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Abstract

With data from 12 coupled models in the 4th Assessment Report of the Intergovernmental Panel
on Climate Change (IPCC-AR4), climate under year 2000 greenhouse gas (GHG) + aerosol forcing
was compared with climate under pre-industrial conditions. In the tropical Pacific, the warming in
the mean sea surface temperatures (SST) was found to have an El Nino-like pattern, while both the
equatorial zonal overturning circulation and the meridional overturning circulation weakened under
increased GHG forcing.

For the El Nino-Southern Oscillation (ENSO), the asymmetry in the SST anomalies between El
Nifio and La Nina was found to be enhanced under increased GHG, for both the ensemble model data
and the observed data (1900-1999). Enhanced asymmetry between El Nifio and La Nina was also
manifested in the anomalies of the zonal wind stress, the equatorial undercurrent and the meridional
overturning circulation in the increased GHG simulations. The enhanced asymmetry in the model
SST anomalies was mainly caused by the greatly intensified vertical nonlinear dynamic heating (NDH)
anomaly (i.e. product of the vertical velocity anomaly and the negative vertical temperature gradient
anomaly) during El Nifio (but not during La Nifia). Under increased GHG, the enhanced positive NDH
anomalies during El Nifio when time-averaged over the whole record would change the SST mean state

by an El Nifo-like pattern.



1 Introduction

The global atmospheric and tropical oceanic surface temperatures increased in the past century by > 0.5°C
(Jones and Moberg, 2003; Anthes et al, 2006). This warming is, at least in part, a result of emissions of
GHGs from human activities (IPCC, 2001). The climate change caused by the emissions of GHGs from
human activities will also change the tropical Pacific climate state. ENSO, the strongest interannual signal
in the tropical Pacific, changes its characteristics with the change in the background climatology (Fedorov
and Philander, 2001; An and Wang, 2000; Ye and Hsieh, 2006). Our primary interest here is to study how
changes in GHGs from the pre-industrial level to the year 2000 level would impact ENSO.

There is debate in the climate literature as to whether the low-frequency change of ENSO in the
tropical Pacific is generated within the tropics by tropical internal instability (Knutson and Manabe,
1998), or uncoupled atmospheric noise (Thompson and Battisti, 2001; Fliigel et al, 2004), or whether it
involves the interaction between the extratropics and the tropics (Gu and Philander, 1997; Kleeman et al,
1999; Barnett et al, 1999). The zonal overturning circulation in the equatorial Pacific directly transports
water mass and heat energy between the western warm pool and the eastern cool upwelling area, while the
meridional overturning circulation conveys water mass and heat energy between tropical and subtropical
Pacific. McCreary and Lu (1994) and Liu (1994) investigated the fundamental dynamics of the meridional
overturning circulation using simple layered thermocline models. They postulated that the subtropical
water from the northeast subtropics reaches the equator via low-latitude western boundary currents or via
an interior path directly linking the northeast subtropics to the central tropics.

There is also debate on whether the climate is changing into El Nino-like warming or La Nina-like
cooling in the tropical Pacific. Cane et al (1997) found that the observed SST had a cooling trend in the
eastern tropical Pacific during 1900-1991. However, IPCC TAR (2001) found that the trend for SST was
El Nino-like in the tropical Pacific in many models. Meehl and Washington (1996) also noted an El Nifio-
like climate change in their coupled general circulation climate model (CGCM) with CO5 doubling. This
paper will use the observed SST from 1900-1999 which was constructed using the most recently available
International Comprehensive Ocean-Atmosphere Data Set (ICOADS) SST data and improved statistical

methods that allow stable reconstruction using sparse data, including a modified historical bias correction



for the 1939-1941 period.

The meridional overturning circulation has been slowing down in the later decades during the period
1950-1999 (McPhaden and Zhang, 2002), though it rebounded during the short period 1998-2003 with
respect to the period 1992-1998 (Zhang and McPhaden, 2004). According to Zhang and McPhaden (2006),
there appeared to be a strong decadal variability superimposed on a linear weakening trend in the period
1953-2001. Using a coupled model, Merryfield and Boer (2005) found that anthropogenic forcing may
have contributed to the observed slowdown of the meridional overturning circulation. The zonal Walker
circulation driven by convection in the western equatorial Pacific and subsidence in the east shows a
weakening trend since the mid-19th century due to anthropogenic forcing (Vecchi et al, 2006). Here we will
investigate the slowdown in the oceanic zonal and meridional circulations using the IPCC-AR4 multi-model
ensemble based on 12 CGCMs.

