Climate Dynamics (2006) 26: 549-566
DOI 10.1007/s00382-005-0098-0

Gerald A. Meehl - Haiyan Teng - Grant Branstator

Future changes of El Nino in two global coupled climate models

Received: 30 May 2005/ Accepted: 14 November 2005 / Published online: 24 January 2006

© Springer-Verlag 2006

Abstract Idealized forcing experiments with 1% per year
CO; increase to stabilized doubled and quadrupled CO,,
twenty-first century transient scenario experiments
(SRES scenarios A1B and B1), and stabilized twenty-
second century A1B and B1 experiments with two global
coupled climate models (PCM and CCSM3) are ana-
lyzed for possible future changes of El Nifio events. With
increased CO, in the models, there is a reduction of
amplitude of El Nifio events. This is particularly
apparent with larger forcing in the stabilized 4xCO,
experiment in PCM and the stabilized greenhouse gas
AI1B experiment in CCSM3, where the reduction of
amplitude is outside the range of the inherent multi-
century variability of El Nifio in the control runs of the
models and is statistically significant. With moderately
increased forcing (stabilized 2xCO, in PCM and the
stabilized B1 experiment in CCSM3), the reduction in
amplitude is evident, but it is not significant. The change
in El Nifio behavior with larger forcing is attributed to
the change in base state temperature in the equatorial
Pacific, which is similar with increased greenhouse gases
(GHGs) in both models. Positive temperature anomalies
in and below the thermocline, associated with a reduc-
tion of the trade winds, and weakened Pacific Ocean
subtropical cells, produce a less intense thermocline, and
consequently lower amplitude El Nifio events. The pre-
viously noted intensification of El Nifio tropical pre-
cipitation anomalies in a warmer mean base state that
applied when there was no appreciable change in El
Nifio amplitude does not hold in the present study where
the El Nifio events decrease in magnitude in a future
warmer climate. North American surface temperature
anomalies associated with El Nifio are reduced and be-
come less significant in the future events, with the
anomalously deepened Aleutian low in the North Pacific
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weakened and moved eastward with greater radiative
forcing. Part of this is attributed to the smaller ampli-
tude events and thus lower amplitude teleconnections as
indicated by contrasting composites of medium and high
amplitude El Nifio events from the control runs. The
change in midlatitude base state circulation also con-
tributes to the change in El Nifio teleconnections. The
effects of this change in base state on the weakened El
Niflo teleconnections over North America are confirmed
in sensitivity experiments with a version of the atmo-
spheric model in which heating anomalies are specified
to mimic El Nifio events in a base state changed due to
increased GHGs.

1 Introduction

Previous studies have shown that warming of base
state temperatures in the upper layers of the tropical
Pacific could possibly affect El Nifno behavior in a
warmer climate. Some studies have shown there is the
possibility for larger amplitude El Nifio events in the
future (Timmermann et al. 1999; Collins 2000a, b;
Cubasch et al. 2001; Chen et al. 2005; Guilyardi 2005).
However, there appears to be a model-dependence to
future changes of El Niflo, with some models showing
larger amplitude events, some showing smaller ampli-
tude events, and some showing little change (Collins
2000b; Merryfield 2006; Guilyardi 2005; van Olden-
borgh et al. 2005). It also has been noted that with the
changes of base state midlatitude atmospheric circula-
tion, the teleconnections associated with El Nifio events
could be different in a future warmer climate (Meehl
et al. 1993).

However, with any study examining possible future
changes of El Nifio or El Nifio teleconnections, sampling
is a significant issue since there is considerable low fre-
quency modulation of El Nifio amplitude and frequency
on multi-decadal timescales in observations and models
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(e.g. Knutson and Manabe 1998), and detecting changes
of El Nifo in a changing base state is a genuine chal-
lenge (Timmermann 1999). There are also differences in
how the models simulate El Nifio events in present-day
climate (e.g. Achutarao and Sperber 2006; Capotondi
et al. 2006; Guilyardi et al. 2004; Guilyardi 2005; Joseph
and Nigam 2006). Therefore, physical arguments have
been made in the studies cited above to try and explain
possible future changes of El Nifo.

Unfortunately, the sampling issues are not easily
circumvented, and this will make any detection/attri-
bution of changes of El Nifio in a real-time evolving
climate extremely difficult. But we can identify physical
processes that could act to affect future El Nifio events,
and then look for these features in transient climate
simulations and observations. We can also use ensem-
bles of model simulations to identify quantitative rela-
tionships between present-day physical processes and
future change, and then use those relationships to define
the most likely outcome.

The purpose of the present paper is to analyze
changes of El Niflo in terms of amplitude and frequency
using two global coupled climate models. The Parallel
Climate Model (PCM) and the Community Climate
System Model version 3 (CCSM3) have been shown to
simulate El Niflo reasonably well (Meehl et al. 2001;
Deser et al. 2006). Additionally, we will present docu-
mentation of El Nifio simulation features compared to
observations in this paper (e.g. Figs. 1, 3). The analysis
of some aspects of El Nifio shows that the CCSM3, in
addition to being too biennial, has a marked SST mode
whereas the observations show a hybrid mode with
lower frequency (Guilyardi 2005).

To address the sampling issue, idealized forcing
experiments will be analyzed with 100 year periods of
stabilized idealized forcing for 2x and 4xCO, for the
PCM. A 1,200 year segment from a PCM control run
and a 500 year control run with CCSM3 will also be
analyzed to provide estimates of multi-decadal vari-
ability of El Nifio. Additionally, scenario simulations for
twenty-first and twenty-second century climate will be
analyzed for both models. A low forcing scenario (B1)
and a medium forcing scenario (A1B) have been run for
both models from 2000 to 2100 (Meehl et al. 2005).
Stabilization scenarios also have been performed, one
with all concentrations fixed at year 2000 values for the
subsequent 100 years (twentieth century stabilization),
and another two with concentrations fixed at year 2100
values for Bl and A1B, respectively, and run for another
100 years each.

