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Motivation 
•  NRC Assessment of Intraseasonal to 

Interannual Climate Prediction and 
Predictability 
–  “Predictability is used qualitatively … processes 

that improve Forecast quality”  
– Not possible to quantify the true limit of 

predictability for the climate system 
– Quantitative statements about the lower bound 

possible  
•  Approach in NRC Assessment is 

Understandable but Unsatisfying 
– Difficult to see how predictability research 

impacts operational forecasts 



Bridging Predictability to 
Prediction 

•  Mantra: Marry Predictability and 
Prediction 

•  Examples: 
– Pacific Meridional Mode as ENSO Trigger 
– Westerly Wind Bursts and Forecast Quality 
– ENSO Diversity 
– Coupled Instability and Forecast Spread 

•  Outstanding Problems 
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Figure 2.  (a) Predefined PMM SSTA map as found per methods in Larson and Kirtman (2013).  593!
(b) Observed PMM variability, defined as the spatial correlation between the PMM map in (a) 594!
and the observed March precursor (non-ENSO SSTA).  Dots indicate the PMM precursor to 595!
observed El Niño events.   596!

!597!

Larson and Kirtman 2014, JClim 



performs very well in capturing the low-frequency var-
iability from the 1990s to the present as well as the rapid
onset and decay of the 1986 event.
Figure 4 shows a breakdown of the forecast skill

(correlation between the model forecast and observed)
for each lead time, individual partner model ensemble
mean, and the NMME mean. All partner models per-
form well at 1-month lead time (blue circles in Fig. 4),
with high correlations ranging from 0.81 [Geophysical
Fluid Dynamics Laboratory Climate Model, version 2.2
(GFDL CM2.2)] to 0.96 [Canadian Meteorological
Centre (CMC) Third Generation Canadian Coupled
Global Climate Model (CanCM3)], and it can be con-
cluded that all models considered in this study capture
the PMM state well at very short lead times.
Figure 3b and the red circles in Fig. 4 show that

3-month lead time forecasts also have relatively high
correlation (0.71) between the NMME mean forecasts
and the observed estimates. Furthermore, all partner
models have correlations over 0.5 with the observed,
ranging from 0.55 [Climate Forecast System, version 2
(CFSv2)] to 0.73 (CFSv1). In particular, the CCSM3,
International Research Institute for Climate and Society
(IRI) ECHAM4.5–Anomaly Coupled (IRI-AC), and
CFSv2 models are the least skilled at the 3-month lead
time. Similar to Fig. 3b, Fig. 5 shows each partner
model’s ensemble mean 3-month lead time forecast and
suggests that this is due to underforecasting the ampli-
tude of events, which at some but not all times can be
linked to the discrepancy in the phase forecasted by the
individual ensemble members.
As also seen in Fig. 5, the models have difficulty

forecasting the amplitude and persistence of the nega-
tive PMMevent observed from the late 1990s through the
early 2000s. Nevertheless, a few models (e.g., CanCM4

and CFSv1) and the NMME perform fairly well during
this period. Only the NMME correctly forecasts the
amplitude of the rapid-onset 1986 positive PMM event,
although all models forecast the correct phase. All
models also capture the sharp transition from positive to
negative phase PMM between 1997 and 1998. Such a
result is not surprising because the 1997/98 El Niño
event was very strong, thus producing a large nonlinear
positive ENSO component that would not be removed
via the linear regression methods presented here in de-
fining the ENSO precursor. Since the forecasts are ini-
tialized in January during peak El Niño, the models, as
they have a tendency to do in such a circumstance, per-
sist the warm SSTA signal well through boreal spring,
resulting in strong projection onto the negative PMM
phase in March and PMM projection forecasts that
verify closely with the observations.
In addition, all models, including the NMME mean,

perform poorly on a few occasions with a 3-month
lead, particularly the 1995 event and, to a lesser extent,
the 2003 event. In fact, the 1995 forecast is the most
poorly forecasted PMM event during the 1982–2010
period for all models. For example, CanCM3, as well as
others, forecasts a PMM event for March 1995 but of
the incorrect negative phase, despite being one of the
better-performing models in this study. This is more
easily viewed in Figs. 6d–f, which show the CanCM3
January–March precursor SSTA from the January
initialized forecasts. As is evident, this particular
model ensemble forecasts a warm–cool meridional
SSTA gradient in the tropical eastern Pacific, in-
dicative of weak negative phase PMM, whereas
Figs. 6j–l show that the observed precursor is a steadily
amplifying positive phase PMM event from January
through March.

