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Abstract

This chapter reviews recent advances in understanding the diabatic and nonlinear aspects
of ENSO. In particular, it reviews the research leading to the view that averaged over the
decadal or longer time scales, ENSO acts as a basin-scale heat mixer in the tropical
Pacific. This heat mixer regulates the long-term temperature difference between the
surface water in the warm-pool and the subsurface water constituting the equatorial
undercurrent. When this temperature difference is externally forced to increase, the level
of ENSO activity increases. Conversely, when this temperature difference is externally
forced to decrease, the level of ENSO activity decreases. The time-mean effect of ENSO

is to counteract the effect of external forcing on this temperature difference.

This view of ENSO explains the recent trend in the level of ENSO activity in the
instrumental record and sheds light on the behavior of ENSO in the past climates. The
implied response in the level of ENSO activity to global warming, however, is at odds
with the popular prediction by the state-of-the-art coupled climate models. Reasons for
this discrepancy are explored. An inadequate sensitivity of the tropical hydrological cycle
to SST changes in the present coupled models is hypothesized as a possible factor

responsible for the discrepancy.



1. Introduction

The steady increase in the CO2 concentration and other man-made greenhouse gases in
the atmosphere has caused due concern about the future of the state of the Earth’s climate
system (IPCC 2007). A question of prominence is what is the impact of the enhanced
radiative heating in the atmosphere on the amplitude of natural variability in the climate
system, in particular, those natural modes that have a global reach in causing climate
anomalies (Trenberth et al. 1998; Glantz 2001 McPhaden et al. 2006). On this radar
screen, ENSO figures prominently. ENSO not only causes anomalies in the seasonal
mean temperature and precipitation world-wide (Ropelewski and Halpert 1996, Hoerling
and Kumar 2003, Huang and Wu 1989, Wang et al. 2008, Penland et al., this volume), it
also affects the statistics of the extreme weather events, such as hurricanes/typhoons
(O’Brien and Richards 1996) and mid latitude severe storms (Barsugli et al. 1999, Cayan
et al. 2000, Meehl et al. 2005). Arguably, how the enhanced radiative heating due to the
increasing CO2 concentration in the atmosphere influences ENSO is one of the most

important questions in the science of global climate change.



The most sophisticated tools to address this question are the state-of-the-art of the
coupled models, but the biases in the simulated tropical Pacific climate by these models
undermine the confidence in the results from these models (Sun et al. 2006, Lin 2007,
Guilyardi et al. 2009, Sun et al. 2009). The complexity of these models also hinders
understanding. The original theoretical framework developed to explain ENSO as a
climate anomaly growing and decaying about a prescribed mean climate state (Zebiak
and Cane 1988 and others), has shed important light onto this question (Clement et al.
1996, Cane et al. 1999). Because the Z-C model is an anomaly model and does not have
an explicit heat budget for the subsurface ocean, the response of this model to an increase
in the radiative heating is subject to question (Cane 2004). The Z-C model also left the

feedback from ENSO onto the mean climate unaddressed.

This chapter attempts to provide a more systematic examination of the relationship of
ENSO with radiative heating over the Pacific Ocean, assess and delineate the collective
effects of ENSO on the mean state. Because of the length restriction, the material
reviewed will be focused on the research by the author and his collaborators. The goal is
to present an extended picture of ENSO that not only reaffirms the importance of the
dynamics coupling—the Bjerknes feedback-- in giving rise to this important phenomenon

(see review by Neelin et al. 1998), but also highlights a fundamental force that set the
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background stage for this positive feedback to operate---the meridional differential
heating over the Pacific ocean. This force destabilizes the coupled tropical ocean-
atmosphere through its impact on the temperature difference between the warmpool SST
(Tw) and the equatorial thermocline water (Tc) (Sun 2003, Sun et al. 2004). More
importantly, it will be shown that by repeatedly sloshing the tropical upper ocean water,
ENSO acts as basin-scale heat mixer that regulates the long-term mean value of this

temperature contrast (Sun and Zhang 2006, Sun 2007).

This extended picture of ENSO suggests an interesting scenario for the response of
ENSO to global warming. During the initial stage of global warming, Tw-Tc is likely to
increase due to the forcing from global warming. An elevated ENSO activity then ensues
in response. During the late stage of global warming, however, Tw-Tc is likely to
decrease in response to the flux of warmer extratropical surface water to the subsurface of
the equatorial Pacific. Then the level of ENSO activity may reduce. Do observational
data support this scenario? Do the results from the state-of-the-art models support this
scenario? If not, why? This chapter also attempts to provide some discussion about these

questions that may be useful for further research.



This chapter is organized as follows. We first review the theoretical progress that has
been made on the diabatic and nonlinear aspects of ENSO. We then present an analysis of
the recent elevation of ENSO activity as a first test of the theory developed. We then
review paleo-climate findings concerning the behavior of ENSO in the past climates and
examine whether the past behavior of ENSO can be explained by the theoretical results.
Finally, we discuss the simulations by IPCC models of the response of ENSO to global
warming, and explain the discrepancies between the model simulations/projections and

the theoretical predictions

2. Theoretical advances:

2.1 Insights from an analytical model

An analytical model was first used by the author to address the question of the impact of
global warming on ENSO (Sun 1997, 2000). The coupled tropical Pacific ocean-
atmosphere system is represented by a few boxes—one box for the atmosphere, two
boxes for the surfaces oceans—the western and eastern surface Pacific--and one box for
the subsurface upper ocean (Fig. 1a). The thermodynamical effect of the atmosphere is to

heat the ocean to a zonally uniform SST (Tw) if not opposed by ocean transport (See Egs.
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(6) and (7) in Sun 2000). (Tw has been called the radiative convective equilibrium SST
and may be regarded as the tropical maxiumum SST or the SST of the warmpool). The
zonal wind stress is coupled to the zonal SST contrast (Eq. (8) in Sun 2000). The
treatment of upper ocean dynamics is based on the recharge and discharge oscillator
model of Jin (1996), but with zonal advection added (see Egs. 11, 12, 13,14 in Sun 2000).
The reference temperature profile for the subsurface box is further assumed to be
determined by a balance between the surface heating from above and the cooling from
upwelling of cold water from below. With realistic parameters, the model simulates the
essential aspects of ENSO including the preferred period, the westward propagation of
the SST anomalies, and the phase relationship between SST and the depth of the
thermocline in the eastern Pacific (Fig. 1bc). The oscillation is not always regular in the
model, depending on the strength of the zonal advection relative to the strength of the
total upwelling, as noted by Timmermann and Jin (2001). Whether ENSO may be more
adequately described as series of events or as a cycle was discussed by Kessler (2002).
The asymmetry of ENSO in this model depends on the reference temperature profile for

the thermocline (Eq. (10) in Sun 2000).