Section 2 includes a description of the models and the
experiments. Section 3 looks at the changes of amplitude
and frequency of El Nifo in the increased GHG simu-
lations, and compares those changes to inherent multi-
decadal variability in the models. Section 4 examines
possible reasons for those changes, and Sect. 5 looks at
changes in midlatitude teleconnections associated with
El Nifio events in a future warmer climate. Section 6
presents conclusions.

Meehl et al.: Future changes of El Nino in two global coupled climate models

2 Model description and experiments

We use two global coupled climate models with com-
ponents of atmosphere, ocean, dynamic sea ice, and land
surface. One is the PCM described by Washington et al.
(2000) and used in the climate change studies of Am-
mann et al. (2003), Meehl et al. (2003, 2004a, b), Santer
et al. (2003a, b), Meehl et al. (2005), and others. The
resolution of the atmosphere is T42, or roughly 2.8x2.8°,
with 18 levels in the vertical. Resolution in the midlati-
tude ocean is roughly 0.67° decreasing to 0.5° in the
equatorial tropics, with 32 levels. No flux adjustments
are used in the model, and, at least in terms of global-
mean surface temperature, a relatively stable climate is
simulated. For example, the last 1,200 years of a 1,500-
year long pre-industrial (1870) control integration show
only a small cooling trend of globally averaged surface
air temperature of roughly 0.03 K per century (Dai et al.
2005). The amplitude of interannual climate variability
related to ENSO is in reasonably good agreement with
observations (Meehl et al. 2001; Dai et al. 2001), and
other circulation features are well-simulated (Arblaster
and Meehl 2006).

In addition to the pre-industrial control run men-
tioned above, a branch run starting from early in a
present-day control run with CO, increasing 1% per
year compounded annually has been integrated with the
PCM. At 2xCO, and 4xCO,, this branch run is inte-
grated for an additional 150 years respectively with CO,
concentrations held constant at those amounts. This
provides a stable forcing environment within which to
analyze changes in El Nifio, and the last 100 years from
those simulations are analyzed (e.g. as in the monsoon
analyses of Meehl and Arblaster 2003). There is small
amplitude warming during these time periods, but it is
relatively slight 50 years after stabilization (Washington
et al. 2000).

The CCSM3 is the second global coupled climate
model analyzed here and is described in detail in Collins
et al. (2006). In this paper we describe results from the
T85 version of CCSM3, with grid points in the atmo-
sphere roughly every 1.4° latitude and longitude, and 26
levels in the vertical. The ocean is a version of POP with
a nominal latitude-longitude resolution of 1° (0.5° Eq.
Tropics) and 40 levels in the vertical, with Gent-
McWilliams and KPP mixing (Collins et al. 2006). The
land surface model is the Community Land Model
(CLM, Dickinson et al. 2006), and the EVP dynamic
and thermodynamic sea ice component is the CSIM4
(Holland et al. 2006). No flux adjustments are used in
the CCSM3. An 1870 control run has been continued for
over 500 years with this model, and in this experiment El
Nino variability resembles many aspects of the obser-
vations (Deser et al. 2000).

The multi-member ensemble twentieth century
simulations for both models have been started from
different times in their pre-industrial control runs, usu-
ally separated by 20 years. Forcings included natural
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Fig. 1 a Power spectra of Nifio3.4 time series from a 100 year
period in the PCM control run. b Same as (a) except for the
CCSM3 twentieth century stabilization experiment. ¢ Same as (a)
except for the PCM 2xCO, experiment. d Same as (a) except for the

(volcanoes and solar) and anthropogenic (GHGs, sulfate
aerosols, and ozone) sources. They are used as the initial
conditions for two twenty-first century SRES scenario
simulations labeled B1 (low forcing, for example, CO,
increases to 550 ppm or about 150% of the year 2000
value, 1.50xCQO,), and A1B (medium forcing, for
example, CO, increases to 690 ppm or about 189% of
the year 2000 value, 1.89xCQO,). The first stabilized
experiment specified concentrations of all atmospheric
constituents held fixed at year 2000 values, and the
models were integrated for 100 years with these stabi-
lized concentrations (stabilized twentieth century simu-
lations). In the other stabilization experiments,
concentrations for the AI1B and Bl simulations were
held fixed at year 2100 values, and the models were
integrated to the year 2300 (stabilized Bl and AlB
simulations; for details, see Meehl et al. 2006). All model

Frequency (cycles/month)

CCSM3 stabilized B1 experiment. e Same as (a) except for the
PCM 4xCO, experiment. f Same as (a) except for the CCSM3
stabilized A1B experiment

simulations analyzed here are available from: http://
www-pcmdi.llnl.gov/ipcc/about_ipce.php.

Throughout this study, we will use standard devia-
tions of 1-5 year bandpass filtered Nifio3.4 (averaged
SSTs in the area 5°N-5°S, 170°W-120°W) as the indi-
cator of El Nifio amplitude.

3 Changes of El Niio in the models

Figure 1 shows power spectra of Nino3.4 SST from
100 year periods in the control run, 2xCO, and 4xCO,
experiments for PCM, and for the twentieth century
stabilization, stabilized Bl and stabilized A1B experi-
ments for the CCSM3. As documented earlier for these
models, power is concentrated towards the higher
ENSO frequencies from 2 to 4 years, as compared to
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Fig. 2 a Time series of de-
trended standard deviation of
band-pass filtered (1-5 years)
Nifio3.4 SST with a 100 year
moving window for a

1,200 year period of the PCM
pre-industrial (1870) control
run (solid line) compared to the
standard deviation of Nifo3.4
SST from a 100 year segment in
the PCM present-day control
run (long dashed line), as well as
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observations that show power spread over the roughly
2.5-7 year periods (Meehl et al. 2001; Deser et al. 2006).
This feature is typical of some other current global
coupled climate models (Latif et al. 2001; Achutarao
and Sperber 2006). With greater positive radiative
forcing in the 2xCO, and 4xCO, experiments in PCM,
and Bl and A1B in CCSM3, there is a general decrease
in power, with the biggest decreases for the greatest
forcing in the 4xCO, experiment in PCM and the A1B
experiments in CCSM3 (compared to the 2xCO,
experiment in PCM and B1 experiment in CCSM3).