FIG. 4. Correlation between observed and forecastedMarch PMM from1982 to 2010 for each
partner model ensemble mean and NMME mean by lead time. Lead times include 1 (blue
circles), 3 (red circles), and 6 months (black circles). Values closer to one (zero) indicate higher
(lower) forecast skill. Open circles indicate theNMMEpersistence forecasts for each lead time.
The colors for the open circles are slightly dimmed or brightened so that they can be visible
while overlapping the filled circles.
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Observed vs. Forecasted March PMM 

Can PMM be Predicted? 
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Figure 8.  March PMM forecast versus the following (a) December NINO-3 SSTA index and the 632!
(b) December CP-PC1 SSTA index for all March initialized forecasts between 1982-2010.  (c-d) 633!
similar to (a-b) but for January initialized forecasts.  Red crosses indicate model forecasts for the 634!
PMM precursor and the December NINO-3 (CP-PC1) that correspond to the observed EP (CP) 635!
El Niño events.  Blue crosses are similar but for La Niña events (a,c) and black crosses are the 636!
forecasts for all other years.  Bold squares are the mean forecasts for each respective category. 637!
Black filled circles indicate the NMME multi-model ensemble mean forecasts for the observed 638!
EP event years, including La Niña and El Niño events, (a,c) and CP event years (b,d) and the 639!
associated PMM precursor forecasts.  Black open circles are similar but for the observed PMM 640!
and ENSO indices.   641!
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Figure 8.  March PMM forecast versus the following (a) December NINO-3 SSTA index and the 632!
(b) December CP-PC1 SSTA index for all March initialized forecasts between 1982-2010.  (c-d) 633!
similar to (a-b) but for January initialized forecasts.  Red crosses indicate model forecasts for the 634!
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Table 1.  Evaluation of PMM as a predictor of ENSO events using the % correct metric.  Non-523!

parenthesized values represent how well the forecasted or observed PMM sign predicts the sign 524!

of the forecasted or observed ENSO index.  Parenthesized values indicated similar calculations 525!

but the threshold of PMM and ENSO must fall in the upper (for El Niño events) or lower (for La 526!

Niña events) tercile.  These are considered event predictions.  The “no skill” mark is 50% for the 527!

sign predictions and 33% for the tercile, or event, predictions.  The % Correct-Observed ENSO 528!

column represents how often the forecasted or observed PMM correctly predicts the observed 529!

ENSO index for both sign and tercile ENSO index thresholds.  The % Correct-ENSO Forecast is 530!

similar but for the forecasted ENSO index.  531!

 532!
Model 

Initialization 
Month 

PMM Phase ENSO Index Threshold % Correct 
Observed 

ENSO 

% Correct  
ENSO 

Forecast 
January + Forecast 

(Upper tercile forecast) 
+ NINO-3 

(Upper tercile NINO-3) 
52% 

(52%) 
59% 

(47%) 
March + Forecast 

(Upper tercile forecast) 
+ NINO-3 

(Upper tercile NINO-3) 
53% 

(56%) 
63% 

(48%) 
January − Forecast 

(Lower tercile forecast) 
− NINO-3  

(Lower tercile NINO-3) 
77% 

(34%) 
58% 

(48%) 
March − Forecast 

(Lower tercile forecast) 
− NINO-3  

(Lower tercile NINO-3) 
79% 

(34%) 
61% 

(52%) 
January + Forecast 

(Upper tercile forecast) 
+ CP Index  

(Upper tercile CP index) 
70% 

(49%) 
59% 

(45%) 
March + Forecast 

(Upper tercile forecast) 
+ CP Index  

(Upper tercile CP index) 
78% 

(44%) 
57% 

(43%) 
--- + Observed 

(Upper tercile observed) 
+ NINO-3 

(Upper tercile NINO-3) 
47% 

(60%) 
--- 

--- − Observed 
(Lower tercile observed) 

