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mean tropical state driving El Niño events for this analysis. Table 1 shows that knowledge
of these quantities averaged over a 50-year window is not sufficient to determine the ENSO
variability over the same window–developing more sophisticated metrics is a crucial goal
of the proposed research. Nonetheless, simple lag-correlation analysis of NINO3 index and
eastern Pacific thermocline depth (left) and zonal wind (right) are shown in Figure 3. Here,
negative lag values indicate wind/thermocline depth leading NINO3 index.
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Figure 3: Lag-correlation plots for NINO3 index and eastern Pacific thermocline depth (left)
and mean zonal wind (right) anomalies from 10yr running mean climatology. Negative lag
values indicate wind/thermocline depth leading NINO3 index.

During an ENSO event, a thermocline depth anomaly in the western Pacific is commu-
nicated to the east via a Kelvin wave, which reaches the eastern part of the basin near the
peak of the event. However, it takes time for the Kelvin wave to propagate, and for the
full temperature anomaly to appear on the surface. These effects yield a positive correlation
between NINO3/thermocline depth anomaly at a lag of ≈ 4 months. This fact is seen in
Figure 3. There is an interesting anomalous peak at negative 3-6 months, showing a negative
correlation. In practical terms, this means that a shallower than normal thermocline in the
central to eastern Pacific precedes a large El Niño by 6 months, and a deeper than normal
thermocline precedes a La Niña by six months. This condition seems to be connected to the
phase-locking of ENSO with the seasonal cycle, as the shallowing-to-deepening pattern also
occurs in the data with the seasonal cycle retained and it precedes the 4 month lag deep-
ening by very nearly a year.2. A second type of preconditioning is seen earlier–preceding
NINO3 by about a year to 15 months. This preconditioning is consistent with the recharge-
discharge oscillator (Jin, 1997; Capotondi , 2008), and it is related to an extended deepening
of the western to central Pacific thermocline–or intensification of the warm pool–preceding
an El Niño. In other words, pre-existing thermocline depth anomalies consistent with an El
Niño/La Niña allow the formation of a much stronger event than might otherwise occur.

The NINO3/zonal wind lag-correlation is shown in Figure 3; the correlations at -3 -
15 months are weaker than the thermocline counterparts. In fact, the correlation is weak

2The seasonal cycle here has been removed by removing the 10yr running mean of each month, i.e., the
mean of the surrounding 10 Januaries are removed from each January
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Figure 4: Lag correlation of NINO3 index and thermocline depth anomalies from 10yr run-
ning mean climatology, shown at lag intervals of -15months (left), -6 months (center) and
-3 months (right). Top row: maps for model years 351-401 (P LO; low NINO3 variance).
Bottom row: maps for model years 601-651 (P HI; high NINO3 variance). Negative lag
times indicate thermocline depth leading; negative correlation implies a deeper thermocline
preceding an El Niño. A correlation of 0.09 is significant at better than 95% confidence
interval based on methods of Emery and Thomson (2001).

when taken at the equator; however, in the off-equatorial tropics (10-15◦ N; Figure 3) a
larger correlation is seen. The role of spatial variations in this correlation turns out to be
important to NINO3 variance (see Section 2.3.2).

Intriguingly, these correlations vary among the different 50-year analyses (see bottom
panels of Figure 3). We compare the P HI and P LO intervals in detail in the next section.

2.3.2 Dynamical Controls on ENSO: Lag-Correlation Analysis

Decadal variations are ubiquitous in CCSM3.5, and this decadal variability is inextrica-
bly linked with the spatial relations between SST, zonal wind and thermocline depth.
Figures 4 and 5 illustrate this point; these are maps of the lag-correlation coefficient for
NINO3/thermocline depth and NINO3/zonal wind, respectively.