The advantage of using an analytical model is that the behavior of the model in the full

range of its parameter space can be easily obtained. An exploration of the behavior in the
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full range of its parameter space reveals that the system does not have to oscillate. It does
not even have to have substantial zonal SST contrast as we have observed today. The
reason that we have zonal SST contrast and an oscillatory behavior is because the warm-
pool SST is sufficiently high relative to the temperature of the equatorial undercurrent.
These insights are drawn from Fig 2a which shows the equilibrium change of the area
mean SST of the eastern and western Pacific as a function of Tw (or Tw-Tc as Tc is kept
fixed). The figure shows that when the value of Tw is sufficiently low, there is no zonal
SST contrast. As the value of Tw becomes progressively high, the system experiences a
picth-fork bifurcation to create the zonal SST contrast, then a Hopf bifurcation to enter
an oscillatory state. Once the system enters the oscillatory state, the amplitude of

oscillation increases with further increases in Tw (Fig .2b).

Critical for the instability of the steady circulation—the onset of an oscillatory regime-- is
that the temperature of the upwelled water depends strongly on the strength of the flow
rate and that the flow rate (or the thermal forcing that drives the flow) is sufficiently large
relative to the thermal and mechanical damping (Sun 1997). An analogous mechanism is
responsible for the onset of oscillation in the Lorenz system (Lorenzl 963) which is a
low-order approximation of Rayleigh-Benard convection. Indeed, the oscillation in the

present model does not have to be periodic—it can be chaotic (Timmermann and Jin
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2001). Thus, the present explanation for the existence of ENSO may be regarded more
fundamental than the traditional explanation attributing the “turn around” or the phase

change of the ENSO to a delayed feedback from the subsurface ocean.

2.2. An implied role for the extratropics

Further recognizing the water feeding the equatorial thermocline comes from the
extratropics (Pedlosky 1987, McCreary and Lu 1994, Liu et al. 1994), we further
expanded the model to illustrate a possible role of extratropical warming/cooling from the
high latitudes (Fig. 3a). In this model, the temperature of the equatorial undercurrent (7;)
IS directly linked to the extratropical SST (73). The equations governing the equatorial
SST and the depth of the equatorial thermocline are the same as those for the model
shown in Fig. la. Fig.3b shows the mean SST as a function of the extratropical Pacific
SST (Ts). (The dashed lines are for the equilibrium SST that become unstable). The
figure shows that when the value of Ts is sufficiently high relative to the value of Tw,
there is no zonal SST contrast. As the value of T; becomes progressively low, the system
experiences a picth-fork bifurcation to create the zonal SST contrast, then a Hopf
bifurcation to enter an oscillatory state. Once the system enters the oscillatory state, the

amplitude of oscillation increases with further decreases in T; (Fig.3c). Thus, it appears



that the extratropical cooling has the same impact as that from the tropical heating on the

zonal SST contrast and the amplitude of ENSO.

2.3 Results from a numerical model

We then replaced the box model by NCAR’s Pacific basin model—the primitive equation
model of Gent and Cane (1989). Details of the hybrid coupled model are provided in Sun
(2003) and Sun et al. (2004). The results from this more complicated model confirm the
results from the analytical model (Fig. 4ab): either an increase in the tropical heating or
an increase in the extratropical cooling may increase the amplitude of ENSO. Note that
the impact from the extratropical cooling on the level of ENSO activity is not immediate,
but with a delay (Fig. 4b). This is because it takes time for the cold surface water of the
extratropical ocean to reach the equatorial subsurface via the subduction process
(Pedlosky 1987, McCeary and Lu 1994, Sun et al. 2004). As in the box model, annual

cycle is not included in this hybrid model.

2.4. Feedback from ENSO onto the mean state
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The results from the hybrid model also reveals that ENSO changes may feedback onto
the mean climate state (i.e., its background state), in particular, onto the difference
between the warm-pool SST (Tw) and the temperature of the equatorial undercurrent
(Tc). Table I lists results from three pairs of experiments designed to contrast the
response of Tw, Tc, and Tw-Tc, in response to an enhanced tropical heating between the
case with ENSO and the case without ENSO. (The case without ENSO refers to a case in
which the equatorial ocean-atmosphere is not dynamically coupled: the winds are
constant). In all three pairs, the response in Tw-Tc to tropical heating is much reduced in

the case of ENSO than in the case without ENSO.

Fig.5a and Fig.5b provide a more detailed look of the response in the time-mean
temperature of the equatorial upper ocean. These two figures show respectively the
equatorial temperature differences (5°S--5°N) between the control run and the perturbed
run for the case without ENSO (Fig.5a) and for the case with ENSO (Fig. 5b). Without
ENSO, the warming of the tropical ocean is essentially confined to the surface layer with
the response in the western Pacific being slightly deeper than in the eastern Pacific. With
ENSO, the response extends to the themocline. While the thermocline water is much

warmer in the case with ENSO, the response at the surface western Pacific is reduced.
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This feedback of ENSO as evident in Fig. 5 is linked to the asymmetric response in the
two phases of ENSO. Stronger La Nina is accompanied with stringer winds which
enables more heat to be pumped downward to the subsurface ocean--the western Part of
the ocean in particular in the equatorial region. Fig. 6a shows the upper ocean
temperature changes during La Nina events in response to the enhanced tropical heating.
The thermocline is deeper in the western Pacific consistent with the stronger zonal winds.
Fig.6b shows the temperature differences in the warm-phase. Stronger El Nino events
then warm the upper ocean in the central and eastern Pacific. Averaged over the cold and

warm phases, the heat is “mixed” downward across the basin.

