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Section S1: Leading EOFs and CP and EP structures 1 

For reference, the structures of the leading two EOFs of SST and Z20, as well as the CP and EP 2 

SST structures, are shown in Fig. S1. 3 

 4 
Figure S1. Spatial structure for sea surface temperature (SST) a) EOF1, b) EOF2 (oC/std dev; 5 
shading), thermocline depth (Z20) c) EOF1 and d) EOF2 (m; black contours). SST spatial 6 
structure of e) Central Pacific and f) Eastern Pacific ENSO events. Thermocline depth contour 7 
interval is every 4m.  Increased (decreased) thermocline depth corresponds to solid (dashed) 8 
contours. The zero contour has been omitted. Domain extends from -25:25N and 120:285E. 9 
  10 



Section S2: Evaluation of the Noise Estimate 11 

It is important that the estimate of the noise from (11) be broadly consistent with the assumed 12 

form of the dynamical model from which it is derived, i.e. the LIM. Here, we evaluate the 13 

structure of the noise in three ways, described below. 14 

 15 

S2.1: Comparing the Noise Covariance Matrices 16 

The noise covariance matrix can be estimated from the Fluctuation Dissipation Relationship 17 

(FDR), as described in Penland and Matrosova (1994). For stationary statistics, (2) implies that: 18 

𝟎 = 𝐋𝐂𝟎 + 𝐂𝟎𝐋 + 𝐐     (S1) 19 

where Q is related to the covariance matrix of the noise forcing via 𝐐 = 〈𝛏, 𝛏〉𝑑𝑑. We compare 20 

the noise covariance matrix calculated via the FDR with that of the noise estimate (from 11). 21 

While it is important that the noise estimate in (11) be obtained using high temporal resolution 22 

data (see Penland and Hartten, 2014), the relevant noise forcing of the system is that which 23 

projects onto lower frequencies that resonate with the eigenmodes of the system. As such, we 24 

compare the covariance matrix of the 75-day lowpass-filtered noise estimate (see below) with 25 

that derived from the FDR. Shown in Fig. S2a are the projection of the eigenvectors obtained 26 

from the FDR covariance matrix (from S1) onto those obtained from the 75-day lowpass filtered 27 

estimated noise (from 11). It is clear that the leading four or five eigenmodes of the noise are 28 

very similar. Modes 5-8 and modes 9-12 (respectively) are mixed, which might be expected as 29 

the eigenvalues for those modes are not well separated. In general, the analysis shows that the 30 

low-frequency estimated noise is consistent with that derived from FDR.  31 

 32 



 33 

Figure S2: Evaluation of the noise covariance matrix. (a) Projection of the eigenvectors of the 34 
noise covariance matrix estimated from the fluctuation dissipation relation (FDR) onto the 35 
eigenvectors of the covariance matrix of 75-day lowpass-filtered noise estimate (from 11), 36 
indicated as the projection times 100. Only projections greater than 0.2 are shown. Blue colors 37 
indicate negative projections, and yellow and red colors indicate positive projections. (b) 38 
Cumulative explained variance for the eigenvectors of the FDR-derived covariance matrix (black 39 
circles) and those of the covariance matrix of the 75-day lowpass-filtered noise estimate (red 40 
+’s).  41 
 42 

S2.2: Spectra of the noise 43 

It is also important that the noise estimates be approximately white for the time scales of 44 

interest (i.e. the time scales of the eigenmodes of L). To demonstrate consistency between the 45 

noise estimates from (11) and the expectation of white forcing, we plot the power spectra of 46 

the leading PC of SST (to demonstrate the main time scales of interest for the dynamical 47 

system) as well as the power spectrum of the estimated noise. Further, we compare results to a 48 

5000yr simulation of the LIM used herein, but forced with purely white Gaussian noise with a 49 

6hr time step. The model is iterated forward for 5000yr using the method of Penland and 50 



Matrosova (1994), and the exact noise forcing, as well as the system state, is archived. We then 51 

apply (11) to the model state output to obtain an estimate of the noise from the LIM simulation 52 

that is calculated exactly the same way as the observed noise used in this study.  53 

 54 

Relevant power spectra for the model are shown in Fig. S2. The power spectra of the observed 55 

SST PC1 (pentad in black and the original 3mo running mean in red) as well as the SST PC1 from 56 

the 5000yr LIM simulation (blue) are shown in Fig. S2a, and demonstrate that variability is 57 

dominated by time scales longer than the 3mo averaging period used to define the LIM. The 58 

power spectrum of the observed noise estimate (black), exact noise used to force the 5000yr 59 

simulation (green) and estimated noise from the 5000yr simulation (blue) confirm that for the 60 

time scales of interest, the noise is white. It is worth pointing out that the comparison between 61 

the 5000yr estimated noise and the 5000yr exact noise reveals that the estimation method 62 

removes very high frequency variability with time scales shorter than about 1-2 months, which 63 

suggests that some smoothing to the pentad noise estimate is useful. 64 



 65 

Figure S3: Relevant power spectra. (a) Power spectra of PC1 of monthly resolved, 3mo running 66 
mean SST (red); the projection of pentad SST onto the first EOF of monthly resolved, 3mo 67 
running mean SST (black); and the pentad-resolved PC1 from a 5000yr simulation of the LIM 68 
(blue). (b) Power spectra of pentad-resolved noise from the observed estimated noise [from 69 
(11); black curve], the noise estimate from the 5000yr LIM simulation [estimated using (11); 70 
blue curve], and the exact noise used to force the 5000yr LIM simulation (green curve). 71 
 72 

