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ABSTRACT

The offline linearized ocean–atmosphere model (LOAM), which was developed to quantify the impact of

the climatological mean state on the variability of the El Ni~no–Southern Oscillation (ENSO), is used to

illuminate why ENSO changed between the modern-day and early/mid-Holocene simulations in two climate

modeling studies using the NCAR Climate System Model (CSM) and the Hadley Centre Coupled Model,

version 3 (HadCM3). LOAM reproduces the spatiotemporal variability simulated by the climate models and

shows both the reduction in the variance of ENSO and the changes in the spatial structure of the variance

during the early/mid-Holocene. Themean state changes that are important in eachmodel are different and, in

both cases, are also different from those hypothesized to be important in the original papers describing these

simulations. In the CSM simulations, the ENSO mode is stabilized by the mean cooling of the SST. This

reduces atmospheric heating anomalies that in turn give smaller wind stress anomalies, thus weakening the

Bjerknes feedback. Within the ocean, a change in the thermocline structure alters the spatial pattern of the

variance, shifting the peak variance farther east, but does not reduce the overall amount of ENSOvariance. In

HadCM3, the ENSO mode is stabilized by a combination of a weaker thermocline and weakened horizontal

surface currents. Both of these reduce the Bjerknes feedback by reducing the ocean’s SST response to wind

stress forcing. This study demonstrates the importance of considering the combined effect of a mean state

change on the coupled ocean–atmosphere system: conflicting and erroneous results are obtained for both

models if only one model component is considered in isolation.

1. Introduction

There is a large body of evidence suggesting that,

during the early to mid-Holocene [6–10 thousand

years before present (6–10 ka)], the El Ni~no–Southern

Oscillation (ENSO) was weaker than at present [see

Braconnot et al. (2011) for a summary of these data].

Proxy data of SST and precipitation variability from

throughout the equatorial Pacific suggest that the inter-

annual variance in SST in the early and mid-Holocene

was reduced by 20% to as much as 80%when compared

to today, although Cobb et al. (2013) illustrate the

challenges of identifying any systematic trends through

the mid- to late Holocene due to the high internal var-

iability in variance. Since the overwhelming share of

interannual variance in the equatorial Pacific today is

due to ENSO, we can assume that ENSO variance in the

early Holocene was likely reduced compared to the

modern climate.

Several modeling studies have been performed to

examine the ENSO in the early (8.5 ka) and mid-(6 ka)

Holocene. Each of these studies reported reduced ENSO

activity in their early and mid-Holocene simulations

compared to the modern-day integrations, although the

metric used to measure ENSO and the size of the re-

duction varies greatly across these studies. These results

are summarized in Table 1.
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Although the changes in insolation were the root

cause of the reduction in ENSOvariance in the early and

mid-Holocene in all of the aforementioned studies,

there is, as yet, little consensus on the processes re-

sponsible. Three hypotheses have been put forward. The

first, and most frequently invoked, is that proposed by

Clement et al. (2000): ENSO variance is reduced be-

cause changes in the climatological mean state of the

tropical Pacific atmosphere–ocean system render the

ENSO eigenmode less unstable than in the modern cli-

mate (hypothesis A). In their model, Clement et al.

identified that the changes in the climatological mean

state that were most important were the enhanced

trade winds and their changed seasonality owing to

processes that are intrinsic to the equatorial Pacific [the

Zebiak–Cane model (ZCM) is a regional model of the

atmosphere–ocean system exclusively within the equa-

torial Pacific]. Related to this is the idea of a frequency

entrainment in which changes in the strength of the

seasonal cycle can, through nonlinearities in the system,

alter the stability of ENSO (Liu 2002). In contrast, Liu

et al. (2000) argued that changes in the mean state of the

thermocline along the equator stabilize the ENSO

mode and they hypothesized that this was likely the

source of the reduced variance of ENSO in their model

(hypothesis B). They proposed that changes in the water

subducted into the thermocline from the South Pacific

subtropical gyre reduce the effect of upwelling on SST.

More recently Chiang et al. (2009) and Chiang and Fang

(2010) proposed that the source of the reduced ENSO

variability in their model was a change in the weather in

the extratropical Northern Hemisphere that supplies the

(noise) forcing that excites ENSO in their model [and in

nature, Vimont et al. (2003)] (hypothesis C). Of these

three mechanisms only hypothesis C has been conclu-

sively shown to be the cause of the reduced ENSO vari-

ability in the model: neither hypothesis A nor B has yet

been formally tested in any model.

Subsequent studies have hypothesized that mecha-

nisms similar to hypotheses A and B are at work in their

particular model by noting similarities between changes

in the mean state of their model and the mean state

changes held to be responsible in A and B. Otto-Bliesner

et al. (2003) reported mean state changes in their model

that were similar to those found by Liu et al. (2000) so

they invoked the latter’s hypothesis B as a possible cause

for the reduction of ENSO variance in their model.

Similarly, Brown et al. (2008) and Zheng et al. (2008)

reported mean-state changes to the trade winds in their

models that were similar to those found by Clement

et al. (2000), so they invoked the latter’s hypothesis A to

explain the reduction of ENSO variance.

TABLE 1. The change in Ni~no-3 variance reported in modeling studies of the mid-Holocene (6 ka) and modern day. Column two shows

the reduction in Ni~no-3 variance in the mid-Holocene compared to the variance in the modern-day simulation. The third column contains

the original hypothesis offered for the change in ENSO in that study. The fourth column contains some additional comments. Reduced

variance amounts for the HadCM3 and CSM models differ from those quoted throughout the text because the set of years we have

analyzed in the current study are somewhat different from those analyzed in the original papers.

Model (reference) Change in Ni~no-3 variance Original hypothesis Further comments

ZCM (Clement et al. 2000) Smaller amplitude, less

frequent warm and

cold events

Decreased instability in the ENSO

mode due to enhanced trades

and changed seasonality

Nonlinear saturation/ENSO mode

is more unstable (see Roberts

2007)

Fast Ocean Atmosphere

Model (FOAM) (Liu

et al. 2000)

220% Increased stability of the ENSO

mode due to weakened

thermocline

CSM, version 1.4 (CSM1.4)

(Otto-Bliesner et al. 2003)

222% (228% for 8.5 ka) Increased stability in the ENSO

mode due to weakened

thermocline

Increased stability in the ENSO

mode due to stabilized

atmosphere (this study)

HadCM3 (Brown et al. 2008) 224% Increased stability in the ENSO

mode due to enhanced trades

and changed seasonality

Increased stability in the ENSO

mode due to weaker thermocline

and zonal currents (this study)

PMIP phase 2 (PMIP2)

(Zheng et al. 2008)

13.3 to 222.5% Increased stability in the ENSO

mode due to enhanced trades

and changed seasonality

Community Atmosphere

Model and Reduced-Gravity

Ocean (CAM 1 RGO)

(Chiang et al. 2009)

238% Reduction in the amplitude of

stochastic forcing from the

extratropics

L’Institut Pierre-Simon

Laplace Coupled Model,

version 4 (IPSL-CM4)

(Braconnot et al. 2011)

Fewer warm and cold

events at 6 and 9.5 ka

Increased stability in the ENSO

mode due to enhanced trade

winds
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The studies by Liu et al. (2000), Otto-Bliesner et al.

(2003), Zheng et al. (2008), and Brown et al. (2008) used

full climate models, that is, models that include an at-

mosphere and ocean general circulation model (GCM).

Since these models calculate both the mean state and

the variability, it is difficult to disentangle the impact of

one upon the other. It is possible to note simultaneous

correlations between them but extremely difficult to

demonstrate that some change in the mean state was

responsible for the change in ENSO variability (or vice

versa). It is difficult, if not impossible, to design GCM

experiments to test such a hypothesis. Similarly, the

ZCMused in the Clement et al. (2000) study is a regional

model that precludes the possibility of any impact from

outside the Pacific basin [the same processes shown to

be important in the study of Chiang et al. (2009)]: it

contains linearized ocean dynamics and, thus, does not

include the physics responsible for determining the cli-

matological thermocline in the deep tropics. Only aGCM

contains all of the necessary components to avoid all of

these shortcomings, but as we have said, the complexity

of a GCM makes it exceptionally difficult to analyze.

There is, therefore, a gap between the GCMs that

offer a complete description of the climate, but can

never give us a mechanistic understanding of ENSO,

and the intermediate models that can tell us a lot about

ENSO but are unable to completely respond to the

changes in forcing. In this study, we bridge this gap by

using the mean state from a GCM, which gives the full

physical response to changes in forcing and a reduced-

physics model of ENSO. If the reduced physics model of

ENSO can faithfully reproduce the GCM’s ENSO using

the GCM mean states, then we can use it to deduce

which of the mean state changes in the early/mid-

Holocene was responsible for the changes inENSO in the

GCM. In this way, we combine the completeness of the

GCM with the tractability of the simple ENSO model.

