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The effect of doubled CO2 and model basic state biases on
the monsoon-ENSO system. II: Changing ENSO regimes

A. G. Turner,* P. M. Inness and J. M. Slingo
Walker Institute, University of Reading, UK

ABSTRACT: Integrations of a fully-coupled climate model with and without �ux adjustments in the equatorial oceans
are performed under 2× CO2 conditions to explore in more detail the impact of increased greenhouse gas forcing on the
monsoon-ENSO system. When �ux adjustments are used to correct some systematic model biases, ENSO behaviour in the
modelled future climate features distinct irregular and periodic (biennial) regimes. Comparison with the observed record
yields some consistency with ENSO modes primarily based on air-sea interaction and those dependent on basinwide ocean
wave dynamics. Simple theory is also used to draw analogies between the regimes and irregular (stochastically forced) and
self-excited oscillations respectively. Periodic behaviour isalso found in the Asian-Australian monsoon system, part of an
overall biennial tendency of the modelunder these conditions related to strong monsoon forcing and increased coupling
between the Indian and Paci�c Oceans. The tropospheric biennialoscillation (TBO) thus serves as a useful descriptor for
the coupled monsoon-ENSO system in this case. The presence of obvious regime changes in the monsoon-ENSO system
on interdecadal timescales, when using �ux adjustments, suggests there may be greater uncertainty in projections of future
climate, although further modelling studies are required to con�rm the realism and cause of such changes. Copyright�
2007 Royal Meteorological Society
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1. Introduction

Climate change will have uncertain socio-economic
impacts on the agrarian societies of Southeast Asia
through their dependence on the rainfall associated with
the Asian-Australian monsoon system. The uncertainty in
these predictions of the future monsoon climate is height-
ened by systematic model bias. Fully-coupled climate
models possessing different systematic biases will present
a different response to increased greenhouse gas forcing
(e.g. Meehlet al., 2000). Part I of this study (Turner
et al., 2007, hereafter TIS07) has shown that partial �ux
corrections may be used to make some assessment of the
impact of systematic model bias on future climate change
projections. Indeed TIS07 found that �ux adjustments
increased the response of the monsoon-ENSO system to
increased greenhouse gas forcing. These results include
an increase in the seasonal mean monsoon precipitation
and its interannual variability, an increase in ENSO vari-
ability, and a robust teleconnection between it and the
monsoon. Several issues remain outstanding, however,
including a shift in ENSO frequency and the presence of
marked climatic regimes.

Figure 1 shows the Niño-3 region (5°N–5°S, 150–
90°W) anomaly index for the integration of the Uni�ed

* Correspondence to: A. G. Turner, Walker Institute for Climate Sys-
tem Research, Department of Meteorology, University of Reading, PO
Box 243, Earley Gate, Reading, RG6 6BB, UK.
E-mail: a.g.turner@rdg.ac.uk

Model with tropical Indo-Paci�c heat �ux corrections
(HadCM3IPFA) performed under 2× CO2 conditions.
Immediately obvious are the multi-decadal timescale
changes in ENSO behaviour. Initially, the system of El
Niño-La Niña oscillations seems to follow irregular, long-
period events of small amplitude. Later, large amplitude
events are more common, which invariably feature a strict
biennial period, i.e. La Nĩna directly following El Nĩno,
and vice versa. This behaviour raises several questions,
not least the possible impact of such regime changes
should they occur in the real world under increasing
CO2 concentrations. The issue of the realism of such
multidecadal-timescale changes must also be addressed.

In the observed record, marked climatic shiftswere
observed in the late-1970s, e.g. in the North Paci�c circu-
lation (Trenberth and Hurrell, 1994) and tropical Paci�c
coral records (Urbanet al., 2000). These changes have
been associated with shifts in El Niño-La Niña behaviour,
ranging from predominantly short period, low amplitude
events prior to 1976 and large amplitude events of 4–5
year period afterwards (Guilyardi, 2006). The change in
ENSO behaviour can be related to changes in the mean
thermocline depth in simple coupled models (Federov and
Philander, 2001), however Wang and An (2002) regard
observed thermocline changes as uncertain and instead
attribute it to decadal timescale variations in the mean
state of equatorial winds and associated upwelling. It
remains dif�cult to determine whether changes to the
thermocline are directly related to changes in the basic

Copyright � 2007 Royal Meteorological Society
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Figure 1. Timeseries of seasonally-adjusted Niño-3 SST anomalies in the HadCM3IPFA 2× CO2 integration. The regimes chosen for analysis
are indicated: irregular (dot-dashed) years 1–35 inclusive and biennial (dotted) years 46–80 inclusive.

state above the surface, or are independent of the local
atmosphere and linked to subduction of warmer water
from higher latitudes (Guilderson and Schrag, 1998).