Lag times of -15, -6, and -3 months have been chosen to represent different stages in the
formation of an ENSO event. For P HI (lower two panels of Figure 4), there is a region of
negative correlation in the eastern Pacific (≈ 5◦S to 5◦ and 200-250◦E), at -6 months. This
cold tongue region corresponds to that in Figure 3 where preconditioning was observed. It
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Abstract
The behavior of the El Niño/Southern Oscillation (ENSO) is complex; even over the dozen or so events captured by modern 
observations each appears slightly different in cause and development. Extended reconstructions of the observational record 
extend perhaps 150 years. Paleoproxies have also been used to study ENSO variability over the past two millennia. All of these 
records agree that ENSO amplitude, period, and mechanism varies  over decadal to centennial timescales. 
Recent improvements in atmospheric convection in the Community Climate System Model (CCSM) yield substantial improvement 
in the simulation of the modern ENSO, and importantly for this study provide intriguing decadal to centennial variability. The CCSM 
improvements altered the modeled ENSO from a simple delayed oscillator toward a quasi-stochastic system involving both 
atmospheric and oceanic feedbacks; now the ENSO dynamics exhibit a range of behavior even within a single long model run. 
Preliminary results indicate an important role for pre-existing conditions in the eastern Pacific on amplifying El Niño events, also 
unexpected correlations are seen between zonal wind/thermocline depth anomalies and variations in NINO3 index. Results also 
indicate that these ENSO couplings change dramatically over decadal and centennial timescales within a model run; each century 
displays a different balance of ENSO mechanisms. Changing wind and thermocline depth (zth) forcing appears to be key to ENSO 
variability on decadal timescales.

Conclusions & Future Work

Using preliminary 700-year CCSM runs with the updated convection scheme of 
Neale et al. (2008), we have shown that there is significant decadal variability; 50-
year segments appear to have drastically different properties, even under the same 
mean thermocline and wind conditions. Not only does NINO3 variance change 
significantly throughout the model run, but the atmosphere-ocean coupling 
mechanism for ENSO appears to alter radically on decadal timescales. Using a 
simple lag-correlation analysis, we have been able to show that thermocline depth 
anomalies are highly correlated with the appearance of El Niño events most of the 
time. Yet, additional thermocline preconditioning appears to lead to stronger 
ENSO events within a 50 year period. 

The role of wind stress is more complicated. Wind stress anomalies are much 
more highly correlated with NINO3 index during periods where the overall 
NINO3 variance is weaker; the role of off-equatorial wind forcing also appears 
to be important during those time periods. 
Clearly, more work remains to detail the precise mechanisms at work in the model. 
In order to understand the variability one might expect from ENSO over decades–
either natural or due to climate change–it is necessary to understand not just a few 
centuries of simulation, but millennia. Future work will include conducting long 
simulations under a variety of conditions, and to statistically process the model 
output to identify the mechanisms underlying distinct dynamical regimes.

Figure 1: Diagnostics for ENSO in CCSM3.5. Left: Power spectra of NINO3 index (SST [5S,5N],
[150W,90W]) from CCSM3.5, and from NOAA’s Extended Reconstructed SST (ERSST) dataset.
Right: Diagnostics of wind stress meridional extent (upper, Ly) and wind center of mass (lower)
from Capotondi et al. (2006). Red circle indicates the position of the coarse-resolution (T31x3)
CCSM3.5 (other models shown are 1=UKMO-HadCM3, 2=PCM, 3=GISS-EH, 4=CNRM-CM3,
5=CSIRO-Mk3.0, 6=MRI-CGCM2.3.2, 7=GFDL-CM2.0, 8=IPSL-CM4, and 9=CCSM3).

model error cannot be identified. Examining power spectra for individual centuries within the
700-year trial run indicates that differences in low-frequency NINO3 signal (Figure 1, lower left)
exceed the difference between the data record and the simulation (Figure 1, upper left). Keeping
in mind that the reconstructed observational record is only slightly longer than a century; further
model adjustments are only loosely constrained by the current observational record. One goal of
this research to assess whether longer Holocene paleo-records may be used to test this aspect of the
model behavior.

