
1. Introduction
The large scale oceanic meridional overturning circulation (MOC) fluxes heat from the tropics to the poles 
and transports tracers between the surface and abyssal ocean on timescales of hundreds of years. Although the 
simplified view of the MOC as a slow and steady ‘great oceanic conveyor belt’ abounds, in practice it exhibits 
variability on a wide range of timescales (Hirschi et al., 2020). In particular, a range of models show significant 
MOC variability on the timescale of days near the equator in all main ocean basins (Hirschi et al., 2013, 2020). 
Whereas over most latitudes the high frequency variability has a standard deviation of a few Sverdrups, near the 
equator the variability can be very large, up to ∼±100 Sv in the Pacific.

Although it remains unknown whether, or to what extent, there is a connection between this variability and the 
mean transport, the equatorial Pacific MOC is important for a number of reasons. It is thought to interact with 
the El Nino Southern Oscillation (ENSO) and Pacific Decadal Oscillation (PDO), thus impacting the ventilation 
of CO2 in the region (Gruber et al., 2009; McPhaden & Zhang, 2002; Song et al., 2018). Furthermore, in order 
to accurately recreate the large scale stratification and MOC structure, models must represent the processes that 
cause diapycnal mixing. Recent studies have proposed that vertically propagating equatorial inertia-gravity waves 
generate significant abyssal mixing (Delorme & Thomas, 2019; Holmes et al., 2016). It has also been suggested 
that inertia-gravity waves may cause spurious diapycnal mixing in z-coordinate models (Griffies et al., 2000; 
Megann, 2018). Understanding of the modeled wave field is therefore of importance for representing the larg-
er-scale circulation.

Spectral peaks in sea-level variations at frequencies of 3–5 days were first observed in the Pacific and shown to 
correspond to equatorially trapped inertia-gravity waves by Wunsch and Gill (1976). The existence and physics 
of these wind-forced waves is now well known (e.g., Gill, 1982; McCreary, 1985), and many other studies have 
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since confirmed the existence of inertia-gravity (Poincaré) and mixed Rossby-gravity (Yanai) waves in all main 
ocean basins (e.g., Eriksen, 1980; Garzoli & Katz, 1981; Gilbert & Mitchum, 2001; Weisberg & Hayes, 1995). In 
particular, Farrar and Durland (2012) (hereafter FD12) used the extensive TAO/TRITON (Triangle Trans-Ocean 
Buoy Network) mooring record in the equatorial Pacific to identify many Yanai and Poincaré wave modes at 
periods of 3–15 days. Together with a companion study (Durland & Farrar, 2012), FD12 explained the observed 
spectral peaks in frequency and zonal wavenumber based on the corresponding observed wind stress spectrum.

A recent two-part study by Blaker et al. (2021) (hereafter B1) and Bell et al. (2021) (hereafter B2) showed that 
large amplitude oscillations of the MOC found in an integration of the NEMO (Nucleus for European Modeling 
of the Ocean) global ocean model could be attributed to equatorially trapped Yanai and Poincaré waves driven 
by winds within ±10° of the equator. Using idealized simulations based on a zonally averaged formulation of 
the linear wave theory with zonal boundary conditions of no normal flow, they accurately reproduced the MOC 
oscillations in the realistic model with a small number of low-mode waves, thus explaining the modeled MOC 
variability on 3–15 timescales. The 10 day Yanai and 4 day Poincaré modes were shown to give the largest con-
tributions to the equatorial MOC oscillations. However, the question remains as to whether such large oscillations 
occur in reality.

In this study, we compare output from the global ocean simulations of B1, 2 with the TAO mooring record to veri-
fy that zonally integrated fluctuations in dynamic height are consistent with those inferred from the TAO mooring 
observation data. An early indication of this is the good correspondence between high frequency, zonally aver-
aged dynamic heights from NEMO and TAO data at the equator, plotted for the same time period in Figure 1a.