A significant issue noted earlier for any study of
systematic changes in El Nifio frequency or magnitude is
the inherent low frequency variability of ENSO variance
in the observations and models (e.g. Knutson and
Manabe 1998). Therefore, to quantify low frequency
variability in the control runs compared to the climate
change experiments, Fig. 2a shows a time series of band

0250 0300 0350 0400 0450 0500

Model Years

0150 0200

pass filtered (1-5 years based on the dominant fre-
quencies in Fig. 1) standard deviation of Nifio3.4 SST
with a 100 year moving window for a 1,200 year seg-
ment of the PCM pre-industrial control run, and a
500 year segment from the CCSM3 pre-industrial con-
trol run in Fig. 2b. As suggested in Fig. 1, compared to
the 100 year present-day control run segment in PCM
(standard deviation of 0.78°C), and the 1,200 year pre-
industrial control run (standard deviation of 0.87°C),
Nifno3.4 variability decreases with increasing positive
radiative forcing, with somewhat smaller variability in
the 2xCO, experiment (standard deviation of 0.75°C)
and even less variability in the 4xCO, experiment
(standard deviation of 0.65°C). Comparing the 100 year
running window calculation of standard deviation of
Nifio3.4 SST from the 1,200 year segment of the pre-
industrial control run to the other experiments with
PCM, Fig. 2a shows that the value for the 100 year
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Fig. 3 a Histogram of band pass filtered (1-5 years) monthly
Nifio3.4 SST anomalies for the 100 year reference period in the
PCM control run (bars), and the 100 years of the stabilized 2xCO,
(long dashed line) and 4xCO, (short dashed line) experiments.
b Same as (a) except for multi-member ensemble mean of twentieth
century stabilization (bars), stabilized Bl experiment (long dashed
line), and stabilized A1B experiment (short dashed line). ¢ Standard
deviations of Nifio3.4 SST from the 1-5 year bandpass filtered SST
data for PCM (dots) plotted as a function of mean Nino3.4 SST for

present-day control run is encompassed by the vari-
ability in the longer pre-industrial control run, and the
value for 2xCO, 100 year average lies just below the
control runs. However, for the 4xCO, experiment, the
lower value of Nifo3.4 variability is well below any
other 100 year period in the control experiments. Fur-
ther analysis of these changes in variability will be per-
formed in relation to Fig. 3.

Similarly for CCSM3 (Fig. 2b), the reference vari-
ability in the stabilized twentieth century stabilization
experiment is 0.85°C, compared to the somewhat smaller
value in the stabilized B1 experiment of 0.81°C which is
still within the range of naturally occurring Nifio3.4
variability in the control run. However, for the greater
positive radiative forcing in the stabilized A1B experi-
ment, the Nifio3.4 variability drops to 0.61°C which is
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well outside the bounds of inherent variability in the
model. Therefore, both models show a decrease of El
Niflo variability with increasing radiative forcing, but
only with relatively large positive radiative forcing does
this decrease fall well outside the limits of inherent low
frequency El Nifo variability.

Histograms of monthly Nifio3.4 SST anomalies are
shown in Fig. 3 for the present-day control run for
PCM and the 2xCO, and 4xCO, experiments (Fig. 3a),
and for the reference twentieth century stabilization run
for CCSM3 and the stabilized B1 and A1B experiments
(Fig. 3b). The amplitude change of El Nifio events in
the B1 and A1B experiments in PCM is negligible (not
shown). The reduction in amplitude of El Niflo events
is seen for the 2x and 4xCO, El Nino events in PCM
compared to the control run for this period in Fig. 3a
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as evidenced by smaller values at the far left and right
parts of the histogram (fewer events of +2 or —2°C
magnitude). There are accordingly somewhat more low
amplitude events (greater numbers of anomalies be-
tween about +£1°C ). Similarly, for the CCSM3 in
Fig. 3b, there are decreases of the larger amplitude
anomalies, but increases in the lower amplitude
anomalies for both stabilized B1 and A1B compared to
the twentieth century stabilization experiment. The
curve for CCSM3 is smoother than for the PCM be-
cause the El Nifo events are more regular across the
different experiments in CCSM3 (Fig. 1), and the
CCSM3 is taken from a multi-member mean. El Nifio
events do not cease in the models, but the events that
do occur are of smaller amplitude with increasing
radiative forcing.

Another depiction of the relative change of El Nifio
amplitude is shown in Fig. 3¢ and d. The 100 year
standard deviations of Nifio3.4 SST for pre-industrial
PCM control, the present-day PCM control, stabilized
2xCO, and stabilized 4xCO, (Fig. 3¢) and for CCSM3
the twentieth century stabilization, and stabilized B1 and
A1B experiments (Fig. 3d) are plotted as a function of
the mean Nifio3.4 SST. An estimate from observations is
plotted for comparison, computed for the period 1950-
1999 from the Kaplan et al. (1997) SST data. Even
during this time period of the observations there was low
frequency variability of El Niflo variance, and comput-
ing this value for different subperiods would also pro-
duce different amplitudes. For example, the pre- and
post-1976 regimes showed different El Nifio behavior,
with the former characterized by more SST-mode events
which would compare better with CCSM3 and PCM
than the latter period (Guilyardi 2005). However, the
change in the mid-1970s could have been either natural,
forced, or some combination so it is unclear how that
regime-change can be related to the type of El Nifio
events simulated in these models.