Capotondi et al. (2006) have laid out several diagnostics designed to assess the models used in the
recent IPCC-AR4, which allow the temporal variability of ENSO to be related to the location of
wind forcing. These are shown in the righthand panels of Figure 1; results from our trial CCSM3.5
run are shown in red on both plots. Here the period of ENSO variability is compared to the merid-
ional extent of wind stress regressed onto the NINO3.4 index and the ”center of mass” of this
quantity (giving a rough idea of the longitude about which wind/ocean coupling is centered).

By these metrics, CCSM3.5 equals or outperforms all of the AR4 models, despite the relatively
low resolution (T31x3) of this trial run compared to those models. Most notable is the position of
CCSM3.5 relative to CCSM3 (#9 on the figure). Although ENSO variability remains somewhat too
frequent in CCSM3.5 T31x3 over the whole simulation, the left panel of Figure 1 shows the peak
of the spectrum varies over the 100yr intervals within the simulation. By these metrics, CCSM3.5
is a state-of-the-art ENSO simulation, and the long simulations proposed will be valuable in future
efforts to understand long-timescale ENSO variability and in guiding future model to ENSO proxy
reconstruction comparisons.

C–4
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quantity (giving a rough idea of the longitude about which wind/ocean coupling is centered).

By these metrics, CCSM3.5 equals or outperforms all of the AR4 models, despite the relatively
low resolution (T31x3) of this trial run compared to those models. Most notable is the position of
CCSM3.5 relative to CCSM3 (#9 on the figure). Although ENSO variability remains somewhat too
frequent in CCSM3.5 T31x3 over the whole simulation, the left panel of Figure 1 shows the peak
of the spectrum varies over the 100yr intervals within the simulation. By these metrics, CCSM3.5
is a state-of-the-art ENSO simulation, and the long simulations proposed will be valuable in future
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Capotondi et al. (2006) have laid out several diagnostics, designed to assess the IPCC-AR4 models (Figure 1, right). CCSM3.5 appears in red on all plots. 
Here the period of ENSO variability is compared to the meridional extent of wind stress regressed onto the NINO3.4 index and the ”center of mass” of this 
quantity. These relate ENSO variability to the location of forcing.

CCSM3.5 equals or outperforms all of the AR4 models, despite its relatively low resolution. Most notable is the position of CCSM3.5 relative to CCSM3 (#9 
on the figure). Although ENSO variability remains somewhat too frequent in CCSM3.5, its position is much improved, and is close to matching observations. 

The overall power spectrum of 
the NINO3 index in CCSM3.5 is 
globally similar to observations: 
Figure 1, left, taken from 
N O A A ! s E x t e n d e d 
Reconstructed SST (ERSST) 
dataset. However, CCSM3.5 
and ERSST differ at low 
(decada l ) f requenc ies , 
comparable to the internal 
variability in 50-year chunks 
of the same model run! Is 
this due to model error, or 
real ENSO variability??
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Figure 5: Lag correlation of NINO3 index and zonal wind, shown at lag intervals of -15
months (left), -12 months (center), and -3 months (right). Top row: maps for model years
351-401 (P LO; low NINO3 variance). Bottom row: maps for model years 601-651 (P HI;
high NINO3 variance). Negative lag times indicate wind leading; positive correlation implies
a more westerly wind preceding an El Niño.

is important to note that this negative correlation is much stronger during P HI than P LO,
suggesting that the seasonal locking preconditioning is more important during periods with
larger NINO3 variance. The earlier preconditioning, at -15 months, is seen to extend across
most of the equatorial Pacific. This recharge-oscillator-like preconditioning is stronger and
more equatorially-centered in P HI than in P LO.

The second region of interest in the maps of Figure 4 extends roughly from 5◦S-0◦N, 170-
210◦E. The relation between correlations in this region and ENSO activity is less clear. The
positive correlation between NINO3 index and thermocline depth in this region is pronounced
during P LO at lags of both -6 and -3 months; during P HI, the correlation is relatively weak
at -6 months but becomes stronger at -3 months.