Figure 1. (a) High-pass filtered and zonally averaged 500 dbar dynamic height at the equator for sampled Nucleus for European Modeling of the Ocean (NEMO) data 
(blue) and Tropical Atmosphere Ocean (TAO) mooring data (black). (b) High-pass filtered and zonally averaged zonal (τx) and meridional (τy) wind stress at the equator 
used to force the NEMO simulation. (c) Baroclinic wave speeds c1 and (d) c2, calculated from World Ocean Circulation Experiment neutral density data. The red 
dashed box shows the subdomain of the global NEMO simulation used, and black circles show locations of TAO moorings. (e) Meridional structure of pressure modes 
for baroclinic mode 1, c1 = 2.7 m s−1, k = 0. TAO mooring latitudes shown as black circles. (f) Dispersion relation for unforced equatorial modes. The first (second) 
baroclinic modes are shown in black (blue dashed), for baroclinic wave speeds c1 = 2.7 m s−1 and c2 = 1.6 m s−1 (their values averaged over the red dashed subdomain in 
[c, d]). The red line shows k = 0, and the labeling convention is such that “BC2M1” corresponds to baroclinic mode 2, meridional mode 1.

 19448007, 2022, 2, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2021G

L
096879 by T

est, W
iley O

nline L
ibrary on [12/02/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Geophysical Research Letters

BAKER ET AL.

10.1029/2021GL096879

3 of 10

Although the moorings are relatively sparse in latitude and longitude, FD12 showed that it is possible to estimate 
the temporal and zonal spectrum of dynamic height using least squares methods, finding that most of the power 
was concentrated at low zonal wavenumbers. Motivated by this and the findings of B1, 2 that the zonally aver-
aged effect of these waves could have important consequences for variability of the MOC, we focus on zero zonal 
wavenumber modes and use similar methods to FD12 to fit the high frequency dynamic height data to a Fourier 
basis in time and a basis of theoretically derived meridional modes in latitude. We first compare the temporal/
meridional spectra of zonally averaged dynamic height in the model and observations, and show that they are 
largely consistent with each other and with linear theory. We then explain the zonal structure of the dynamic 
height power spectrum in terms of the east-west variation in stratification.

2. Equatorial Modes
Equatorially trapped waves can be modeled as linear perturbations upon a base state with zero background current 
and a background stratification N2(z). The solution for unforced waves on a beta plane can be found from the 
hydrostatic, incompressible, linear, unforced and inviscid momentum and buoyancy equations (Bell et al., 2021; 
Durland & Farrar, 2012; Wunsch & Gill, 1976). The meridional velocity is given by:

𝑣𝑣(𝑥𝑥𝑥 𝑥𝑥𝑥 𝑥𝑥𝑥 𝑥𝑥) =
∑

𝑚𝑚𝑥𝑚𝑚

[

𝑝𝑝𝑚𝑚(𝑥𝑥)𝜙𝜙𝑚𝑚𝑥𝑚𝑚(𝑥𝑥)∫
∞

−∞

𝑉𝑉𝑚𝑚𝑥𝑚𝑚(𝑘𝑘)𝑒𝑒
𝑖𝑖(𝑘𝑘𝑥𝑥−𝜔𝜔𝑚𝑚𝑥𝑚𝑚(𝑘𝑘)𝑥𝑥) 𝑑𝑑𝑘𝑘

]

 (1)

where, pm(z) are a set of vertical modes and ϕm,n(y) is the nth meridional mode for the mth baroclinic mode. Full 
expressions are given in Equations A1–A3. The frequency ωm,n and zonal wavenumber k satisfy the dispersion 
relation:

(

𝜔𝜔2
𝑚𝑚𝑚𝑚𝑚∕𝑐𝑐

2
𝑚𝑚 − 𝑘𝑘2 − 𝑘𝑘𝑘𝑘∕𝜔𝜔𝑚𝑚𝑚𝑚𝑚

) 𝑐𝑐𝑚𝑚

2𝑘𝑘
= 𝑚𝑚 +

1

2
 (2)

where, cm is the mth baroclinic wave speed (see Equation A1), β is the Rossby parameter, and Vm,n(k) determines 
the zonal wavenumber content of each vertical/meridional mode combination. In an unforced and undamped sce-
nario, Vm,n(k) would be set by the initial conditions. However, in reality and in the model the waves are both forced 
by surface winds and damped by turbulent processes (parameterized in the model). Durland and Farrar (2012) 
derived the relationship between the wind forcing and the resulting wave field, and B1, 2 showed using a global 
ocean model and idealized simulations that wind forcing between ±10°N is essential to the generation of the 
resulting MOC fluctuations. The effect of the wind forcing is to resonantly excite particular components of the 
free wave solution, dependent on the spatial structure and frequency content of the winds. We therefore expect to 
find waves corresponding to the unforced solutions (1) in the forced ocean.