Changing ENSO behaviour in the Paci�c also in�u-
ences monsoon variability. The study of Slingo and
Annamalai (2000) compares the impact of developing El
Niño events in 1982, 1987 and 1997 on the monsoon
summer. They argue that particularly strong events such
as 1997 could lead to different wind regimes acting on
the monsoon, through modulation of the local Hadley cir-
culation. This would help explain the normal monsoon of
1997 despite strong forcing from the Paci�c. Annamalai
and Liu (2005) also noted that ENSO events pre- and
post-1976 affect the monsoon in different ways, those in
the earlier period having a more consistent impact.

In addition to the impact of climatic shifts in the back-
ground state of the Paci�c Ocean, the tropospheric bien-
nial oscillation (TBO) may also have a role to play in
future monsoon variability, given the known strong bien-
nial component to Asian monsoon rainfall (see, e.g. Moo-
ley and Parthasarathy, 1984 for India; Shen and Lau, 1995
for China). The biennial tendency of the monsoon-ENSO
system seen in the TIS07 study may have a profound
impact on monsoon predictability. Indeed Indo-Paci�c
variability on biennial timescales offers a particularly
simple method of prediction, strong monsoons being fol-
lowed by low rainfall in the following summer season,
and vice versa. These Asian summer anomalies persist
into the boreal winter season and the Australian monsoon,
thus forming a ‘monsoon year’ representing a strong or
weak annual cycle (Yasunari, 1991). Ogasawaraet al.
(1999) showed that such persistence could be simulated in
the MRI coupled GCM. Boreal spring season can feature
a change in sign of precipitation anomalies, a manifes-
tation of the predictability barrier (Webster and Yang,
1992). The bienniality of the tropical ocean-atmosphere
system is thus governed by the occurrence of the spring
transition, as studied by Meehl and Arblaster (2002a,
2002b) and Meehlet al. (2003). Whilst the autumn per-
sistence can be explained by modi�cations of the cli-
matological progression of convection as it passes from
India to Indonesia, mechanisms for the transition are

more complex. Meehl (1997) notes the importance of the
meridional contrast in tropospheric heating, adjustments
to which can alter the large scale forcing for the monsoon
�ow. Anomalous tropical convection elsewhere can alter
the midlatitude circulation, and allow the maintenance of
temperature anomalies over South Asia over boreal win-
ter and spring. These are then able to set up anomalous
meridional temperature contrasts ahead of the next sum-
mer monsoon. Similarly, Osagawaraet al. (1999) suggest
that a stationary Rossby wave response is established over
South Asia due to the Indonesian/Australian monsoon in
boreal winter. This low-level anticyclone favours persis-
tent cold air advection over Eurasia, easing the merid-
ional temperature contrast and weakening the following
South Asian monsoon. However, other studies such as
Loschnigget al. (2003) and Meehlet al. (2003) highlight
the role of Indo-Paci�c Ocean processes, in particular
that played by the Indian Ocean zonal mode. Anomalous
Indian Ocean SSTs are allowed to persist over several
seasons via the cross equatorial transportation of heat
content anomalies, setting conditions for the Asian mon-
soon the following summer.

This study considers the impact of doubled CO2

concentration on an integration of the HadCM3 model
with partial �ux corrections, and the associated biennial
tendency of the monsoon-ENSO system under such
conditions. The regime-like behaviour seen in Figure 1
is assessed. Section 2 describes details of the integration
and data selection process involved in determining the
different regimes, whilst section 3 looks at the mean
climate differences between the two regimes. Section 4
considers the regimes in terms of simple, theoretical and
observed ENSO modes. The overall biennial tendency
of the Indo-Paci�c region is discussed in section 5, and
conclusions are drawn in section 6.

2. The GCM integration and data selection

This study analyses data from the HadCM3IPFA 2×
CO2 integration presented in TIS07 (part I of this paper),
which possesses a strong tendency toward biennial con-
ditions. To fully explain the tendencies in the coupled
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system of HadCM3IPFA at 2× CO2 , analysis is also
included of the uncorrected model under 1× CO2 (pre-
industrial) and 2× CO2 conditions, in addition to the
HadCM3IPFA 1× CO2 integration from Turneret al.
(2005).