PCM has a colder Nifio 3.4 base state (about 1°C )
compared to CCSM3. In Fig. 2, the Nifio 3.4 standard
deviation for the 100 year segment of the PCM present-
day control run is 0.78°C, for the 1,200 year segment of
the PCM preindustrial control run it is 0.87°C, and for
CCSM3 in the stabilized twentieth century experiment
that value is 0.85°C. An f'test shows these differences are
statistically insignificant at the 10% level. The different
levels of El Nifo variability are likely related to the
different slopes of the themocline in the control runs in
the models (Fig. 4), where the present-day PCM control
run has a somewhat deeper thermocline in the eastern
equatorial Pacific (Fig. 4a) compared to the CCSM3
stabilized twentieth century simulation (Fig. 4e). These
features have been shown to affect El Nifio amplitude in
this class of model (Meehl et al. 2001). As will be dis-
cussed below, such changes in the thermocline can also
produce differences in El Nino amplitude in these
models for different forcings.

For the PCM (dots in Fig. 3c), the lower El Niflo
amplitude in the 2xCO, experiment is not significant at
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the 10% level from an f test compared to the pre-
industrial control. However, the decrease in El Nino
amplitude in the 4xCO, experiment is statistically sig-
nificant at the 10% level compared to the pre-industrial
control. There is also a decrease of El Nifio amplitude in
PCM going from a lower forcing experiment (stabilized
B1) to a higher forcing experiment (stabilized A1B) (not
shown). But this decrease (from an ensemble mean sta-
bilized B1 experiment of 0.79°C, to the stabilized A1B
experiment ensemble mean of 0.74°C) is not statistically
significant.

For CCSM3 in Fig. 3d, this reduction in El Nino
amplitude is greater, going from a standard deviation of
the concatenated time series in stabilized B1 of 0.79°C
(the x in Fig. 3d; the dots represent the individual
ensemble members) to 0.63°C in stabilized A1B. Results
from an f test show that the reduced amplitude in the
stabilized A1B experiment is significant at the 10% level,
but the reduced amplitude in stabilized Bl compared to
the twentieth century stabilization experiment is not
significant.

However, these are El Nifio responses in stabilized
forcing experiments. There is the question if such
changes could be seen in transient twenty-first century
experiments. Similar calculations to those in Fig. 3d are
made for PCM and CCSM3 for the 100 year time
period from 2000 to 2100 in the transient climate
change experiments for Bl, A1B and A2 (a high forc-
ing scenario, for example, CO, increases to 820 ppm
or 226% of the year 2000 value, 2.26xCO,), com-
pared to the twentieth century stabilization experiment
(not shown). By band-pass filtering the time series
(1-5 years), we essentially detrend the data, and the
standard deviations of Nifio3.4 can then be compared
in these transient experiments. Ensemble mean Nino3.4
standard deviation shows little reaction to the GHG
forcing in PCM, with the ensemble mean value from
the reference twentieth century stabilization experi-
ment of 0.75°C, while for the transient experiments it
is 0.76°C in BI, 0.75°C in Al1B, and 0.75°C in A2.
However, the larger response to increased radiative
forcing seen for the CCSM3 in Fig. 3c is also evident in
the transient twenty-first century CCSM3 experiments,
with the ensemble mean Nifio3.4 SST standard devia-
tion value for the twentieth century stabilization
experiment of 0.85°C, 0.83°C in BI1, 0.76°C in AlB,
and 0.76°C in A2. None of these decreases are signifi-
cant at the 10% level from an f test.

Therefore, depending on the model and the size of the
positive radiative forcing, the decrease in EI Nifio
amplitude seen across both models for all experiments
only exceeds either inherent low frequency El Nifio
variability or is significant at the 10% level from an f'test
for the relatively large forcing in the 4xCO, experiment
in PCM, and the stabilized A1B experiment in CCSM3.
The others show indications of reduction of El Nifio
amplitude with increased positive radiative forcing, but
none are statistically significant for either stabilized or
transient experiments.
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Fig. 4 a A 100 year mean ocean temperatures along section of the
equatorial Pacific for the PCM control experiment. b Temperature
differences (100 year average) for PCM 2xCO, minus control.
¢ Same as (a) except for PCM 2xCO, d Same as (b) except for
PCM 4xCO,, e Same as (a) except for CCSM3 twentieth century
stabilization experiment. f Same as (b) except for CCSM3 stabilized
B1 minus twentieth century stabilization experiment. g Same as (a)
except for CCSM3 stabilized B1. h Same as (b) except for CCSM3

stabilized A1B minus twentieth century stabilization experiment.
i PCM zonal mean ocean temperatures (°C, colored contours), and
meridional overturning streamfunction (Sv, 106m3 s, black
contours) for the upper 400 m, Pacific basin, present-day control
run, 50 year average. j Same as (i) except CCSM 3 twentieth century
stabilization experiment (2050-2099). k PCM 2xCO2 (years 1961—
1980) minus control experiment in (i). 1 Stabilized A1B (2150-2199)
minus twentieth century stabilization experiment (2050-2099) in (j)
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4 Reasons for the changes in El Niiio in the models

Meehl et al. (2001) identified the importance of upper
ocean temperature structure for amplitude of El Nifio
events in PCM in a series of sensitivity experiments
changing the ocean background vertical diffusivity. The
PCM is characterized mostly by SST-mode events,
though some thermocline mode events occur in the
model. They showed that the warmer and more diffuse
the thermocline in that model, the lower the El Nifio
amplitude. The relevance of these features was shown
for the case of decadal variability in the Pacific by
Arblaster et al. (2002). They showed that a deeper,
warmer thermocline in the PCM produced lower
amplitude El Nifio events during warm periods in the
tropical Pacific on the multi-decadal timescale, while a
cooler more shallow thermocline produced higher
amplitude El Nino events on that timescale. This result

was consistent with the earlier Meehl et al. (2001) sen-
sitivity experiments and with observations shown in that
study.