Figure 1f shows the dispersion relation (2) for n = 0, 1, 2, 3, 4, 5, m = 1, 2. The notation used is the same as that 
of FD12: ‘BC m’ refers to the mth baroclinic mode, and ‘M n’ refers to the nth meridional mode. The curves in 
the lower left are Rossby waves, and the dispersion relations ω = cmk for Kelvin waves are not shown, since we 
are interested in long zonal wavelengths and high frequencies. The n ≥ 1 waves are Poincaré waves, and the n = 0 
waves are Yanai waves. FD12 found spectral peaks in the TAO dynamic height record of long zonal wavelength 
(k ≃ 0) waves agreeing well with these dispersion relations.

We estimate the meridional spectrum of the waves by fitting to theoretical meridional modes, rather than a 
standard Fourier basis. Since dynamic height is proportional to pressure, instead of using the meridional velocity 
modes ϕm,n(y), we find the corresponding modes for pressure as in Durland and Farrar (2012), using k = 0.

The first baroclinic mode is expected to be dominant, and we therefore fit to meridional modes with m = 1, al-
though we will demonstrate that our choice of meridional modes still allows detection of the baroclinic mode 2. 
The baroclinic wave speeds c1 and c2 in the Pacific are shown in Figures 1c and 1d. These were calculated from 
the vertical eigenvalue Equation A1 using Galerkin methods and gridded neutral density data from the World 
Ocean Circulation Experiment atlas (Gouretski & Koltermann, 2010), and c1 was verified against a similar cal-
culation by Chelton et al. (1998).

Figure 1e shows the first six normalised meridional modes for pressure for the baroclinic mode 1 when k = 0. The 
black circles show the meridional locations of the TAO moorings, although in practise the meridional TAO data 
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is much more sparse due to missing data and no moorings at some longitudes. This limits our ability to properly 
resolve the meridional structure, and it was concluded by FD12 that this resolution was insufficient to project the 
TAO data onto meridional modes - they instead focused on symmetry/antisymmetry about the equator. However, 
we demonstrate some success in using the TAO moorings to uncover the meridional structure of the waves.

3. Data
3.1. TAO Data

We use 26 years of data (1 January 1993–31 December 2018) from the TAO mooring array, with locations span-
ning the equatorial Pacific (Figures 1c and 1d). Daily averages of surface dynamic height relative to 500 dbar 
are used throughout; the data set is described in detail in FD12. We exclude some TAO and nearby TRITON 
moorings on the western side of the array (not shown in Figures 1c and 1d), since there isn't coverage both sides 
of the equator at these longitudes. For “like-for-like” comparison with the year-long NEMO output, we take the 
corresponding year (1 April 2006–5 April 2007) in the TAO timeseries, labeled in plots as “TAO: sampled”. 
When the full time series is used, it is labeled “TAO: full data”.

3.2. NEMO Simulation

We use output from the NEMO v3.2 global ocean model at 1/4° horizontal resolution (Madec, 2008). The con-
figuration and the time period of one year from 1 April 2006 to 5 April 2007 are identical to the control simula-
tion described in B1. We use daily average fields of surface dynamic height relative to 500 dbar for consistency 
with the TAO data set, and the spatial domain is bounded zonally to contain the most western and eastern TAO 
moorings, and meridionally by ±12°N, shown as the red dashed box in Figures 1c and 1d. The model is forced 
using the CORE2 IAF data set (Large & Yeager, 2009), with wind stress based on the NCEP reanalysis (Kalnay 
et al., 1996), thus winds forcing the model are intended to represent the true wind field for the same time period.

For “like-for-like” comparison with the TAO data set, we sample the NEMO output at the locations of the TAO 
moorings, and remove data that are missing in the corresponding TAO time series. These data are labeled in plots 
as “NEMO: sampled”, and the full spatial data are labeled as “NEMO: full data”.