The GCMs that we shall use are the National Center

forAtmosphericResearchClimate SystemModel (CSM)

(Otto-Bliesner andBrady 2001;Otto-Bliesner et al. 2003)

andHadley Centre CoupledModel, version 3 (HadCM3)

(Brown et al. 2006). These GCMs have been shown

to simulate reductions in ENSO variability during the

early Holocene that are comparable to that observed.

The ENSO model that we use is the offline linearized

ocean–atmosphere model (LOAM)—a coupled ocean–

atmosphere model system in the tropical Pacific that has

been shown to accurately capture the behavior of ENSO

in nature when given the present-day observed mean

states (Roberts and Battisti 2011).

The paper proceeds as follows. In section 2, we de-

scribe the basis of the offline model LOAM that we will

use to diagnose the GCMs and detail the procedure for

incorporating mean-state data into it. In section 3, we

summarize the climatological mean state and the ENSO

variability that are featured in the present-day and early

Holocene simulations of the Community Climate Sys-

tem Model (CCSM) and use LOAM to diagnose the

processes responsible for the orbitally induced changes

in the structure and variance of ENSO as simulated by

this climate model. In section 4, we perform the same

analysis as in section 3, only on the output of the pre-

industrial and early Holocene integrations fromHadCM3.

A discussion of previous hypotheses for reduced ENSO

in light of our results is presented in section 5, and

conclusions and implications are presented in section 6.

2. The analysis tool: LOAM

In this section, we describe the tool that we use to

analyze the coupled atmosphere–ocean variability in

the full climate models: LOAM. LOAM is a linearized

variant of the coupled ocean–atmosphere model origi-

nally introduced by Zebiak and Cane (1987). We will

describe how we use LOAM to diagnose the spatio-

temporal properties of the ENSO mode in the fully

coupled climate models.

a. Introduction to LOAM

The original Zebiak and Cane (1987) model is a cou-

pled atmosphere–ocean model of the tropical Pacific

that is formulated about a prescribed monthly varying

mean state. Battisti and Hirst (1989) noticed that ENSO

in the ZCM could be well described by only linear pro-

cesses, which led Thompson and Battisti (2000) to in-

troduce a linearized variant of the ZCM (Battisti 1988;

Battisti and Hirst 1989), hereafter called LOAM. They

showed that the leading (least damped) Floquetmode of

LOAM contained the spatial and temporal properties

associated with the canonical ENSO, including the evo-

lution of sea surface temperature (SST) and the ther-

mocline (see, e.g., Johnson et al. 2000).1 Hence, they

referred to the leading Floquet mode as the ‘‘ENSO

mode.’’ Thompson and Battisti (2001) showed that,

when the observed values for the efficiency of the western

boundary reflection were included in the model, the

ENSO mode was rendered stable and had a decay rate

similar to that observed (Johnson et al. 2000) and that

the basic properties of the ENSO mode were retained.

They also showed that when LOAM was stochastically

forced by white noise, it was able to reproduce many of

1The Floquet modes of this system are the eigenmodes of the

(cyclostationary) annual propagator matrix. The period and decay

rate of each eigenmode is given by the associated eigenvalue.
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the statistical properties associated with the observed

tropical Pacific atmosphere–ocean system (which are

dominated by ENSO), including the coordination of

the ENSO mode with the annual cycle and the power

spectrum and the seasonal dependence of autocorre-

lation in the Ni~no-3 index.

Roberts and Battisti (2011) described a system whereby

the observed climatological mean-state currents and

upwelling can be imported into LOAM, and the sub-

surface ocean parameterizations required by LOAM

can be calculated. They showed that, when the mean

states and subsurface temperature parameterizations

are derived from observations and incorporated into

LOAM, the leading Floquet mode retains all of the

features of the observed ENSO mode discussed above.

They also found that, when the observed mean state

fields were incorporated into LOAM and the model

was stochastically forced, LOAM was able to re-

produce the spatiotemporal properties of tropical Pacific

atmosphere–ocean variability that are robustly defined

from historical data (e.g., the EOFs and the spectrum of

Ni~no-3).

LOAM can also be used to analyze ENSO in a GCM.

Using mean states derived from the GCM we can apply

the same procedure as for the observations to diagnose

the structure of ENSO in the GCM. The application of

LOAM to the GCMs does assume that ENSO is well

described by linear physics about a prescribed climato-

logical annual cycle and forced stochastically by noise

(e.g., uncoupled weather in the atmosphere and/or ocean).

Although a number of analyses and model results show

that the observed ENSO is well captured by linear

processes [see, e.g., Thompson and Battisti (2001) and

references therein], studies using intermediate coupled

models and/or general circulation models find that

ENSO-like variability can also occur via nonlinear

dynamics that are precluded in LOAM [see section 6.2

of Neelin et al. (1998) for a brief discussion of a catalog

of nonlinear hypotheses published prior to 1998, as well

as themore recent studies by Liu (2002) andTimmermann

et al. (2003)].

In this paper we use LOAM to diagnose the physics of

the tropical Pacific atmosphere–ocean variability in the

modern-day and early Holocene simulations from the

CSM and HadCM3 GCMs. We then use LOAM to de-

termine the quantitative impact of themean state changes

on the ENSO variance in the early Holocene simulations

of these twomodels.We use the same system described in

Roberts and Battisti (2011) to incorporate the climato-

logical mean fields from the GCMs into LOAM. A brief

qualitative description of this system follows in the next

section. For a fuller description please see Roberts and

Battisti (2011).

b. Fitting LOAM to a GCM

The time-varying climatological mean states required

by LOAM are SST, surface winds, and the upper 50-m

ocean currents. These are calculated from a long in-

tegration of the GCM and then interpolated onto the

LOAM model grid. For each field monthly averaged

values are used to represent the annual cycle of each

quantity. The LOAM equation that calculates SST anom-

alies includes anomalous horizontal advection and two

terms that account for changes in SST owing to anom-

alous vertical temperature advection and entrainment.

These two terms are

(i) the anomalous upwelling acting on the mean verti-

cal temperature gradient Tz just below the base of

the (50m) mixed layer; and

(ii) the entrainment of temperature anomalies just below

the base of the mixed layer Ts by mixing and

upwelling.

The parameterization of these vertical advection terms

are calculated following a method set out by Seager et al.

(1988), which is briefly described here. Both of these

parameterizations vary over longitude but are constant

over latitude and time.

In (i), the mean vertical gradient of temperature at the

base of the mixed layer, Tz, is calculated as the annual-

mean temperature gradient at 50-m depth in the GCM.

Term (ii) is more complicated as it simulates how

movements in the thermocline affect the temperature at

the base of the mixed layer. We first derive an empirical

function that maps Ts (the temperature anomalies at the

base of the mixed layer) to the thermocline depth (the

depth of the 208C isotherm) in theGCM. Thenwe derive

another that maps the GCM thermocline depth (again

the 208C isotherm) to the LOAM model layer interface

depth. These quantities are derived from seasonal cycles

of the GCM and from the ZCM ocean model forced

by the seasonal cycle of wind stress from the GCM. The

parameterizations themselves, however, do not vary

seasonally. The linearization of the product of these two

empirical functions, which we shall call G, gives the best

fit of the mapping of Ts to the LOAM layer interface.

We note that G is insensitive to the choice of the iso-

therm used to describe the thermocline. Here we use the

208C isotherm but could equally well use any other iso-

therm that is within the thermocline.

Alongwith these two parameterizations there are three

coefficients used in LOAM that must be tuned using the

output of the GCM. These coefficients represent pro-

cesses that LOAM cannot resolve and are model de-

pendent. Two of these coefficients are in the ocean

component of the model and one in the atmosphere. In
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the ocean model, they represent the efficiency by which

upwelling affects the mixed layer temperature: this ef-

ficiency is spatially and GCM dependent. These co-

efficients are determined by taking the anomalous wind

stress from a long integration of the GCM (where anom-

alies are about the climatological mean state of the GCM)

and finding the parameter values that minimize the least

squares differences between the anomalies in SST from

the GCM and those that are produced by the ocean com-

ponent of LOAMwhen it is forced by the anomalous wind

stress from the GCM.

The third coefficient is the atmospheric drag coef-

ficient, which is calculated in a similar vein: forcing the

atmosphere component of LOAM with the SST anom-

alies from theGCMand then scaling the drag coefficient

in LOAM to maximize the least squares fit between

surface wind stress anomalies in the GCM to those in

LOAM. This fit is needed because the simple Nigam–

Gill model atmosphere used in LOAM calculates the

wind speed averaged over the whole boundary layer,

whereas the surface wind stress is needed to force the

ocean model in LOAM.

