response to wind stress

forcing bh: linear regression between eastern minus western

thermocline depth anomalies and equatorial Atlantic zonal wind

stress anomalies from (a) NEMO-ORCA05 [r 5 0.81, slope 5
11.56 1.9m (1022 Nm22)21] and (b) SODA [r5 0.58, slope5 8.5

6 3.1m (1022Nm22)21].
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both cases, the thermocline feedback is the dominant

positive feedback term.

g. Total BJ index and comparison of individual terms

Summing up all of the terms from the previous sub-

sections gives a total BJ index of20.916 0.50 yr21 from

NEMO-ORCA05 and 23.19 6 0.85 yr21 from SODA.

In both cases this corresponds to a damped system, with

SODA much more strongly damped. Figure 11 illus-

trates the contributions of the individual components.

In SODA, both damping terms are larger than any of

the positive feedback terms. The largest negative con-

tribution comes from the thermal damping in case of

NEMO-ORCA05 while the dynamical damping is

equally important in SODA. This difference is due to

the upper-ocean eastward zonal velocities in SODA.On

the positive side, the thermocline feedback is clearly the

most important in both cases. In NEMO-ORCA05 both

zonal advective and Ekman feedbacks are very small. In

SODA, the Ekman feedback is half as strong as the

thermocline feedback while the zonal advection feed-

back is negligible.

5. Comparison with Pacific ENSO

a. Results from NEMO-ORCA05 and SODA

To assess the differences between the Atlantic Ni~no

mode and ENSO in the Pacific we compare the in-

dividual terms of our BJ index calculations for the At-

lantic to results for the Pacific. There are a number of

studies in which a Pacific BJ index has been calculated

but to minimize the effect of model/dataset dependency

and differences in the calculations, we compute a BJ

index for the Pacific using output from the sameNEMO-

ORCA05 and SODA simulations as for the Atlantic.

The results are shown in Fig. 11. Most of the terms in-

cluding the total BJ index are in the range of previous

studies for the Pacific (shown in Table 1).

The individual terms are calculated using the same

methods as described for the Atlantic. For the averaging

region, indicated by h�iE, we choose the Ni~no-3 region

(58S–58N, 1508–908W) and the simulated mean mixed

layer depth, averaged over that region, of 32m using the

same criterion as for the Atlantic. The linear regression

between net surface downward heat flux and SST

anomalies in this region gives a thermal damping of a5
13.9 6 3.1Wm22K21 for NEMO-ORCA05 and 16.3 6
2.5Wm22K21 for ERA-40/SODA, corresponding to a

frequency of 1.6 6 0.4 (1.9 6 0.3) yr21, similar to the

results for the Atlantic. These values are somewhat

lower than the ones found by Lloyd et al. (2011) for

ERA-40 and OA Flux that are closer to 20Wm22K21.

The dynamical damping is dominated by the upwelling

term as in the Atlantic and previous Pacific studies. In

contrast to the SODA results for the Atlantic, the zonal

velocities are westward in both cases in the eastern

equatorial Pacific giving rise to an anomaly enhancing

zonal current contribution. The meridional component

is very weak. In total, the dynamical damping amounts

to 20.3 6 0.07 yr21 in NEMO-ORCA05 and 20.5 6
0.08 yr21 in SODA.

The positive feedbacks are of similar magnitude in

both cases as well. The smallest is the Ekman feedback,

which amounts to 0.06 6 0.02 yr21 in NEMO-ORCA05

and 0.09 6 0.05 yr21 in SODA. The zonal advection

feedback is roughly 3.5 times stronger with values of

0.226 0.06 yr21 in NEMO-ORCA05 and 0.336 0.12 yr21

in SODA. The comparatively large value in SODA is due

to a large zonal SST gradient over the Ni~no-3 region,

FIG. 10. Estimation of the effect thermocline depth changes have

on ocean subsurface temperature ah: linear regression between

Atl3 Tsub and Atl3 thermocline depth anomalies from (a) NEMO-

ORCA05 (r 5 0.78, slope 3.8 6 1022Km21) and (b) SODA (r 5
0.88, slope 6.9 6 1022Km21).