The correlations with zonal wind are illustrated in Figure 5. Overall, NINO3 is less
strongly correlated with equatorial zonal wind than with thermocline depth in Figure 3;
lag-correlations reach only about 0.1 in contract to 0.4. But despite these small numerical
values in that region, it appears that zonal wind anomalies play a large role in decadal
ENSO variability. In periods of low NINO3 variance (P LO), there is a stronger overall
NINO3/u correlation at short lead times (-6 to -3 months), centered predominantly north of
the equator. In contrast, during times of high NINO3 variance (P HI), the overall correlation
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Figure 1: CCSM model validation. Left: Power spectra for the NINO3 index generated by the CCSM, and for the NINO3 index 
computed from NOAAʼs Extended Reconstructed SST (ERSST) dataset. Right: Diagnostics of wind stress meridional extent and 
wind center of mass from Capotondi et al. (2006). Red circle indicates the position of the coarse-resolution (T31x3) CCSM3.5 (other 
models shown are 1=UKMO-HadCM3, 2=PCM, 3=GISS-EH, 4=CNRM-CM3, 5=CSIRO-Mk3.0, 6=MRI-CGCM2.3.2, 7=GFDL- 
CM2.0, 8=IPSL-CM4, and 9=CCSM3). 

Figure 3: Left: Lag correlation of NINO3 index and thermocline depth anomalies from 10yr running mean climatology, shown at lag intervals of -15months (left), -6 months (center) and -3 months (right). Top row: maps for model years 351-401 
(P LO; low NINO3 variance). Bottom row: maps for model years 601-651 (P HI; high NINO3 variance). Negative lag times indicate thermocline depth leading; negative correlation implies a deeper thermocline preceding an El Niño. . 
Right: Lag correlation of NINO3 index and zonal wind, shown at lag intervals of -15 months (left), -12 months (center), and -3 months (right). Top row: maps for P LO. Bottom row: maps for P HI. Negative lag times indicate wind leading; 
positive correlation implies a more westerly wind preceding an El Niño. 

Lagged correlations between NINO3 index and 
(left) thermocline depth in the eastern equatorial 
Pacific and (right) zonal wind in the off-equatorial 
Pacific are shown in Figure 2. NINO3/zth are 
negatively correlated at -4 months: a shallower-
than-normal thermocline precedes an El Niño, 
and a deeper-than-normal thermocline 
precedes a La Niña. We believe this represents 
an enhancement of the seasonal signal, connected 
with ENSO!s seasonal phase locking.
Positive NINO3/zth correlation is seen at -12-15 
months, consistent with the recharge-discharge 
oscillator model. Pre-existing thermocline depth 
anomalies a year before El Niño lead to 
stronger events than would otherwise occur! 
In order to see significant NINO3/wind correlations, 
you must look off the equator. The spatial 
structure of wind forcing is crucial to ENSO 
variability.

For P_HI (lower left panels of Figure 3), NINO3/thermocline depth are negatively correlated in the eastern Pacific at -6 months. This is stronger during P_HI than P_LO, suggesting that seasonal locking 
preconditioning is more important when El Niño is more frequent. The earlier preconditioning, (-15 months) extends across most of the Pacific. This recharge-oscillator-like preconditioning is 
stronger in P HI than in P LO. 

 During P_LO, NINO3/wind are highly correlated at short lead times (-6 to -3 months) north of the equator. In contrast, during P_HI, the correlation occurs much earlier (-15 to -12 months lead) 
and is centered about the equator. We speculate that when NINO3 variance is large, wind plays a role in generating large SST anomalies only at large lead times; thermocline wave propagation then takes 
over and carries on through the event. 

Figure 2. Lag-correlation plots for NINO3 index and eastern Pacific thermocline depth (left) and mean 
zonal wind (right) anomalies from 10yr running mean climatology. Negative lag values indicate wind/
thermocline depth leading NINO3 index. 