To examine aspects of the upper ocean temperature
structure along the equator in the Pacific for the present
two models, Fig. 4 shows the 100 year mean tempera-
tures for control and 2xCO, (Fig. 4a, c) as well as the
differences of 2xCO, and 4xCO, minus control (Fig. 4b,
d) for PCM. For CCSM3, similar plots are shown for
the mean equatorial temperatures for the twentieth
century stabilization and stabilized Bl experiments
(Fig. 4e, g), and for the stabilized Bl minus twentieth
century stabilization (Fig. 4f) and stabilized A1B minus
twentieth century stabilization (Fig. 4h). For all the
PCM and CCSM3 experiments, there is a well-resolved
thermocline, with a mean depth of around 150 m in the
west, sloping upwards toward the east to a depth of
about 50 m similar to observations (e.g. see Meehl et al.
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century stabilization, (¢) PCM 2xCO2, (d) CCSM3 stabilized Bl1,
(e) PCM 4xCO2, and (f) CCSM3 stabilized A1B. Anomalies are

2001). The temperature changes at the right part of the
figure show warming at all levels for both models, but
with greater warming near the surface and beneath the
thermocline and lower amplitude warming in the ther-
mocline.

The warming above the thermocline can be under-
stood as heating from the surface, but the warming be-
low the thermocline is more intriguing and can be traced
in part to a reduction of the east-west equatorial SST
gradient, a consequent weakening of the trade winds,
and a reduction of upwelling. It is also related in part to
changes in the subtropical cells (STCs) in the Pacific.
The mean STCs and associated mean zonally averaged
temperatures are shown in Fig. 4i and j for the PCM and
CCSM3, respectively. The downward extent of the iso-
therms near 20°N and 20°S is associated with conver-
gence and subsidence in the STCs, while the upward
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calculated relative to the respective 100 year mean temperature in
the experiments. Contours denote differences, and shaded areas are
significant at the 10% significance level

reach of the sub-thermocline isotherms is associated
with upward transport in the STCs. Maximum mean
values of meridional streamfunction characterizing STC
strength are greater than 20 Sv in both models.

Previous studies have indicated that a reduction of
the trade winds in the tropical Pacific can produce a
weakening of the STCs, which in turn lead to a deeper
and more diffuse thermocline in observations (McPha-
den and Zhang 2002) and in models (Kleeman et al.
1999; Nonaka et al. 2001; Solomon et al. 2003).

As noted above, with increasing GHG forcing,
there is a warming of the equatorial Pacific SSTs, a
reduction of the east-west SST gradient, and a weak-
ening of the trade winds in both models, particularly
in the western Pacific (not shown). Consequently, the
wind-driven STCs also weaken by roughly 5 Sv (about
25%), as shown in Fig. 4k and 1 for the two models
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Fig. 6 a Composite DJF El Nifio precipitation anomalies spatially
smoothed from the PCM control run (mm day~!). b Same as (a)
except for the CCSM3 twentieth century stabilization experiment. ¢
Composite precipitation anomaly differences for PCM 2xCO2 El
Nifio event precipitation anomalies minus PCM control run El
Nifio event precipitation anomalies (mm day~'). d Same as (b)

(as indicated by the opposite sign anomalies of this
magnitude compared to the sign of the mean meridi-
onal streamfunction in Fig. 4i and j). These weakened
STCs therefore contribute to a weaker and more dif-
fuse thermocline as indicated by zonal mean temper-
ature anomalies greater than +1°C near a depth of
250 m at the equator. Evidence of this more diffuse
thermocline can be given by the thermocline intensity
index defined by Meehl et al. (2001) as the depth be-
tween the 16 and 22°C isotherms at equator, 155°W.
In the CCSM3, for example, this index is 40 m in the
twentieth century stabilization experiment, 50 m in the
stabilized B1 experiment, and 60 m in the stabilized
A1B experiment. Therefore, following the conclusions
of Meehl et al. (2001) and Arblaster et al. (2002), the
warmer and more diffuse thermocline results in lower
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amplitude El Nifno events with increased GHGs in
these models.

5 Changes in El Niio teleconnections to northern mid-
latitudes

To examine the nature of the changes in variability, we
define an El Nifio event as a Nino3.4 anomaly (time
series band pass filtered at 1-5 years) that exceeds one
standard deviation for the December—January—February
season when El Niflo amplitude is greatest and thus the
teleconnections to the Northern Hemisphere are largest
(e.g. Meehl 1987; Yasunari 1991). The year of the El
Nifio (year 0) is then the first calendar year the El Nifio
occurs (e.g. van Loon et al. 2003). For the 100 year
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Fig. 7 Composite DJF sea level pressure anomalies (hPa) for (a) El
Nino events in the PCM control run; (b) El Nifo events in the

CCSM3 twentieth century stabilization experiment; (¢) same as (a)
except for PCM 2xCO2 experiment; (d) same as (b) except for

reference period in the PCM control run, there are 14
such events, 16 in the 100 years of the stabilized 2xCO,
experiment, and 14 in the 100 years of stabilized 4xCO,
experiment. For CCSM3, there are 19 in the 100 years of
the twentieth century stabilization experiment, and 15 in
stabilized B1, and 11 in stabilized A1B.

Composite surface temperature anomalies for
El Nifo events during DJF in the control run, and sta-
bilized 2xCO, and 4xCO, experiments from PCM are
shown in Fig. 5a, ¢ and e, and for twentieth century
stabilization, stabilized B1 and A1B for CCSM3 in
Fig. 5b, d, and f. Anomalies are contoured, and shaded
areas denote differences significant at the 10% level
according to a ¢ test. The larger decreases in El Nifio
amplitude with increased radiative forcing in CCSM3
are evident in the equatorial Pacific comparing Fig. 5b,

90S

0 B0E 120E 180 120W 60W 0

CCSM3 stabilized B1 experiment; (e) same as (¢) except for PCM
4xCO2 experiment; (f) same as (d) except for CCSM3 stabilized
A1B experiment. Contours are anomalies, and shading represents
the 10% significance level

d, and fto PCM in Fig. 5a, c and e (as could be expected
from Figs. 1 and 2). In fact, the interannual standard
deviations in the eastern equatorial Pacific in PCM
(Fig. 5a, c and e) show little change in this depiction,
though it is evident from Fig. 2 that Nifio3.4 variability
decreases with large radiative forcing.