ENSO behaviour of the HadCM3IPFA 2× CO2 inte-
gration was shown in Figure 1. To study this behaviour
in more detail, the integration has been split into two
segments as shown in the �gure. The 35-year period of
predominantly irregular ENSO behaviour (years 1–35
inclusive), as well as a period during which the bien-
nial oscillation dominates (years 46–80 inclusive), have
been selected to be of equal length. That the behaviour in
these periods seems reasonably constant allows the usual
ENSO statistics to be considered for each in turn. In addi-
tion, the impact this biennial tendency may have on the
behaviour of the mean monsoon and its predictability will
be assessed.

To show that the regime behaviour is a general charac-
teristic of HadCM3IPFA, a second 2× CO2 integration
of HadCM3 has been carried out using different ini-
tial conditions, and its Nĩno-3 behaviour is shown in
Figure 2. The biennial tendency is replicated, although
there is a more general spread of biennial and irregular
events. The transitions between such events appear to be
occurring at random. Without �ux adjustment, HadCM3
at 2× CO2 does not present regime-like behaviour or
obvious biennial characteristics (TIS07 Figure 8), so the
model is clearly capable of realistic ENSO simulation.
The remaining analysis will concentrate on the �rst inte-
gration.

3. Differences in mean climate and ENSO
characteristics

The �rst assessment of the ENSO regimes depicted in
Figure 1 will be to consider the differences between
their mean climates. Figure 3 shows the difference in
surface temperature, 850 hPa winds and daily precipi-
tation between the annual means of the two regimes.
The central equatorial Paci�c of the biennial regime
is cooler, with bands of slight warming to the north
and south. The Indian Ocean north of the equator and

Indian land surface are slightly cooler, whilst the Mar-
itime Continent is warmer, although not signi�cantly so.
The lower tropospheric wind differences in Figure 3(b)
show a signi�cant Gill response to diabatic heating over
the Maritime Continent (Gill, 1980), i.e. both westerly
and easterly in�ow into the region along the equator.
This in�ow originates from further across the Paci�c
than the Indian Ocean, consistent with Gill’s model. The
warming of the Maritime Continent and increased low-
level convergence above form part of a coupled system
with signi�cant increases in precipitation (Figure 3(c)),
of up to 2 mm·dayŠ1. Although the Indian subcontinent
features little precipitation change in the annual mean,
summer (JJAS) rainfall over the north west Bay of Ben-
gal and far north of India also see signi�cant increases
(up to 2 mm·dayŠ1, not shown). Changes in the east
Paci�c are dominated by the boreal winter season, con-
sisting of strong warming and consequent slackening of
the zonal temperature gradient on the equator. This sur-
face temperature pattern contributes to a complex wind
and precipitation annual mean response in the central to
east Paci�c.

Beneath the surface of the Paci�c, the temperature
structure (Figure 4) reveals marked differences. The
thermocline depth (measured using the 20°C isotherm)
is noticeably increased during the biennial regime. This
is particularly clear in the east Paci�c, where warming
at the surface and associated reduced upwelling lead to
a thermocline that is some 30 m deeper. Shoaling of the
west Paci�c warm pool in the 150–180°E region of the
biennial regime (as measured by the 28°C isotherm) is
related to cooling on the surface which extends to depths
of more than 100 m, as seen in Figure 4(c). The mean
climate difference of the two regimes, particularly in the
surface and subsurface temperature �elds, has important
repercussions which will be returned to later.

Returning to ENSO and behaviour in the east Paci�c,
Figure 5 shows statistics of the Niño-3 region. Figure 5(a)
indicates that the biennial regime undergoes a smaller
annual cycle than the irregular regime, although this
change is much smaller than that due to 2× CO2 , which
is in the range 1.5–2°C. The month-by-month interan-
nual variability is considered in Figure 5(b), where the
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Figure 2. Timeseries of seasonally-adjusted Niño-3 SST anomalies in the 2nd HadCM3IPFA 2× CO2 integration. Boxed regions are indicative
of biennial oscillation.
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Figure 3. HadCM3IPFA 2× CO2 annual mean climate difference between the biennial and irregular regimes selected in Figure 1 for (a) surface
temperature (K), (b) 850 hPa winds (msŠ1) and (c) daily precipitation (mm dayŠ1). Negative (positive) contours are solid (dashed). Zero line is
long-dashed on temperature plot, contour interval is 0.2 K. Unit wind vector is 3 msŠ1. Zero line is omitted from precipitation plot and contours
are at± 0.5, 1, 2, 4, 8 mm dayŠ1. Light (dark) shading indicates signi�cance at the 95%level using a student t-test over negative (positive)

anomalies. All indicated wind vectors are signi�cant at this level.