We have chosen two representative 50-year 
intervals in the 700-year CCSM3.5 run 
analyzed: P_HI and P_LO, so named for 
their NINO3 variances. Dynamics are vastly 
different in P_HI and P_LO!

3 Understanding ENSO in the Holocene

3.1 Intrinsic ENSO Centennial Variability in a 700yr Trial Run

A preliminary 700 year CCSM run forms the dataset for our “control” simulation; although shorter
than the millennial simulations we propose to conduct, this simulation is nevertheless long enough
to show interesting dynamical changes. Even though there is no external forcing variability, mul-
tidecadal variations are ubiquitous in this CCSM3.5 simulation and inextricably linked with varia-
tions in mechanisms connecting SST, zonal wind and thermocline depth.

Table 1 characterizes the mean state of the ocean, presented at 50-year intervals throughout the
model run. Of particular importance are the variances in NINO3 index (σNINO3) and in the mean
zonal wind (σu). The former is used to distinguish between periods of strong/weak El Niño events,
while the latter provides a rough idea of the magnitude of stochastic wind forcing.

We identify two periods of interest from this table, which illustrate the range of ENSO dynamics
in the model; these are model years 350-399 (P LO; low NINO3 variance) and 600-649 (P HI;
high NINO3 variance). Note that the mean winds, wind variance, mean thermocline tilt, and mean
thermocline depth differ very little between P LO and P HI, yet the NINO3 variance differs by
nearly a factor of 2. Most proxy records are thought to detect quantities like ∆zth,zth, and u with
unknown degrees of ‘noise’ from σNINO3 and σu.†

Table 1: Characterization of the state of the tropical Pacific in a 700-year integration of CCSM3.5,
analyzed at 50-year intervals. Most proxy records are thought to sense quantities like ∆zth,zth,u
with unknown degrees of ‘noise’ from σNINO3 and σu.

Years σNINO3 (C2) ∆zth (m) Mean zth (m) u (m/s) σu (m2/s2)
1-49 0.721 79.89 90.08 -15.39 0.727

50-99 0.554 83.10 93.50 -15.51 0.741
100-149 0.635 85.20 94.08 -15.53 0.666
150-199 0.674 86.09 95.00 -15.06 0.606
200-249 0.690 86.31 95.04 -14.85 0.595
250-299 0.589 88.73 94.98 -14.80 0.539
300-349 0.641 88.67 94.84 -14.83 0.585

P LO 350-399 0.534 91.58 95.82 -14.64 0.517
400-449 0.685 91.38 96.39 -14.87 0.514
450-499 0.927 92.05 96.40 -14.89 0.574
500-549 0.923 92.50 96.28 -14.52 0.512
550-599 0.911 94.12 97.31 -14.77 0.619

P HI 600-649 1.041 93.36 97.51 -14.86 0.528
650-699 0.777 95.26 98.45 -14.69 0.623

†The mean state of the model in this preliminary run has some remaining trends. In particular, the meridional
overturning circulation weakens and the mean thermocline depth continues deepening in Table 1. However, this is
only a preliminary simulation: other versions of the CCSM and the higher-resolution version of CCSM3.5 have been
successfully run for thousand-year timescales without such issues and full spin-up of the production model is assured.

C–5

3 Understanding ENSO in the Holocene

3.1 Intrinsic ENSO Centennial Variability in a 700yr Trial Run

A preliminary 700 year CCSM run forms the dataset for our “control” simulation; although shorter
than the millennial simulations we propose to conduct, this simulation is nevertheless long enough
to show interesting dynamical changes. Even though there is no external forcing variability, mul-
tidecadal variations are ubiquitous in this CCSM3.5 simulation and inextricably linked with varia-
tions in mechanisms connecting SST, zonal wind and thermocline depth.