Temperature anomalies in the baseline El Nifio events
(control run for PCM in Fig. 5a, and twentieth century
stabilization for CCSM3 in Fig. 5b) show cooling over
eastern Siberia, significant warming over Alaska,
northern Canada, and parts of northwestern North
America, and significant cooling over the southern tier
of the United States. This is similar to canonical tem-
perature differences for observed El Nifio events (e.g.
Ropelewski and Halpert 1987). However, with increas-
ing radiative forcing in the models, these midlatitude
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Fig. 8 a Composite DJF SLP anomalies (hPa) from PCM for strong El Nifio events as defined in the text. b Same as (a) except for
CCSM3. ¢ Same as (a) except for moderate El Nifio events. d Same as (¢) except for CCSM3

temperature anomalies weaken. In particular over North
America for the largest forcing (4xCO, in PCM and
stabilized A1B in CCSM3), there are no longer any
significant temperature anomalies over North America
during El Nifio events (Fig. Se, f).

To examine the tropical precipitation anomalies for
the baseline El Nifio events in the models, Fig. 6a and b
shows precipitation anomalies for DJF (all anomalies in
Fig. 6 have been spatially smoothed). There are positive
values over the anomalously warm water in the equa-
torial Pacific for both models, and negative anomalies
over areas of Australasia as observed during El Nifio
events (e.g. Meehl 1987). For El Nifio events in a war-
mer mean climate, there is no clear intensification of
precipitation anomalies compared to present-day events
due to the smaller amplitude ElI Nifio SST anomalies
(Figs. 1, 2, 4). Additionally, there are smaller amplitude
precipitation anomalies in lower amplitude El Nifo
events (not shown, and discussed further in the next
section). It has been noted in previous studies (e.g.
Meehl et al. 1993; Cubasch et al. 2001) that enhanced
El Niflo precipitation anomalies in future events could

occur because the base state SSTs increase nearly
everywhere in the tropics with increasing CO,. The idea
was that due to the nonlinear effects of evaporation with
increasing SST, El Nifio events in the future climate
would produce more intense precipitation anomalies in
the presence of those warmer SSTs, though such results
had some elements of model-dependence (Cubasch et al.
2001). However, in Fig. 6¢c—f, which show the difference
between El Nifio precipitation under enhanced CO,
conditions and under baseline conditions, there is some
indication of more anomalously dry conditions over
Australasia in the PCM 2xCO, and 4xCO, simulations
(Fig. 6c, e), though these are only marginally statistically
significant. For the CCSM3 stabilized Bl and AlB
experiments (Fig. 6d, f), there are actually decreases of
precipitation anomalies in the equatorial Pacific, con-
sistent with the decreased amplitude of El Nifio events in
this model (e.g. Fig. 3d), and little consistent change of
El Nino precipitation anomalies over Australasia.
Therefore, the previously noted intensification of El
Nifio precipitation anomalies in a warmer mean base
state that applied when there was no appreciable change
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Fig. 9 Change in base state due to increased GHGs as represented
by differences in precipitation (mm day~!), spatially smoothed.
a PCM 2xCO, minus control. b CCSM3 stabilized Bl minus
twentieth century stabilization. ¢ PCM 4xCO, minus control.

in El Nino amplitude (Meehl et al. 1993; Cubasch et al.
2001) does not hold when the El Nifo events decrease in
magnitude in a future warmer climate.

The changes of North American temperature anom-
alies for future El Nifno events in Fig. 5 can likely be
traced to altered atmospheric teleconnections from the
tropics to midlatitudes (Meehl et al. 1993). Figure 7a
shows DJF sea level pressure (SLP) anomalies for
El Nifio events in the PCM control run, and Fig. 7bis a
similar plot for the twentieth century stabilization
experiment from CCSM3. The familiar pattern of an
anomalously deeper (negative anomalies) Aleutian Low
in the North Pacific has been documented in observa-
tions (e.g. Wallace and Gutzler 1981). Figure 7c and d
shows the SLP anomalies for 2xCO, and B1 El Nino
events from PCM and CCSM3, respectively. The
anomalous negative SLP differences in the North Pacific
are seen to move eastward, and this is seen more clearly
with the larger positive radiative forcing for the 4xCO,
and A1B El Nino events from PCM and CCSM3,
respectively, in Fig. 7¢ and f. There is a notable weak-
ening of the North Pacific teleconnection pattern with
higher radiative forcing comparing 2x to 4xCQO, El Nifio

d CCSM3 stabilized A1B minus twentieth century stabilization.
Contours are anomalies, and shading represents the 10% signifi-
cance level

events from PCM (Fig. 7c, e), and Bl to A1B El Nifio
events from CCSM3 (Fig. 7d, f). This change in the
teleconnection pattern for El Nifio events with increased
CO, would affect the surface temperature anomalies in
the way described in Fig. 5 such that with progressive
increases of positive radiative forcing and the eastward
shift and weakening of the negative SLP anomalies in
the North Pacific, less anomalously warm air would be
advected from the Pacific northeastward to northern
North America.

A factor that could contribute to this difference in
teleconnections is the reduction in amplitude of the
El Nifio events themselves (e.g. as discussed in Arblaster
et al. 2002). To illustrate this effect, a composite of 42
“strong” El Nifo events (Nifio3.4 DJF SST anomalies
exceeding one standard deviation), and a composite of
49 “moderate” El Nifo events (Nifio3.4 DJF SST
anomalies greater than 0.7 standard deviation but less
than 1 standard deviation) are formed from a 400-year
segment of the pre-industrial control run (years 600—
999), and the associated SLP anomalies are plotted in
Fig. 8a and c. The lower amplitude El Nifio events from
PCM in Fig. 8c are associated with smaller-amplitude
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Fig. 10 Change in DJF base

" a) PCM 4XCO2 minus control
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state due to increased GHGs as
represented by differences in
300 hPa streamfunction.

a PCM 4xCO, minus control.
b CCSM3 stabilized A1B minus
twentieth century stabilization.
Contours are anomalies, and
shading represents the 10%
significance level. The A1B
anomalies for CCSM3 are
lower amplitude compared to
PCM due to the smaller forcing
(1.89xCO, in CCSM3 A1B
compared to 4xCO, for PCM).
Units: x10° m?s~!