biennial ENSO oscillation is clearly much more strongly
phase locked to the seasonal cycle than during the irreg-
ular oscillation. Variability at the spring minima is also
slightly lower in the biennial regime. A measure of this
is the seasonal phase lock index (inter-monthly standard
deviation of the curves in Figure 5(b)), values of which
are 0.49°C for the biennial regime whilst only 0.20°C
during the irregular period. These �ndings are consistent
with Guilyardi (2006) who found that a smaller annual
cycle could be more easily disturbed, and would allow
El Niño-La Niña oscillations of larger amplitude, in his
study of the multi-model ensemble assessed for the IPCC
AR4. (These are hereafter named the IPCC AR4 integra-
tions and are made available through the WCRP CMIP3
multi-model dataset archived at PCMDI.) Further con�r-
mation can be found by looking at power spectra, which
are shown for each regime and the model integrations
for comparison in Figure 5(c). The ENSO oscillation is
seen to be stronger than the annual cycle in the biennial
regime, whilst the irregular regime features low power
across a broad range of ENSO frequencies. Looking at
the normalising factors con�rms that the annual cycle is
indeed weaker during the biennial regime. The spectra
also indicate that the doubling of CO2 in HadCM3 has
caused no overall shift in the interannual peak, consis-
tent with studies such as Zelleet al. (2005) and Guilyardi

(2006), which found no signi�cant or consistent changes
in ENSO period. The tendency toward shorter oscilla-
tions in HadCM3IPFA 2× CO2 is supported, however,
by Merry�eld (2006) who noted such a change when
measuring the median period in IPCC AR4 integrations.

In order to further understand the differences between
El Niño and its interaction with the annual cycle in the
two regimes, the behaviour at depth is considered over
time. Figure 6 shows the evolution of 20°C isotherm
depth anomalies (D20), a proxy for thermocline depth
and thus heat content of the upper ocean, in each of the
regimes. The irregular period shows more evidence of
the annual cycle in the east Paci�c, seasonal upwelling
bringing cold waters to the near surface and raising
the 20°C isotherm. The annual cycle dominates over
ENSO for much of the regime, with the exception of
La Niña-shoaling in winters of years 12, 21 and 28.
Also evident are persistent El Niño events spanning the
central Paci�c, most notably from year 5 onwards. During
the biennial regime, shoaling and deepening on ENSO
timescales clearly over-powers the annual cycle in the
east Paci�c, con�rming the dominance of ENSO over
the annual cycle seen in Figure 5(c). Finally, the biennial
regime suggests fully basinwide eastward propagation at
depth in both ENSO phases, an important point which
will be returned to later.
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4. Classifying regimes in terms of simple model and
observed ENSO modes

Before considering the reasons for the biennial tendency
in this model, some simple model studies will be used to
draw analogies with the irregular and biennial regimes.
Jin (1997) used a simple coupled basin-wide oscillator of
the tropical (Paci�c) ocean-atmosphere system to explain
the low frequency nature of ENSO in terms of a recharge
oscillator, essentially incorporating delayed oscillator
theory (Suarez and Schopf, 1988; Battisti, 1988) without
an explicit time delay. The phase change of the oscillation
is instead governed by recharging and discharging of
heat from the thermocline, where the equatorial heat
content (zonal mean thermocline depth) increases prior
to El Niño, and falls (discharges) afterwards. The usual
positive (Bjerknes) feedback is included as the growth
mechanism.

Jin (1997) highlights the dif�culty in classifying ENSO
as a simple oscillator behaving as a single mode, and
describes different regimes ranging from a limit cycle
perturbed by noise, to a decaying oscillator sustained
by noise. The regularity of the biennial regime in
HadCM3IPFA, with its strong phase locking to the
annual cycle (Figure 5(b)), suggests it is analogous
to the self-excited limit cycle as in Jin (1997). An
assessment of the high frequency characteristics of the

two regimes (not shown) reveals that the irregular regime
features increased variability, both on synoptic (westerly
wind event) and intraseasonal (MJO) timescales. This is
consistent with the stochastic forcing required to excite
El Niño in Jin’s model. Wanget al. (1999) de�ne El Nĩno
modes in a similar fashion in their stochastically forced
nonlinear dynamics model.