The feedback of ENSO onto the mean climate also shows up in the extratropical cooling
experiments. A typical response in the time-mean temperature of the equatorial upper
ocean (5°S--5°N) to an enhanced extratropical cooling is shown in Fig.7a for the case
without ENSO and in Fig.7b for the case with ENSO. Without ENSO, the equatorial
thermocline water (Tc) is cooled by about 1°C by the imposed cooling over the
subtropical surface ocean. The cooling of the equatorial ocean is largely confined to the
subsurface--the cooling of the western Pacific SST (Tw) is negligible. With ENSO, the
cooling of the thermocline water is reduced down to about 0.5°C while the cooling of the

surface western Pacific is enhanced by about the same amount.
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Fig. 8 further shows a meridional section of the ocean temperature change at the central
Pacific. Again, the left is the case without ENSO, and the right panel is for the case with
ENSO. The role of subduction in carrying the cooling from the extratropics to the
equatorial subsurface is evident in the case without ENSO. With ENSO, the equatorial
region and the high latitudes appear to be disconnected, particularly in the north
hemisphere. This may provide an explanation for why it is difficult to trace decadal
temperature anomaly in the real world all the way from the extratropics to the equatorial
Pacific (Deser et al. 1996, Schneider et al. 1999). The real world has recurrent occurrence
of ENSO events which effectively destroys the temperature anomalies on the decadal and
longer time scales though effective mixing in the tropical Pacific. Therefore the apparent
disappearance of decadal temperature anomalies upon their reach to the equatorial region
in the observations does NOT suggest an ineffective extratropical influence over the level

of ENSO activity.

This feedback of ENSO as evident in the cooling case again is linked to the asymmetric
response in the two phases of ENSO. Fig. 9 shows respectively the upper ocean
temperature changes during La Nina events and the El Nino events. The cooling to the

western Pacific occurs only in the warm phase, and the cooling to the eastern Pacific
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occurs only in the cold phase. Despite the imposed extratropical cooling, the eastern
Pacific actually becomes warmer in the warm phase. Warming also occurs in the western

Pacific during the cold phase.

The reduced sensitivity in Tw-Tc to external forcing in the presence of ENSO underscore
the fact that ENSO has a time-mean effect on the mean state. To further investigate the
effects of ENSO on the mean climate, a pair of forced experiments are conducted. In one
of them, the climatolgical surface wind stress over 1950—1999 is used while in the other,
the surface wind stress is climatological winds plus the interannual monthly anomalies
(i.e., the actual monthly surface wind stress for the period 1950-1999). The long-term
means of the surface wind stress in the two runs are thus identical. The two experiments
also use the same restoring boundary conditions---the SST is restored to the same
prescribed SST. The resulting equilibrium upper ocean temperatures are respectively
shown in Fig. 10a and Fig. 10b. The case with fluctuating surface wind stress has a
shallower warm-pool, but a thicker and more diffused thermocline. This effect of the
fluctuating wind (the presence of ENSO) is more evidently shown in Fig. 11a which
shows the difference in the equilibrium upper ocean temperature between these two
phases. The figure shows again that the role of ENSO is to cool the western Pacific warm

pool, but warm the subsurface thermocline water. We have also found that with the
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fluctuating part of the wind stress being magnified by 50%, the effect of ENSO on the
mean upper ocean temperature is increased proportionally (Fig. 11b). The exact
mechanism for such a rectification effect is being investigated. Preliminary results
suggest that the nonlinear “eddy” heating (i.e., the convergence of V'T'—where V' and
T' are respectively the fluctuating part of the velocity and temperature owing to ENSO,
and the over-bar denotes the time-average over many cycles of ENSO) is a primary
source for this effect. Note that here the “eddy” refers to part of the fluctuating part of the

motion.

2.5 A null hypothesis for the response of ENSO to global warming

The theoretical analysis suggests that collectively, ENSO events act as a basin-scale heat
exchanger that regulates the climatological temperature contrast between the warmpool
(Tw) and the thermocline water (Tc). The level of ENSO activity may be proportion to
the externally forced tendency in Tw-Tc. Global warming is likely to force Tw-Tc to
increase first because the surface feels the warming first. Eventually, however, because
of the connection between the surface water over the extratropical Pacific and the
subsurface water of the equatorial Pacific, the temperature of the subsurface water of the
equatorial Pacific may increase at a rate more than the increase in the warmpool SST.
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Thus, the following scenario about how ENSO responds to global warming is raised:
Global Warming would initially force an elevated ENSO activity--a more vigorous
sloshing of the upper ocean water in the tropical Pacific. But the end result is likely the
“death” of ENSO (or put it more sanguinely, the creation of a permanent El Nino—a
permanently warm state in the equatorial eastern Pacific). This scenario may serve as a

useful null hypothesis in understanding the response of ENSO to global warming.

3. Recent Elevation of ENSO Activity

The recent elevation of ENSO activity over the last few decades offers a test of the
relevance of the aforementioned theoretical results. Nino3 SST anomalies in the
instrumental record, together with its variance calculated using a moving window with a
width of 16 years, are shown in Fig. 12. The level of ENSO activity, measured by the
variance on the decadal time-scale, exhibits an upward trend over the last century. The
trend is particularly impressive in the most recent three decades. The elevation of ENSO
activity over the last 30 years is also evident in the variability in the subsurface
temperature of the equatorial Pacific. Fig. 13a shows respectively the subsurface
temperature anomalies in the eastern and western Pacific, and Fig. 13b is the difference

between the two. ENSO involves a zonal redistribution of equatorial upper ocean water,
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causing warming in the eastern upper ocean and cooling in subsurface of the western
Pacific. Thus the difference between the subsurface temperature in these two regions is

arguably a more complete measure of the ENSO activity.