− NINO-3  
(Lower tercile NINO-3) 

71% 
(25%) 

--- 

--- + Observed 
(Upper tercile observed) 

+ CP Index  
(Upper tercile CP index) 

73% 
(40%) 

--- 
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Figure 8.  March PMM forecast versus the following (a) December NINO-3 SSTA index and the 632!
(b) December CP-PC1 SSTA index for all March initialized forecasts between 1982-2010.  (c-d) 633!
similar to (a-b) but for January initialized forecasts.  Red crosses indicate model forecasts for the 634!
PMM precursor and the December NINO-3 (CP-PC1) that correspond to the observed EP (CP) 635!
El Niño events.  Blue crosses are similar but for La Niña events (a,c) and black crosses are the 636!
forecasts for all other years.  Bold squares are the mean forecasts for each respective category. 637!
Black filled circles indicate the NMME multi-model ensemble mean forecasts for the observed 638!
EP event years, including La Niña and El Niño events, (a,c) and CP event years (b,d) and the 639!
associated PMM precursor forecasts.  Black open circles are similar but for the observed PMM 640!
and ENSO indices.   641!
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column represents how often the forecasted or observed PMM correctly predicts the observed 529!

ENSO index for both sign and tercile ENSO index thresholds.  The % Correct-ENSO Forecast is 530!
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Figure 8.  March PMM forecast versus the following (a) December NINO-3 SSTA index and the 632!
(b) December CP-PC1 SSTA index for all March initialized forecasts between 1982-2010.  (c-d) 633!
similar to (a-b) but for January initialized forecasts.  Red crosses indicate model forecasts for the 634!
PMM precursor and the December NINO-3 (CP-PC1) that correspond to the observed EP (CP) 635!
El Niño events.  Blue crosses are similar but for La Niña events (a,c) and black crosses are the 636!
forecasts for all other years.  Bold squares are the mean forecasts for each respective category. 637!
Black filled circles indicate the NMME multi-model ensemble mean forecasts for the observed 638!
EP event years, including La Niña and El Niño events, (a,c) and CP event years (b,d) and the 639!
associated PMM precursor forecasts.  Black open circles are similar but for the observed PMM 640!
and ENSO indices.   641!
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Table 1.  Evaluation of PMM as a predictor of ENSO events using the % correct metric.  Non-523!

parenthesized values represent how well the forecasted or observed PMM sign predicts the sign 524!

of the forecasted or observed ENSO index.  Parenthesized values indicated similar calculations 525!

but the threshold of PMM and ENSO must fall in the upper (for El Niño events) or lower (for La 526!

Niña events) tercile.  These are considered event predictions.  The “no skill” mark is 50% for the 527!

sign predictions and 33% for the tercile, or event, predictions.  The % Correct-Observed ENSO 528!

column represents how often the forecasted or observed PMM correctly predicts the observed 529!

ENSO index for both sign and tercile ENSO index thresholds.  The % Correct-ENSO Forecast is 530!

similar but for the forecasted ENSO index.  531!
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Observed 
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Forecast 
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(Upper tercile forecast) 
+ NINO-3 

(Upper tercile NINO-3) 
52% 
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(47%) 
March + Forecast 
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53% 

(56%) 
63% 

(48%) 
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77% 

(34%) 
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(48%) 
March − Forecast 
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79% 

(34%) 
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(Upper tercile forecast) 
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78% 

(44%) 
57% 
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--- + Observed 

(Upper tercile observed) 
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(Upper tercile NINO-3) 
47% 