Table 1 characterizes the mean state of the ocean, presented at 50-year intervals throughout the
model run. Of particular importance are the variances in NINO3 index (σNINO3) and in the mean
zonal wind (σu). The former is used to distinguish between periods of strong/weak El Niño events,
while the latter provides a rough idea of the magnitude of stochastic wind forcing.

We identify two periods of interest from this table, which illustrate the range of ENSO dynamics
in the model; these are model years 350-399 (P LO; low NINO3 variance) and 600-649 (P HI;
high NINO3 variance). Note that the mean winds, wind variance, mean thermocline tilt, and mean
thermocline depth differ very little between P LO and P HI, yet the NINO3 variance differs by
nearly a factor of 2. Most proxy records are thought to detect quantities like ∆zth,zth, and u with
unknown degrees of ‘noise’ from σNINO3 and σu.†

Table 1: Characterization of the state of the tropical Pacific in a 700-year integration of CCSM3.5,
analyzed at 50-year intervals. Most proxy records are thought to sense quantities like ∆zth,zth,u
with unknown degrees of ‘noise’ from σNINO3 and σu.

Years σNINO3 (C2) ∆zth (m) Mean zth (m) u (m/s) σu (m2/s2)
1-49 0.721 79.89 90.08 -15.39 0.727

50-99 0.554 83.10 93.50 -15.51 0.741
100-149 0.635 85.20 94.08 -15.53 0.666
150-199 0.674 86.09 95.00 -15.06 0.606
200-249 0.690 86.31 95.04 -14.85 0.595
250-299 0.589 88.73 94.98 -14.80 0.539
300-349 0.641 88.67 94.84 -14.83 0.585

P LO 350-399 0.534 91.58 95.82 -14.64 0.517
400-449 0.685 91.38 96.39 -14.87 0.514
450-499 0.927 92.05 96.40 -14.89 0.574
500-549 0.923 92.50 96.28 -14.52 0.512
550-599 0.911 94.12 97.31 -14.77 0.619

P HI 600-649 1.041 93.36 97.51 -14.86 0.528
650-699 0.777 95.26 98.45 -14.69 0.623

†The mean state of the model in this preliminary run has some remaining trends. In particular, the meridional
overturning circulation weakens and the mean thermocline depth continues deepening in Table 1. However, this is
only a preliminary simulation: other versions of the CCSM and the higher-resolution version of CCSM3.5 have been
successfully run for thousand-year timescales without such issues and full spin-up of the production model is assured.

C–5

3 Understanding ENSO in the Holocene

3.1 Intrinsic ENSO Centennial Variability in a 700yr Trial Run

A preliminary 700 year CCSM run forms the dataset for our “control” simulation; although shorter
than the millennial simulations we propose to conduct, this simulation is nevertheless long enough
to show interesting dynamical changes. Even though there is no external forcing variability, mul-
tidecadal variations are ubiquitous in this CCSM3.5 simulation and inextricably linked with varia-
tions in mechanisms connecting SST, zonal wind and thermocline depth.

Table 1 characterizes the mean state of the ocean, presented at 50-year intervals throughout the
model run. Of particular importance are the variances in NINO3 index (σNINO3) and in the mean
zonal wind (σu). The former is used to distinguish between periods of strong/weak El Niño events,
while the latter provides a rough idea of the magnitude of stochastic wind forcing.

We identify two periods of interest from this table, which illustrate the range of ENSO dynamics
in the model; these are model years 350-399 (P LO; low NINO3 variance) and 600-649 (P HI;
high NINO3 variance). Note that the mean winds, wind variance, mean thermocline tilt, and mean
thermocline depth differ very little between P LO and P HI, yet the NINO3 variance differs by
nearly a factor of 2. Most proxy records are thought to detect quantities like ∆zth,zth, and u with
unknown degrees of ‘noise’ from σNINO3 and σu.†

Table 1: Characterization of the state of the tropical Pacific in a 700-year integration of CCSM3.5,
analyzed at 50-year intervals. Most proxy records are thought to sense quantities like ∆zth,zth,u
with unknown degrees of ‘noise’ from σNINO3 and σu.