After the atmosphere and ocean components of LOAM

have been independently tuned they are then coupled.

By independently tuning the two model components

prior to coupling we do not impose any assumptions on

the coupled behavior of the LOAM. Thismeans that any

change in the coupled response of the model, arising

from the use of different mean states, is solely the result

of the changes in the mean state and not the result of

change in any a priori assumptions about the coupled

behavior of the model. These three coefficients are tuned

using the output from the modern-dayGCM simulations.

They are held constant for all subsequent experiments

using LOAM, including those using the output from the

early/mid-Holocene experiments. In essence we assume

that these coefficients represent the different dynamical

configuration of eachmodel and are, therefore, assumed

to be independent of small mean state changes, such as

the difference between the early/mid-Holocene and the

modern climate. Thus, in all LOAM experiments that

we present, the changes to ENSO and to the mix of pro-

cesses that govern ENSO in LOAM (e.g., the strength of

the Bjerknes feedback) are solely due to changes in the

mean state fields. Since the two GCMs we analyze are

fundamentally different, we tune the two models in-

dividually to create model-specific parameters.

A complete description for fitting LOAM to aGCM is

contained within Roberts and Battisti (2011). Through-

out the text whenever we refer to the ‘‘mean state’’ we

refer to the time-varying mean state that LOAM uses.

Hence, a change in the mean state owing to orbital

forcing includes a change in both the annual mean and

the amplitude of the seasonal cycle. Therefore, apart

from the specific experiments in which we examine the

effects of a change in the annual mean and seasonal

cycle individually, when we refer to ‘‘a change in the

mean state’’ it will always refer to changes to both the

annual mean and seasonal cycle. We shall next use this

system to incorporate output from two GCMs in order

to diagnose what is responsible for the differences in the

behavior of ENSO when these GCMs are forced with

insolation from the modern day and from the early/mid-

Holocene.

3. ENSO in the modern day and early Holocene as
seen from CSM

In this section, we review the response of ENSO in

CSMwhen the model is forced by modern-day and early

Holocene insolation and then analyze the results using

LOAM. We determine which of the mean field changes

are most important for the changes in ENSO as simu-

lated by CSM under modern-day and mid-Holocene

forcing. We use a simulation of 8.5 ka as this is closest to

the minimum in ENSO activity shown by Tudhope et al.

(2001) and Koutavas et al. (2006). For this reason, we

use an 8.5-ka simulation rather than the Paleoclimate

Modeling Intercomparison Project (PMIP) protocol’s

standard mid-Holocene simulation of 6 ka. The differ-

ence in insolation between 8.5 ka and present day are

much larger than that between the 8.5-ka and 6-ka

simulations reported in Otto-Bliesner et al. (2003). Not

surprisingly then, the difference between the mean

states in the 8.5-ka simulation and the present-day CSM

simulations are much greater than those between the

8.5-ka and 6-ka simulations. Hence, the results obtained

below using LOAM for the 8.5-ka CSM simulation are

also applicable to the 6-ka CSM simulation. We use 100

years of model output to construct the LOAM mean

states, and over this period the model shows no notice-

able trend in these quantities. We find that, when we

construct LOAM on subsets of these 100 years, the

differences between the different versions of LOAM

are far smaller than the differences between LOAM

constructed with mid-Holocene and modern-day mean

states. Hence, the results that we present are ultimately

brought about by changes in the insolation forcing and

are not the result of unforced internal model variability.

a. Modern-day and early Holocene mean states
simulated by CSM

The annualmean SST and surfacewinds from theCSM

forced with present-day boundary conditions, denoted

CSMp, are shown in the top row of panels in Fig. 1 (al-

though we note that in LOAM we use fields that vary
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FIG. 1. Annual-mean SST from (a) CSMp and (b) CSM8.5 and (c) the difference. Annual-mean zonal wind from (d) CSMp, (e) CSM8.5,

and (f) the difference. Annual-mean meridional wind from (g) CSMp, (h) CSM8.5, and (i) the difference. The contour interval for SST is

18C for climatology (0.28C for differences); for wind it is U: 2m s21, V: 1m s21 for climatology (0.4m s21 for differences).
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over the annual cycle). These fields are broadly similar

to those observed. Biases include a cold tongue that

extends farther to the west than is observed and a warm

pool south of the equator that extends too far to the east.

The easterly trade winds on the equator are weaker, and

the meridional winds are more southerly in the CSM

than in the observations. As a consequence, upwelling

along the equator is reduced in the model compared to

that observed. A more complete discussion of the dif-

ferences between CSMp and the observed climate is

found in Otto-Bliesner et al. (2003).

For the climate of the early Holocene we examine an

integration of the CSM performed by Otto-Bliesner

et al. (2003) that uses 8.5-ka insolation forcing, denoted

CSM8.5. The mean SST and surface winds from this

experiment are shown in Fig. 1, middle panels, and the

differences, CSM8.5 minus CSMp, are shown in the

bottom panels. The climatology of the early Holocene is

broadly similar to that from the modern-day experiment,

but the tropical Pacific is everywhere cooler by ;18C in

the early Holocene compared to the modern-day simu-

lation. This is because of an overall reduction in the ra-

diative flux into the surface, especially near the ITCZ, and

to larger evaporative cooling of the ocean owing to the

stronger winds. The broad-scale pattern of the annual

mean reduction in SST in the early Holocene of the

tropics and subtropics is due to the reduction in annual-

averaged insolation (Liu et al. 2003) associated with dif-

ferences in obliquity. There is also an increase in the zonal

SST gradient in the west-central Pacific at 8.5 ka com-

pared to the modern day that is due to local extrema of

cooling in the central equatorial Pacific. This cooling is

because of stronger trade winds in this region (shown in

the middle column of panels in Fig. 1) and thus stronger

equatorial upwelling. This cools the surface, further re-

ducing SST in the central equatorial Pacific.

We recall from section 2b that there are two param-

eterizations that affect how subsurface temperature af-

fects SST:Tz and G. The climatological vertical structure

of temperature along the equator from the modern and

early Holocene CSM is shown in Fig. 2. This structure is

important for ocean wave dynamics and especially for

the processes that determine anomalies in SST tendency

that result from anomalies in the surface wind stress.We

see in the bottom panel that along the equator, the ocean

is cooler at all depths in the 8.5-ka run except within the

thermocline west of about 1608W. The vertical profile of

temperature averaged over 2.58N–2.58S, 1558–1158W for

the modern and early Holocene simulations is shown in

the right top and middle panels, respectively, and the

difference is shown in the bottom right panel. This area

is chosen because it coincides with the greatest change

in upwelling. The depth of the 208C isotherm, h, in the

early Holocene (blue line, 93.7m) is shallower than in

the modern climate simulation (red line, 98.3m) by

around 5m, which affects G. The vertical temperature

gradient from the surface to about 130-m depth is also

weaker, which affects both Tz and G.

b. Modern-day and early Holocene ENSO simulated
by CSM

The first EOF of monthly averaged SST anomalies for

the modern-day and early Holocene experiments using

the CSM are shown in Fig. 3. The first EOF of CSMp

is similar to that from observations [similar figures for

FIG. 2. Ocean temperature averaged over 2.58N–2.58S. (left)
Depth plotted against longitude. (right) Vertical profile of

temperature averaged over 2.58N–2.58S, 1558–1158W (the region

indicated by the gray vertical lines in the left panels): (top)

CSMp and (middle) CSM8.5; (bottom) the difference, CSM8.52
CSMp (contour interval 0.28C). Also shown in the right panels is

the location of 208C isotherm in the modern (red) and 8.5-ka

(blue) simulations.
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modern-day observations using LOAM can be found

in Fig. 12 of Roberts and Battisti (2011)], but the EOF

from the CSM is too constrained to the equator and

extends too far to the west compared to the observed;

both are common flaws of climate models. The variance

in the CSM Ni~no-3 index, a standard measure of the

amplitude of ENSO, is 0.528C2, which compares well

with that from the observations [e.g., 0.508C2 in the

Kaplan et al. (1998) dataset]. The probability distribu-

tion function of Ni~no-3 SST anomalies is shown in Fig. 4;

the PDFs are not distinguishable from a Gaussian dis-

tribution at the 95% level using a Lilliefors test, which

partly justifies the use of the linear framework of LOAM

to analyze the CSM ENSO. The first EOF of monthly

SST for the early Holocene experiment is shown in

Fig. 3b; it is similar to that from the modern-day experi-

ment, although the maximum in the pattern is shifted

farther to the east compared to the modern-day experi-

ment (cf. Figs. 3a and 3b). The second and third EOFs of

SST are not well separated [in the sense of North et al.

(1982)] and so are not discussed.

