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Abstract Equatorial Pacific zonal velocity at 1,000 dbar and vertical isotherm displacements from
0–2,000 dbar are analyzed using Argo data through February 2018. In agreement with previous studies, the
mean 1,000‐dbar zonal velocity is characterized by alternating eastward and westward jets of amplitude 5–10
cm/s. Similarly, the seasonal cycle is dominated by an annual Rossby wave that is apparent in annual
harmonic fits to both the isotherm displacement and velocity fields. Residual (mean, annual, and
semiannual harmonics removed) zonal velocity and isotherm displacements are analyzed using Complex
Empirical Orthogonal Functions (CEOFs) and their Principal Components. For the analysis at 1,000 dbar,
the first velocity CEOF accounts for 28% of the variance and the first isotherm displacement CEOF 24%.
Spatial patterns of the lead CEOFs are broadly consistent with Rossby waves, but only isotherm
displacement CEOF1 can be clearly linked to known physical processes in the equatorial Pacific. This is true
of the isotherm displacement CEOF1s across pressure surfaces, despite being estimated independently on
each one. The Principal Component of isotherm displacement CEOF1 at 1,000 dbar is well correlated
(r= –0.65) with the Niño3.4 index at a 12‐month lag, suggesting that El Niño signals propagate deep into the
equatorial Pacific Ocean. The 3‐D structure of the isotherm displacement CEOF1s suggests that the deep
isotherm displacement signals are consistent with a vertically propagating Rossby wave of vertical mode 3–4.

Plain Language Summary The tropical Pacific Ocean is an important region for Earth's climate. It
features a complex set of currents that exist at different depths and vary on a range of timescales frommonths to
decades. The variations of these currents are influenced by planetary (Rossby) wave signals that travel both
zonally and vertically along the equator. While it is well known that Rossby waves modulate these currents on
yearly timescales, the data to observe deep current variability at longer timescales have only recently become
available from the global array of Argo floats. Here we analyze velocities and isotherm displacements (vertical
movements of constant temperature surfaces) from Argo float data to investigate their variations over
timescales longer than a year. Using a statistical technique to find the most energetic large spatial scale and
long‐timescale propagating signals in these data, we demonstrate that deep isotherm displacements are highly
correlated with the El Niño‐Southern Oscillation (ENSO) across a large range of pressures but find that the
velocities at 1,000 dbar are not. This mismatch is puzzling, but it may be due to the short record length and
relatively small data set for velocity compared to the timescales of the examined velocity variations.

1. Introduction

The tropical Pacific Ocean is critically important to Earth's climate (e.g., Ropelewski and Halpert, 1987) and
hosts a rich, complex set of currents with various vertical, meridional, and temporal scales. The surface‐
intensified westward flowing South Equatorial Current is split into a northern and southern branch near
the equator, where the eastward flowing equatorial undercurrent is found, with its maximum velocity
within the pycnocline (Johnson et al., 2002). The surface‐intensified and eastward flowing North
Equatorial Countercurrent is centered near 4°N in the west, gradually shifting northward to 6°N in the east.
All of these near‐surface currents exhibit substantial seasonal cycles and are modulated by the El Niño‐
Southern Oscillation (ENSO) as well.

Below the pycnocline, at a few hundred meters depth, are the subsurface countercurrents, or Tsuchiya Jets,
that flow eastward on either side of a subsurface equatorial thermostad that contains the westward flowing
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Equatorial Intermediate Current (Rowe et al., 2000). These jets shoal and shift poleward from west to east.
Even below that (centered near 700 m, but with vertical extents of several hundred meters) are the eastward
flowing South and North Intermediate Countercurrents and the westward flowing Lower Equatorial
Intermediate Current and Southern Equatorial Intermediate Current (Firing et al., 1998).