90S
0

60E

120E 180 120W 60W C

90S
0

60E

SLP anomalies in the North Pacific (maximum negative
SLP anomalies of about —5 hPa for strong events, and
—3 for moderate events).

A similar calculation is performed for the CCSM3
from the last 200 years of the pre-industrial control run
(in order to get about the same number of samples as
PCM for the CCSM3). The criterion for a strong
El Nifio event is Niflo3.4 DJF SST anomalies exceeding
1.4 standard deviations (this criterion is used in order to
obtain about the same numbers of strong and moderate
events in CCSM3), which yielded 39 strong events
(Fig. 8b), and moderate events were defined as Nifio3.4
DIJF SST anomalies from 0.8 to 1.4 standard deviations
(41 cases in Fig. 8d). As for the PCM, the moderate
El Nifio event teleconnections to the North Pacific
region are smaller than for the strong events, with the
maximum negative SLP anomaly in the North Pacific
only about —1.5hPa in the moderate events, but
roughly —4 hPa for the strong events. Thus the reduc-
tion in El Nino amplitude is contributing to the weaker
midlatitude teleconnections in these models.

The change in midlatitude teleconnections in El Nifio
events in a warmer climate could also be related to the

120E 180 120W 60W C
midlatitude base state changes from the increases of CO,
(Meehl et al. 1993). Figure 9a and ¢ shows the base state
precipitation changes for 2x and 4xCO, from PCM, and
Fig. 9b and d for stabilized Bl and A1B from CCSM3.
All are characterized by precipitation increases over the
central and western tropical Pacific, western tropical
Indian Ocean and tropical South America. These
changes in tropical precipitation and consequent con-
vective heating anomalies are likely to contribute to the
anomalies of DJF 300 hPa streamfunction for 4xCO,
(Fig. 10a) for PCM, and stabilized A1B for CCSM3
(Fig. 10b) as suggested by the analyses of Meehl et al.
(1993) and Selten et al. (2004). The climate change
experiments show negative streamfunction difference
centers in roughly a wave 5 pattern (e.g. Branstator
2002; Selten et al. 2004) over the northern midlatitudes,
with negative centers near the Arabian peninsula, east
Asia, central North Pacific, North America, and
Atlantic. There are larger magnitude 300 hPa stream-
function anomalies for the 4xCQO, experiment in
Fig. 10a compared to the CCSM3 stabilized AlB
experiment in Fig. 10b since the former has about twice
the anomalous radiative forcing from increased GHGs
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Fig. 11 a Change in DJF base state represented by differences in
300 hPa streamfunction due to an idealized convective heating
anomaly centered at 150°E in the equatorial western Pacific (shaded
circle) meant to be analogous to the change in base state due to
increased CO; in Fig. 9. b DJF SLP anomalies meant to represent
teleconnections from an El Nifio event associated with an idealized
convective heating anomaly centered at 150°W in the equatorial
eastern Pacific (shaded circle), compare to North Pacific telecon-

nections in Fig. 10a and c¢. ¢ DJF SLP anomalies meant to
represent El Nifio teleconnections from a combination of convec-
tive heating anomalies along the equator, the one at 150°W (shaded
circle) representing an El Nifio event, superimposed on the changed
base state representing an increase of CO, from a second
convective heating anomaly at the equator, 150°E (open circle),
compare to changes in North Pacific teleconnections in Fig. 7
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compared to the latter. From planetary wave propaga-
tion theory (Hoskins et al. 1977; Branstator 1983)
we know that changes in the midlatitude base state
circulation can change the structure of teleconnections
from the tropical Pacific to North America, thus possi-
bly contributing to the reduced amplitude surface tem-
perature anomalies over North America in El Nifio
events with increased GHGs noted in Fig. 5.

To test this possibility, we use a technique similar to
Meehl et al. (1993) and specify diabatic heating anom-
alies in a T42 version of the atmospheric model in
CCSM3 (CAM3) with climate SSTs. All results are DJF
averages, and we obtain the climatology from a 100 year
control run. The specified heating anomaly experiments
start on 1 September and are run for 10 years and
4 months. The heating experiments are forced by a
steady heat source centered on the equator. In the ver-
tical, the heating H is distributed as sin(n*c) where ¢ =
pressure/surface pressure. In the horizontal, H decreases
linearly from a central point until it is zero at a distance
of 1,500 km. The central value at ¢=0.500 is 5°C day .
This experimental design is described in Branstator and
Haupt (1998) except in that paper it was applied to a
different atmospheric model (CCMO0). A caveat that
must accompany these experiments is that even though
the imposed forcing is the same for each equatorial
heating experiment, the effective heating anomaly can
vary from experiment to experiment. This is because
there is a strong positive feedback in the tropics with the
imposed heating leading to a coincident precipitation
anomaly that often corresponds to an additional heating
of similar magnitude to the imposed anomaly.

The atmospheric model is first run for 10 years with a
heating anomaly centered at the equator, 150°E. This
roughly corresponds to the area of large amplitude mean
increased precipitation in the future climate simulations
(Fig. 9). The resulting 300 hPa streamfunction anomaly is
shown in Fig. 11a. A similar wave 5 pattern to that seen
from the global coupled models with increased GHGs in
Fig. 10 is produced, roughly representing the change in
base state circulation from the increase in GHGs.