Table 2 shows that the variance of the Ni~no-3 index

from CSM is reduced by 19% at 8.5 ka to 0.428C2. This

reduction is statistically significant (at the 95% level

using an F test). [We note that this reduction is some-

what different from that quoted in the original study

(and cited in Table 1) because we do not use the exact

same time interval as Otto-Bliesner et al. (2003); the

difference in estimated variance is consistent with the nat-

ural, unforced variability in the model ENSO.] The

cause of the reduction of variance and the eastward shift

in the EOF will be made clear in section 3d.

c. Analysis of ENSO in the CSM using LOAM

In this section, we insert the modern-day and early

Holocenemean fields from theCSM,CSMp, andCSM8.5

into LOAM. These experiments are called LOAMp and

LOAM8.5, respectively. We then force LOAMp and

LOAM8.5 with white noise and compare the temporal

and spatial statistics fromLOAM to those from the CSM.

We force LOAM forward in time with a stochastic forc-

ing on the SST field that is white in time and normally

distributed in space about the equator [see Thompson

and Battisti (2001) and Penland and Sardeshmukh (1995)

for further discussion]. The amplitude of this noise is

chosen so that, when the modern-day climatology from

the CSM is inserted in LOAM (LOAMp), the variance

of Ni~no-3 is identical to that in CSMp. This same am-

plitude of noise is used in all subsequent runs of LOAM.

Hence, any change in the period, decay rate, structure,

and variance of ENSO is only due to the changes in the

mean state. We will first show results from the output of

the stochastically forced LOAM that contain all of the

mean state fields taken from CSMp and CSM8.5.

FIG. 3. EOF 1 of SST from theCSM: (top) themodern simulation

CSMp and (bottom) the early Holocene simulations CSM8.5.

Contours are in degrees Celsius for a unit normalized principle

component. The EOF analysis is performed on monthly averaged

model output and for the domain 308S–308N, 1508E–778W.

FIG. 4. Probability density function of the Ni~no-3 SST anomalies.

The anomalies are standardized to a unit standard deviation. Solid

line with crosses is HadCMp; dashed lines with crosses is HadCM6;

unadorned solid is CCSMp; and unadorned dashed is CCSM8.5.

All series are indistinguishable from a Gaussian distribution at the

95% level using a Lilliefors test.
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Figure 5 shows the EOFs that result from the LOAMp

andLOAM8.5 experiments. The first EOFof eachLOAM

run compares well with its CSM counterpart (cf. Figs. 3

and 5). The first EOF of SST from the modern-day

LOAM simulation features a maximum in the eastern

half of the Pacific basin and is narrowly confined to the

equator. As in the CSM8.5 experiments, the first EOF of

SST from the early Holocene simulation of LOAM is

weighted eastward of that from the modern simulation.

We see, in Table 2, that the variance in Ni~no-3 of the

LOAM8.5 experiment is 0.79 times that of the LOAMp

experiment, in good agreement with the reduction in

Ni~no-3 variance in CSM8.5 compared to CSMp. Since

there is no change in the amplitude or structure of the

noise forcing in the two LOAM experiments, the re-

duction in the variance and the differences in the first

EOF are solely due to the changes in the mean state.

Also shown in Table 2 are the period and decay rate of

the dominant Floquet mode that result from LOAM

(hereafter referred to as the dynamical ENSO mode).

The decay rate of the dynamical ENSO mode, which is

defined as the change in the amplitude of the ENSO

mode over one full year, in the early Holocene is similar

to that in themodern climate; however, the period of the

ENSO mode is greater in the 8.5-ka case compared to

the modern day. The longer period of the ENSO mode

in the early Holocene is consistent with an eastward shift

in the centroid of the zonal wind stress (not shown)

acting in the Bjerknes feedback processes in the dy-

namical ENSO mode (see Battisti 1988). This increases

the time it takes for waves to transit from the center of

action for the atmosphere–ocean (Bjerknes) feedbacks,

in the central eastern Pacific, to the western boundary

and back and enhances the period of ENSO (Battisti and

Hirst 1989). This is also reflected in the shift to the east

of the peak SST anomalies in the first EOF of SST dis-

cussed above. Other metrics also demonstrate this length-

ening of the ENSO mode period (Roberts 2007).

The ability of LOAM to simulate the temporal and

spatial characteristics of the interannual variability in

TABLE 2. ENSO statistics from the CSM early Holocene

(CSM8.5) andmodern (CSMp) simulations and from LOAMusing

the seasonally varying mean state fields from the two aforemen-

tioned CSM simulations (LOAM8.5 and LOAMp). The top rows

show ENSO statistics from the modern CSM (CSMp) and 8.5-ka

(CSM8.5) simulations and from LOAM using the mean state fields

from the two aforementioned CSM simulations (LOAMp and

LOAM8.5). Subsequent rows are from LOAM using a mixture

of early Holocene and modern mean states. The second column

shows the Ni~no-3 variance, standardized by the Ni~no-3 variance in

the relevant modern-day experiment (modern CSM or LOAM

withmodernCSMmean fields). The third and fourth columns show

the period and decay rate of the ENSOmode. The decay rate is the

change in amplitude of the ENSO mode over one full year. The

ENSO mode for LOAM is derived from the Floquet analysis of

LOAM.

Model

Variance/

(modern-day

variance)

Mode

period (yr)

Mode

decay (yr21)

CSMp 1.00

CSM8.5 0.81

LOAMp 1.00 2.15 0.70

LOAM8.5 0.79 2.92 0.74

LOAMp 1 ocn 1.35 2.87 0.81

LOAMp1G1Tz 2.42 2.94 0.92

LOAMp1Tz 0.87 2.20 0.69

LOAMp 1 G 2.83 2.89 0.93

LOAMp 1 curr 1.38 2.00 0.67

LOAMp 1 atm 0.51 2.27 0.63

LOAMp 1 Tatm 0.49 2.30 0.62

LOAMp 1 tatm 1.12 2.11 0.71

LOAMp 1 cyc(Tatm) 1.06 2.13 0.70

LOAMp 1 mean(Tatm) 0.47 2.31 0.61

LOAM8.5 1 G 0.57 2.00 0.59

LOAM8.5 1 Tatm 1.53 2.80 0.84

FIG. 5. EOF 1 of SST from LOAM using the mean fields from

the CSM modern and early Holocene simulations: (top) the mod-

ern simulation LOAMp and (bottom) the early Holocene sim-

ulations LOAM8.5. Contours are in degrees Celsius for a unit

normalized principle component.
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CSMp allows us to proceed using LOAM to determine

which changes in themean state fields and which processes

account for the differences in the ENSO in the modern

and early Holocene CSM simulations.

d. Diagnosis of the important mean state changes
using LOAM

To diagnose the impact of the mean state changes on

the ENSO in the CSM, in this section we start from the

modern-day mean fields from CSMp used in LOAMp

and swap out selected mean states, x, and replace them

with those that come from the early Holocene CSM

experiment CSM8.5. This gives a new LOAM called

LOAMp 1 x. We then force the modified LOAM with

the identical forcing to LOAMp (and LOAM8.5) to ex-

amine the impact of the change in mean state variable x.

Although themodified climatology is not physically self-

consistent, the changes in the leading Floquet mode and

in the statistical properties for the stochastically forced

LOAM will illuminate which mean state changes are

important for the changes in ENSO variability in the

CSM experiments. We first swap out ocean mean state

variables and then change the atmospheric mean states.

Results for all of the experiments are summarized in

Table 2.

1) OCEAN MEANS

The first experiment, LOAMp1 ocn, replaces all ocean

mean states of LOAMp with those from LOAM8.5.

These ocean mean states are the ocean currents, SST,

the wind speed used to calculate the wind stress on the

ocean, and the subsurface parameterizations G, Tz. Note

that the wind speed and SST that the atmosphere model

sees remain the same as for LOAMp. The period of

the ENSO mode increases from 2.15 yr in LOAMp to

2.87 yr in LOAMp1 ocn, and the ENSOmode becomes

less stable: the decay rate decreases from 0.70 to 0.81 yr21.

The variance of Ni~no-3 from the stochastic run of

LOAMp1 ocn increases by a factor of 1.35 compared to

that from LOAMp. Hence, changes in the ocean mean

state appear to account for the lengthening of the period

of the ENSO mode in the early Holocene but would

have caused an increase in ENSO variance in the early

Holocene. Since this increase in variance of ENSO is not

observed in LOAM8.5, there must be some compensat-

ing mechanism elsewhere that increases the stability of

the ENSO mode.

To isolate the impact of changes in the mean vertical

structure of the ocean, we insert only the values of the

subsurface parameterization G and Tz from the CSM8.5

experiment into LOAMp and create the new LOAM

model LOAMp1G1Tz. Changes in the vertical struc-

ture of the ocean increase the period of the ENSO

mode from 2.15 to 2.94 yr and render the ENSO mode

less stable: the decay rate decreases from 0.70 to 0.92 yr21.