The Equatorial Deep Jets (EDJs) are a stacked set of equatorial currents with vertical scales of a few hundred
meters that are evident below the thermocline. Some of the earliest measurements of the equatorial Pacific
EDJs were made in the 1970s and the early 1980s (Eriksen, 1981; Hayes & Milburn, 1980; Leetmaa & Spain,
1981; Taft et al., 1974). These new observations raised as many questions as they answered, and shortly after
the Pacific Equatorial Ocean Dynamics experiment was developed in order to shed light on the zonal structure
and temporal variability of the jets (Eriksen, 1985; Firing, 1987; Voorhis et al., 1984). While the data collected
and other observations (e.g., Lukas & Firing, 1985; Wyrtki & Kilonsky, 1984) proved immensely useful for
understanding the spatiotemporal structure of the EDJs, they were ultimately limited by their short temporal
length (16months or less). Itwasn't until the late 1990s and early 2000s that there began to be enough data avail-
able to diagnose the vertical migration of the jets and their variability on longer timescales (Firing et al., 1998;
Johnson et al., 2002; Youngs & Johnson, 2015). Both the EDJs and the Equatorial Intermediate Current System
(EICS; Ascani et al., 2010) are important for setting the timescales of variability in the equatorial Pacific (Firing,
1987; Firing et al., 1998; Gouriou et al., 2006; Rowe et al., 2000) and for transporting a significant amount of
mass, nutrients, and other biological tracers such as oxygen (Stramma et al., 2010) in the region.

A basin‐scale vertically propagating annual Rossby wave (Johnson, Kunze, et al., 2002; Kessler &McCreary,
1993; Lukas & Firing, 1985; Yu & McPhaden, 1999; Yuan, 2005) with vertical and meridional mode number
1 modulates all of these currents. This wave is of sufficiently large amplitude that intermediate currents can
apparently reverse sign as a result of its propagation (Gouriou et al., 2006). Modeling studies (e.g., Marin
et al., 2010) show that it is also interannually modulated.

The Argo program, with its thousands of autonomous profiling floats worldwide, has vastly improved spa-
tiotemporal data coverage in the oceans. Due to the floats' Lagrangian nature, mapping algorithms are typi-
cally employed to grid the data prior to analysis. Davis (1998, 2005) objectively mapped earlier World Ocean
Circulation Experiment float drift velocities to examine the mean structure of mid‐depth currents in the
Pacific and Indian oceans. Cravatte et al. (2012, 2017) employed a similar method to explore the mean, sea-
sonal cycle, and vertical structure of equatorial Pacific currents down to 2,000 m using Argo data.

While it is clear from such studies that the seasonal cycle controls much of the equatorial Pacific velocity var-
iance, less is known from observations alone about deep velocity variability on longer timescales. Here we
examine 1,000‐dbar velocity and 3‐D isotherm displacement data to understand the processes, such as
ENSO, that impact the equatorial Pacific physical state variables at interannual and longer timescales.
Despite the wealth of Argo velocity data presently available, we find that alone they are still insufficient
to robustly determine the mechanisms that drive deep equatorial Pacific interannual velocity variability.
Instead we focus mostly on the isotherm displacement interannual signals, as these are better sampled, more
obviously connected to physical processes in the equatorial Pacific, and yield a robust signal that is coherent
across a large pressure range even though the analysis is done separately on each pressure level.

2. Data and Mapping

We use Argo data for our analyses: 1,000‐dbar drift velocities from YoMaHa'07 (Lebedev et al., 2007) and ver-
tical isotherm displacements computed fromRoemmich and Gilson (2009) monthly climatological fields at a
set of standard pressures from 0 to 2,000 dbar, both updated through February 2018. About 52% of the
148,137 Argo float profiles available within ±10° latitude of the equator in the Pacific from Jan. 2004 through
Feb. 2018 sample to 1,950 dbar, 66% extend to 1,450 dbar, and 94% of them reach at least 950 dbar. About 75%
of the 131,586 float drift trajectories available in the region from Jan. 2007 through Feb. 2018 are nominally
located at 1,000 dbar. We map zonal velocities from YoMaHa'07 on a regular 0.25° lat. × 1° long. grid using a
Loess filter with 1° lat. × 8° long. scales. We include annual and semiannual harmonics in the fit. We discard
all drift data that fall outside 3 times the interquartile range at each point prior to mapping. We then map
residual velocities (mean and harmonics removed) on a 0.25° lat. × 2° long. × 1‐month grid using a Loess
filter with 1.5° lat. × 12° long. × 3‐month scales. Vertical isotherm displacements, denoted p′, are calculated
from the Roemmich and Gilson (2009) 1° lat. × 1° long. × 1‐month gridded temperature fields. We convert in
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situ temperatures to potential temperature and scale by the local vertical temperature gradient to estimate
isotherm displacement fields in pressure units (dbar). We then fit the isotherm displacement fields to mean,
annual, and semiannual harmonics that we subsequently remove to create residual fields.