4. Methods
We estimate the power spectra of the dynamic height data in NEMO and TAO, first for the zonally averaged data, 
and then at individual longitudes. We follow FD12 and use a least squares fitting method. FD12 fitted in time 
and longitude; we instead fit in time and latitude. If there were no missing data, the temporal fit could be accom-
plished using a discrete Fourier transform, but given the nature of the mooring data a least squares fit to Fourier 
modes in time is more appropriate and allows us to use all of the data. This also has the advantage of allowing us 
to fit in latitude to the theoretical meridional basis of pressure modes explained in §2.

4.1. Least Squares Fit

We use a tapered least squares method, described in detail in FD12. The general method can be explained for 1D 
data; 2D (time and space) data are first flattened to one dimension. First, L modes are chosen as a basis for the 
data h of size N, and stored in a matrix E of size N × L. The model can then be written as

𝐡𝐡 = 𝐄𝐄𝐄𝐄 + 𝐧𝐧 (3)

where, x (size M) contains the coefficients of the modes, and n (size N) is the noise in the data. The tapered least 
squares solution for x minimizes the sum of squares

𝐽𝐽 =
𝐧𝐧
𝑇𝑇
𝐧𝐧

𝜎𝜎2
𝑛𝑛

+
𝐱𝐱
𝑇𝑇
𝐱𝐱

Δ2
𝑥𝑥

 (4)

and is given by:

𝐱𝐱 =
(

𝐄𝐄
𝑇𝑇
𝐄𝐄 + 𝑟𝑟𝐈𝐈

)−1
𝐄𝐄

𝑇𝑇
𝐡𝐡 (5)
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where, the parameter 𝐴𝐴 𝐴𝐴 = 𝜎𝜎2
𝑛𝑛∕Δ

2
𝑥𝑥 is the “noise to signal ratio”, with 𝐴𝐴 𝐴𝐴2

𝑛𝑛 the expected variance in the noise, and 𝐴𝐴 Δ2
𝑥𝑥 

the expected variance in the coefficients of the model.

4.2. Temporal Modes

The temporal extent of the NEMO and sampled TAO datasets is 370 days. We define a full set of 185 frequencies 
equally spaced between ωmin = 1/370 cpd and ωmax = 1/2 cpd with a resolution of ωmin. We then create a full set 
of 370 temporal modes consisting of a sine and cosine at each of these frequencies.

The full 26 year TAO time series is split into non-overlapping periods of 370 days, and the resulting spectrum for 
each is averaged to give the “TAO: full” spectrum. The temporal modes are thus the same as for the other datasets, 
allowing comparison to spectra of the shorter time series whilst providing a more reliable estimate.

4.3. Meridional Modes

The meridional modes are found from the theoretical solution for the baroclinic mode 1 (Equation A2), converted 
for pressure at k = 0. Whilst the meridional velocity modes are orthogonal, the pressure modes are not (Zang 
et al., 2002). We use the first 6 modes, as we find that this gives the best balance between representing the higher 
mode wave signals present in the data and minimizing overfitting associated with too many model parameters.

4.4. Fitting Procedure

Before performing the least squares fit, we apply a high pass filter at 20 days (0.05 cpd) to remove any low 
frequency Rossby waves (see Figure 1f) and other non-wavelike structures. The method is described in detail in 
Appendix B. This step is particularly important when zonally averaging the TAO data, as the average can easily 
be contaminated by missing data coming into/out of the record.

We then find the temporal/meridional power spectrum both for zonally averaged fields (e.g., Figure 2) and at 
each longitude separately (e.g., Figure 3). When taking a zonal average, we remove any times/latitudes with 
data at only a single longitude. The set of temporal frequencies is truncated to those higher than 0.05 cpd, since 
those below this have already been removed in the high pass filter, leaving 167 of the 185 original frequen-
cies. The 167 × 2 = 334 temporal and six meridional modes are cross-multiplied and flattened to give a set of 
334 × 6 = 2004 modes, and these form the matrix E. The noise to signal ratio r is taken to be 35; see Appendix C 
for justification.

The coefficients x of the modes are then estimated using Equation 5. There are two modes at each frequency and 
meridional mode number, corresponding to the temporal sine and cosine. The power is then defined as the square 
root of the sum of these two coefficients squared.