Years σNINO3 (C2) ∆zth (m) Mean zth (m) u (m/s) σu (m2/s2)
1-49 0.721 79.89 90.08 -15.39 0.727

50-99 0.554 83.10 93.50 -15.51 0.741
100-149 0.635 85.20 94.08 -15.53 0.666
150-199 0.674 86.09 95.00 -15.06 0.606
200-249 0.690 86.31 95.04 -14.85 0.595
250-299 0.589 88.73 94.98 -14.80 0.539
300-349 0.641 88.67 94.84 -14.83 0.585

P LO 350-399 0.534 91.58 95.82 -14.64 0.517
400-449 0.685 91.38 96.39 -14.87 0.514
450-499 0.927 92.05 96.40 -14.89 0.574
500-549 0.923 92.50 96.28 -14.52 0.512
550-599 0.911 94.12 97.31 -14.77 0.619

P HI 600-649 1.041 93.36 97.51 -14.86 0.528
650-699 0.777 95.26 98.45 -14.69 0.623

†The mean state of the model in this preliminary run has some remaining trends. In particular, the meridional
overturning circulation weakens and the mean thermocline depth continues deepening in Table 1. However, this is
only a preliminary simulation: other versions of the CCSM and the higher-resolution version of CCSM3.5 have been
successfully run for thousand-year timescales without such issues and full spin-up of the production model is assured.

C–5

Seasonal locking preconditioning Large variability in wind forcing!

Low NINO3 
variance: 
large off-
equatorial 

wind forcing

High NINO3 
variance: 
small off-
equatorial 

wind forcing

6 Dynamical differences

6.1 Dependence of dynamical modes on oscillation period

Figure 5: Amplitude of oscillations in SST (top), thermocline depth (middle) and zonal wind stress (right)
between 210-220◦E associated with MTM-SVD mode 1.

• Recharge/discharge-like things become important at different oscillation periods in PHI and PLO

• Discuss the Capotondi contention that off-equatorial wave reflection leads to larger meridional extent
at longer periods; make some kind of plot that illustrates this

• Also discuss zonal positioning of oscillation as a function of period; according to Capotondi center of
mass shifts eastward with increasing period

• Thermocline signals are seen predominantly at the equator and near 10-15◦ N near 2 year periods in
P HI and P LO, and are much stronger in P HI

7

a)

b)

c)

d)

Figure 8: Arrow plots for NINO 3 SST vs. thermocline depth (left) and zonal wind stress (right), during
P LO: a) Mode 1, 2.08 years b) Mode 1, 6.25 years c) Mode 2, 3.84 years d) Mode 1, 10 years. Counter-
clockwise phase angle indicates a positive lag (thermocline/wind leads SST).
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a)

b)

c)

d)

Figure 9: Arrow plot for NINO 3 SST vs. thermocline depth (left) and zonal wind stress (right) during P HI:
a) Mode 1, 2.08 years b) Mode 1, 3.84 years c) Mode 2, 7.14 years d) Mode 3, 8.33 years. Counterclockwise
phase angle indicates a positive lag (thermocline/wind leads SST).
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Abstract
Recent updates to the atmospheric 
convection scheme in CCSM3.5 have yielded 
a more accurate representation of ENSO than 
any previous incarnation of CCSM. However, 
within a long model run the behavior of ENSO 
shifts on decadal timescales - even when the 
mean state remains the same. This study 
applies the multitaper method/singular value 
decomposition (MTM-SVD) to diagnose 
distinct dynamical modes within ENSO. The 
frequencies of interest are shown to change 
during periods of high/low ENSO activity, as 
well as the appearance of those modes. Both 
delayed oscillator-like and recharge/
discharge-like dynamics are seen, indicating 
that it may be an interaction between these 
modes which is responsible for generating 
differences in overall ENSO variability.