To assess the leading modes of variability in the residual fields, we compute Complex Empirical Orthogonal
Functions (CEOFs). The fields are made complex by taking their Hilbert transform (e.g., Bouzinac et al.,
1998). The velocity CEOFs are computed at 1,000 dbar using mapped data from 2007 onward. Prior to this
time, the data coverage is insufficient to yield meaningful CEOF results. The residual isotherm displace-
ments are smoothed with a 5‐month Hanning filter, and then CEOFs are calculated separately at each pres-
sure level available in the Roemmich and Gilson (2009) climatology from 2004 onward. Because we perform
separate CEOF calculations for isotherm displacements at each individual pressure level, there is no math-
ematical reason to expect a vertically coherent signal in their first CEOFs. However, as shown below,
latitude‐depth and longitude‐depth sections constructed from these CEOF1s for the most part exhibit
remarkable coherence across a wide range of pressures. For the isotherm displacement CEOF1s and PC1s,
we also present reconstructed fields on each pressure level that represent the portion of the original isotherm
displacement field associated with these CEOF1s/PC1s only. This reconstruction is accomplished by multi-
plying isotherm displacement PC1 and CEOF1 at each pressure (and then taking the real part), resulting in a
3‐D field (in lat., long., and time) in dbar, the units of the original data. (The sum of the real parts of all the
reconstructed CEOF/PC fields recovers the original data.) We also compute lagged correlations between the
first isotherm displacement Principal Component 1 at each pressure level and the Niño3.4 index. Prior to
these calculations, we taper each time series by multiplying it with a Hanning window of length equal to that
of the time series. Reported correlation values are statistically significant at the 95% confidence level.

We also estimate a vertical mode from the isotherm displacement CEOF1s. Vertical modes are inferred in
part from timescales estimated using the Principal Component time series associated with the CEOFs.
Assuming the WKB approximation has been made for the vertical structure, and noting that a local vertical
mode (j) can be estimated from the local vertical wavenumber (m) via the equationm= jπ/D, whereD is the
mean depth of the Pacific; the equation for the local vertical mode is

j ¼ −
kND

2nþ 1ð Þπω

where k is the zonal wavenumber, N is the buoyancy frequency, ω is the frequency (computed from the per-
iod, or in this case the decorrelation time, as described below), and n is the meridional mode number. For a
more complete derivation, refer to the appendix of Kessler and McCreary (1993). For all calculations, we
assume a first meridional mode Rossby wave (n = 1), a mean depth of 4,000 m, and N = 0.0022 s‐1 for the
mean buoyancy frequency (Johnson, Sloyan, et al., 2002; Youngs & Johnson, 2015) in the equatorial
Pacific. Because the isotherm displacement PCs are not narrow band, in lieu of using periods to estimate
their frequencies, we use estimates based on their decorrelation timescales, defined here as 2π times the
maximum of the integral of the autocorrelation of the real part of each PC. These estimates would recover
periods for a sinusoidal signal although the PCs are not always clearly periodic in character. Furthermore,
the PC1s for the isotherm displacements do vary somewhat with pressure, further complicating the vertical
mode interpretation. Because of these variations, we use amean decorrelation timescale for the isotherm dis-
placements, computed as the average of the PC1 decorrelation timescale at each pressure level from 200–
2,000 dbar. With all these assumptions, these estimates are approximate, for rough characterizations of
the temporal and spatial scales involved assuming Rossby wave‐like dynamics.