Is this elevation consistent with the theory developed in the previous sections? The upper
panel of Fig. 14 shows the time series of tropical maximum SST (which may be regarded
as the Tw in the analytical model) that corresponds to the Nino3 SST time series in Fig.
12. Overall, the trend over the last century is positive, but the rate of increase over the
past three decades or so is particularly impressive. This rapid increase in the value of Tw
corresponds to the elevated ENSO activity as shown in Fig. 12. The lower panel shows
the global distribution of SST trend over the last three decades. Note that while the
warmpool SST has been increasing, the corresponding trend in the eastern equatorial
Pacific is negative. So the last 30 years corresponds to a period with a strengthening
zonal SST contrast. Consistent with the negative trend in the eastern equatorial Pacific,
the subsurface of the equatorial eastern Pacific, and the connected thermocline water
temperature (Tc) also have a negative trend (Fig. 15). Clearly, the difference between
the warmpool SST and the temperature of the equatorial thermocline water (Tw-Tc) over

the last three decades or so has been increasing. So the relationship between the tendency
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in Tw and Tc and the anomalous activity of ENSO in this period is consistent with the

theoretical prediction.

Will the elevated ENSO activity likely to continue? Fig. 16 shows the time series of Tw-
Tc. As indicated by this stability measure, the coupled system is clearly less stable than
the previous decades. There is not yet a clear hint from this time series that this elevation
in Tw-Tc is beginning to wane. So we expect the anomalous activity of ENSO is likely to

continue into the coming decades.

4. ENSO in the past climates

Proxy data about the behavior of the past climates offers more opportunities to test the
relevance of our theoretical results. One finding concerning the behavior of ENSO in the
past climates is that it has a long history—a continuing presence up to 3 millions ear ago

(Fedorov et al. 2006). The collateral question is why it did not exist before then. An
examination of the evolution of the zonal SST contrast indicates that the birth of ENSO
corresponds to a time when the zonal SST contrast reaches a substantial value (Fig. 17)
(Wara et al. 2005). Fig. 17 shows the proxy SST records for the tropics Pacific over the

last 5 millions years. Before about 3 million year ago, the high latitudes were
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considerably warmer (see Fig. 1 in Fedorov et al. 2006). This high latitude warmth may
result in much warmer upwelling water in the equatorial zone, a much weakened zonal
SST contrast (see Fig. 17), and consequently the disappearance of ENSO (or a permanent

El Nino condition) (recall Fig. 3).

While ENSO is believed to have a 3 million year long continuing history, its level of
activity has varied--at least in the last 1500 years (Moy et al. 2002, Cobb et al. 2003, Rein
et al. 2004, Rein et al. 2005, Graham et al. 2007, Newton et al. 2006, Mann et al. 2009,
Sachs et al. 2009). Of particular interest in the present context are those centennial-scale
changes that correspond to the so-called Medieval Climate Anomaly (MCA) and the
Little Ice Age (LIA)—periods during which distinct climate changes were also registered
in the extratropical regions (Crowley and Lowery 2000, Bradley et al. 2003 Mann et al.

2009; Graham et al. 2007, Touet et al. 2009).

The proxy data by Rein et al. (2004) suggests a weak ENSO activity during the Medieval
Warm Period (MWP) (Fig. 18). This finding is also supported by the inferred mean
climate change during this period—which is La Nina-like (Pacific (Cobb et al. 2003,
Graham et al. 2007, Conroy et al. 2008, Oppo et al. 2009, Mann et al. 2009). The

relationship between the mean state change and the level of ENSO activity exhibited in
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the instrumental record of the last 50 years is that a EI Nino-like change in the mean state
be accompanied by a higher level of ENSO activity and a La Nina change in the mean
state be accompanied by a lower level of ENSO activity (Zhang et al. 1997, Vecchi et al.
2008). Such a relationship between the mean state and the level of ENSO activity is
consistent with the observed asymmetry between the two phases of ENSO—EI Nino on
average is stronger than La Nina, so stronger ENSO activity translates into El Nino-like

changes in the mean state (Zhang et al. 2009).

With regard to the LIA, the recent finding by Cobb et al. (2003) suggests that the level of
ENSO activity during the Little Ice Age (LIA) is relative strong (Fig. 18). The inference
for an elevated ENSO activity during the LIA is also consistent with the finding of a
southward movement of the intertropical convergence zone (ITCZ) by Sachs et al.

(2009).

In light of the theoretical analysis in the previous sections, it is tempting to hypothesize
that the relatively strong ENSO during LIA and the relatively weak ENSO during MWP
are again responses to changes in the Tw-Tc, which over the centennial time-scale,

essentially the pole to equator temperature differences.
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5. Possible problems with IPCC models.

The theoretical analysis and the paleo data suggest a sensitivity of ENSO to global
climate change. State-of-the-art models, on the other hand, predict an almost muted
response of ENSO to global warming. Early models with the use of flux adjustment
predict a slight weakening of ENSO activity in response to global warming (Knutson et
al. 1997, Meehl et al. 1993). More recent models without the use of flux adjustment
suggest an even less sensitivity (Oldenborgh et al. 2006). The lack of sensitivity to global

warming was also noted in a simulation of Eocene climate (Hueber and Calallero 2003).

How do we possibly reconcile the gap between the theoretical results and the GCM
simulations of global warming? One possibility is that the models that the theoretical
analysis is based on is too simple---we will return to this possibility in the last section of
this chapter. The other possibility is that some relevant processes are still inadequately
represented in the state-of-the-art climate models. Indeed, while there are general
improvements in the AR4 models compared to their earlier versions (AnchutaRao and
Spencer 2006), they still have errors in reproducing the observed ENSO events
(Guilyardi et al. 2009). Particular relevance to the theoretical results in the present

chapter is the asymmetry of ENSO, an aspect whose representation in the climate models
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may be particularly problematic. The variance of Nino3 SST has been commonly used to
measure the level of ENSO activity, but the asymmetry in the simulated ENSO may not
correlate with the variance of Nino3 SST. Fig. 20a illustrate this point using the various
version of NCAR CCSM as an example. The figure shows that while the variance of the
Nino3 SST in the later versions of NCAR CCSM is comparable or even exceeds that
from the observations, the skewness of the Nino3 SST is still far too weak (Fig. 20a).
This is also true for the subsurface temperature of the equatorial eastern Pacific (Fig.
20b). The more symmetric ENSO in the models suggest that the processes that give rise

to ‘ENSO’ in the models may be too linear.