To simulate the teleconnections associated with an
El Nifio event in this model, we insert an idealized con-
vective heating anomaly at the equator at 150°W. The sea
level pressure pattern produced in this experiment in
Fig. 11b shows an anomalously deepened Aleutian Low
in the North Pacific. Then, we perform an experiment with
the heating anomaly representing an El Nino event at
150°W, along with the specified heating anomaly on the
equator, 150°E, representing the change in base state due
to increased GHGs, and run the model for 10 years. The
average change in sea level pressure in this experiment,
relative to the experiment in Fig. 11a, is meant to repre-
sent the effects on midlatitude teleconnections of an
El Nifio event superimposed on a mean change in base
state from increased GHGs, and is shown in Fig. 1lc.
Compared to the control run El Nifio SLP teleconnection
pattern in Fig. 11b, the anomalous low center has weak-
ened and shifted eastward, similar to that seen in the
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El Nifio events with increased GHGs in the coupled
models (Fig. 7). Therefore, both the differences in mid-
latitude base state circulation associated with increased
GHGs, as well as the effects on teleconnections resulting
from the lower amplitude of El Nifio events in an en-
hanced GHG environment, appear to contribute to
changes in weaker and eastward-shifted midlatitude El
Nifo teleconnections in a future warmer climate in these
models.

6 Conclusions

El Niflo events in two global coupled climate models are
studied for possible future changes in their characteris-
tics with increasing greenhouse gases. Analyses are made
of experiments with stabilized 2x and 4xCO, compared
to a control run for PCM, and stabilized Bl and A1B
scenarios compared to a twentieth century stabilization
experiment and transient twenty-first century A2, A1B
and Bl experiments in CCSM3. Changes of El Nifio
magnitude are negligible in the PCM B1 and A1B sce-
nario simulations.

The amplitude of simulated present-day El Nifio
events in the models is comparable to observed events,
with frequencies ranging from 2.5 to 4 years, compared
to about 3—7 years in observations. The El Nifio events
in PCM and CCSM3 show both SST and thermocline
modes, with the SST modes more predominant. El Nifio
frequency in these experiments does not change appre-
ciably with increased positive radiative forcing. The
amplitude of Nifio3.4 SST standard deviations decreases
somewhat with 2xCQO, in PCM and the stabilized Bl
scenario in CCSM3, and even more with 4xCO, in PCM
and the stabilized A1B scenario in CCSM3.

There is significant low frequency variability of El
Nifio event amplitude in a 1,200 year control run of
PCM and a 500 year control run with CCSM3, and the
reduced amplitude of Nifno3.4 SSTs in the 2xCO, run in
PCM and the stabilized Bl experiment in CCSM3 is
close to the range of the models’ natural variability. But
the decrease in El Nifio amplitude with larger positive
radiative forcing for 4xCO, in PCM, and the stabilized
A1B scenario for CCSM3, is well outside the range of
inherent low frequency El Nifio variability, and the
reductions in amplitude for these experiments are sta-
tistically significant. However, other studies surveying a
wider range of models show a great deal of model
dependence of such results (e.g. Collins 2000b; Merry-
field 2006; Guilyardi 2005; van Oldenborgh et al. 2005).

Analysis of multi-ensemble member transient Bl,
AlB and A2 scenario experiments with PCM and
CCSM3 (not shown) show a similar tendency for de-
creased El Niflo amplitude with increased GHGs, but
none of these changes are statistically significant sug-
gesting that such changes of El Nino would be difficult
to detect over the course of the twenty-first century, and
may only emerge farther into the future with much lar-
ger forcing.
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These reductions of El Niflo amplitude in the two
models are traced to temperature differences in the up-
per equatorial Pacific Ocean. The warming throughout
the upper ocean is not uniform, with greater warming at
the surface and below the thermocline in both models.
The warmer and more diffuse thermocline, partially due
to a decrease in strength of the STCs in the Pacific,
contributes to reducing El Nifio amplitude.

Even though these El Nifio anomalies are superim-
posed upon warmer base state SSTs, precipitation
anomalies in the tropics are not intensified in the future
El Nifio events because El Nifio amplitudes decrease
with greater positive radiative forcing. Previous studies
that showed such an intensification of El Nifio precipi-
tation anomalies in a future warmer climate assumed
little change in El Nifio amplitude. In the present
experiments, the reduction in El Nifio amplitude plays a
larger role than the warmer base state on affecting
changes in tropical precipitation anomalies.

There are changes in surface temperature anomalies
associated with future El Nifio events that are partic-
ularly notable and significant over North America. The
anomalously warmer conditions over Alaska and
northern Canada, and cooler temperatures over the
southeastern US, weaken during El Nifio events with
increased GHGs. This is attributed to a change in
midlatitude teleconnections, with the anomalously
deepened Aleutian low weakening and shifting east-
ward in future warmer climates. These changes in
teleconnections are traced to a change in base state
midlatitude circulation likely associated with convec-
tive heating anomalies in the tropical Pacific in the
warmer climate. This is verified in sensitivity experi-
ments with a version of the atmospheric model (CAM3
as in CCSM3) with specified heating anomalies.
Weaker teleconnections to midlatitudes associated with
the future lower amplitude ElI Nifio events in the
models also contribute to the modifications in midlat-
itude anomalies for El Nifio events during enhanced
GHG conditions.

Though we have identified physical processes that
would lead to lower amplitude El Nifio events in these
two particular models, there are indications that future
changes of El Nifio could be quite model-dependent.
Merryfield (2006) and Guilyardi (2005) analyze a multi-
model dataset and show decreases of El Nifio amplitude
in some models, but increases or little change in others.
The latter study addresses the nature of some of the
physical processes operating in these various models that
produce different El Nifo responses with increased
GHGs, and outlines some possible reasons for the
model-dependence of the results.

In any case, it appears that there is currently no
definitive answer to the question of what will happen to
El Nifio in the future. But we now have much more
information from AOGCMs regarding the role of
inherent natural variability, base-state dependent chan-
ges on tropical and midlatitude teleconnections, and
some good physical reasons for why the models produce
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the range of results. The present study illustrates some of
these processes for two models, and suggests future
analyses for more models.
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