3. Results
3.1. The Mean

The 1,000‐dbar mean zonal velocity field is characterized by alternating eastward

and westward jets within ±20° of the equator (Figure 1). The strongest jets are nearly basin‐scale in zonal
extent and occur within 5–10° of the equator. In contrast, their meridional scales are quite short, about
170 km from peak eastward to peak westward velocity. These jets have amplitudes of 5–10 cm/s and, except-
ing the far western Pacific, are stronger andmore pronounced in the SouthernHemisphere. These results are
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consistent with the findings of Cravatte et al. (2012), who made their own
calculation of the Argo drift velocities. Here we use the more extensive,
although arguably less curated, YoMaHa'07 data set through February
2018. Our findings are also consistent with descriptions of Equatorial
Intermediate Currents (e.g., Firing et al., 1998), with their short meridio-
nal scales, although Argo allows mapping of the weaker, higher latitude
currents that were not sampled as extensively previously, as well as verify-
ing the basin‐wide zonal scales of these features at 1,000 dbar. Between
125 and 145°W and North of ∼7°N, three eastward jets exist in roughly
the same locations (9, 13, and 17°N) as the North Equatorial
Undercurrent jets described by Qiu et al. (2013), but the magnitudes we
find are somewhat weaker.

3.2. The Seasonal Cycle

The 1,000‐dbar zonal velocity seasonal cycle (Figure 2) is dominated by
the annual Rossby wave (e.g., Kessler &McCreary, 1993; Lukas & Firing, 1985) as expected. The annual har-
monic phase (Figure 2a) is consistent with Rossby wave physics, exhibiting a basin‐scale zonal structure with
maximum amplitude in the western equatorial region, minimum amplitude ±2° from the equator, and a sec-
ondary off‐equatorial maximum around 2.5°N. As in previous studies, the amplitudes are larger in the
Northern Hemisphere than the Southern, consistent with modification by the mean upper ocean current
structure (Chelton et al., 2003). Phase increases westward on the Equator, spanning the basin in about 12
months. There is also a nearly 6‐month phase shift between the equatorial and off‐equatorial Northern
Hemisphere amplitude maximum, as expected for an annual Rossby wave, at least at longitudes where
the amplitudes are large. In the Northern Hemisphere in the west, there is also some evidence for yet
another phase reversal further off the equator. This feature perhaps suggests the presence of some energy
at a higher meridional mode at annual timescales and has also been observed previously (Cravatte et al.,
2012). The semiannual harmonic amplitude is small (Figure 2b), with velocities rarely exceeding 4 cm/s
but with an orderly phase progression around the equator, suggesting a coherent signal there.

To better understand the 3‐D structure of the phenomena under study here, we also examine vertical iso-
therm displacements calculated from the Roemmich and Gilson (2009) Argo climatology. At 1,000 dbar,

Figure 1. Equatorial Pacific mean zonal velocity (colors; cm/s) at 1,000 dbar
from Loess mapping with 1° latitude × 8° longitude scales and annual and
semiannual harmonics included in the fit, following Ridgway et al. (2002).
Bathymetry shallower than 1,000 m is shaded gray.

Figure 2. Zonal velocity (a) annual and (b) semiannual harmonic amplitude (colors; cm/s) and phase (contours at 30°
intervals) at 1,000 dbar, mapped as in Figure 1. Phase is not shown for amplitudes less than 2 cm/s. Bathymetry shal-
lower than 1,000 m is shaded gray.
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isotherm displacement annual and semiannual harmonics (Figure 3) correspond well with the velocity
annual and semiannual harmonics. The isotherm displacement annual harmonic also indicates the presence
of an annual Rossby wave. It is basin‐scale zonally, with a westward phase propagation spanning a year. It
exhibits off‐equator amplitude maxima of ∼25–35 dbar centered at ±2.5° in the western and central Pacific,
and phase increases poleward. It also exhibits a secondary off‐equatorial poleward maximum in the
Northern Hemisphere, again possibly suggesting the presence of annual Rossby wave energy at a higher
meridional mode than the first. Similar to the velocity annual harmonic, the annual harmonic isotherm dis-
placements are stronger north of the equator. The semiannual harmonic isotherm displacements are weaker
overall, with amplitudes of 5–15 dbar.

Isotherm displacement pressure‐longitude sections at 2.5°N highlight each harmonic's vertical structure
(Figure 4). As observed in Kessler and McCreary (1993), the slope of the annual harmonic phase lines indi-
cates upward and westward phase propagation across the basin, suggesting downward and westward energy
propagation. However, with significantly more data available in our study, the upward phase propagation
expected from a simple model (Kessler &McCreary, 1993) in the eastern Pacific is nowmuch clearer, despite

Figure 3. Isotherm displacement (a) annual and (b) semiannual harmonic amplitude (colors; dbar) and phase (con-
tours at 30° intervals) at 1,000 dbar. Phase is not shown for amplitudes less than 5 dbar. Bathymetry shallower than
1,000 m is shaded gray.

