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Abstract
Combining data from Argo and the TAO buoy array we present new observations of variability in the Pacific Ocean. Argo 
profiles reveal the development of a thickness anomaly in the lower levels of the ventilated thermocline of the South Pacific 
in 2010. Data through 2017 show this anomaly propagating as a baroclinic wave westward and towards the equator. Theory 
suggests that this wave will reduce the velocity of the equatorial undercurrent (EUC) when it reaches the equator, transition-
ing the equatorial Pacific to a warm state. This is supported by TAO array observations that show a past decadal shift in 
EUC strength around 2000, as well as radiocarbon coral measurements which suggest a similar change in the 1970s, both of 
which align with phase changes in Pacific decadal variability. Using model simulations with enhanced vertical resolution in 
the thermocline, we affirm this link between the subtropical south Pacific thermocline and the EUC, which also manifests 
in eastern Pacific sea surface temperatures. We combine these results to hypothesize a mechanism that may explain some 
of the decadal variability observed in the Pacific. This mechanism relies on the propagation of anomalies in the structure of 
the ventilated thermocline from the southeastern Pacific to the equatorial Pacific, modulating the strength of the EUC. The 
cycle is enhanced by atmospheric teleconnections between the equatorial Pacific and the southeast Pacific that periodically 
reverse the anomaly in thermocline thickness. If correct, our hypothesis predicts a return to a warm state of the equatorial 
Pacific when the Kelvin wave reaches the equator and the thermocline adjustment slows the EUC.

1  Introduction

Multi-decadal variability in the Pacific Ocean is dominated 
by the Pacific Decadal Oscillation (PDO), defined by a pat-
tern of sea surface temperature (SST) variations in the North 
Pacific. The PDO has a spatial signature throughout the 
Pacific basin that resembles El Niño Southern Oscillation 
(ENSO), and has been tied to climate, ecological, and socio-
economic impacts around the world (Trenberth and Hurrell 
1994; Mantua and Hare 2002). Based on the similar spatial 
footprint between the PDO and ENSO, some studies hypoth-
esized that the PDO was simply a decadal manifestation of 
ENSO, with no specific physical mechanism (Barsugli and 

Battisti 1998; Newman et al. 2003). An alternative view 
attributes the PDO to a combination of physical processes 
acting on different timescales and in different locations 
(Newman et al. 2016).

Circulation in the ventilated thermocline of the tropical 
Pacific, which links waters subducted in the subtropics to 
those upwelling in the tropics, has been a focus of many 
studies that discussed possible mechanisms for the PDO 
and low-frequency variability in the equatorial Pacific. The 
linkage between the subtropics and tropics through the venti-
lated thermocline was supported by the distribution of bomb 
radiocarbon (e.g., Broecker et al. 1985, 1995) as well as the 
penetration of a subtropical tritium signal into the Eastern 
Pacific (Fine et al. 1987). The delayed radiocarbon signal in 
corals (e.g., Druffel 1987) also pointed to a ventilated ther-
mocline circulation with a multi-decadal timescale. A num-
ber of ideas have suggested that variability along this circu-
lation pathway could generate decadal variability throughout 
the Pacific basin. Advection of temperature anomalies (Gu 
and Philander 1997; Bratcher and Giese 2002; Giese et al. 
2002), shifts in the contribution of waters from the north-
ern and southern hemisphere (Guilderson and Schrag 1998; 
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Rodgers et al. 1999), and anomalous water transport (Klee-
man et al. 1999) have all been proposed as physical mecha-
nisms for PDO variability. Focusing on low-frequency vari-
ability in the equatorial Pacific, as opposed to exclusively 
PDO signals, Jin (2001) used linear shallow-water theory to 
suggest an ENSO-like recharge-discharge oscillation linked 
to subtropical Rossby waves via thermocline perturbations. 
However, direct observation of any such thermocline anoma-
lies remains elusive. Analysis of subsurface temperatures in 
both the North Pacific (Schneider et al. 1999a, b; Hazeleger 
et al. 2001) and South Pacific (Kolodziejczyk and Gaillard 
2012) failed to find coherent propagation of temperature 
anomalies within the ventilated thermocline. With Argo data 
from 2004 to 2017, we performed an analysis of subsurface 
thermocline temperatures that also fails to show coherent 
propagation of temperature anomalies in both the North and 
South Pacific (Fig. S1, S2), calling to question its link to 
the PDO.