The stochastically forced LOAMp1G1Tz greatly in-

creases the variance of Ni~no-3 by a factor of 2.42. Fur-

ther experiments in which we change G (LOAMp1G)
and Tz (LOAMp1Tz) separately suggest that the in-

crease in the period of the ENSO mode is due to the

change in G (see Table 2). We recall from section 3a and

Fig. 2 that the thermocline was shallower in CSM8.5

than in CSMp. With the thermocline closer to the sur-

face at 8.5 ka, movements in the thermocline cause

greater temperature anomalies at 50m; this is reflected

in LOAM by changes in G. The result is that the ENSO

mode is less stable in LOAM8.5 than in LOAMp. The

spatial pattern of the ENSO mode and the first EOF of

SST in LOAMp 1 G also show an eastward shift in the

peak SST. This is the result of the maximum value of G
being shifted farther to the east at 8.5 ka relative the

modern. This eastward shift in the pattern is consistent

with an increase in the period of the ENSO mode, as

discussed in Battisti and Hirst (1989).

Replacing only the mean-state ocean currents (in-

cluding upwelling) with those from the early Holocene

(LOAMp1 curr) shows that changes in the mean-state

ocean currents do not greatly affect the decay rate or

period of the mode, but in the absence of other mean

state changes they would have enhanced the variance

of ENSO (see Table 2).

The conclusion that can be drawn from this series of

experiments is that in the CSM simulations, changes in

the mean state of the ocean in the early Holocene render

the ENSO mode less stable and increase its period with

the result that the variance of Ni~no-3 increases. Of par-

ticular importance are changes in the subsurface param-

eterization that govern the temperature of the water

entrained into the surface layer as a result of changes in

the depth of the thermocline. Changes in these subsurface

parameterizations alone can account for the increase in

the period of the ENSO mode in the early Holocene

seen in LOAM and the CSM. In isolation, however, this

mean-state ocean change would have also rendered a less

stable ENSO mode giving an increase in the variance

of ENSO, which is not consistent with the change seen

between CSMp/LOAMp and CSM8.5/LOAM8.5.

2) ATMOSPHERIC MEANS

Next, we replace the mean states in LOAMp that af-

fect the atmospheric response—SST and wind speed—

with their 8.5-ka counterparts; this experiment is called

LOAMp 1 atm (note that in this experiment the mean

state SST and wind speed seen by the ocean are not the

same as those seen by the atmosphere). This results in

a more stable ENSO mode, as shown in Table 2. When
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LOAMp1 atm is run with stochastic forcing, the variance

of Ni~no-3 is cut by nearly half compared to LOAMp.

Since the changes in the ocean mean fields act to in-

crease the variance of ENSO, the reduction in variance

in the early Holocene in LOAM8.5 (and therefore most

likely in CSM8.5) is due to the changes in the mean

state quantities and processes that intrinsically affect

the atmosphere.

The mean states in the atmosphere determine the

amount of latent heating the atmosphere experiences

from a unit sea surface temperature anomaly as well as

the wind stress anomaly that results from a unit change

in wind stress. The latent heating of the atmosphere is

affected by the mean state SST through the dependence

of evaporation on SST (assuming a constant relative

humidity and air–sea temperature difference) and by the

climatological low-level winds through feedbacks asso-

ciated with the climatological low-level moisture con-

vergence (see Zebiak 1986).

We isolate the impact of the changing mean state

SST on the response of the atmosphere by creating

LOAMp 1 Tatm in which the modern mean state SST

that the atmosphere sees is replaced by the early Ho-

locene mean state SST from the CSM8.5 experiment; all

other mean state fields are from the modern-day CSM

experiment. Compared to LOAMp, the period of the

ENSO mode in LOAMp 1 Tatm is not changed signifi-

cantly from that in LOAMp, but the decay rate of the

ENSO mode is increased from 0.70 to 0.62 yr21, and the

variance of the Ni~no-3 index in the stochastically forced

LOAMp 1 Tatm is reduced by more than half (0.49)

compared to that in LOAMp. Replacing the low-level

winds in LOAMp with those from the early Holocene

CSMp simulation, LOAMp 1 tatm, gives an ENSO

mode that is very similar to that in LOAMp and,

when stochastically forced, gives a slight increase in

the Ni~no-3. Hence, to the extent that LOAM faith-

fully represents the essential physics of the tropical Pa-

cific ENSO variability in the CSM, ENSO is reduced in

the early Holocene because the tropical Pacific Ocean is

cooler, and thus the response of the atmosphere to a unit

SST anomaly is weaker.

Roberts (2007) performed pairs of experiments using

the atmospheric component of the LOAM to confirm

that the overall cooling of the tropical Pacific in the early

Holocene reduces the amplitude of the anomalous wind

stress response to a canonical El Ni~no SST anomaly

compared to that in the (warmer) modern-day climate.

Together with the coupled LOAM analysis, these re-

sults confirm the expectation that a 18C change in the

SST will lead to approximately a 6% reduction in the

saturated vapor pressure, which would lead to a similar

sized reduction in the climatological low-level moisture

convergence. In effect, the cooler mean state SST stabi-

lizes the ENSO mode by reducing the coupling strength

between the atmosphere and the ocean in the equatorial

band in the central and eastern Pacific, that is, by reducing

the strength of the Bjerknes feedback.

3) SEASONALITY

We have demonstrated that ENSO variance is re-

duced in the early Holocene in the CSM because of

changes in the mean state SST. In LOAM the mean

states vary over the annual cycle; thus, there are two

constituent parts of the mean state that change between

the modern day and early Holocene: the annual mean

and the amplitude/phasing of the seasonal cycle. To

determine the relative importance of changes in the

annual average SST and changes in the annual cycle

of SST, we perform two additional experiments LOAMp1
mean(Tatm) and LOAMp 1 cyc(Tatm). LOAMp 1
mean(Tatm) uses CSMpmean states for all fields except

the SST that the atmosphere sees. This SST is derived by

calculating the annual cycle of the SST from CSMp and

adding to this the change in the annual mean SST of

CSM8.5; thus, the annual cycle in this experiment is the

same as in CSMp, but the annual mean SST is as in

CSM8.5. LOAMp 1 cyc(Tatm) is a similar experiment,

but in this case the annual cycle comes fromCSM8.5 and

the annual mean SST from CSMp.

We see, in Table 2, that changing the annual cycle of

SST to that from 8.5 ka does not reduce the variance

of Ni~no-3; rather the change increases it, although this

change in the variance is very small. On the other hand,

LOAMp 1 mean(Tatm) shows a reduction in the vari-

ance of Ni~no-3 of 0.47 and an increase in the decay rate

of the ENSOmode from 0.7 to 0.61 yr21. This shows that

it is the annual mean cooling of the tropical Pacific SST

that causes the increases in the stability of the ENSO

mode: the change in the seasonality is unimportant. This

agrees with Wang and An (2002) who noted that, when

considering the climate shift in the 1970s, seasonal cycle

changes are not nearly as important as changes in the an-

nually averaged mean in altering the properties of ENSO.

4) SOME FINAL TESTS

To demonstrate that the changes in G in the ocean and

the SST in the atmosphere are the most important mean

states changes for explaining the changes in the ENSO

mode and the spatiotemporal structures of variance in

the CSM, we ran two further experiments. These replace

mean states in LOAM8.5 with those from the modern

day. The first experiment, called LOAM8.51G, uses all
of the LOAM8.5mean state changes except for G, which
is from LOAMp. Since G from LOAM8.5 had a desta-

bilizing effect on the ENSOmode in LOAMp, we should
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expect that G from LOAMp will stabilize the ENSO

mode in LOAM8.5. Table 2 shows that this is indeed

the case: the ENSO mode decay rate goes from 0.74 in

LOAM8.5 to 0.59 in LOAM8.5 1 G. Note also that the

period of the ENSO mode period drops from 2.92 to

2.00 yr, which further confirms the importance of G in

changing the period of the ENSO mode. In the second

experiment, called LOAM8.5 1 Tatm, we insert the

mean state SST from CSMp into LOAM8.5. As ex-

pected, the ENSO mode is less stable in LOAM8.5 1
Tatm compared to that in LOAM8.5 (the decay rate is

0.84 yr21 in LOAM8.51Tatm and 0.74 yr21 in LOAM8.5).

Hence, the change in the variance of Ni~no-3 is in the sense

that we expect in both sets of experiments: compared with

LOAM8.5, the variance decreases in LOAM8.51G and

increases in LOAM8.5 1 Tatm.

4. ENSO in the modern day and mid-Holocene as
seen from HadCM3

This section follows the same structure as section 3,

only here we illuminate the cause of the differences in

ENSO in the simulations of the preindustrial and mid-

Holocene (6 ka) climate using HadCM3 (with no flux

corrections) that were reported by Brown et al. (2008).