(60%) 
--- 

--- − Observed 
(Lower tercile observed) 

− NINO-3  
(Lower tercile NINO-3) 

71% 
(25%) 

--- 

--- + Observed 
(Upper tercile observed) 

+ CP Index  
(Upper tercile CP index) 

73% 
(40%) 

--- 
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Niña events) tercile.  These are considered event predictions.  The “no skill” mark is 50% for the 527!
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column represents how often the forecasted or observed PMM correctly predicts the observed 529!
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Niña events) tercile.  These are considered event predictions.  The “no skill” mark is 50% for the 527!
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column represents how often the forecasted or observed PMM correctly predicts the observed 529!
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similar but for the forecasted ENSO index.  531!

 532!
Model 

Initialization 
Month 

PMM Phase ENSO Index Threshold % Correct 
Observed 

ENSO 

% Correct  
ENSO 

Forecast 
January + Forecast 

(Upper tercile forecast) 
+ NINO-3 

(Upper tercile NINO-3) 
52% 

(52%) 
59% 

(47%) 
March + Forecast 

(Upper tercile forecast) 
+ NINO-3 

(Upper tercile NINO-3) 
53% 

(56%) 
63% 

(48%) 
January − Forecast 

(Lower tercile forecast) 
− NINO-3  

(Lower tercile NINO-3) 
77% 

(34%) 
58% 

(48%) 
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Niña events) tercile.  These are considered event predictions.  The “no skill” mark is 50% for the 527!

sign predictions and 33% for the tercile, or event, predictions.  The % Correct-Observed ENSO 528!

column represents how often the forecasted or observed PMM correctly predicts the observed 529!

ENSO index for both sign and tercile ENSO index thresholds.  The % Correct-ENSO Forecast is 530!

similar but for the forecasted ENSO index.  531!
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(Upper tercile forecast) 
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(49%) 
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+ NINO-3 
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+ CP Index  
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73% 
(40%) 
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Table 1.  Evaluation of PMM as a predictor of ENSO events using the % correct metric.  Non-523!
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of the forecasted or observed ENSO index.  Parenthesized values indicated similar calculations 525!

but the threshold of PMM and ENSO must fall in the upper (for El Niño events) or lower (for La 526!

Niña events) tercile.  These are considered event predictions.  The “no skill” mark is 50% for the 527!

sign predictions and 33% for the tercile, or event, predictions.  The % Correct-Observed ENSO 528!

column represents how often the forecasted or observed PMM correctly predicts the observed 529!

ENSO index for both sign and tercile ENSO index thresholds.  The % Correct-ENSO Forecast is 530!

similar but for the forecasted ENSO index.  531!
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PMM Phase ENSO Index Threshold % Correct 
Observed 

ENSO 

% Correct  
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Forecast 
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(Upper tercile forecast) 
+ NINO-3 

(Upper tercile NINO-3) 
52% 

(52%) 
59% 

(47%) 
March + Forecast 

(Upper tercile forecast) 
+ NINO-3 

(Upper tercile NINO-3) 
53% 

(56%) 
63% 

(48%) 
January − Forecast 

(Lower tercile forecast) 
− NINO-3  

(Lower tercile NINO-3) 
77% 

(34%) 
58% 

(48%) 
March − Forecast 

(Lower tercile forecast) 
− NINO-3  

(Lower tercile NINO-3) 
79% 

(34%) 
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(52%) 
January + Forecast 

(Upper tercile forecast) 
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(Upper tercile CP index) 
70% 

(49%) 
59% 

(45%) 
March + Forecast 

(Upper tercile forecast) 
+ CP Index  

(Upper tercile CP index) 
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(44%) 
57% 
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--- + Observed 
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47% 
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− NINO-3  
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(Upper tercile observed) 

+ CP Index  
(Upper tercile CP index) 

73% 
(40%) 