There is much uncertainty in how ENSO will change its characteristics (e.g. the amplitude and fre-
quency) under increased GHG in the CGCMs. Guilyardi (2006) assessed the ENSO-mean state-seasonal
cycle interactions in 23 coupled ocean-atmosphere models by comparing the pre-industrial control and the
stabilized 2xCO5 and 4xCQO5 scenario runs. The ENSO amplitude was found to be an inverse function of
both the mean trade winds and the relative strength of the seasonal cycle, but the relation was less clear for
the ENSO frequency. Van Oldenborgh et al (2005) found very little influence of global warming on ENSO
from the results of 17 models. Merryfield (2006) compared the differences in ENSO amplitude, period,
and pattern under pre-industrial conditions and under COs doubling: The amplitude changes were not
strongly related to the magnitude or pattern of surface warming. A narrow (wide) wind stress response was
associated with ENSO amplitude decrease (increase). The models exhibited a mean fractional decrease in
the ENSO period by about 5%, and an increase in the amplitude of SST variations in the central tropical
Pacific. On the other hand, Meehl et al (2006) found that ENSO events decreased in magnitude in the
future warmer climate (2xCOg, 4xCO4 and other scenarios). Collin (2005) showed that the most likely
scenario is for no large amplitude change toward mean El Nino or La Nina-like condition in the 20 models
submitted to the coupled model inter-comparison project (CMIP) by comparing the 80-year control simu-

lation with fixed COg level and the 80-year simulation in which CO5 was increased from the control value



at a rate of 1% per year compounded. In the present paper, the changes in ENSO under the committed
COg level (i.e. the year 2000 COy level) are examined.

ENSO displays considerable asymmetry between its warm phase (El Nino) and its cold phase (La Nifia)
(An, 2004; Rodgers et al, 2004). The asymmetry is due to the nonlinearity of the ENSO system, as
the nonlinear dynamic heating in the tropical Pacific ocean heat budget is essential in producing decadal
changes in ENSO nonlinearity and asymmetry (Jin et al, 2003; An and Jin, 2004). Changes in the
asymmetry and nonlinearity of ENSO and associated overturning circulations are also addressed in our
study.

The observed SST and the ensemble model data are described in Sec. 2 and Sec. 3, respectively. By
comparing the ensemble model simulations under the pre-industrial GHG conditions and under the present
conditions, we identified climate change in the tropical Pacific (Sec. 4), changes in the ENSO SST and zonal
wind stress anomalies (Sec. 5), and changes in the ENSO ocean circulation (Sec. 6). A diagnostic analysis
of the ocean surface temperature equation gave some explanation for the enhanced ENSO asymmetry (Sec.

7).

2 Observed SST

The NOAA extended reconstructed SST data (Smith and Reynolds, 2004) were used, with the data di-
vided into the 1900-1949 and 1950-1999 periods. The climatological difference between the two periods
suggests that the SST in the eastern-central tropical Pacific has increased by at least 0.3°C (Fig. 1). The
climatological difference pattern resembles the El Nino pattern, with the maximum positive value in the
eastern equatorial Pacific. In Fig. 1, the significance test was performed using the Student ¢-test, where
the equivalent sample size (i.e. degrees of freedom) was estimated from the auto-correlation function (von
Storch and Zwiers, 1999, p. 115).

Prior to calculating the composite maps for El Nino and La Nifia episodes, a three-month running
mean was applied after the climatological seasonal cycle and linear trend were removed in each period. We
examined the composite maps of SST anomalies for El Nifio and La Nina episodes during each period (Fig.