The precipitation—SST relationship in the models are indeed too linear in the models
than in the observations. Fig. 21a shows the relationship between precipitation and SST
during ENSO over the equatorial Pacific in the observations and models. The figure
shows that the observed SST and precipitation have a rather nonlinear relationship: the
rate of increase of precipitation with SST picks up quickly once the SST exceeds its
climatological value ( i.e., near the zero point as is plotted here). The corresponding
relationship in the models, in contrast, is more linear. Consequently, measured about their
respective climatology, the precipitation increases with SST increases at a faster rate in
the observations than that in the models. Only when the positive SST anomalies are very

large, does the rate of increase of precipitation with respect to SST in some models
22



becomes more comparable to that in the observations. The corresponding figure for the
surface level solar radiation shows that the relationship between the surface solar
radiation and SST mirrors the relationship between precipitation and SST (Fig.21b).
About its respective climatology, the surface solar radiation decreases at a faster rate in
the observations than in the models. Clearly, measured either by the precipitation that
deep convection produces, or by its reflectivity of solar radiation, deep convection in the
observations responds more sensitively and more nonlinearly than in the models. Zhang
et al. (2008) show that the improved ENSO asymmetry in the NCAR CCSM3.5 (Neale et
al. 2008) is likely due to an improvement in the precipitation—SST relationship in the
model. More studies are needed to address the full extent of the impact of a less
responsive deep convection to SST increases on the response of the tropical climate to
anthropogenic forcing. It is tempting to suspect, however, that an inadequately
responsive deep convection in the models may be responsible for the lack of sensitivity of

ENSO to global warming in the simulations by IPCC models.

6. Final Remarks:

Motivated to better understand the response of ENSO to global warming, we have

attempted to address the following two issues: (1) what is the relationship between the
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amplitude of ENSO and the radiative heating, (2) whether ENSO collectively constitutes
an important feedback which in turn may determine the mean state. Our results suggest
that the level of ENSO activity (on decadal and longer time scales) may be proportional
to the tendency in the temperature difference between the surface water in the western
Pacific warm-pool and the water constituting the equatorial undercurrent. Moreover,
ENSO events may collectively act as a basin-scale heat mixer in the tropical Pacific that
prevents the long-term mean value of the difference between the warm-pool SST and the
temperature of the equatorial undercurrent from exceeding a critical value. The finding
points to a mechanism by which global warming influences ENSO. Specifically, our
finding raises the following scenario for the response of ENSO to global warming: An
elevated level of ENSO activity is likely to occur during the initial stages of global
warming, but a reduced level of ENSO activity (or even a permanent El Nino state) is
likely to ensue when global warming is full-blown. The trend in the level of ENSO
activity in the instrumental record appears to be consistent with this scenario. The
behavior of ENSO in the past climates also supports this prediction. However, coupled
GCM simulations fail to produce this scenario. It is suggested that an inadequate
sensitivity of the tropical hydrological cycle in the models to SST changes due to a lack
of strong nonlinearity in the deep convection—SST relationship may be responsible for

the lack of response in the level of ENSO activity to global warming.
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We would like to highlight some potential caveats in the theoretical results we have
highlighted in this chapter. First, the results so far have been based on models that do not
have the stochastic forcing from weather events. A significant role of stochastic forcing
from weather events in the dynamics of ENSO has been suggested by a number of studies
(Lau 1985, Kleeman and Power 1994, Penland and Sardeshmukh 1995, Chang et al.
1996, Wang et al. 1999, Kessler and Kleeman 2000). A particular illuminating result
from these studies is that the irregularity in ENSO may be more easily explained as the
presence of stochastic forcing than a consequence of chaotic dynamics. These studies, the
linear inversed models of ENSO in particular, also suggest a role for the magnitude of
the stochastic forcing from the weather events in determining the average magnitude
ENSO. Thus, further studies need to include the stochastic aspects of the weather events.
However, as the magnitude of the stochastic forcing from the weather events is likely
dependent on the warm-pool SST, we expect that this additional forcing of ENSO should
enhance the response of ENSO to global warming in the initial stage. Whether the
enhanced weather forcing could outweigh the stabilizing effect from a reduced Tw-Tc in

the later stage of global warming is clearly an enticing question for further investigation.

Another aspect that could complicate the proposed picture is the annual cycle—a factor
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we have not been able to include in a realistic way in our theoretical models. ENSO is
phase-locked to the annual cycle (Rasmusson and Carpenter 1982). While why this is so
remains to be fully understood (Tziperman 1997, Cane 2004), the response of ENSO to
global warming may depend on the response of the annual cycle to global warming.
Indeed, Clement et al. (1996) interpreted the response of ENSO to a uniform increase in
the radiative heating in the Z-C model in terms of the seasonal dependence of the growth
rate of SST anomalies. An interesting feature of the Z-C model is that in response to a
uniform increase in the restoring SST (equivalent to an increase in the tropical maximum
SST as done in Sun 1997), the zonal SST contrast increases, but the level of ENSO
activity does not (Clement et al. 1996, Cane et al. 2001) (Fig. 22). The latter result differs
from that of Sun (1997). Sun (1997) suggested that the difference in the treatment of the
subsurface temperature response to the increase in the surface heating could explain the
difference in the response of ENSO amplitude. The subsequent studies of Sun (2003),
Sun et al. (2004), and Sun and Zhang (2006) further underscore this possibility.
However, the substantial variability in the level of ENSO activity on the decadal,
centennial, and longer time-scale in the Z-C model also makes the inference of the
response of an increase in the external heating a more involved issue. What is sure for

now is that more studies are also needed to reconcile the results among simple models.
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Table Legends:

Table 1: Response of Tw, Tc, and Tw-Tc to an enhanced tropical heating with and
without ENSO. The definitions of Tw and Tc are the same as in Sun et al. (2004).
The three pairs presented here differ in the meridional extent of the regions where
an enhanced tropical heating is applied. Anomalous heating is confined to 5°S-
5°N for Pair I, 10°S-10°N for Pair II, and 15°S-15°N for Pair III. In all three cases,
the increase in the radiative convective equilibrium SST (SSTp) peaks at the
equator with a value of 2°C, and then decrease with latitude following a cosine
profile to zero at the specified latitudes (i.e., 5°, 10°, and 15° respectively for the
three cases). The last 23 years of a 27-year-long run are used in the calculation for
the case with ENSO. For the case without ENSO, the last 3 years of data of'a 27-
year-long run are used in the calculation because there is little interannual

variability in this case.
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Figure Legends:

Figure 1: (a): Schematic diagram for the coupled model. Solid arrows represent the zonal
branch of the equatorial wind-driven circulation constituted by the upwelling in
the east Pacific, the westward surface drift, and the equatorial undercurrent. The
thermodynamical effect of the atmosphere is to heat the ocean to a zonally
uniform SST (Tw) if not opposed by ocean transport (See Egs. (6) and (7) in Sun
2000). (Tw has been called the radiative convective equilibrium SST and may be
regarded as the tropical maxiumum SST or the SST of the warmpool). 7.
represents the characteristic temperature of the equatorial undercurrent. 7, is the
temperature of the water that actually enter the surface mixed layer in the eastern
Pacific. The dashed arrow represents the surface winds. (b) and (¢): Oscillations
at Tw=29.5°C, a value corresponding to the maximum SST of the observed
climate. (b): variations of T; and T». (c): variations of h, (anomaly of the

thermocline depth in the eastern Pacific ). The dashed line is anomalies of T,

Figure 2: (a) Equilibrium solutions of the coupled system as a function of Tw. The value

for Tc is fixed at 17.3°C. The corresponding differences between Tw and Tc are also
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marked in the figure. Dashed lines indicate that the solution exists, but unstable (b)

Amplitude of Oscillation as a function of Tw. For more details, see Sun (1997).

Figure 3: A schematic showing the extended conceptual model (a),
equilibrium SST of the coupled system as a function of T; (b), and amplitude of the
oscillation as a function of T3 (c). Warm pool temperature 7, is fixed at 29.5 °C. as

the value Tjs is varied.

Figure 4: Response of ENSO to an increase in the tropical heating (a) and
subtropical/extratropical cooling (b). Shown are time series of Nifio3 SST from a control
run (solid line) and a perturbed run (dashedline) in which the restoring convective
equilibrium temperature (SST,) is either increased in to a higher value over the tropics
(tropical heating case) or reduced to a lower value over the extratropics (extratropical

cooling case ). See Sun et al. (2004) for more details.

Figure 5: Time-mean equatorial upper ocean temperature response to an enhanced

tropical heating for the case without ENSO (a) and the case with ENSO (b). Shown

are the results from experiments of Pair II listed in Table 1. Data used for the
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calculations here are the same as used for obtaining changes in Tw and Tc in Table 1.

The thin dashed contours indicate the mean isentropes of the control run.

Figure 6: Differences in the equatorial upper ocean temperature between the perturbed
run and the control run during the La Nifia phase (a) and during the El Nifo phase (b).
The results are from pair II (see legends of Table 1). The 6 cycles of the last 23-years

of a 27-year-long run are used in this calculation.

Figure 7: Time-mean equatorial upper ocean temperature response to an enhanced
extratropical cooling for the case without ENSO (a) and the case with ENSO (b).
Anomalous extratropical cooling—a reduction in SSTp—starts at 10° S(N) for this
case and increases monotonically with latitude to a fixed value 1°C at 30°S(N). The
last 3 years of data of a 27-yr-long run are used in the calculation for the case without
ENSO. For the case with ENSO, the last 23 years of a 40-year long run are used. Not
like the almost instantaneous response of ENSO to an increase in the tropical heating,
there is a delay for the onset of the regime with stronger ENSO in response to an
increase in extratropical cooling. Consequently there is a need for a longer run to

obtain a time series of Nifio3 SST that is representative of the regime.
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Figure 8: Response of the upper ocean temperature to extratropical cooling with and

without ENSO. Shown are the zonal mean values.

Figure 9: Differences in the equatorial upper ocean temperature between the perturbed
run and the control run during the La Nifia phase (a) and during the El Nifio phase (b)
for the enhanced extratropical cooling experiment. Data used are the same as for the

case with ENSO in Fig. 7.

Figure 10: Equatorial upper ocean temperature from a run with constant wind (a) and a
run with interannually varying wind (b). The time-mean wind stresses are the same
as both runs (the 1950-1999 mean wind stress from NCEP). So are the thermal
boundary conditions: both runs are restored to the same radiative convective

equilibrium SST.

Figure 11: (a) difference in the equatorial upper ocean temperature between the run with

constant wind and the run with fluctuating wind. (b) same as (a) except the

fluctuation part of the wind is amplified by 50%.
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Figure 12: Nino3 SST (anomalies) (in color). The black solidline is the variance of Nino3

SST anomalies obtained by sliding a moving window of a width of 16 years.

Figure 13. The upper panel shows the time series of subsurface temperature in the
equatorial eastern (red) and western Pacific (black). The bottom panel is the

difference between the two.

Figure 14: The time series of tropical maximum SST that corresponds to the Nino3 SST
time series shown in Fig. 12 (upper panel). The SST trends over the last three

decades (1976-2006) (lower panel).

Figure 15: Time series of Tc, defined here as the average equatorial subsurface

temperature in the region (100m-225m, 160E-220E, 5S-5N) (upper panel). The trend

in the equatorial upper ocean temperature over the last 30 years (lower panel).