15 AUGUST 2013 L €UBBECKE AND MCPHADEN 5975



while the zonal current response towind forcing is similar

to that in NEMO-ORCA05. In both cases the thermo-

cline feedback is clearly the dominant positive feedbacks

with values of 1.03 6 0.29 yr21 in NEMO-ORCA05 and

1.206 0.33 yr21 in SODA. The total BJ index amounts to

20.59 6 0.46 yr21 in NEMO-ORCA05 and 20.74 6
0.47 yr21 in SODA, that is, a damped system in both

cases.

We note that the results for the Pacific for NEMO-

ORCA05 and SODA are more similar than the cor-

responding Atlantic results. This points to the larger

uncertainty associated with the Atlantic Ni~no mode.

Comparing theAtlantic andPacific results (Fig. 11) reveals

that there are, however, robust basin to basin differences.

Although the error bars overlap in NEMO-ORCA05 for

the two basins, in both model and SODA reanalysis the

FIG. 11. Individual components of the BJ index from (top) NEMO-ORCA05 and (bottom) SODA, for the (left)

Atlantic and (right) Pacific: dynamical damping (DD), thermal damping (TD), zonal advection feedback (ZAF),

Ekman feedback (EF), thermocline feedback (TF), and BJ index (BJ). Note the different vertical scales for NEMO-

ORCA05 and SODA.

TABLE 1. Overview of results from previous studies and our results for the components of the Pacific BJ index (yr21): dynamical

damping (DD), thermal damping (TD), zonal advection feedback (ZAF), Ekman feedback (EF), thermocline feedback (TF), and total BJ

index (BJtotal); note that these are approximate values inferred from figures in the cited studies.

Study DD TD ZAF EF TF BJtotal

NEMO-ORCA05 20.3 21.6 0.2 0.1 1.0 20.6

SODA 20.5 21.9 0.3 0.1 1.2 20.8

Jin et al. (2006) 21.5 21.5 0.3 0.1 2.8 0.2

Kim and Jin (2011a) 20.5 21.3 0.6 0.9 1.7 1.4

Kim and Jin (2011b) SODA 20.8 21.1 0.5 0.2 1.3 0.1

Kim and Jin (2011b) models 20.5 to 1 0 to 1 0 to 0.3 0.2 to 0.5 0.2 to 1.5 22 to 1

Santoso et al. (2011) 21.2 21.4 0.5 0.4 0.5 21.2

Stein et al. (2010) 20.7 20.4 0.2 0.2 0.4 20.3
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total BJ index is more damped in theAtlantic than in the

Pacific. Since thermal damping is the dominant negative

feedback and of comparable size in both basins, we can

attribute this difference mainly to the difference in the

strength of the thermocline feedback. It is the dominant

positive feedback in both basins and both NEMO-

ORCA05 and SODA, though much stronger in the Pa-

cific. In addition, the zonal advection feedback is about

2.5 times stronger in the Pacific than in the Atlantic in

NEMO-ORCA05 and the difference is even larger in

SODA. Thus, the cumulative effect is that the positive

feedbacks are stronger in the Pacific than in the Atlantic.

In SODA, the difference is further increased by the large

dynamical damping in the Atlantic. Interestingly, the

Ekman feedback in SODA is stronger in the Atlantic

than in the Pacific due to a stronger upwelling response to

wind forcing. Both zonal advective and Ekman feedback

are, however, of secondary importance in the total index.

The dominant thermocline feedback is twice as large in

the Pacific compared to theAtlantic inNEMO-ORCA05

and about a factor of 3 larger in SODA.

Burls et al. (2012) found that the relationship between

interannual anomalies of equatorial Atlantic available

potential energy (APE), as a measure of the basinwide

zonal thermocline slope, and Atl3 SST is considerably

weaker than in the eastern equatorial Pacific. This sug-

gests that differences in ahmight be important. While the

relation between thermocline slope and subsurface tem-

perature is stronger in the Pacific (3.86 0.93 1022Km21

in the Atlantic versus 4.6 6 0.8 3 1022Km21 in the Pa-

cific in NEMO-ORCA05 and 6.9 6 0.6 3 1022Km21 in

the Atlantic versus 7.56 0.63 1022Km21 in the Pacific

in SODA), we find that a larger part of the difference

stems from the stronger Pacific thermocline slope re-

sponse to wind forcing. In the Pacific bh is twice as strong

[22.86 3.7m (1022Nm22)21] compared to the Atlantic

[11.5 6 1.9m (1022Nm22)21] in NEMO-ORCA05 and

the difference is even slightly larger in SODA [21.1 6
3.8m (1022Nm22)21] for the Pacific compared to 8.56
3.1m (1022 Nm22)21 for the Atlantic. This result is

probably related to the fact that the thermocline re-

sponse is proportional to the integral of the wind to the

west of an observation point (Kessler and McPhaden

1995; Yu and McPhaden 1999) and the fetch of the

zonal winds is much greater in the equatorial Pacific

than in the equatorial Atlantic owing to the larger basin

size.

b. Results from previous studies

Various authors have computed the BJ index to inves-

tigate different aspects of the Pacific ENSO mode. Here

we will summarize these results and compare them to our

calculations.