2). El Niflo and La Nina episodes were defined based on the Nino-3.4 index (i.e. the averaged SST anomalies



over the region 5°S-5°N, 120°W-170°W exceeding +1 standard deviation). Compared to the 1900-1949
period, a prominent eastward shift of positive SST anomalies appears over the eastern equatorial Pacific
during El Nifio in the 1950-1999 period, where the maximum anomaly “H” has shifted from 120°W (Figs.
2a) to east of 90°W (Figs. 2c). During La Nifia, a westward shift of negative SST anomalies is evident in
the latter period, i.e. the shift during La Nina is in opposite direction compared to that during El Nino
(Figs. 2b and d). These shifts obviously enhanced the El Nino-La Nina asymmetry and nonlinearity in the
latter period. To derive an index for the asymmetry, the SST composite (Fig. 2) for El Nifio and that for La
Nina were added together at each grid point, then the root-mean-square (RMS) deviation (averaged over
the tropical Pacific) is a measure of the asymmetry, with a zero value indicating the La Nifia pattern to be
completely symmetrical to the El Nino pattern. The RMS deviation was 0.11°C for the period 1900-1949
and 0.19°C for 1950-1999, confirming the enhanced asymmetry in the latter period. This change in the
asymmetry has a longer time scale (50 years) compared to the decadal change in ENSO asymmetry found
after the late 1970s (Ye and Hsieh, 2006; Wu and Hsieh, 2003; An, 2004). To find a possible cause for this

longer time scale change in ENSO, we will examine the effects of GHG forcing in the following sections.

3 Model data

Model data from the IPCC-AR4 database were downloaded from the archive hosted by the Program for Cli-
mate Model Diagnosis and Intercomparison (PCMDI). The 12 CGCMs used here are the CCCMA-CGCM3-
1, CNRM-CM3, CSIRO-MK3-0, GFDL-CM2-0, GISS-MODEL-E-R, IAP-FGOALS1-0-G, INMCM3-0, IPSL-
CM4, MIROC3-2-MEDRES, MIUB-ECHO-G, MRI-CGCM2-3-2A and UKMO-HADCM3. The documen-
tation for the models is available on the website http://www-pcmdi.1llnl.gov/ipcc/model_documentation/
ipcc_model_documentation.php. We consider the pre-industrial control runs (Plentrl) and the Commit
runs (Commit). Plentrl is the pre-industrial climate simulation with GHG-induced forcing fixed at the level
of year 1850, whereas Commit simulates committed climate change using the forcing (GHG + aerosols) at
year 2000 levels. For each simulation run, 100 years of data were taken from each of the 12 models.

For all models, the tropical Pacific SST and zonal wind stress (WS) were analyzed. The zonal current in

2°5-2°N and the meridional current in 30°S-30°N from the sea surface to 450 m depth were also analyzed.



The meridional currents averaged over 100 m to 300 m depth were used to detect the meridional overturning
circulation in the region 30°S-30°N in the Pacific. The temperature and vertical velocity in the equatorial
Pacific region (5°S-5°N, 0-50m) were also used in the diagnostic analysis.

For each model, the monthly mean SST, WS, ocean upper level velocities were interpolated onto a
5° longitude by 4° latitude regular grid (identical to that used in the GISS-ER model) using bi-linear
interpolation. Anomalies were computed with respect to the mean seasonal cycle in each specific model

simulation.

4 Climate change simulated

The climate change induced by the anthropogenic forcing were computed by subtracting the multi-model
ensemble mean in the Plentrl experiment from that in the Commit experiment. The warm pool in the
western tropical Pacific and the cool tongue in the eastern tropical Pacific were both reproduced well in
the mean climate in the Commit experiment (Fig. 3a), although there is a cool model bias (up to 1°C) in
the east-central equatorial Pacific ocean and an exaggerated westward extent of the cold tongue (cf. Fig.
la). These biases have been recognized as common problems in most of the state-of-the-art coupled models
manifesting a double Inter-Tropical Convergence Zone (ITCZ) (Zhang and Wang, 2006; Dai, 2006). The
difference between the means of the two experiments shows nearly 1°C warming over all of tropical Pacific
(Fig. 3b), with the warming pattern vaguely resembling the El Nino pattern which has the maximum
centered in the eastern-central equatorial Pacific. While each individual model revealed an El Nifo-like
pattern of SST change (see the figures in the Appendix), there is considerable variability among the models
(e.g. the maximum warming center ranged from the eastern to the western equatorial Pacific), with the
standard deviation of SST change in Fig. 3c illustrating this inter-model variability.