Figure 16: The evolution of Tw-Tc over the last 50 years. Note the elevated state in the

last 30 years.
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Figure 17. (Top) SST records in the western equatorial Pacific (red line) and in the
eastern equatorial Pacific (blue and green). (Bottom) Alkenone-based SST records for
the California margin (black), the Peru margin (blue), and the West African margin

(green). (From Fedorov et al. (2006)).

Figure 18. Downcore lithic concentrations at site 106 KL (MCA - Medieval climate

anomaly) (From Rein et al. 2004).

Figure 19. a, The MBH Northern Hemisphere temperature reconstruction (green) plotted
with the Northern Hemisphere instrumental temperature record (red). The green
horizontal line denotes the mean of the MBH record for the period ad 1886-1975. b.
The monthly resolved Palmyra coral '*O records (thin black line), shown with a 10-yr
running average (thick yellow line). The black horizontal line represents the average
of the Palmyra modern coral '*O for the period ad 1886-1975. ¢, Reconstruction of
solar irradiance anomalies based on historical sunspot records (anomalies calculated
with respect to the ad 18861975 mean) (purple) plotted with '’Be anomalies (a
proxy for solar activity) (blue), plotted as a 3-point running mean and scaled to the

solar irradiance anomalies. d, Radiative forcing associated with volcanic eruptions
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recorded in ice cores (black) The approximate timing and duration of the 'Little Ice
Age' (LIA), the 'Medieval Warm Period' (MWP), and solar activity minima—the
Maunder minimum (MM), the Sporer minimum (SP), and the Wolfe minimum

(WM)—are marked by horizontal bars (From Cobb et al. 2004).

Figure 20: (a) Standard variations and skewness of Nino3 SST for observations and
various versions of NCAR models (b) Stand variations and skewness of subsurface

temperature in the eastern Pacific for observations and various versions of NCAR

models. Note that although measured by the standard variation, ENSO is as strong or

even stronger than the observations, ENSO is weaker in all models than in the

observations measured by the skewness.

Figure 21: Scatter diagrams showing the relationship between SST and the cloud albedo

(a), and the relationship between SST and precipitation. Data are interannual

anomalies averaged over the equatorial Pacific (150E-250E, 5S-5N). The color dots

are for the various models, and the black dotes are for the real world (see Sun et al.

2009 for more details).
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Figure 22: From top to bottom: (1) response in the mean SST to a 1 K increase in the
restoring SST, (2) response in the mean to a 1 K decrease in the restoring SST, (3)
time series of Nino3 SST from a control run, (4) time series of Nino3 SST when the
restoring SST is increased by 2 K, (5) time series of Nino3 SST when the restoring

SST is lowed by 1 K. (From Clement et al. 1996)
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perturbationtype | experimenttype | change of TW (ec) change of TC (c) change of TW=TC (°¢)
No ENSO 1.08 0.0050 1.02
Pair I (5°S-5°N)

With ENSO 0.81 0.76 0.053
No ENSO 1.38 0.036 1.34

Pair I1 (10°S-10°N)
With ENSO 0.97 0.83 0.14
No ENSO 0.95 0.24 0.71

Pair 111 (15"S-15°N)
With ENSO 0.55 0.63 -0.085

Table 1: Time-mean response of warmppool SST (Tw), temperature of the equatorial undercurrent
(Tc), and their difference (Tw-Tc) to an enhanced tropical heating with and without ENSO. The
value of Tw and Tc are calculated the same way as in Sun et al. (2004). The three pairs presented
here differ in the meridional extent of the regions where an enhanced tropical heating is applied.
Anomalous heating is confined to 5°S-5°N for Pair I, 10°S-10°N for Pair II, and 15°S-15°N for Pair
III. In all three cases, the increase in the radiative convective equilibrium SST (SSTp) peaks at the
equator with a value of 2°C, and then decrease with latitude following a cosine profile to zero at the
specified latitudes (i.e., 5°, 10°, and 15° respectively for the three cases). The last 23 years of a 27-
year-long run are used in the calculation for the case with ENSO. For the case without ENSO, the
last 3 years of data of a 27-year-long run are used in the calculation because there is little
interannual variability in this case.
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Figure 1: (a): Schematic diagram for the coupled model. Solid arrows represent the zonal branch of the
equatorial wind-driven circulation constituted by the upwelling in the east Pacific, the westward
surface drift, and the equatorial undercurrent. The thermodynamical effect of the atmosphere is
to heat the ocean to a zonally uniform SST (Tw) if not opposed by ocean transport (See Egs. (6)
and (7) in Sun 2000). (Tw has been called the radiative convective equilibrium SST and may

be regarded as the tropical maxiumum SST or the SST of the warmpool). 7. represents the

characteristic temperature of the equatorial undercurrent. 75, is the temperature of the water
that actually enter the surface mixed layer in the eastern Pacific. The dashed arrow represents

the surface winds. (b) and (c): Oscillations at Tw=29.5°C, a value corresponding to the
maximum SST of the observed climate. (b): variations of T, and T,. (c): variations of h,

(anomaly of the thermocline depth in the eastern Pacific ). The dashed line is anomalies of T
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Figure 2: (a) Equilibrium solutions of the coupled system as a function of Tw.
The value for Tc is fixed at 17.3°C. The corresponding differences between
Tw and Tc are also marked in the figure. Dashed lines indicate that the
solution exists, but unstable (b) Amplitude of Oscillation as a function of
Tw. For more details, see Sun (1997).
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Figure 3: (a) A schematic showing the extended conceptual model. Through subduction
process, the temperature of the equatorial undercurrent is directly linked to the
extratropical SST (73). The equations governing the equatorial SST and the depth of
the equatorial thermocline are the same as those for the model shown in Fig. 1a.
Equilibrium SST of the coupled system as a function of Tz (b); Amplitude of the
oscillation as a function of T3 (¢). Warm pool temperature T, is fixed at 29.5 °C as the