--- 
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Figure 8.  March PMM forecast versus the following (a) December NINO-3 SSTA index and the 632!
(b) December CP-PC1 SSTA index for all March initialized forecasts between 1982-2010.  (c-d) 633!
similar to (a-b) but for January initialized forecasts.  Red crosses indicate model forecasts for the 634!
PMM precursor and the December NINO-3 (CP-PC1) that correspond to the observed EP (CP) 635!
El Niño events.  Blue crosses are similar but for La Niña events (a,c) and black crosses are the 636!
forecasts for all other years.  Bold squares are the mean forecasts for each respective category. 637!
Black filled circles indicate the NMME multi-model ensemble mean forecasts for the observed 638!
EP event years, including La Niña and El Niño events, (a,c) and CP event years (b,d) and the 639!
associated PMM precursor forecasts.  Black open circles are similar but for the observed PMM 640!
and ENSO indices.   641!
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Table 1.  Evaluation of PMM as a predictor of ENSO events using the % correct metric.  Non-523!

parenthesized values represent how well the forecasted or observed PMM sign predicts the sign 524!

of the forecasted or observed ENSO index.  Parenthesized values indicated similar calculations 525!

but the threshold of PMM and ENSO must fall in the upper (for El Niño events) or lower (for La 526!

Niña events) tercile.  These are considered event predictions.  The “no skill” mark is 50% for the 527!

sign predictions and 33% for the tercile, or event, predictions.  The % Correct-Observed ENSO 528!

column represents how often the forecasted or observed PMM correctly predicts the observed 529!

ENSO index for both sign and tercile ENSO index thresholds.  The % Correct-ENSO Forecast is 530!

similar but for the forecasted ENSO index.  531!
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Model 

Initialization 
Month 

PMM Phase ENSO Index Threshold % Correct 
Observed 

ENSO 

% Correct  
ENSO 

Forecast 
January + Forecast 

(Upper tercile forecast) 
+ NINO-3 

(Upper tercile NINO-3) 
52% 

(52%) 
59% 

(47%) 
March + Forecast 

(Upper tercile forecast) 
+ NINO-3 

(Upper tercile NINO-3) 
53% 

(56%) 
63% 

(48%) 
January − Forecast 

(Lower tercile forecast) 
− NINO-3  

(Lower tercile NINO-3) 
77% 

(34%) 
58% 

(48%) 
March − Forecast 

(Lower tercile forecast) 
− NINO-3  

(Lower tercile NINO-3) 
79% 

(34%) 
61% 

(52%) 
January + Forecast 

(Upper tercile forecast) 
+ CP Index  

(Upper tercile CP index) 
70% 

(49%) 
59% 

(45%) 
March + Forecast 

(Upper tercile forecast) 
+ CP Index  

(Upper tercile CP index) 
78% 

(44%) 
57% 

(43%) 
--- + Observed 

(Upper tercile observed) 
+ NINO-3 

(Upper tercile NINO-3) 
47% 

(60%) 
--- 

--- − Observed 
(Lower tercile observed) 

− NINO-3  
(Lower tercile NINO-3) 

71% 
(25%) 

--- 

--- + Observed 
(Upper tercile observed) 

+ CP Index  
(Upper tercile CP index) 

73% 
(40%) 

--- 
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but the threshold of PMM and ENSO must fall in the upper (for El Niño events) or lower (for La 526!

Niña events) tercile.  These are considered event predictions.  The “no skill” mark is 50% for the 527!

sign predictions and 33% for the tercile, or event, predictions.  The % Correct-Observed ENSO 528!

column represents how often the forecasted or observed PMM correctly predicts the observed 529!