The difference between the means of the two experiments also showed a positive zonal WS pattern in
the western tropical Pacific (Fig. 3e), which also resembles the zonal WS anomaly pattern found during
El Nino (shown later). The enhanced GHG forcing decreased the mean easterlies (Fig. 3d) along the
western equatorial Pacific (Fig. 3e). This agrees with the finding that the Walker circulation has been

slowing down in the tropical atmosphere since the mid-19th century (Vecchi et al, 2006), as the trade wind



blowing across the tropical Pacific from east to west is associated with the bottom branch of the zonal
Walker circulation. The mechanism for enhanced GHG forcing to weaken the Walker circulation is as
follows: Using a one-dimensional radiative convective model, Betts and Ridgway (1989) and Betts (1998)
found that the rate of moisture increase in the boundary layer, under the assumption of constant relative
humidity, outpaced the rate of increase in evaporation, thereby decreasing the convective mass circulation
in the Tropics. Held and Soden (2006) and Vecchi and Soden (1997) proposed that the weakening of
the atmospheric overturning circulation in response to enhanced GHG forcing could be explained by the
differential response of global-mean precipitation and atmospheric humidity to a warming climate. Fig. 3e
also showed a strengthening of the easterlies south of 10°S. The inter-model variability of the zonal WS
change (Fig. 3f) revealed that the models were most consistent with each other along the equatorial belt.

In the vertical section along the equator showing the zonal current, the equatorial undercurrent along
the thermocline is seen in the subsurface layer (Fig. 4a) although the simulated undercurrent is not as
strong as observed current (with a maximum of about 100 cm s=!). The overturning equatorial circulation
has weakened as shown in the difference between the means from the Commit and Plcntrl experiments (Fig.
4b), while the undercurrent has shifted upward in the Commit runs, as Vecchi et al. (2006) have also noted
an upward trend in the undercurrent position in the GFDL-CM2.1 simulation data during 1861-2000. As
the observed Walker circulation in the tropical atmosphere has been weakening in recent decades, Vecchi
et al. felt that global warming was a likely causative factor in the weakening of the wind pattern. Here the
simulated results confirm that the overturning oceanic circulation in the equatorial Pacific has also been
weakening between Plcntrl and Commit.

Next consider the meridional currents which are important for interactions between the tropics and the
extratropical Pacific, as studies have shown that extratropical effects influence the tropical ENSO (Gu and
Philander, 1997; Kleeman et al, 1999). Observations indicated that the cool water in the subtropical Pacific,
especially in the eastern area, is subducted down and move to the tropics by the meridional overturning
circulation in the upper Pacific (McPhaden and Zhang, 2004). The Pacific overturning circulation can
be presented by the meridional oceanic velocity in the tropical and subtropical Pacific. The difference in

the mean subsurface current (Fig. 4d) between the Commit and Plcntrl runs shows the Pacific meridional



overturning circulation (Fig. 4¢) tending to slow down, especially in the western tropical Pacific. The
recent observed evidence suggests that there does exist such a slowdown of the meridional overturning
circulation in the upper Pacific Ocean since the 1970s (McPhaden and Zhang, 2002). Although McPhaden
and Zhang (2004) found that the meridional overturning circulation rebounded during 1998-2003, their
latest result showed that there was a slowdown trend overlying the decadal variability in the meridional
overturning circulation during 1953-2000 (Zhang and McPhaden, 2006). Figs. 4c and d indicate that this
slowdown in the meridional overturning circulation is at least partially due to the increased GHG forcing,
with the associated weakening of the Walker circulation and equatorial upwelling. Fig. 4d also shows that
the slowdown of the overturning circulation occurs along the interior path.

The difference in the mean between the Commit runs and Plentrl runs also shows that the GHG-
induced changes are El Nino-like patterns in the tropical Pacific SST. In the next two sections, El Nifio-like
patterns are also found in the changes of the zonal WS, zonal overturning circulation and meridional
overturning circulation. The observed El Nino-like pattern in SST (Fig. 1b) therefore appears at least in

part contributed by the GHG forcing.