In both studies, the transition between these two states
is governed by the atmosphere-ocean coupling strength,
a critical bifurcation value marking the switch between
the two regimes. In Jin’s system, coupling strength
is speci�ed as a constant of proportionality between
zonal wind stress and SST anomaly. Whilst a detailed
examination of bifurcation points in our coupled system
will be the subject of another study, here the coupling
strength will be estimated as the linear-�t gradient of the
response of monthly zonal surface wind anomalies in the
Niño-4 region to Nĩno-3 SST anomalies, after Guilyardi
et al. (2004). To make sense of the separate in�uences
of increased CO2 and the applied �ux corrections, the
gradients for all model integrations and the two regimes
are summarized in Table I. Not only do the values
indicate increased coupling when the model undergoes
�ux adjustment, but also when CO2 concentration is
doubled. Thus, both factors should provide a tendency
towards a limit-cycle, consistent with the higher coupling
strength during the biennial rather than irregular regime.
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Some simple models of the Paci�c basin (e.g. Zebiak
and Cane, 1987) suggest that increasing coupling strength
should give oscillations of longer period. This is contrary
to the period shortening seen in HadCM3IPFA 2× CO2

and will be addressed later.
Neelin et al. (1998) describe observed El Niño modes

as lying on a spectrum of behaviour. At one end,
the thermocline or basinwide mode develops through
a feedback between remote winds and the equatorial
thermocline, encompassing the west Paci�c and featuring

Table I. Gradient of Nĩno-4 surface zonal wind anomalies vs.
Niño-3 SST anomalies (�u �

10/�SST �). 1× CO2 values are
taken from TIS05 Figure 11.

Model 1× CO2 2 × CO2

HadCM3 0.74 0.85
HadCM3IPFA 0.88 0.89

Irregular – 0.80
Biennial – 0.92

subsurface eastward propagation. This mode incorporates
the delayed oscillator mechanism (Suarez and Schopf,
1988; Battisti, 1988), the timescale being governed by
basinwide oceanic adjustment. At the other extreme
SST modes more closely related to zonal advection
and upwelling across the thermocline, and generated
by local SST-wind interaction in the central and east
Paci�c, prevail. These modes feature surface east-to-west
propagation of SST anomalies. Jin (1997) identi�es the
observed SST and basinwide ocean-adjustment modes
with his simple oscillatory modes mentioned earlier
(irregular and limit-cycle regimes respectively). Neelin
et al. (1998) attribute observed ENSO behaviour to a
hybrid of these modes, and Federov and Philander (2001)
too suggest that the dominance of each simple mode may
vary over time, governed by the relative in�uence of
differing mechanisms. The modes will be referred to here
asS-mode(based on SST advection) andT-mode(based
on remote thermocline feedbacks) after Guilyardi (2006).

In order to determine whether these observed modes
are relevant to behaviour in HadCM3, we use a tool
introduced by Trenberth and Stepaniak (2001) to mea-
sure El Nĩno mode evolution over long time series. Their
trans-Nĩno index (TNI) measures the SST gradient across
the equatorial Paci�c basin: the difference between nor-
malised SST anomalies in the far east and west Paci�c,
Niño-1+ 2 (0–10°S, 90–80°W) and Nĩno-4 (5°N–5°S,
160°E–150°W) regions respectively. Thus

TNI = SSTN1+ 2 Š SSTN4. (1)

The TNI is then lag-correlated with Nino-3 SST anoma-
lies, both indices being normalized, and passed through
a 12-year moving window. (Trenberth and Stepaniak
(2001) used Nino-3.4 to represent average SST condi-
tions, but here Nino-3 is used in common with the rest
of this study. Being only slightly further east, this makes
no qualitative difference to the result.) As one component
is effectively the mean of SSTs along the equator and the
other represents zonal gradient, at zero lag they will be
orthogonal. Figure 7 shows the analysis applied to the
HadISST observed dataset (Rayneret al., 2003). At neg-
ative lags (TNI leading Nĩno-3), a negative correlation
indicates largely eastward surface propagation, whereas
a positive correlation indicates predominantly westward
propagation. The reverse is true at positive lags. Before
the late-1970s, the correlation suggests westward propa-
gation, related to the S-mode by Guilyardi (2006). After
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