ENSO index for both sign and tercile ENSO index thresholds.  The % Correct-ENSO Forecast is 530!

similar but for the forecasted ENSO index.  531!
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Forecast 
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+ CP Index  

(Upper tercile CP index) 
70% 
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+ CP Index  

(Upper tercile CP index) 
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71% 
(25%) 
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Figure 8.  March PMM forecast versus the following (a) December NINO-3 SSTA index and the 632!
(b) December CP-PC1 SSTA index for all March initialized forecasts between 1982-2010.  (c-d) 633!
similar to (a-b) but for January initialized forecasts.  Red crosses indicate model forecasts for the 634!
PMM precursor and the December NINO-3 (CP-PC1) that correspond to the observed EP (CP) 635!
El Niño events.  Blue crosses are similar but for La Niña events (a,c) and black crosses are the 636!
forecasts for all other years.  Bold squares are the mean forecasts for each respective category. 637!
Black filled circles indicate the NMME multi-model ensemble mean forecasts for the observed 638!
EP event years, including La Niña and El Niño events, (a,c) and CP event years (b,d) and the 639!
associated PMM precursor forecasts.  Black open circles are similar but for the observed PMM 640!
and ENSO indices.   641!
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and averaged over most of the tropical Pacific basin that
includes Niño4 and Niño3 regions. Here ρ is the seawater
density, and cp represents the specific heat of seawater at
constant pressure.

Thermocline feedback ¼ ρcp∫w ∂T ′

∂z
dz (1)

Advective feedback ¼ ρcp∫u′
∂T
∂x

dz (2)

[17] The systematic increase in variance from control to SD
for both models corresponds well with increase in variance for
the positive feedbacks mechanisms. CCSM3 and CCSM4 have
more vigorous thermocline feedback compared to the advective
feedback, and this difference is enhanced by SD WWBs.
Changes in the thermocline feedback are not significant when
comparing the control to SI WWB experiments for CCSM3.
In contrast, both feedback mechanisms are enhanced in the SI
WWB CCSM4 (99% confidence level). The SD WWBs
enhance thermocline and zonal advective feedback variance
for both models.
[18] Figure 2 shows a scatter diagram of EP-PC1 versus

CP-PC1 for CCSM3 (left column) and CCSM4 (right
column). This scatter diagram approach to quantify CP

versus EP ENSO was first introduced by Takahashi et al.
[2011]. The black axes correspond to typical tropical
Pacific SST indices. These include the following: Trans-
Niño Index [TNI; Trenberth and Stepaniak, 2001], Niño1-2
(N12), Niño3 (N3), Niño3-4 (N34), Niño4 (N4), and EMI.
The correlation between any two axes shown is readily
obtained by the cosine of the angle between the given axes.
The EP-PC1 index is significantly correlated to Niño3 for
all cases (the angle between these axes is near zero). The
CP-PC1 index is strongly correlated with EMI (between
0.82 and 0.9 depending on the experiment).
[19] We first focus on the results of the control experiments

(Figures 2a and 2d). CCSM3 has less organized structure in
the scatter than CCSM4. The enhanced structure in CCSM4
is mostly oriented along the blue diagonal, which corre-
sponds to the linear least squares fit between CP-PC1 and
EP-PC1, although there is some curving in the northeast
quadrant. The CCSM4 cold and weak warm events
(according to Niño3) follow the slope of the Niño4 (N4) axis.
Meanwhile, for the very strong EP events, the scatter slopes
along an axis that is parallel to N3, hence the curving in the
northeast quadrant. This suggests that cold and weak warm
events dominate over the central Pacific, whereas strong
warm events are confined to the eastern Pacific. This kind

Figure 2. Scatter diagram of EP-PC1 versus CP-PC1 for
CCSM3 (left column) and CCSM4 (right column): (a and
d) control, (b and e) state-independent, (c and f) and state-de-
pendent. All panels include a period of 115 years for all
months (gray dots) and only for December-January-
February (DJF; blue dots). The black axes correspond to
typical tropical Pacific SST indices. These are derived from
multiple linear regressions of SST anomalies in these regions
with both PCs.