5 Changes in the ENSO SST and zonal WS

The data from GISS-ER and TAP-FGOALS-gl.0 are excluded in the analysis from now on due to no
ENSO variability in the GISS-ER model (Guilyardi, 2006) and the very small seasonal cycle with the
unrealistic regular interannual cycle in the IAP-FGOALS-g1.0 model (Guilyardi, 2006; Van Oldenburg et
al, 2005). To identify El Nifio and La Nina episodes in the model data, the simulated SST anomalies in
the tropical Pacific (150°E-80°W, 20°S-20°N) were smoothed by a 25-month running mean, [as the period
of the simulated ENSO was greater than 2 years in all 10 coupled models (Guilyardi, 2006)], then the
leading principal component (PC, i.e., the time series) from principal component analysis (PCA) of the
smoothed SST anomalies was defined as a proxy ENSO index for each model run, with El Nifio/La Nina
defined based on the proxy ENSO index exceeding +1 standard deviation. Composite maps of El Nino
and La Ninia for various variables (without the 25-month running mean smoothing) were computed for

each individual model. The multi-model ensemble mean for each variable was then calculated from the



individual composite maps.

ENSO is an interactive thermodynamic system between the atmosphere and ocean, where the atmo-
sphere dynamically forces the ocean by the surface WS, while the ocean thermally drives the atmosphere
by heating/cooling. Multi-model ensemble means of composite maps for SST and zonal WS anomalies over
the tropical Pacific are shown in Fig. 5. A pronounced shift in the zonal location of positive SST anomalies
during El Nifno occurred in the Commit runs relative to the Plentrl runs (Figs. 5a and c). The shift is in
the same direction as observed (Figs. 2a and c), but there is model bias since the model SST anomalies
are located further west than the observed during El Nino, as noted by Capotondi et al (2006). During
La Nina, the shift of the negative SST anomalies is undistinguished between the Commit and Plcntrl runs
(Figs. 5b and d), missing the westward shift of anomalies in the observational data (Figs. 2b and d). The
RMS index of the asymmetry between El Nino and La Nifia was computed to be 0.045 °C averaged for
the Plentrl runs and 0.057 °C for the Commit runs. Although these values are considerably weaker than
the observed values given in Sec. 2, they indicate the increase of ENSO asymmetry with increased GHG.
For each model, we computed the zonal location of the “center of mass” of the SST anomalies around the
equator by > (SST; *x L;)/ > SST;, where L; is the longitude in degrees and i is the spatial index in the
domain 2°S-2°N, 150°E-80°W. This center of mass for SST during El Nino has shifted eastward in the
Commit runs relative to the Plentrl runs by -1, 25, 6, 11, -2, 6, 5, 105, 47, 3 degrees for the the 10 models,
respectively. Only 2 models (CCCMA and INMCM) have shifted marginally westward, as the zonal grid
spacing is 5 degrees.

For the zonal WS during El Nino, there was eastward shift and strengthening of the westerly anomaly
center along the equator (as indicated by “H”) in the Commit runs relative to the Plentrl runs (Figs. 5e
and g), while during La Nina, the easterly WS anomalies along the equator showed no obvious shift (Figs.
5f and h). The contrast in the WS shift between El Nifio and La Nifia meant that the asymmetry and
nonlinearity of ENSO were enhanced in the Commit runs. The RMS index of asymmetry for the zonal WS
was 0.078 (in 0.01Pa) for the Plcntr]l runs and 0.100 (in 0.01 Pa) for the Commit runs. The change in the
asymmetry and nonlinearity of ENSO in these experiments is similar to the observed change after the late

1970s on the decadal time scale (Ye and Hsieh, 2006; Wu and Hsieh, 2003; An, 2004).
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6 Changes in the ENSO ocean circulation

In the vertical section showing zonal currents along the equator, during El Nino the westward subsurface
zonal current anomaly strengthened slightly and “L” shifted eastward and upward in the Commit runs
relative to the Plentrl runs (Figs. 6a and c); in contrast, during La Nifia, the eastward subsurface zonal
current anomaly weakened and “H” shifted slightly to the west (Figs. 6b and d). Thus the asymmetry in
the zonal current anomalies between El Nifio and La Nina strengthened in the Commit runs relative to the
Plcntrl runs, as the RMS index of asymmetry was 0.77 cm s~! for the Plentrl runs and 1.01 cm s~! for
the Commit runs.