We call these two GCM simulations HadCMp and

HadCM6, respectively. We use the 6-ka simulation be-

cause an 8.5-ka simulation using the HadCM3 is not

available. However, as previously noted, the differences

between either 8.5 or 6 ka and the modern-day in-

solation are much greater than between 8.5-ka and

6-ka insolation. Hence, we consider the difference

between the 6-ka and modern-day HadCM3 experi-

ments comparable to the difference between the 8.5-ka

and modern-day CSM experiments. We use 100 years of

model output to construct the LOAM mean states; over

this period the model shows no noticeable trend in these

quantities.

a. Modern-day and mid-Holocene mean states
simulated by HadCM3

The HadCM3 modern-day simulation HadCMp fea-

tures a tropical Pacific climate that is in reasonable

agreement with the observations (see, e.g., Fig. 6, top

row). Among the notable differences between HadCMp

and observed climate are a simulated cold tongue that

extends too far to the west and easterly trade winds that

are stronger than those observed. Ocean currents in

HadCMp are shown in Fig. 7; they are similar to those

observed but are generally too strong.

The tropical Pacific climate from the mid-Holocene

HadCM3 simulation (HadCM6) is shown in the middle

row of Fig. 6. The trade winds are slightly stronger at

6 ka compared to the modern simulation, especially in

the central Pacific, while ocean currents are broadly

similar in the 6-ka and modern simulations. Although

modest compared with the CSM simulations, the tropi-

cal Pacific SST at 6 ka is everywhere slightly cooler than

in themodern climate. As is shown in Fig. 8, ocean cooling

is confined to the near surface; water in and below the

thermocline is warmer in the mid-Holocene than in the

modern climate. The mean depth of the thermocline

changes little, from 126 to 123m. Cooling near the sur-

face and warming below weakens the vertical tempera-

ture gradient (Fig. 8, right); this turns out to be important

for understanding the changes in ENSO in HadCM3, as

we now demonstrate.

b. Modern-day and mid-Holocene ENSO simulated
by HadCM3

The modern HadCM3 simulation features ENSO-like

variability with spatial and temporal characteristics that

are in good agreement with those observed (Collins et al.

2001). The variance in the Ni~no-3 index in HadCMp is

0.688C2, and the first EOF of SST is very similar to that

observed (not shown). The PDFs of the normalized

Ni~no-3 SST anomalies from the HadCMp and from the

mid-Holocene simulation HadCM6 are shown in Fig. 4

and are statistically indistinguishable from aGaussian at

95% (using a Lilliefors test). This partially justifies our

use of the linear framework in LOAM. Spatially, there

is very little difference between the SST anomalies in

HadCMp and HadCM6. For example, the first EOF of

SST in both runs is nearly identical (not shown).

The variance of ENSO at 6 ka is reduced by 18% in

the mid-Holocene compared to the modern simulation.

Although this is a statistically significant difference at

the 95% level using an F test, it has been noted that the

amplitude of ENSO varies considerably on long time

scales in HadCM3. In a 1000-yr run of HadCM3 using

modern-day forcing, centuries with ENSO amplitude as

low as that in the 6-ka run can be found (Collins 2000).

Therefore, it is possible that the reduced ENSO activity

at 6 ka is not the result of the external forcing but the

result of internal variability within the model. This in-

ternal model variability is also responsible for the slightly

smaller ENSO variance reduction that we report com-

pared to Brown et al. (2008).

c. Analysis of ENSO in HadCM3 using LOAM

We now use LOAM to examine the spatiotemporal

variability in the twoHadCM3 simulations.As in section

3c, we create different versions of LOAM by inserting

the modern and 6-ka mean fields from HadCM3 into

LOAM;we call these twomodels LOAMph andLOAM6h,

respectively. We perform the uncoupled tuning of an

1234 JOURNAL OF CL IMATE VOLUME 27



FIG. 6. Annual-mean SST from (a) HadCMp, (b) HadCM6, and (c) the difference. Annual-mean zonal wind from (d) HadCMp,

(e) HadCM6, and (f) the difference. Annual-mean meridional wind from (g) HadCMp, (h) HadCM6, and (i) the difference. Contour

interval as in Fig. 1.
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FIG. 7. Annual-mean zonal currents from (a) HadCMp, (b) HadCM6, and (c) the difference. Annual-mean meridional currents from

(d) HadCMp, (e) HadCM6, and (f) the difference. Annual-mean upwelling from (g) HadCMp, (h) HadCM6, and (i) the difference. The

contour interval for zonal currents is 0.1m s21 for climatology (0.02m s21 for differences), for meridional currents is 0.02m s21 for cli-

matology (0.004m s21 for differences), and for vertical velocity it is 0.25mday21 for climatology (0.05mday21 for differences).
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atmospheric drag coefficient and the subsurface ocean

parameters on themodern-day data and use these values

in all subsequent runs.We force all models with identical

white noise and examine the spatiotemporal structure of

the variance in each model. For brevity, however, we

only show results for the change in the variance of

Ni~no-3 and changes in theENSOmode statistics because,

unlike CSM, there is no change in the spatial structure of

either the ENSO mode or the EOFs in stochastically

forced runs of LOAM.

LOAM with the modern-day mean fields features a

dynamical ENSO mode that has a period of 3.51 yr and

decay rate of 0.40 yr21. LOAM fitted with the mid-

Holocene mean states (LOAM6h) features an ENSO

mode similar in structure to that obtained fromLOAMph

with a period that is slightly longer (3.75 yr) and more

damped (0.33 yr21) than that from LOAMph.

Comparing the variance of the Ni~no-3 index from

LOAMph and LOAM6h, we find the variance of ENSO is

reduced at 6ka compared to the modern climate by 34%,

which is larger than the 18% reduction in the variance of

Ni~no-3 seen in the 6-ka HadCM3 simulation compared to

themodern-dayHadCM3 simulation (see Table 3). Hence,

as for the CSM integrations, the reduction of variance in

ENSO in the HadCM3 integrations appears to be due to

changes in the mean state in the tropical Pacific. We note,

however, that there also must be a change in the amplitude

or structure of the stochastic forcing in the HadCM3 in-

tegrations that tempers the reduction in variance that is due

to the changes in the mean state. In the next section, we

identify the mean state changes that are responsible for the

reduction in ENSO variance.

d. Diagnosis of the important mean state changes
using LOAM

In this section, we perform experiments with LOAM

and the HadCM3 mean states to illuminate the impor-

tant mean state changes for reducing the variance in

ENSO during the mid-Holocene in HadCM3: the mean

ocean stratification and the horizontal currents. Results

from all of the LOAMexperiments with partial HadCM3

fields and parameters are summarized in Table 3.

FIG. 8. As inFig. 2, but for theHadCM3simulations: (top)HadCMp

and (middle)HadCM6; (bottom) thedifference,HadCM62HadCMp

(contour interval 0.28C). Also shown in the right panels is the location

of 208C isotherm in in the modern (red) and 6-ka (blue) simulations.

TABLE 3. ENSO statistics from the HadCM3 modern-day

(HadCMp) and mid-Holocene (HadCM6) simulations and from

LOAM using the mean state fields from the two aforementioned

HadCM3 simulations (LOAMph and LOAM6h). The top rows

show ENSO statistics from the HadCM3 modern-day (HadCMp)

and mid-Holocene (HadCM6) simulations and from LOAM using

the climatological fields from the two aforementioned HadCM3

simulations (LOAMph and LOAM6h). Subsequent rows are from

LOAM and use a mixture of early Holocene and modern mean

states. See caption to Table 2 for further explanation of the table

entries.

Model

Variance/

(modern-day

variance)

Mode

period (yr)

Mode

decay

(yr21)

HadCMp 1.00

HadCM6 0.82

LOAMph 1.00 3.51 0.40

LOAM6h 0.66 3.75 0.33

LOAMph 1 ocn 0.70 3.68 0.35

LOAMph 1 curr 0.84 3.52 0.39

LOAMph 1 upwell 0.97 3.63 0.37

LOAMph 1 Tz 1.00 3.53 0.40

LOAMph 1 G 0.82 3.62 0.36

LOAMph 1 horizcurr 0.85 3.36 0.41

LOAMph 1 G 1 horizcurr 0.70 3.47 0.36

LOAMph 1 atm 0.93 3.55 0.38

LOAMph 1 SST 0.95 3.63 0.38
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We first insert the ocean mean states from the mid-

Holocene HadCM3 simulation into LOAM but keep all

othermean fields set to those from themodernHadCM3

simulation. The resultingmodel, called LOAMph1 ocn,

features an ENSOmode that has a slightly longer period

(3.68 yr) and a slightly greater decay rate (0.35 yr21)

than that in LOAMph. When LOAMph 1 ocn is run

forward in time with the same stochastic forcing as was

used in LOAMph (and all other LOAM runs using

HadCM3 fields), the variance of the Ni~no-3 index is

reduced to 70% of the modern value. These results are

very similar to LOAM6h and, therefore, suggest that the

change in ENSO at 6 ka is due to the changes in the

ocean. We diagnose which ocean mean states are re-

sponsible for this reduction in variance by first replacing

themodern-day ocean currents with their mid-Holocene

counterparts in LOAMph 1 curr. The change in the

variance of Ni~no-3 in this experiment is roughly half that

in LOAM6h and is mainly due to changes in horizontal

currents (see LOAMph 1 horizcurr): changes in mean

upwelling (LOAMph1 upwell) have a negligible impact

on the variance in ENSO. We see, in Fig. 7, that at 6 ka

the zonal currents are weaker compared to the modern

day. This reduces the Bjerknes feedback by reducing the

anomalous zonal advection that results from a unit of

atmospheric wind stress anomaly, thereby stabilizing the

ENSO mode.