5. Results
We first directly compare the model data to the observations. Figure 1a shows the high pass filtered (see Appen-
dix B) and zonally averaged 500 dbar dynamic height in NEMO and TAO at the equator, both sampled for a “like-
for-like” comparison. Most of the time, the similarity between the fields is remarkable - the peaks and troughs 
often agree well, showing that the model captures much of the varying phase and amplitude of the variations. 
Although the ocean model is forced by realistic winds, this level of agreement is somewhat surprising and lends 
credence to the idea of wave excitation being deterministic rather than stochastic.

The Pearson correlation coefficient of the zonally averaged NEMO and TAO time series at the equator (shown in 
Figure 1a) is 0.39, which is significant at the 1% level. This correlation decreases to ∼0.25 at a latitude of ±8° N. 
Agreement at longer timescales is generally better, with a correlation coefficient of 0.66 at the equator when the 
high pass filter cut-off is at 50 days, and 0.75 at 100 days. Figure 1b confirms that there is no obvious relationship 
between the amplitudes of the meridional and zonal wind stress and the dynamic height; see Durland and Far-
rar (2012) for a derivation of the complex dependence of wave amplitudes on wind stresses.

Note that although the dynamic height time series does not appear to agree with that of the MOC stream function 
at the equator from NEMO shown in B1 (their Figure 4a), this is expected since meridional velocity modes have 
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opposite symmetry about the equator to those of dynamic height. The time series of dynamic height at the equator 
does not contain a contribution from the 10 day (n = 0) mode since the corresponding pressure mode is zero at the 
equator (see Figures 1e and 1f), whereas the 10 day mode is contained (and at times dominant) in the time series 
of the MOC stream function (B1, 2) since the n = 0 mode for meridional velocity has a maximum at the equator. 
Furthermore, the MOC time series (B1, 2) is at 1,583 m depth, whereas the 500 dbar dynamic height is calculated 
by integrating the specific volume anomaly over the top 500 m of the ocean, and is thus more representative of 
upper ocean dynamics and wave structures.

Figure 2 shows the temporal/meridional spectra of the zonally averaged dynamic height data. The black dot-
dashed line showing the spectrum of the full NEMO simulation exhibits well defined peaks at (or just above) the 
expected frequencies, particularly for the first 3 meridional modes. There are also peaks in each spectrum corre-
sponding to other meridional modes of the same symmetry - this indicates an imperfect fit of the basis functions 
to the data, and is expected (for example, we are using a baroclinic mode 1, k = 0 meridional basis to represent 
all baroclinic modes). Due to the completeness and high spatial resolution of this data set, there is less power at 
the higher frequencies than in the other data sets, which predictably pick up more “noise”, due to both the limited 
meridional resolution and the missing data in the zonal average.

The blue line shows the sampled NEMO data, and this should be compared to the red sampled TAO data for a 
“like-for-like” comparison between the model and observations. Both exhibit peaks at the predicted frequencies 
(using k = 0 in Equation 2) for at least the first 4 modes, and they show excellent similarity at most frequencies 
and meridional modes. In particular, they have identical peaks at both the baroclinic modes in the meridional 

Figure 2. Temporal and meridional spectrum of zonally averaged 500 dbar dynamic height. Each panel shows a meridional mode, and a rolling mean over five 
frequencies is shown. Red shows Tropical Atmosphere Ocean (TAO) data for the duration of the NEMO simulation, blue shows NEMO data sampled at locations 
and times of available TAO data. Black dot-dashed shows NEMO data with full spatial resolution, and black solid shows TAO data from the full 26 year timeseries. 
Magenta and gray dashed lines show the predicted k = 0 frequency of the baroclinic mode 1 and mode 2 respectively, calculated using the dispersion relation (2) and 
the baroclinic wave speeds shown in Figures 1c and 1d, averaged over the red-dashed NEMO subdomain.
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modes 0, 2, and 3. There is a discrepancy of a factor of ∼2 in the amplitude of the BC1M1 and BC2M1 peaks 
between the TAO and NEMO data, which is consistent between both their respective ‘full’ and ‘sampled’ data 
sets, suggesting that this is a true difference between the model and observations.