In both the El Nino and La Nifia composites (Fig. 7), the subsurface meridional currents averaged
between 100 - 300 m depth clearly showed the interior path (McCreary and Lu, 1994, Liu, 1994) running
from the eastern subtropical Pacific Ocean to the central tropical Pacific Ocean. In the equatorial area,
the location of “L” (the strongest southward current anomaly) during El Nifio was found to have shifted
eastward by 10° in the Commit runs relative to the Plentrl runs (Figs. 7a and c), whereas during La Nifa,
“H” showed no obvious shift between Figs. 7b and d. The RMS index of asymmetry (computed between
5°S-5°N) was 0.20 cm s~ ! for the Plentrl runs and 0.32 cm s~! for the Commit runs. Hence the asymmetry
in the subsurface meridional current anomalies between El Nino and La Nina was enhanced in the Commit

runs relative to the Plentrl runs.

7 Diagnostic analysis of the surface temperature equation

The ocean surface temperature equation can be written as

O _ (a2 59T 50T L OT 0T WO (W8 09T 4 9T residuals (1)
o Yar Ty Tz T ar "y T Vs Yor TVay T Wz ) TIeNENAS,

where T, u, v, w are, respectively, anomalies of the SST, zonal, meridional and vertical ocean velocities with
respect to the climatological mean variables (indicated by the overbar), and “residuals” include surface
heat flux anomalies, SST diffusion, subgrid-scale effects, etc. (An and Jin, 2004). The first bracketed term
on the right hand side of (1) represents the linear dynamic heating (LDH) in the surface ocean, and the

second bracketed term, the nonlinear dynamic heating (NDH).
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The temperature equation was applied to the surface ocean layer, where the average of the SST and
velocities values over 0-50 m depth was used to represent the surface layer. The vertical temperature
gradient was computed from the difference between the temperature at 0 m and that at 50 m depth.
While this is a rather crude usage of Eq.(1), a finer use of the temperature equation is difficult to perform
in practice, since each individual model has its own vertical resolution and mixed-layer depth, with the
mixed-layer depth changing from the eastern to the western Pacific.

Since the vertical ocean velocities of the models MIUB-ECHO-g and UKMO-HadCM3 were not avail-
able, these two models were excluded in the subsequent analysis. Averaged over time (100 years), the SST
tendency contributed by the LDH terms is very small compared to the contribution from the NDH terms.
Among the three NDH terms, the vertical term —w%—z is dominant (Figs. 8e and g; f and h). The NDH
is about 30% stronger in the Commit runs than in the Plentrl runs (Figs. 8f or h). The enhanced NDH
in the Commit runs does not correspond to enhanced upwelling, instead the weakened upwelling (Figs. 8¢
and d) are consistent with the finding in Sec. 4 that the equatorial overturning circulation weakened in the
Commit runs.

The multi-model ensemble composites during El Nino and La Nina for the NDH in the ocean surface-
layer are shown in Fig. 9. During both El Nino and La Nina, the NDH anomalies are positive along the
equatorial Pacific (Fig. 9). This feature of the NDH anomalies is known to cause the asymmetry between
El Nino and La Nina, as the warm NDH anomalies enhance the warm El Nino events and weaken the
cool La Nifia events (An and Jin, 2004). There is very substantial strengthening of the positive NDH
anomaly in the equatorial belt and an eastward shift by about 25° in the anomaly center (marked by “H”)
in the Commit runs during El Nifio (Figs. 9a and ¢). However, during La Nifia, the changes in the NDH
anomalies are relatively small between the Commit runs and Plentrl runs (Figs. 9b and d). That the
large changes in the magnitude and position of the NDH anomalies between Commit and Plcntrl runs only
occurred during El Nino reflects the nonlinear nature of the change in the NDH under enhanced GHG.
With the increase of NDH during El Nifo in the Commit runs, one would expect an overall increase in
the ENSO amplitude. However, no clear increase in the overall ENSO amplitude was found between the

Commit and Plentrl runs (see Appendix). Hence other terms (e.g. the residuals and the LDH) in Eq.(1)
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must, over a broad area, essentially cancel the increase in the NDH.