Stein et al. (2010) developed a seasonal stochastic re-

charge model to explore causes for the seasonal phase-

locking of maximum ENSO SST anomalies to boreal

winter. They used output from the high-resolutionOcean

GCM for the Earth Simulator (OFES) in their analysis.

On average, their BJ index turned out to be negative with

a value of about 20.3 yr21, that is, corresponding to a

damped oscillator. The damping was dominated by the

mean upwelling term reaching values of less than21yr21.

The thermal damping amounted to about20.4 yr21, which

appears unrealistically weak compared to observations

and reanalysis products (Lloyd et al. 2009). The positive

feedback terms were in the range of 0.2 yr21 (zonal ad-

vection and Ekman feedback) to about 0.4 yr21 (ther-

mocline feedback).

Kim and Jin (2011a) used a hybrid coupled model to

study the effect of various ocean and atmosphere back-

ground states on ENSO stability. They found that on av-

erage the BJ index was positive (1.4 yr21) and dominated

by the thermocline feedback. Depending on the back-

ground state, this feedback amounted to about 1.7yr21

while the zonal advection and Ekman feedback terms

were in the range of 0.6 and 0.9 yr21. Thermal damping

dominated negative feedbacks and was about 21.3 yr21.

In the study by Kim and Jin (2011b), the BJ index was

adopted to assess the overall stability of ENSO in vari-

ous coupled models from the coupled model inter-

comparison project CMIP3. They also used the ERA-40

atmosphere and SODA ocean reanalysis products to

compute an ‘‘observed’’ BJ index. The results differ a lot

between the different models with values for the BJ

index ranging between 22 and 11 yr21. The observed

BJ index was calculated to 20.24 yr21 with the thermal

damping (;21.1 yr21) and the thermocline feedback

(;11.3 yr21) dominating the negative and positive side,

respectively. Most models showed a weaker mean zonal

temperature gradient, mean upwelling, and atmospheric

response to SST than the reanalysis data. Values ranged

between 20.5 and 21yr21 for the dynamical damping,

between approximately zero and 21yr21 for the ther-

modynamic damping, between approximately zero and

10.3 yr21 for the zonal advection feedback, between ap-

proximately 0.2 and 1yr21 for the Ekman feedback, and

between 0.2 and 1.5 yr21 for the thermocline feedback.

Santoso et al. (2011) investigated the effect of a closed

Indonesian Throughflow (ITF) on ENSO dynamics in

a coupled model study. They found a negative BJ index

for both the control run and the simulation with a closed

ITF, the latter being more strongly damped. In the

control run the BJ index was 21.2 yr21 with thermal

damping (21.4 yr21) dominating negative feedbacks

and the thermocline and Ekman feedback equally

strong as positive feedbacks (0.5 yr21).
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The results from the different studies for the Pacific

are summarized in Table 1. They exhibit a high degree of

variability with BJ indices ranging from22 to11.4 yr21.

Most studies, however, agree that the thermocline feed-

back is the most important positive feedback mechanism,

while the thermal damping is the dominant negative

feedback, in agreement with our calculation of the

Pacific BJ index from NEMO-ORCA05 and SODA.

Also, most of the other terms and their relative impor-

tance, for example, upwelling dominating the dynamical

damping, as well as the total BJ index from NEMO-

ORCA05 and SODA, are in the range of previous

studies. The thermal damping in both NEMO-ORCA05

and SODA is on the high end compared to previous

studies. This might be partly related to the fact that most

of the previous studies were based on output from

coupled models. As noted by Lloyd et al. (2009), cou-

pled models tend to have too weak heat flux feedbacks,

mainly due to biases in the shortwave heat flux compo-

nent (Lloyd et al. 2011). They found that coupled

models showed weaker thermal feedbacks (with values

between 23 and 217Wm22K21) in the Ni~no-3 region

than what they found for ERA-40 and the Objectively

Analyzed Air–Sea Fluxes (OAFlux) (225.2 and

220.8Wm22K21, respectively).