Conclusions
     The vastly improved ENSO in CCSM3.5 shows dramatic changes on decadal 
timescales, even under constant forcing conditions. Even during periods having 
the same mean state, total NINO3 variance may change by a factor of 2. 
     We have used MTM-SVD analysis to identify distinct dynamical modes driving 
ENSO within the model, and find that modes having the appearance of both 
“delayed oscillator” and “recharge/discharge” dynamics are present. However, the 
relative importance of these dynamics changes with time within the run; in 
particular, recharge/discharge dynamics are much more important during “P_LO”, 
when model ENSO is 2x weaker than during “P_HI”. We hypothesize that this is 
due to an overall discharge of heat from the basin during P_LO, making all ENSO 
modes less efficient. 
     This represents a first cut at examining model ENSO dynamics under pre-
industrial conditions; additional work is necessary to catalog the full range of 
dynamical variability.

Same mean state, different dynamics

The model run used in this study is a 700-year integration under pre-industrial conditions. During 
two 50-year intervals having nearly identical mean states, NINO3 variance differs by a factor of 2!

Arrow plots for P_HI mode 1 at 2.1 years (left) and P_LO mode 1 at 6.25 years (right). Amplitude of oscillation is reflected in the length of the arrows; the 
angle represents the phase lag relative to NINO3. Shaded green areas lead SST; shaded blue areas lag SST. 

Recharge/Discharge: P_LO, 6.25 yearsDelayed Oscillator: P_HI, 2.1 years

2-3 years: delayed oscillator, P_HI and P_LO

3-5 years: 

no ENSO!

6-10 years: recharge/

discharge dynamics

3-5 years: blend of 

delayed oscillator and 

recharge/discharge?

No long-

period 

modes in 

P_HI

Model years 350-399: “P_LO” Model years 600-650: “P_HI”

At left are shown the amplitude of 
oscillations in SST, thermocline 
depth and zonal wind stress as a 
function of oscillation period and 
latitude, averaged over 210-220 E 
(central Pacific). Here distinct 
patterns are seen in P_HI and 
P_LO. Below ~3.5 years, 
oscillations in the Northern 
Hemisphere dominate; at longer 
periods the opposite seems to be 
true in both P_HI and P_LO. 
Additionally, in P_LO from 6-10 
years a strong thermocline depth 
signal is seen at ~15 S, where the 
gradient in zonal wind stress is 
largest. This is characteristic of 
recharge/discharge dynamics.

Local Fractional Variance (LFV) for the dominant mode of oscillation in P_LO and 
P_HI, with bootstrap confidence intervals overlaid. ENSO-like patterns are seen 
where modes are significant at > 90%.

Thermocline depth Zonal wind stressThermocline depth Zonal wind stress

At 2.1 years in P_HI, wave dynamics are visible. Kelvin waves travel 
eastward across the equator (panel a), to set up the El Niño phase of 
the oscillation (panel b). When the signal reaches the eastern 
boundary, an off-equatorial Rossby wave signal is created, 
propagating westward (panel c) across the basin.

At 6.25 years in P_LO, dynamics are visibly different. The equatorial 
Kelvin wave signal has vanished, replaced by an alternating north/
south thermocline signal. This signal is accompanied by a large wind 
stress curl and associated Sverdrup transport, driving heat in and out 
of the basin. 

Identifying modes: MTM-SVD
The multitaper method/singular value decomposition (MTM-SVD) analysis used here is a 
decomposition in both the spatial and spectral dimensions. A Fourier transform is applied to the time 
series at each model grid point, then spectra are separated into orthogonal components using Slepian 
sequences. Finally, the matrix of (complex) spectra is subjected to a singular value decomposition to 
identify the spatial pattern associated with that mode of variability. The resulting set of orthogonal 
modes retains phase information, allowing the sequence of events in all fields (here, SST, thermocline 
depth and zonal wind stress) to be determined for each mode.

a b

c d

a b

c d

Waves vs. wind stress curl