Figure 3. Composites from extreme (>1.5σ) EP-PC1 warm
events for SI and SD WWB experiments. Temperature
anomalies are shown by thin black contours (1°C interval).
The blue-red shading corresponds to experiment minus
control temperature anomaly. The 20°C isotherm is depicted
by the black (gray) thick line for the control (WWBs)
experiment. WWB-induced stress composites (10Nm"2)
are depicted above each panel by gray shading.
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constraint is released. Figure 1c shows the variance ratio
of the zonal wind stress (tx) anomalies zonally averaged
over the date line (1608E–1608W) of CWE and the
control. A ratio of 1.0 (dotted line) indicates that 100%
of the variance in the control is reproduced in CWE
and a ratio less than 1.0 indicates that CWE variability is
reduced. For CWE, the tx used in the calculation is that
which the ocean would have felt had the field not been
overwritten with climatology. Since the atmospheric
component responds freely to the ocean, this particular
tx is obtained from the atmospheric component output.
In the tropical atmosphere, less variable SST has an
anticipated ‘‘back interaction’’ on zonal surface winds in
the central Pacific, causing substantial damping of sur-
face winds by as much as 80% (ratio of 0.2), as seen
between 58S and 58N. Generally, poleward from the
equatorial region, the damping of zonal surface winds
varies between 0% and 20%. The only substantial

exception is in the North Pacific, where tx variability is
damped by nearly 50%.

d. The release experiment

Now that tropical SST, subsurface temperature,
and tx variability are dampened, we have essentially
generated a suite of initial conditions from which to
branch ensembles of coupled instability experiments.
The first 30 years of the CWE are discounted to reduce
effects from model spinup. Note that, during in-
tegration, CWE initial conditions are archived every
other month. Beginning at year 30, for every set of ar-
chived January,March,May, July, and September initial
conditions, an additional simulation is branched with the
tx,y constraint lifted (i.e., integrated under the fully
coupled configuration). Since the wind constraint is re-
leased, the simulations are referred to as the release
experiment (RE).

FIG. 1. (a) Shading shows SST anomaly variance (8C2) and contours are SSH anomaly variance (cm2) from the
CCSM4 control simulation. (b) As in (a), but for CWE. (c) Ratio of variances (CWE/control) of the zonal wind
stress anomalies zonally averaged over the date line from 1608E to 1608W. The dotted line at 1.0 indicates where
CWE variance equals that of the control. (d) Niño-3 SST anomaly index for the control (black) and CWE (orange).
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peak ENSO months is retained for most initialization
months yet minimal for the January ensemble. The error
saturation for January initialized cases could be linked to
the spring predictability barrier (Webster and Yang 1992;
Kirtman et al. 2002; Mu et al. 2007).
The month(0) initial error is small for all ensembles,

although, once mechanical coupling is engaged in
month(1), the error grows quickly for all ensembles yet
the growth rate shows dependence on the initialization
month. For instance, initial error for July is the smallest
of all ensembles but the July ensemble month-to-month
growth from month(0) to month(1) shown in Fig. 9c is
clearly the largest of all ensembles. This means that
initial errors in the July cases grow the fastest and have
doubled by month(1), as shown in Fig. 9b. In contrast,
the error doubling time for the remaining ensembles is
closer to two months. Results show that in this model,
initial error growth in the ENSO region largely depends
on the initialization month and error can grow rapidly
for all initialization months, especially for summer ini-
tializations. The fast month-to-month growth for the
July ensemble continues from month(1) to month(2) as
error doubles between these months as well. This may,
in part, be due to the fact that initial errors in July are a
minimum; however, the July ensemble grows rapidly

enough to overtake the May ensemble error by Sep-
tember along with attaining the largest month(1) error
of all five ensembles (Fig. 9a). These findings follow the
work of Battisti and Hirst (1989) and Chen et al. (1997)
in which the authors argue that the tropical Pacific
background state is most unstable to coupled in-
stabilities in boreal summer, thus promoting fast growth
of small perturbations similar to those shown above.
Specific to CCSM4, the Bjerknes feedback is strongest in
boreal summer (DiNezio and Deser 2014), lending a
possible mechanism by which the initial error growth is
dynamically accelerated for the July cases.
In addition to dependence on initialization month,

initial error growth also exhibits strong seasonality.
Consistent with seasonal background stability studies
(e.g., Chen et al. 1997; Xue et al. 1997), initial error
growth is largest in spring and summer months during
year(0). Tziperman et al. (1997) argue that background
wind divergence, largely influenced by the ITCZ seasonal
migration, is a likely candidate to explain why the back-
ground instability is seasonal. For instance, wind conver-
gence is strongest in spring, when the ITCZ approaches
the equator, which acts to enhance the air–sea coupling by
reinforcing atmospheric heating. Based on findings in
Tziperman et al. (1997), Xue et al. (1997) suggest that