Figure 4. Isotherm displacement (a) annual and (b) semiannual harmonic amplitude (colors; dbar) and phase (contours
at 30° intervals) vertical sections along 2.5°N. Phase is not shown for amplitudes less than 5 dbar. Orange lines in
(b) indicate the amplitude beams described in section 3.2. Bathymetry is shaded gray.
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the smaller amplitude of the signal there. The semiannual harmonic analysis reveals two beams of ampli-
tude maxima, one starting near the surface in the eastern Pacific and another in the central Pacific
(Figure 4b; orange lines). While weaker and patchier than the annual harmonic results, both beams exhibit
upward and westward phase propagation and descend more steeply into the deep ocean than their annual
harmonic analog, as expected for their shorter period.

3.3. Interannual Variability

We employ CEOFs to analyze the residual isotherm displacement and zonal velocity variances, exploring
interannual variability. At 1,000 dbar, isotherm displacement CEOF1 (Figure 5c) accounts for just under
one quarter (24%) of the residual variance, and its PC is highly correlated with the Niño3.4 index with r =
–0.65 at a 12‐month lag (Figure 6). CEOF1 has features characteristic of a Rossby wave, with equatorially
symmetric off‐equator amplitude maxima around ±2.5° latitude that are also clear in a snapshot of the
reconstructed field (Figure 5d) in January 2017 (12 months after the Niño3.4 index peaks in January
2016). The sign of the reconstructed anomalies is latitudinally dependent, with symmetric off‐equator rever-
sals at ±5° in the central Pacific (Figure 5d). Similar patterns occur at 500 dbar (Figures 5a and 5b) where

isotherm displacement CEOF1 accounts for 27% of the residual variance.
PC1 at 500 dbar is also correlated with the Niño3.4 index with r = –0.82 at
a 5‐month lag. Equatorially symmetric off‐equator amplitude maxima are
present at 2.5°N and 2.5°S (Figures 5a and 5b), and the reconstructed
anomalies (Figure 5b) in June 2016 (5 months after the Niño3.4 index
peaks in January 2016) exhibit symmetric off‐equator sign reversals at
±5° in the central Pacific. Consistent with a downward and westward pro-
pagating Rossby wave, the 5‐month lag of the 500‐dbar PC1 is less than
the 12‐month lag of the 1,000‐dbar PC1, and the location of positive
anomalies occurs further west with increasing depth and time, reaching
its maximum westward extent along the equator at ~140°E at 1,000 dbar
versus ~170°W at 500 dbar.

The presence of a vertically propagating Rossby wave is further
supported by isotherm displacement CEOF1 vertical sections (Figure 7)

Figure 5. Isotherm displacement CEOF1 (a,c) amplitude (colors) and spatial phase (contours; 30° intervals) and (b,d) the
real part of the CEOF1/PC1 reconstructions (dbar; colors) at the lags of maximum Niño3.4 correlation relative to January
2016 at (a,b) 500 dbar and (c,d) 1,000 dbar. The 500‐dbar CEOF1 accounts for 27% of the residual variance and the
1,000‐dbar CEOF1 24% of the residual variance. Bathymetry is shaded gray. CEOF = Complex Empirical Orthogonal
Function; PC = Principal Component.

Figure 6. Time series of the real part of the reconstructed
isotherm displacement CEOF1/PC1 field (black) at 1,000 dbar, 2.5°N, and
170.5°W, with the Niño 3.4 index (gray). The PC1 time series has been
multiplied by its corresponding CEOF so that it has units of the original data
(dbar). CEOF = Complex Empirical Orthogonal Function; PC = Principal
Component.
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and both time‐longitude and depth‐time Hovmöller diagrams (Figures 8 and 9). CEOF1's maximum
amplitude (Figures 7a and 7c) occurs fairly deep (>1,000 dbar), suggesting a wave with a higher vertical