Overall, the comparison of the zonally averaged fields in Figure 2 shows that the modeled large amplitude oscil-
lations of the Pacific MOC found by Bell et al. (2021); Blaker et al. (2021) are largely consistent with observed 
amplitudes, although NEMO appears to overpredict the amplitude of the BC1M1 and BC2M1 modes by a factor 
of two. The comparison between the full spatial and spatially sampled datasets allows us to evaluate the useful-
ness of the TAO mooring array in representing these waves over the full equatorial ocean. Although the spectrum 
calculated using the full data (black dashed) deviates from the sampled data (blue lines) somewhat at higher 

Figure 3. Zonal structure of dynamic height power spectrum, split in columns by meridional mode (top) Nucleus for European Modeling of the Ocean (NEMO) data 
set with full spatial resolution (upper middle) NEMO data set sampled at Tropical Atmosphere Ocean (TAO) locations and times (lower middle) TAO data set for the 
duration of the NEMO simulation, and (bottom) full TAO data set. The top three rows show a rolling mean over five frequencies, and the bottom row is calculated as an 
average over spectra of 1 year moving windows. Red and black dashed lines show the predicted baroclinic mode 1 and 2 frequencies respectively, calculated using the 
baroclinic wave speeds averaged in latitude between ±12°N.
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frequencies, the agreement at lower frequencies and at many of the spectral peaks is very good. The TAO moor-
ing array therefore provides a good view of the large scale wave field.

Next, we perform the least squares fit at each longitude. Figure 3 shows the resulting spectra for the same four 
datasets as Figure 2. The predicted frequencies are now plotted as a function of longitude, and show a decrease 
in frequency from west to east. This is due to a decrease in stratification across the Pacific causing a decrease in 
baroclinic wave speed (cf. Figures 3b and 3c) and is also evident in each of the spectra, where there is again very 
good correspondence between the predicted and modeled/observed peak frequencies. There is a slight underpre-
diction of each frequency for higher meridional modes. This could be due to biases in the sensitive calculation of 
wave speed (Chelton et al., 1998), or due to non-zero zonal wavenumber in the observed waves - the dispersion 
relations plotted in Figure 1f show that frequencies increase away from the near k = 0 minima. In fact, the obser-
vation that the frequencies of the spectral peaks change with longitude across the very large Pacific basin suggests 
that these waves have non-zero, but small, horizontal wavenumber k.

The middle two rows give the “like for like” comparison, and as in Figure 2, there is very good agreement be-
tween observations and model. It is once again clear that the meridional mode 1 amplitudes are higher in the 
model than in observations. Peak amplitudes in the full TAO spectrum are in general slightly lower, consistent 
with Figure 2, although there is also a corresponding reduction in the noise in the full TAO spectrum compared 
with the 1 year spectrum. The 10 day BC1M0 peak in the full TAO data has significant variation on 1–2 year 
timescales, with one significant peak occurring in the duration of the NEMO simulation (not shown), explaining 
why the sampled TAO peak is higher than the full TAO peak at the BC1M0 frequency in Figure 2.

6. Conclusions
In this study, we have narrowed the gap between realistic numerical simulations (B1, 2) and observations (FD12) 
of equatorially trapped Yanai and Poincaré waves. We have shown that the wave fields examined by each set of 
authors are largely consistent with each other and with linear theory in terms of amplitude, frequency and me-
ridional structure, both in the zonal average and in terms of their east-west variation. In particular, there is very 
good agreement between the observed and modeled amplitudes of the 10 day BC1M0 mode shown by B1, 2 to 
be leading order in the equatorial MOC variability. This observationally verifies the explanation of the equatorial 
MOC variability on 3–15 day timescales of B1, 2, and validates the skill of the NEMO ocean model in reproduc-
ing the leading equatorial Poincaré and Yanai waves, although there appears to be overprediction in NEMO by a 
factor of two of Poincaré waves of period 5–7 days.

The success of the NEMO ocean model in modeling these waves gives confidence in this and other similar global 
ocean models for modeling the equatorial MOC, which itself has an important role in the climate system through 
phenomena such as the ENSO and PDO (McPhaden & Zhang, 2002). The strong dependence of the trapped 
equatorial waves on wind forcing (B1, 2, Durland & Farrar, 2012) raises questions about their role in fluxing 
energy and momentum into the interior ocean. In particular, if equatorial inertial-gravity waves have a significant 
impact on diapycnal mixing and upwelling as suggested by Delorme and Thomas (2019); Holmes et al. (2016), 
their representation and the parameterization of related unresolved turbulent processes in climate models will be 
important.