value of T; is varied.
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Figure 4: Response of ENSO to an increase in the tropical heating (a) and extratropical
cooling (b). Shown are time series of Nifio3 SST from a control run (solid line) and
a perturbed run (dashedline) in which the restoring convective equilibrium
temperature (SST,) is either increased in to a higher value over the tropics (tropical
heating case) or reduced to a lower value over the extraropics (extratropical cooling
case ). See Sun et al. (2004) for more details.
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Figure 5: Time-mean equatorial upper ocean temperature response to an enhanced tropical heating
for the case without ENSO (a) and the case with ENSO (b). Shown are the results from
experiments of Pair II listed in Table 1. Data used for the calculations here are the same as
used for obtaining changes in Tw and Tc in Table 1. The thin dashed contours indicate the

mean isentropes of the control run.
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Figure 6: Differences in the equatorial upper ocean temperature between the perturbed run and the

control run during the La Nifia phase (a) and during the El Nifio phase (b). The results are
from pair II (see legends of Table 1). The 6 cycles of the last 23-years of a 27-year-long run

are used in this calculation
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Figure 7: Time-mean equatorial upper ocean temperature response to an enhanced extratropical cooling
for the case without ENSO (a) and the case with ENSO (b). Anomalous extratropical cooling—a
reduction in SSTp—starts at 10° S(N) for this case and increases monotonically with latitude to a
fixed value 1°C at 30°S(N). The last 3 years of data of a 27-yr-long run are used in the calculation
for the case without ENSO. For the case with ENSO, the last 23 years of a 40-year long run are
used. Not like the almost instantaneous response of ENSO to an increase in the tropical heating,
there is a delay for the onset of the regime with stronger ENSO in response to an increase in
extratropical cooling. Consequently there is a need for a longer run to obtain a time series of
Nifio3 SST that is representative of the regime.
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Figure 8: Response of the upper ocean temperature to extratropical cooling with and without ENSO.
Shown are the zonal mean values.
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Figure 9: Differences in the equatorial upper ocean temperature between the perturbed run and the
control run during the La Nifia phase (a) and during the El Nifo phase (b) for the enhanced
extratropical cooling experiment. Data used are the same as for the case with ENSO in Fig.

7.

61




fixed wind run

100

150 1

200 1

Depth (m)

2501

300+
120€

140E 160E 180 160w 140w 120w 100W

B

fluctucting wind run

100
150

200

Depth (m)

250

300
120¢€

140E

160€ 180 160w 140w 120w 100w 80W

||
8 10 12 14 16 18 20 22 24 26 28 30

Figure 10: Equatorial upper ocean temperature from a run with constant wind (a) and a run with
interannually varying wind (b). The time-mean wind stresses are the same as both runs
(the 1950-1999 mean wind stress from NCEP). So are the thermal boundary conditions:
both runs are restored to the same radiative convective equilibrium SST.
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Figure 12: Nino3 SST (anomalies) (in color). The black solidline is the variance of Nino3
SST anomalies obtained by sliding a moving window of a width of 16 years.
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Figure 13. The upper panel shows the time series of subsurface temperature in the
equatorial eastern (red) and western Pacific (black). The bottom panel is the
difference between the two temperatures.
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Figure 14: The time series of tropical maximum SST that corresponds to the Nino3 SST time
series shown in Fig. 12 (upper panel). The SST trends over the last three decades
(1976-2006) (lower panel).
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Figure 15: Time series of Tc, defined here as the average equatorial subsurface temperature
in the region (100m-225m, 160E-220E, 5S-5N) (upper panel). The trend in the
equatorial upper ocean temperature over the last 30 years (lower panel).
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Figure 17. (Top) SST records in the western equatorial Pacific (red line) and in the
eastern equatorial Pacific (blue and green). (Bottom) Alkenone-based SST
records for the California margin (black), the Peru margin (blue), and the
West African margin (green). (From Fedorov et al. (2006)).
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Figure 18. Downcore lithic concentrations at site 106 KL (MCA - Medieval climate
anomaly) (From Rein et al. 2004).
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Figure 19. a, The MBH Northern Hemisphere temperature reconstruction (green) plotted

with the Northern Hemisphere instrumental temperature record (red). The green
horizontal line denotes the mean of the MBH record for the period ad 1886—-1975. b.
The monthly resolved Palmyra coral '*O records (thin black line), shown with a 10-
yr running average (thick yellow line). The black horizontal line represents the
average of the Palmyra modern coral '®O for the period ad 1886-1975. c,
Reconstruction of solar irradiance anomalies based on historical sunspot records
(anomalies calculated with respect to the ad 1886—1975 mean) (purple) plotted with
""Be anomalies (a proxy for solar activity) (blue), plotted as a 3-point running mean
and scaled to the solar irradiance anomalies. d, Radiative forcing associated with
volcanic eruptions recorded in ice cores (black) The approximate timing and
duration of the 'Little Ice Age' (LIA), the 'Medieval Warm Period' (MWP), and solar
activity minima—the Maunder minimum (MM), the Spdrer minimum (SP), and the
Wolfe minimum (WM)—are marked by horizontal bars (From Cobb et al. 2004)
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Figure 20: (a) Standard variations and skewness of Nino3 SST for observations and various
versions of NCAR models (b) Stand variations and skewness of subsurface
temperature in the eastern Pacific for observations and various versions of NCAR
models. Note that although measured by the standard variation, ENSO is as strong or
even stronger than the observations, ENSO is weaker in all models than in the
observations measured by the skewness.
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Figure 21: Scatter diagrams showing the relationship between SST and the precipitation (a),

and the relationship between SST and cloud albedo (b). Data are interannual
anomalies averaged over the equatorial Pacific (150E-250E, 5S-5N). The color dots
are for the various models, and the black dotes are for the real world (see Sun et al.
2009 for more details).
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Figure 22: From top to bottom: (1) response in the mean SST to a 1 K increase in the restoring SST, (2)
response in the mean to a 1 K decrease in the restoring SST, (3) time series of Nino3 SST from a
control run, (4) time series of Nino3 SST when the restoring SST is increased by 2 K, (5) time
series of Nino3 SST when the restoring SST is lowed by 1 K. (From Clement et al. 1996)