S2.3 Kolmogorov–Smirnov Test 73 

LIM assumes that the noise forcing is Gaussian for the time scales of interest. A Kolmogorov–74 

Smirnov test was performed to determine the Gaussian nature of the CP and EP noise forcing 75 

time series (shown in Figs. 2d and 2e). The K-S test fails to reject the null hypothesis of 76 

Gaussianity at the 95% significance level for both the CP and EP noise forcing time series (with 77 

p-values of .84 and .53, respectively). This indicates that the CP and EP noise forcing time series 78 

are not significantly distributed different than Gaussian at the 95% confidence level.  79 

 80 



Section S3: Full Regression and Correlation Maps 81 

Figures S4 through S8 below show the seasonal regression and correlation coefficients between 82 

the CP and EP noise time series (see text) and various fields. Due to the large number of 83 

degrees of freedom in the noise time series (the noise time series is approximately white on 84 

monthly time scales), a correlation coefficient of about 0.2 is significant at the 95% level using a 85 

two-tailed T-test, and assuming about 100 degrees of freedom (35 years of data, one degree of 86 

freedom per month due to the five-pentad running mean, and three months per season). Note 87 

that instead of contouring the correlation coefficients, the significance for vector fields (850mb 88 

wind and surface wind stress) is indicated by only plotting vectors where the geometric sum of 89 

the correlation coefficients is equal to or greater than .1.” 90 

 91 

A note on the interpretation of the correlation coefficient in Figures S4-S8 is in order. Recall 92 

that the noise time series are obtained as a residual in (11), which involves calculating the 93 

tendency and then subtracting the contribution from the deterministic dynamics. The result is a 94 

white (on the time scales of the deterministic evolution of the system) time series. In contrast, 95 

the pentad data in the fields used to construct Figures S4 through S8 are not filtered in the 96 

same way – i.e. they contain contributions from the noise and the deterministically evolving 97 

system. By construction, then, a large portion of the fields’ variance is not shared with the noise 98 

time series. The low overall correlation coefficients reflect that difference.  99 

 100 



 101 
Figure S4. Sea Level Pressure (SLP) noise structures associated with Central Pacific and Eastern 102 
Pacific optimal initial conditions (left and right columns, respectively). Shown are the seasonal 103 
regression coefficients (shading) and correlation coefficients (contours) between SLP (hPa) and 104 
the noise forcing time series of CP or EP optimal initial conditions. The first row shows the 105 
coefficients of boreal winter (DJF). The second through fourth rows show the coefficients for 106 
boreal spring (MAM), summer (JJA) and fall (SON) months, respectively. Positive (negative) 107 
correlation coefficients indicated with solid (dashed) contours where the contour interval is 108 
every 0.1. The zero contour has been omitted. Domain extends from -75:75N and 90:300E.  109 



 110 
Figure S5. Outgoing longwave radiation (OLR) noise structures associated with Central Pacific 111 
and Eastern Pacific optimal initial conditions (left and right columns, respectively). Shown are 112 
the seasonal regression coefficients (shading) and correlation coefficients (contours) between 113 
OLR (W/m2) and the noise forcing time series of CP or EP optimal initial conditions. The first row 114 
shows the coefficients of boreal winter (DJF). The second through fourth rows show the 115 
coefficients for boreal spring (MAM), summer (JJA) and fall (SON) months, respectively. Positive 116 
(negative) correlation coefficients indicated with solid (dashed) contours where the contour 117 
interval is every 0.1. The zero contour has been omitted. Domain extends from -75:75N and 118 
90:300E. 119 



 120 
Figure S6. 850mb wind (U850) noise structures associated with Central Pacific and Eastern 121 
Pacific optimal initial conditions (left and right columns, respectively). Shown are the seasonal 122 
regression coefficients (vectors) between U850 (m/s) and the noise forcing time series of CP or 123 
EP optimal initial conditions. The first row shows the coefficients of boreal winter (DJF). The 124 
second through fourth rows show the coefficients for boreal spring (MAM), summer (JJA) and 125 
fall (SON) months, respectively. Wind vectors are only shown where the geometric sum of the 126 
correlation coefficients is equal to or greater than .1. Domain extends from -75:75N and 127 
90:300E. 128 



 129 

 130 
Figure S7. Ocean-atmosphere flux (OAFLUX; defined as latent heat flux + sensible heat flux) 131 
noise structures associated with Central Pacific and Eastern Pacific optimal initial conditions 132 
(left and right columns, respectively). Shown are the seasonal regression coefficients (shading) 133 
and correlation coefficients (contours) between OAFLUX (W/m2) and the noise forcing time 134 
series of CP or EP optimal initial conditions. The first row shows the coefficients of boreal 135 
winter (DJF). The second through fourth rows show the coefficients for boreal spring (MAM), 136 
summer (JJA) and fall (SON) months, respectively. Positive (negative) correlation coefficients 137 
indicated with solid (dashed) contours where the contour interval is every 0.1. The zero contour 138 
has been omitted. Domain extends from -75:75N and 90:300E. 139 



 140 
Figure S8. Surface wind stress (TAU) noise structures associated with Central Pacific and Eastern 141 
Pacific optimal initial conditions (left and right columns, respectively). Shown are the seasonal 142 
regression coefficients (vectors) between TAU (N/m2) and the noise forcing time series of CP or 143 
EP optimal initial conditions. The first row shows the coefficients of boreal winter (DJF). The 144 
second through fourth rows show the coefficients for boreal spring (MAM), summer (JJA) and 145 
fall (SON) months, respectively. Surface wind stress vectors are only shown where the 146 
geometric sum of the correlation coefficients is equal to or greater than .1. Domain extends 147 
from -75:75N and 90:300E. 148 
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