FIG. 8. Regression of the December Niño-3 index with January–April equatorial temperature perturbations (8C per unit std dev of
Niño-3) with depth of the same year (0) andDecember of the previous year (21): (top) the control simulation and (bottom) the CWE and
RE experiments. In (bottom), the right two columns are from the release experiment in which each case is branched in March. The left
three columns in (bottom) correspond to December–February from CWE preceding each March branched simulation.
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in gray. The Niño-3 root-mean-square error (RMSE)
in March is 0.198C and saturates at about 0.758C in
September (Fig. 5d). The most striking aspect of
Fig. 5d is how closely the error curve mimics ENSO
forecast skill for typical boreal winter and spring ini-
tialized forecasts (Jin et al. 2008), which implies that
coupled instability growth from initial perturbations
may be a large contributor to the limit of ENSO pre-
dictability in this model. Typically, idealized pre-
dictability studies boast a longer period, often over
one year, of error growth prior to error saturation (i.e.,
forecast skill), as in Cane et al. (1986). However, here
the skill saturates around six months, similar to the
e-folding time scale of the fast error growth in the
Zebiak–Cane model that is suspected to be associated
with coupled instabilities (Goswami and Shukla 1991).
Error growth of all RE ensembles is discussed in a
later section.

So far, the geographical location of the perturbation
growth has not been discussed. Suarez and Schopf
(1988) argue that coupled feedbacks along the equato-
rial Pacific are strongest in the central Pacific. In fact, the
relative ease for the destabilization of oceanic waves in
this region is the basis of the wave delay term in delayed-
oscillator theory (Suarez and Schopf 1988; Battisti and
Hirst 1989). Figure 8 shows the regression of December
Niño-3 error with the previous December–April equa-
torial temperature perturbations with depth. For the
control, 60 years of continuous data are analyzed to
compare with the 60 cases from the CWE–RE frame-
work. For the March ensemble, December Niño-3 error
is regressed onto March and April from the RE and the
preceding December–February from the CWE. Essen-
tially, Fig. 8 shows where the ENSO signal originates
and how it evolves by month. For the control, heat
content buildup in the western Pacific during the

FIG. 5. (a) Composite-averagedDecember SST error for the 10 cases that produce an El Niño event during the first
year of integration of the March ensemble. (b) As in (a), but for the 13 cases that produce a La Niña event.
(c) Evolution of the Niño-3 SST error for all 60 cases through the first calendar year of integration. Red (blue) curves
indicate El Niño (LaNiña) events. (d) RMSE of (c). (e) DecemberNiño-3 error in year(0) for each case organized by
the year each case is branched from CWE. Dashed lines indicate one standard deviation and black triangles indicate
the cases that exceed one standard deviation and qualify as an El Niño or La Niña event.
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Outstanding Problems 
•  Able to Use Predictions to Inform Predictability, but 

the Reverse? 
•  How to Define a “Skillful” Probabilistic Forecast 

–  Was the 2014 ENSO Forecast Anomalously Bad? 
–  Tension between “Spread” and “Sharpness” 

•  Forecast of the Forecast Skill 
–  State Dependent Skill Mask 
–  Why are Dynamic Forecasts So Over-Confident 

•  Forecast Problem is about Getting the Details Right 
–  Forecast Evolution 
–  ENSO Diversity 

•  Weather within Climate 
–  Sub-seasonal Statistics 
–  Extremes 

•  Trends 