Next, we examine how the changes in the vertical

structure of the ocean impact ENSO variance. We recall

that there are two parameterizations, Tz and G, that af-
fect the heating of the mixed layer: Tz is the climato-

logical temperature gradient at the base of the mixed

layer, which affects the efficiency with which upwelling

entrains water into the mixed layer, and G relates tem-

perature anomalies at the base of the mixed layer to

movements in the thermocline. We first construct a

LOAM model in which all parameterization and mean

fields are identical to those in LOAMph except themean

temperature differenceTz at the base of themixed layer,

LOAMph 1 Tz. Compared to LOAMph there is little

difference in the ENSOmode associated with changes in

Tz, and there is no difference in the variance of ENSO

when LOAMph1 Tz is stochastically forced. Therefore,

changes in Tz are not responsible for the reduction

in ENSO variance. Changing only the subsurface pa-

rameterization G to be that from the mid-Holocene

(LOAMph 1 G), we find that the period of the ENSO

mode is lengthened slightly to 3.62 yr, and the decay rate

increases to 0.36 yr21 compared to those in LOAMph.

When LOAMph 1 G is stochastically forced, the vari-

ance in Ni~no-3 is reduced to 0.82 of that from the sto-

chastically forced LOAMph. Plotted in Fig. 8 is the

vertical structure of the ocean temperature along the

equator. The mid-Holocene simulation features cooling

of the upper 100m and warming of the water below the

thermocline. This weakening of the thermocline reduces

the amplitude of subsurface temperature anomalies that

arise from movements in the thermocline: these are

determined by G. This, therefore, increases the stability

of the ENSO mode.

Experiments LOAMph 1 curr and LOAMph 1 G
suggest that, compared to the modern-day HadCM3

simulation, the variance in ENSO in the mid-Holocene

is reduced in roughly an equal amount by changes in the

horizontal currents and the vertical temperature struc-

ture of the ocean (G). To test whether these two pro-

cesses alone can account for the decrease in the variance

in the mid-Holocene HadCM3 simulation, we run an

experiment that includes changes only in G and the

horizontal currents, LOAMph 1 G1 horizcurr. We find

that the combined effect reduces the variance of Ni~no-3

to 0.70 of that in LOAMph. This accounts for nearly all

of the changes inENSOvariance that result from changes

in the mean state of the ocean (i.e., the ENSO behavior

of LOAMph 1 G 1 horizcurr is very similar to that of

LOAMph 1 ocn).

To illuminate the impact of atmospheric mean state

changes we create LOAMph 1 atm, which comprises

modern-day mean states and parameters in the ocean

and the mid-Holocene mean winds and SST in the at-

mosphere. LOAMph 1 atm features an ENSO mode

with a period and decay rate that are little changed

compared to the modern LOAMph values. The variance

in Ni~no-3 from the stochastically forced LOAMph 1
atm is very similar to that from LOAMph. For com-

pleteness we also create LOAMph 1 SST, which has all

of the mean fields and parameters from the modern

HadCM3 except for the SST that the atmosphere sees,

which is from the 6 ka run of HadCM3. Table 3 shows

that the ENSO mode in LOAMph 1 SST has a period

and decay rate very similar to that from LOAMph, and

the variance of the Ni~no-3 index is little changed from

LOAMph. Therefore, unlike in the CSM, changes in the

response of the atmosphere to SST anomalies do not

affect the variance in ENSO in the mid-Holocene.

5. Discussion of the results

In this section, we compare the mechanism for ENSO

stabilization in the CSM and HadCM3 climate models

that we have isolated quantitatively using LOAM to

various hypotheses in the literature.

Clement et al. (2000) imposed a cyclostationary forcing

on the ZCM ocean to account for the changes in in-

solation throughout the Holocene and examined the

change in ENSO activity in that model. They concluded
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that ENSO activity was reduced in the ZCM because

changes in the strength and seasonality of the trade winds

created an unfavorable environment for the growth of

an incipient ENSO event in the early Holocene com-

pared to the modern day. In particular, they argued that

stronger trade winds in late summer inhibit the growth

of ENSOby reducing the amplitude of the westerly wind

stress anomalies associated with the growing ENSO

event and, thus, altering themix of processes that govern

the response of the ocean to a canonical surface stress

perturbation.

Otto-Bliesner et al. (2003) and Braconnot et al. (2011)

noted that the seasonality of the climatological trade

winds in the early Holocene model simulation was dif-

ferent from that in the modern-day simulations and that

the differences were similar to those reported byClement

et al. (2000). On the basis of these similarities they hy-

pothesized that the changes in the seasonality of the

trades in their simulations were responsible for the re-

duction in ENSO variance in the early Holocene, in-

voking the same argument as Clement et al. (2000). Our

analysis of the output from these two experiments using

LOAM demonstrates that this is likely not the case. In

isolation, changes in the climatological trades (cf. LOAMp

and LOAMp1 tatm) and in the seasonality of the winds

[LOAMp 1 cyc(Tatm)] both act to slightly increase the

variance of ENSO. This is because the ocean’s response

to a canonical zonal wind anomaly is greater for a greater

climatological wind stress.

LOAM shows that ENSO variance is reduced in the

early Holocene in the CSM because the mean state SST

is decreased (cf. LOAMp and LOAMp 1 Tatm). At 8.5

ka the mean SST modeled by CSM is colder than in the

modern-day run, which results in atmospheric heating

anomalies that are smaller. This then leads to a weaker

wind stress response to SST anomalies and, thus, re-

duces the coupling between the atmosphere and the

ocean. LOAM also shows that at 8.5 ka the ocean mean

states support a less stable ENSO mode because of a

shoaling of the thermocline that increases the SST re-

sponse to movements in the thermocline; ocean mean

state changes are also responsible for an eastward shift

of the center of action, which lengthens the period of the

ENSO mode. Therefore, when taken in isolation, the

changes in the ocean and atmosphere mean states ren-

der the ENSO mode less and more stable, respectively;

when all mean state changes are taken together, the

ENSO mode becomes more stable.

Why do the changes in the trade winds act to amplify

the variance of ENSO in LOAM with CSMmean states

yet decrease it in the ZCM? One possibility is that there

are differences in the changes in the trades in these two

models that are important for ENSO; these differences

are inevitable because changes in the trades in the ZCM

are solely due to coupled atmosphere interactions in the

tropical Pacific, while in the GCMs they are due to the

global response to insolation forcing—including the re-

sponse of the monsoons. However, a more likely source

for the different response is a fundamental difference in

the actual question that the model configurations an-

swered. By incorporating mean state data into LOAM

we ask the question: for a given mean state in the trop-

ical Pacific how does ENSO behave? The question as

posed by Clement et al. (2000) is: how does ENSO re-

spond to an anomalous seasonally varying surface

heating in the tropical Pacific? Although an anomalous,

seasonally varying heating will result in a change in the

mean state in the ZCM, this change manifests itself as

a systematic time-averaged change in the anomaly fields

calculated by the model—the very same anomaly fields

that describe the evolution of ENSO. Therefore, the

model does not describe howENSO changes in response

to a change in the mean state. Roberts (2007) used the

ZCM2 to examine the seasonality hypothesis and found

ENSO variance is reduced in the early Holocene be-

cause of a nonlinear saturation in the model’s equation

for subsurface temperature: linearizing about the early

Holocene climate simulated by the ZCM (treating a

change in the mean of the anomalies as a change in the

mean state), the ENSO mode is actually more unstable

in the early Holocene than in the modern climate in the

ZCM.