Appendix A: Equatorial Mode Equations
The structure of the equatorial modes is given by 1 in the main text. pm(z), m ≥ 1, are a set of vertical modes, and 
cm the mth baroclinic wave speed, found by solving the eigenvalue problem:

𝜕𝜕

𝜕𝜕𝜕𝜕

(

1

𝑁𝑁2

𝜕𝜕𝜕𝜕𝑚𝑚

𝜕𝜕𝜕𝜕

)

+
𝜕𝜕𝑚𝑚

𝑐𝑐2𝑚𝑚
= 0

𝜕𝜕𝜕𝜕𝑚𝑚

𝜕𝜕𝜕𝜕
= 0, 𝜕𝜕 = 0, 𝐻𝐻 (A1)

the nth meridional mode ϕm,n(y) for the mth baroclinic mode pm(z) is given by

𝜙𝜙𝑚𝑚𝑚𝑚𝑚(𝑦𝑦) = 𝑒𝑒−�̃�𝑦
2
𝑚𝑚∕4𝐻𝐻𝑒𝑒𝑚𝑚(�̃�𝑦𝑚𝑚) (A2)

�̃�𝑦𝑚𝑚 =

(

2𝛽𝛽

𝑐𝑐𝑚𝑚

)
1

2

𝑦𝑦 (A3)
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where, Hen is the nth Hermite polynomial, and β is the Rossby parameter. The frequency ωm,n and zonal wave-
number k satisfy the dispersion relation (Equation 2 in the main text).

Appendix B: High Pass Filter
We perform a high pass filter at 20 days before zonally averaging or fitting the dynamic height data. First, we re-
move a rolling mean of length 21 days at each location-this is necessary to avoid spurious effects at the endpoints 
of the time series and gaps in the data. This alone isn't sufficient to remove the lower frequency signals, so we 
then perform a fit in time only at each location using the least squares method (§4.1) and the full set of temporal 
modes (§4.2). A low-pass fit consisting of the reconstructed field from frequencies lower than 0.05 cpd is then 
subtracted from the original field to give a high pass filtered dynamic height at each location.

Appendix C: Choice of Noise to Signal Ratio
The parameter 𝐴𝐴 𝐴𝐴 = 𝜎𝜎2

𝑛𝑛∕Δ
2
𝑥𝑥 must be small enough to capture the “true” variance of the data, but large enough to 

avoid overfitting to the “noise”. We found high sensitivity of results to r due to the missing mooring data and 
the large number of parameters in our model. FD12 estimated the noise standard deviation σn to be 0.5 cm, and 
used Parseval's relation to estimate the model variance 𝐴𝐴 Δ2

𝑥𝑥 from the data variance. Our meridional pressure modes 
are not orthogonal (although the meridional velocity modes ϕm,n(y) are), so instead we use the spatially resolved 
NEMO data set to choose an appropriate value of r as follows.

First, we fit the 2004-parameter model to the full NEMO data set. The number of data points here is over 18 
times the number of model parameters, significantly reducing the risk of overfitting. For very small r (forcing the 
“best” fit possible, in terms of the lowest model-data error) the model can represent 79% of the variance of the 
data. We then choose r = 35, which in the full NEMO data set allows the model to represent 95% of the variance 
of the “best fit” (itself representing 79% of the data variance). This is true of both the fit to the zonal average and 
at individual longitudes. With r = 35 and 𝐴𝐴 Δ2

𝑥𝑥 given by the actual variance of the model, the corresponding value 
of σn for the fit is ∼0.2 cm for the zonal average and ∼0.8 cm at individual longitudes, similar to the estimate of 
FD12 of 0.5 cm for the noise variance.

Data Availability Statement
The TAO mooring data are available at https://www.pmel.noaa.gov/tao/drupal/disdel/. The WOCE neutral densi-
ty data are available at https://www.cen.uni-hamburg.de/en/icdc/data/ocean/woce-climatology. The NEMO sim-
ulation data and code required to enable the reader to reproduce our results are available online at https://doi.
org/10.5281/zenodo.5637010 (Baker et al., 2021).
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