The NDH anomalies are mainly caused by the vertical NDH anomalies (—w%—f ), as can be seen from
the similarity between the total NDH anomaly (Figs. 9¢c and d) and the vertical NDH anomaly (Figs. 10a
and c) during El Nino and La Nina. The substantial change in the vertical NDH anomalies during El Nifio
in the Commit runs relative to the Plentrl runs is caused by the increased vertical temperature gradient
anomalies and the eastward shift of downwelling anomalies in the central equatorial Pacific (Figs. 10b, f, i

and j). However, during La Nina, the change in the vertical NDH anomalies is relatively minor (Figs. 10c¢

and d).

8 Conclusion

The El Niflo-like warming in the tropical Pacific seen in the observed SST record (1900-1999) was confirmed
by the multi-model results comparing the climate from year 2000 GHG(+aerosol) forcing (Commit) with
the pre-industrial climate (PIcntrl). Both the equatorial zonal overturning circulation and the meridional
overturning circulation weakened with increased GHG. The idea that the GHGs might play a role on the
slowdown of the zonal and meridional overturning circulations received strong support from the multi-model
ensemble means. This conclusion also matches the finding that the Walker circulation in the atmosphere
has been weakening since the mid-19th century due to the anthropogenic forcing (Vecchi et al, 2006).

In the observed SST data, the positive anomalies during El Nino were located further east in the 1950-
1999 composite than in the 1900-1949 composite, whereas the negative anomalies during La Nina were
shifted in the opposite direction. From the model data, the positive SST anomalies during El Nino also
shifted eastward in the Commit runs relative to the Plentrl runs, whereas the negative SST anomalies
during La Nina were not shifted zonally. Hence both the model and observed SST results were consistent
with increasing asymmetry between El Nino and La Nina as GHG increased. The increase in the asymmetry
is associated with an increase in the nonlinearity of ENSO (Jin et al, 2003; An and Jin, 2004), with the
nonlinear dynamical heating (NDH) terms producing the asymmetry between El Nifio and La Nina. A
diagnostic analysis of the ocean surface temperature tendency equation revealed the vertical NDH term to

be most dominant, with the positive vertical NDH anomalies in the equatorial Pacific enhanced substantially
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in the Commit runs during El Nino, caused by the increased vertical temperature gradient anomalies and
the eastward shift of downwelling anomalies. Under increased GHG, the enhanced positive NDH anomalies
during El Nifio when time-averaged over the whole record would change the SST mean state by an El
Nino-like pattern, which could override other mechanisms trying to induce a La Nina-like change in the
mean state (Cane et al., 1997).

For the simulated equatorial zonal circulation associated with ENSO, the zonal undercurrent anomalies
during El Nifio strengthened slightly and shifted eastward in the Commit runs relative to the Plcntr] runs,
whereas the undercurrent anomalies during La Nina weakened and shifted slightly westward instead. For the
simulated meridional overturning circulation in the Pacific, the interior path from the eastern subtropical
Pacific to the central equatorial region was clearly seen during both El Nino and La Nina. With the NDH
increasing nonlinearity and asymmetry between El Nifio and La Nifia in the enhanced GHG experiments,
simulations with enhanced GHG showed that the asymmetry was enhanced in the anomalies of the SST,

the zonal wind stress, the equatorial undercurrent and the meridional overturning circulation.
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Appendix

Maps of SST mean and standard deviation are given for individual models in Figs. A1 and A2.