mode than 1. Below 1,000 dbar, the amplitude maxima are also
equatorially symmetric, while above 1,000 dbar, they occur on
either side of the equator but are stronger in the south (Figure 7c).
The reconstructed fields (Figure 7b and 7d) in January 2016 (when
the Niño3.4 index is at a maximum) exhibit surface‐intensified
amplitudes that are strongest above 500 dbar. As expected for a
vertically propagating Rossby wave, regions of positive and negative
isotherm displacement anomalies track downward and westward
(Figure 7b), and maximum correlations between the Niño3.4 index
and the first PC across all pressure levels (not shown) generally
decrease with depth while the lag increases, with values ranging
from |r| = ~0.9 and zero lag near the surface to |r| = ~0.5 and a
21‐month lag at 1,800 dbar. Hovmöller diagrams of the isotherm
displacement CEOF1/PC1 reconstruction along 2.5°N at 1,000
dbar (Figure 8) and at 2.5°N and 170.5°W (Figure 9) reveal that
the isotherm displacement anomalies propagate both westward
(Figure 8) and upward (Figure 9) in time. Assuming a first
meridional mode Rossby wave, using N = 0.0022 s−1 for the mean
buoyancy frequency (Johnson, Sloyan, et al., 2002; Youngs &
Johnson, 2015), and a period (24 months) estimated from the 200–
2,000 dbar mean decorrelation timescale of PC1 yields a vertical
mode of 3–4 for isotherm displacement CEOF1.

Given the clear El Niño signals in isotherm displacement CEOF1 and
PC1 across pressure levels, we might expect to find complementary
patterns in one of the 1,000‐dbar residual zonal velocity CEOFs and

Figure 7. Isotherm displacement CEOF1 (a,c) amplitudes (colors) and spatial phases (contours; 30° intervals) and (b,d)
the real parts of the CEOF1/PC1 reconstructions (dbar; colors) in January 2016 along (a,b) 2.5°N and (c,d) 170.5°W.
The isotherm displacement CEOF1 vertical sections are constructed from the individual CEOF1s calculated on each
pressure surface. CEOF = Complex Empirical Orthogonal Function; PC = Principal Component.

Figure 8. Hovmöller diagram of isotherm displacement CEOF1/PC1 reconstruc-
tion along 2.5°N at 1,000 dbar. Isotherm displacement CEOF1 has been multi-
plied by PC1 so that it has units of the original data (dbar). CEOF = Complex
Empirical Orthogonal Function; PC = Principal Component.
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PCs, but this is not the case (Figures S1 and S2). With strong amplitude along the equator and a coherent
phase pattern that zonally spans the Pacific in about a year (Figure S1), zonal velocity CEOF1 is
consistent with an interannual modulation of the annual Rossby wave, but any interpretation beyond this
is uncertain. Both the first and second zonal velocity CEOFs exhibit a spatial structure and lower
frequency variations that are not clearly related to the isotherm displacement CEOF1 and PC1 at 1,000
dbar, nor do they exhibit any robust patterns that can be cleanly connected to relevant physical processes
such as ENSO.

4. Discussion and Conclusion

We use Argo float drift velocities at 1,000 dbar from Lebedev et al. (2007) and isotherm displacements
derived from Roemmich and Gilson (2009), both updated through February 2018, to analyze physical state
variables in the equatorial Pacific. The results we present for both the mean and seasonal cycle (Figures 1–4)
are not novel but provide an update to previous results with additional data. Consistent with the findings of
Cravatte et al. (2012, 2017) and others, the mean 1,000‐dbar zonal velocity (Figure 1) comprises a series of
alternating eastward and westward jets of small meridional scale (1–2°) that extend zonally across the basin.
These are likely signatures of the Equatorial Intermediate Currents (e.g., Firing et al., 1998), near the equa-
tor, but clearly extend poleward with similar meridional scales. The zonal velocity and isotherm displace-
ment seasonal cycles (Figures 2–4) indicate the presence of a vertically propagating annual Rossby wave,
which has also been documented in previous observational and modeling studies (Johnson, Kunze, et al.,
2002; Kessler & McCreary, 1993; Lukas & Firing, 1985; Yu & McPhaden, 1999; Yuan, 2005). The wave has
a zonal velocity signature larger than the mean field around the equator in portions of the central and wes-
tern equatorial Pacific, consistent with previous findings (e.g., Marin et al., 2010). With more observations
available for our analysis, we are able to discern a coherent secondary maximum Rossby wave signature
deep in the eastern portion of the basin predicted by a model (Kessler & McCreary, 1993), as well as report
on more novel but weaker semiannual Rossby wave‐like beams (Figure 4b; orange lines) in both the eastern
and central portions of the basin.