6. Summary and discussion

In this studywe have successfully applied theBjerknes

stability index to the Atlantic Ni~no mode. While dif-

ferences between NEMO-ORCA05 and SODA are

large, the results are consistent in that the Atlantic Ni~no

mode is damped mainly due to strong thermal damping

while the positive feedbacks are weaker. The dominant

positive feedback is the thermocline feedback, while the

Ekman feedback and zonal advection feedback play

minor roles. Our results support the view that the At-

lantic Ni~nomode is a damped system that needs external

forcing from, for example, the Atlantic extratropics or

the Pacific, to energize it.

The calculation of the individual BJ index terms gives

an objective measure of the damping processes and

feedbacks and their relative importance for the stability

of the Atlantic Ni~no mode. Our results are thus a contri-

bution to understanding the processes that control in-

terannual SST variability in the tropical Atlantic, which

is important with regard to their relation to rainfall var-

iability over South America and western Africa.

Most coupled general circulation models show pro-

nounced SST biases in the eastern tropical Atlantic and

fail to simulate the observed interannual SST variability

associated with the Atlantic Ni~no mode (e.g., Davey

et al. 2002; Richter and Xie 2008). Knowing more about

which feedbacks are strongest might be useful in order

to address the problem of obtaining a more realistic

representation of interannual SST variability in coupled

models.

In comparison to ENSO in the Pacific, the Atlantic

Ni~no mode is found to be more strongly damped mainly

due to a weaker cumulative effect of the positive feed-

backs while the negative thermal damping is of similar

strength. Of particular interest in this respect is the

strength of the thermocline feedback, which is the

dominant positive feedback in both basins. While there

are a number of uncertainties associated with the cal-

culations, we find as a robust result that the thermocline

slope response to anomalous wind forcing is much

stronger in the Pacific, which is likely due to the longer

wind fetch in the equatorial Pacific versus the equatorial

Atlantic. The importance of the basin size for the

strength of the Bjerknes feedback has been shown in

theoretical studies finding a more unstable equatorial

mode for a larger basin (Battisti and Hirst 1989).

While the dominance of the thermocline feedback and

the thermal damping are robust, the quantitative results

are associated with uncertainties as reflected in the error

bars and the difference between the results from

NEMO-ORCA05 and SODA. There is also a sensitivity

to the averaging region, and previous studies have in

some cases used different regions to quantify the feed-

back terms. As pointed out in section 4d, the BJ index

formulation requires that the region used to compute the

wind stress response to eastern equatorial SST anomalies

ma is the same as the region that is then used to estimate

the ocean response to that wind stress anomaly (bu, bw,

and bh). We thus followed the approach by Kim and Jin

(2011a) to use a basinwide zonal wind stress average for

all parameters. Basin-scale winds have to be taken into

account to reliably estimate the thermocline feedback,

which is the dominant positive feedback. The zonal wind

stress response to SST is, however, strongest in the

western part of the basin so that calculating ma based on

western basin average winds would result in larger

values in both the Atlantic and Pacific. Using the west-

ern basin wind stress anomaly average would lead to

smaller b terms, however, because these terms capture

the local eastern basin and basin-scale response. The

overall effect on the positive feedback terms and, in

turn, the total BJ index is thus rather small using western

Pacific winds versus zonally averaged winds. An analo-

gous compensation in the opposite direction occurs

when the parameter calculation is based on an eastern

basin average of zonal wind stress anomalies, as done for

the Ekman and zonal advection feedback in the original

BJ index formulation by Jin et al. (2006). In this case

ma gets much smaller while bu and bw tend to be larger.
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While this somewhat reduces these two feedbacks, it

does not significantly change the results.

We have shown that the BJ index can be used to assess

the stability of the Atlantic Ni~no mode. It might thus

serve as a useful tool to investigate various aspects of the

Atlantic Ni~no as has been done for the Pacific ENSO,

for example, differences between models, seasonal

phase-locking, and the effect of different background

states. Based on the large diversity in model results for

the Pacific BJ index and the difference between our

Atlantic results from NEMO-ORCA05 and SODA,

different Atlantic models can be expected to show a lot

of variability from one to another, but they will probably

agree on the dominant role of thermal damping and

thermocline feedback, as well as a damped total BJ index.
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