All 12 models exhibited positive patterns over the equatorial Pacific in the differences between Commit
runs and Plentrl runs (Fig. A1), despite the mean SST pattern being quite different for each model. The
standard deviations for each model (Fig. A2) showed that with increased GHG, the ENSO amplitude
increased in two models (GFDL-CM2.0 and MRI-CGCM2.3.2A), but decreased in two models (IPSL-CM4
and MIUB-ECHO-g). For the other 8 models, it is unclear whether the ENSO amplitudes have changed

in the Commit runs compared to the Plcntrl runs.
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Figure 1: (a) The observed mean SST (in °C) during 1950-1999, and (b) the mean SST of 1950-1999 minus

that of 1900-1949, with the 5% and 10% significance levels based on the ¢-test.
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Figure 2: Composite maps of SST anomalies (in °C) during El Nifio (left column) and during La Nifna

(right column), with (a) and (b) for the 1900-1949 period, and (c¢) and (d) for 1950-1999. “H” and “L”

mark the location of the highest and lowest values, respectively, and the 5% and 10% significance levels

based

on the t-test are shown in gray.
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Figure 3: The multi-model ensemble mean for the Commit runs, its change from the mean of the Plcntrl

runs, and the standard deviation of this change: (a) mean SST (°C), (b) change in the mean SST, (c)

standard deviation of the SST change, (d) mean zonal WS (0.01 Pa), (e) change in the mean zonal WS,

and (f) standard deviation of the WS change, The 5% and 10% significance levels from the ¢-test are shown

in gray in (b) and (e).
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Figure 4: The multi-model ensemble mean of velocity (in cm s™!) for the Commit runs and its change
from that in the Plcntrl runs: (a) the mean zonal velocity (averaged over 2°S and 2°N), (b) the change
in the mean zonal velocity, (c) the mean meridional velocity averaged over 100-300 m depth, and (d) the
change in the mean meridional velocity. The 5% and 10% significance levels from the t-test are shown in

gray in (b) and (d).
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Figure 6: Vertical section along the equator showing the multi-model ensemble mean of zonal velocity
anomalies (cm s™1) (averaged between 2°S and 2°N) for the composite El Nifio (left panels) and La Nina
(right panels), with (a) and (b) for the Plentrl runs, and (¢) and (d) for the Commit runs. (e) is the
difference between (c) and (a); and (f) is the difference between (d) and (b). The 5% and 10% significance

levels from the t-test are shown in gray.

27



Icntrl)

30N

7o

150E 180 150W 120W

R p— (c) A4 (El Nino, Commﬂ%

15N-/<_/>L05 N
I a

) g\\
(~=0.15

@6;{*2\%

EQ'J“‘

30N

15N -7

EQ

Figure 7: Multi-model ensemble mean of subsurface meridional velocity anomalies (cm s~1) (averaged over
100-300 m depth) for the composite El Nino (left panels) and La Nifa (right panels), with (a) and (b) for
the PIcntrl runs, and (c) and (d) for the Commit runs. (e) is the difference between (c) and (a); and (f) is

the difference between (d) and (b). The 5% and 10% significance levels from the t-test are shown in gray.

150E 180 1508 120W

90W

f) v (La Nina, Commit—Plcntrl)

28

90W



(a) Tz (Commit) o (b) Tz (Commit PIcntrl)

150E 180 150W 120W 90W

w (Commit)

150E 180 150W 120W 90W 150E 180 150 120W 90N
(h) NDH (Commlt Plcntrl)

‘U'

90W

Figure 8: Multi-model ensemble mean of vertical temperature gradient (°C/50m, a and b), vertical velocity
(107 m s~!, ¢ and d), vertical nonlinear dynamic heating anomalies (°C month™!, e and f) and total
nonlinear dynamic heating anomalies (°C month~!, g and h) for the Commit runs (left panels) and the
change from the Plentrl runs, in the ocean surface-layer. The 5% and 10% significance levels from the

t-test are shown in gray.
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Figure 9: Multi-model ensemble mean of surface-layer nonlinear dynamic heating anomalies (°C month~1)
for the composite El Nino (left panels) and La Nina (right panels), with (a), (b) for the Plcentrl runs, and

(¢), (d) for the Commit runs. The 5% and 10% significance levels from the ¢-test are shown in gray.
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in gray.
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Figure A2: SST standard deviation (°C) for the Commit runs (left, contour interval 0.5 °C) and its
difference from the standard deviation in the PIcntr] runs (right, contour interval 0.05 °C) for 12 individual

models.
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