In addition to analyzing the mean and seasonal cycle, we use CEOFs to examine the residual velocity and
isotherm displacement variance. The main result from this analysis is that isotherm displacement CEOF1,
calculated independently at each pressure level, is related to ENSO (Figures 5–7), with PC1 at each pressure
level highly correlated with the Niño3.4 index. In accordance, isotherm displacement CEOF1 exhibits spatial
patterns that are characteristic of an interannual modulation of the annual Rossby wave. At both 500 and
1,000 dbar, the signal is nearly basin‐scale zonally with symmetric off‐equator amplitude maxima
(Figure 5). A depth‐longitude snapshot of the CEOF1/PC1 reconstruction (Figure 7b) shows coherent pat-
terns of positive and negative isotherm displacement anomalies that tilt downward and westward across

Figure 9. Hovmöller diagram of isotherm displacement CEOF1/PC1 reconstruction at 2.5°N, 170.5°W. Isotherm displa-
cement CEOF1s across pressure levels have been multiplied by their corresponding PC1s so that the reconstruction has
units of the original data (dbar). CEOF = Complex Empirical Orthogonal Function; PC = Principal Component.
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the basin, while Hovmöller diagrams (Figures 8 and 9) show upward and westward phase propagation.
CEOF1's amplitudemaximum is fairly deep (>1,000 dbar; Figures 7a and 7c) and has a different pattern than
the annual harmonic (Figure 4a), but the analysis still suggests a relatively low vertical mode. Calculations
assuming first meridional mode Rossby wave physics, buoyancy frequencyN= 0.0022 s−1, and a period of 24
months (the 200–2,000 dbar mean of the estimated PC1 decorrelation times) yield a vertical mode estimate
of 3–4.

We expect that the forcing mechanism for the isotherm displacement interannual signals is analogous to
that of the annual Rossby wave described in Kessler and McCreary (1993). However, instead of a signal that
is forced by annual wind variations, the interannually varying signals we find here are likely forced by inter-
annual wind variations associated with ENSO. Correlations between isotherm displacement PC1 at 1,000
dbar andNCEP/NCARReanalysis (Kalnay et al., 1996) monthlymean surface zonal winds (not shown) from
January 2004 through February 2018 (averaged 5°S–5°N, 150°E–90°W) are fairly high (r = ‐0.5, 14‐month
lag), suggesting a connection between the surface wind (which in turn is highly correlated with the
Niño3.4 index, r = 0.8 at a 2‐month lag) and the deep isotherm displacement signals. The spatial and tem-
poral patterns (Figures 5–9) we find are also similar to those in Kessler and McCreary (1993) except that
our patterns are consistent with an interannual modulation of the annual Rossby wave rather than the
annual Rossby wave itself.

While the interannual modulation of isotherm displacements, and their relation to ENSO, is fairly clear, this
is not the case for the zonal velocity CEOFs (Figure S1). Other analyses or a longer time series may be
required in order to better understand the residual zonal velocity variance. With strong amplitudes on the
equator and spatially coherent phase that zonally spans the equatorial Pacific in about a year, velocity
CEOF1 (Figure S1) is broadly consistent with an interannual modulation of the annual Rossby wave, but
it is not obviously related to isotherm displacement CEOF1 on any pressure level or ENSO. It is thus not
clear how to extract any meaningful information about the zonal velocity interannual variability or the phy-
sical processes that lead to the spatial patterns and low‐frequency variability that we find. The robust iso-
therm displacement CEOF1 signals are somewhat at odds with this, as we would expect them to lead to
equally strong and related zonal velocity variations. However, the zonal velocity record we employ here is
fairly short (~10 years) and based on fewer data points than the isotherm displacements. Both of these factors
may impact the CEOF results, especially for variability on interannual and longer timescales. Thus, it seems
that at present, it is still necessary to await a longer observational time series or employ a model (e.g., Marin
et al., 2010) to explore the residual zonal velocity variance.
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