Brown et al. (2008), in analyzing the mid-Holocene

and modern-day simulations using the HadCM3 model,

also noted changes in the climatological trade winds in

the early Holocene that were similar to those found in

the ZCM, so they too hypothesized that the changes

in the seasonality of the trades were responsible for the

reduction in ENSO variance in the mid-Holocene in the

HadCM3 simulations. Again, this hypothesis was made

on the basis of observed similarities betweenmean states:

it was not diagnosed. LOAM shows that, to the contrary,

ENSOactivity inHadCM3 is reduced in themid-Holocene

because the mean zonal currents become weaker and the

thermocline in the model becomes more diffuse. For

a canonical wind stress anomaly, this reduces the ampli-

tude of SST anomalies generated by anomalous advec-

tion acting on the zonal mean SST gradient and reduces

the SST anomalies produced by movements in the ther-

mocline. Therefore, the ENSO mode is stabilized by re-

ducing the amplitude of the Bjerknes feedback.

Finally, a more recent study by Chiang et al. (2009)

shows that it is possible to explain the reduction in

2The version of the ZCM described in Battisti (1988).
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ENSO activity by changes to the noise that forces

ENSO. Their coupled model is constructed so that the

mean state in the tropical Pacific cannot change; thus,

any change in ENSO variance is entirely because of

changes in the stochastic forcing. They identify the domi-

nant source of this stochastic forcing in their model as the

seasonal footprinting mechanism (SFM) ( Vimont et al.

2003). In a follow-up, Chiang and Fang (2010) showed

that a change in the strength of the atmospheric eddies

in the wintertime North Pacific is responsible for the

reduced stochastic forcing by the SFM in their 6-ka run.

Since the SFM is the dominant source of stochastic forcing

in observations and in some models (e.g., Chiang et al.

2009), we examined the early/mid-Holocene and modern-

day simulations from the CSM and HadCM3 models for

evidence of a change in the SFM.

In the CSM we found no significant change in the

SFM, which is consistent with the results from LOAM:

they showed that the mean state changes alone can ex-

plain the change in ENSO variance. In HadCM3 we also

found no significant change in the SFM. Since our ex-

periments with LOAM indicate that the changes in the

mean state in HadCM3 should have caused a much

greater reduction in the variance of ENSO during the

mid-Holocene, this suggests that there is a net decrease

in the amplitude or efficiency of the stochastic forcing

of ENSO compared to the modern day. As there is no

change in the amplitude of the SFM forcing, the source

of the differences in stochastic forcingmust lie elsewhere.

6. Conclusions and implications

The spatiotemporal structure of ENSO is extremely

sensitive to the structure of the mean state of the at-

mosphere and upper ocean in the tropical Pacific (Zebiak

1985; Battisti and Hirst 1989; Thompson and Battisti

2001; Neelin et al. 1998; Penland and Sardeshmukh

1995), as well as to uncoupled stochastic weather forc-

ing. Changes in external forcing will cause changes in the

climatological distribution of SST, ocean currents, ther-

mocline depth, and surface wind, and so on—each of

which affects the spatiotemporal characteristics of ENSO.

Hence, it is a daunting challenge to understand how and

why ENSO will change when there is a change in the

forcing of the climate system (e.g., greenhouse gas con-

centration or insolation)—whether it be from proxy

observations of the mean state or a high-end atmosphere–

ocean climate model.

Here we demonstrate that a new offline tool, called

LOAM, can be used to understand the impact of the

(changing) mean state of the atmosphere–ocean system

in the tropical Pacific on the spatiotemporal variability

of ENSO. We apply LOAM to the modern-day and

early/mid-Holocene simulations that were previously

performed using the HadCM3 and CSM climate models

[see Brown et al. (2008) and Otto-Bliesner et al. (2003),

respectively]. We show that, when the mean fields from

the modern-day and early/mid-Holocene simulations

are inserted into LOAM, LOAM reproduces the spa-

tiotemporal variability simulated by the climate models,

including reduction in the variance of ENSO in the

tropical Pacific. The leading eigenmode (Floquet mode)

of LOAM is recognizably the ENSOmode found in each

of the climate model simulations, and therefore the

changes in the spatial structure of the variance are also

captured by LOAM. We show that in both of these cli-

mate models, the variance of ENSO in the early Holo-

cene is reduced compared to their respectivemodern-day

simulation because of the impacts of the mean state

changes on the structure (CSM) and stability (HadCM3)

of the ENSO mode.

Interestingly, the mean state changes responsible for

stabilizing the ENSO mode in the CSM are entirely

different from those that are important for stabilizing

the ENSO mode in the HadCM3 model. By swapping

the isolated mean state variables from the early Holo-

cene into and out of LOAM (with otherwise modern-

day mean fields), we show that the ENSO mode in the

CSM model is stabilized in the early Holocene because

the mean state SST is reduced compared to the modern-

day simulation. This reduces the atmospheric response

to a canonical SST anomaly through the relationship

between water vapor and SST via the Clausius–Clapeyron

dependence with fixed surface relative humidity, thus

weakening the Bjerknes feedback. In contrast, analo-

gous experiments using LOAMand themean state fields

from the HadCM3 model show that the ENSO mode is

stabilized in the mid-Holocene simulation because the

zonal currents and thermocline along the equator are

weaker than in the modern simulation. This reduces the

response of the ocean to a canonical wind stress anom-

aly, thus weakening the Bjerknes feedback.

The profound differences in the impact of the mean

state changes in these two models is further illustrated

by considering the impact of the (isolated) ocean mean

state changes on ENSO. In HadCM3 the changes in the

mean state ocean during the mid-Holocene are the key

to stabilizing the ENSO mode and reducing the ENSO

variance, while in the CSM the oceanmean state changes,

when considered in isolation, greatly destabilize the

ENSO mode. Conversely, when considering the atmo-

sphere in isolation, the changes in the mean state lead

to a dramatic increase in the stability of the ENSOmode

in CSM, whereas they have a negligible impact on

HadCM3. Furthermore, changes in the ocean mean

state have no impact on the structure of the variability in
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the HadCM3 simulation, while in the CSM the ocean

mean state changes greatly affect the spatial structure

and period of the ENSOmode, thus the pattern of tropical

variability.

A number of gross metrics and simple model fits have

been proposed to categorize the nature of ENSO in

models (e.g., Jin et al. 2006; Guilyardi 2006; Lloyd et al.

2009; Guilyardi et al. 2009, and references therein). Our

analysis of the CSM and HadCM3 climate model sim-

ulations using LOAM illustrates the importance of

performing an analysis of the full mean state changes

when evaluating the impact of forcing on the variability

of ENSO. They also illustrate the danger in applying

intuition, gross metrics, and simple models for evaluat-

ing whyENSO changes in a climatemodel. For example,

the processes that turn out to be most important for the

reduction of ENSO in both of the climate models ex-

amined in this paper differ from those hypothesized, but

not diagnosed, in the papers that first described these

GCM simulations (cf. the last two columns in Table 1).

To unambiguously discern how ENSO responds to

forcing, theory, and the results from this study starkly

demonstrate the importance of using either cleverly

designed, expensive (and illusive) experiments with full

climate models or an analysis of the climate model

output with an offline model, such as LOAM, that takes

into account the full changes in all of the mean state

fields, including the important spatial structure in the

mean fields (e.g., the rich two-dimensional structure in

SST that is so important for the atmospheric response

to an SST anomaly). Of course, the utility of LOAM is

limited to analyzing GCMs that support variability in

the tropical Pacific that is well described by linear

physics, such as the CSM and HadCM3 models (and

the observations).

We have shown that this system for calculating mean

states from GCM output and incorporating them into

LOAM can yield insights into the coupled response of

ENSO tomean state changes. It is, therefore, hoped that

this tool will be widely used to further our understanding

of ENSO in both nature and in models. For example, we

can use the tool to investigate howENSOwill respond to

the projected increase in greenhouse gases or to changes

in forcing further back in time, such as in the Pliocene.

The model can also be used to diagnose the impact of

mean state biases on the ENSO supported by a climate

mode.

Why was ENSO actually reduced in the early Holo-

cene in comparison to the modern climate? This might

be an unanswerable question. We have described how

two climate models reduce the ENSO variance by way

of mean state changes that stabilize the ENSO mode in

the early/mid-Holocene compared to the modern day.

We found that they did so for entirely different reasons.

Unfortunately, it will be difficult to evaluate the veracity

of either of the two models using proxy data because the

mean-state SST changes that stabilize the ENSO mode

in the CSM are modest compared to the uncertainty in

proxy indicators of SST, and we do not have proxy data

of the structure of the thermocline along the equator,

a quantity that was important to both HadCM3 and

CSM. Furthermore, Cobb et al. (2013) present results

that indicate the variance of ENSO throughout much of

the Holocene (from 7000 ka to AD 1500) was consis-

tently reduced compared to the last 400 or so years. This

suggests that the variance of ENSOmay also be affected

by processes other than orbitally forced mean state

changes, processes that are as yet unknown.
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