Here, we present a series of new observations and build 
upon a series of earlier studies that explore wave propaga-
tion as a mechanism for decadal variability in the tropical 
Pacific (Godfrey 1975; Lysne et al. 1997; Jin 2001). Initial 
theoretical work by Godfrey (1975) demonstrated the ability 
of subtropical thermal anomalies to propagate via a progres-
sion of waves to the equator. Lysne et al. (1997) furthered 
those ideas using numerical models and observations to 
suggest a wave mechanism operating in the North Pacific 
that impacts low-frequency equatorial variability. Using 
theoretical arguments, Jin’s (2001) work solidified the wave 
mechanism dynamics at play which can modulate the state of 
the Pacific on decadal timescales: planetary-scale baroclinic 
waves in the mid-latitudes can modify the density structure 
of the equator, coupling with SSTs and wind stress. Here we 
provide observational evidence of such waves propagating 
from the subtropical South Pacific. We expand upon these 
previous ideas, linking the resulting modifications of the 
thermocline density structure to sustained shifts in the aver-
age velocity of eastward-moving cold water in the equato-
rial undercurrent (EUC). We use observations, simplified 
analytical theory of ventilated thermocline transport, and 
model simulations, to explore this mechanism.

2 � Data and methods

2.1 � Observational datasets

Using the Roemmich-Gilson Argo Climatology (Roemmich 
and Gilson 2009, 2018), we track heat content, thickness, 
and temperature anomalies along the ventilated thermocline. 
We use monthly averages of temperature and salinity to cal-
culate potential density with depth. We interpolate the tem-
perature and pressure data onto potential density anomaly 

coordinates with 13 levels between 25 and 27 σθ (kg m−3). 
As the interpolation can only be performed if potential den-
sity is increasing with depth, we remove any density inver-
sions by modifying the density profile to maintain a mono-
tonic increase with depth. This allows us to calculate heat 
content, thickness, and average temperature between 25.5 
and 26.5 σθ—the range of density value composition within 
the equatorial undercurrent that feeds the upwelling region 
in the eastern tropical Pacific (Rodgers et al. 2003). We take 
the 1-year running mean to low-pass filter the data and then 
subtract the 2004 mean from the record to consider anoma-
lies relative to the start of the Argo observational period.

We use current measurements from the equatorial buoy 
in the Tropical Atmosphere Ocean (TAO) array at 140°W 
(and 110°W in the Supplement) to explore the variability 
in EUC transport strength (TAO Project Office 2000). We 
primarily use data from the acoustic doppler current profil-
ers (ADCP), but fill in missing data with the current meters. 
To create a smooth profile and fill in any measurement gaps 
with depth, we perform a piecewise cubic interpolation on 
the monthly data, calculating velocity every 5 m. To look 
at the EUC transport, we define the core of the undercur-
rent to be the region with speeds greater than 80 cm/s. We 
calculate the depth-integrated velocity over that region 
for months with observations. We discard the fluxes from 
a given month if the velocity of the bottommost measure-
ment exceeds 80 cm/s. As some of the velocity profiles do 
not cover the full depth range over which zonal velocity is 
positive, this removes the possibility that the buoy only sam-
pled part of the EUC for that month. Prior to averaging data, 
we remove the seasonal cycle to avoid biasing the average 
due to months with missing data. We do not include the 
1997/1998 El Nino and following La Nina in the calculation 
of the seasonal cycle.

2.2 � Reanalysis data

Corresponding with the period of Argo observations 
(2004—present), we use monthly mean wind stress from 
the ERA-Interim reanalysis (Dee et al. 2011) to examine 
circulation patterns that could explain changes in the venti-
lated thermocline. We look at anomalies in the annual aver-
age as well as anomalies in southern Hemisphere winter 
(July, August, September) to reflect the period of maximum 
subduction in the South Pacific. For consistency with the 
Argo analysis and to allow for direct comparison, we take 
anomalies relative to 2004.

2.3 � Model simulations

We run the National Center for Atmospheric Research’s 
Community Earth System Model (CESM) with pre-indus-
trial conditions and various forcings. The simulations are 
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performed on a 1-degree ocean grid and 2-degree atmos-
pheric grid, with the Community Atmosphere Model version 
4.0 (CAM4) coupled to the Parallel Ocean Program version 
2 (POP2). The meridional resolution of the ocean model 
increases to roughly 1/3-degree near the equator (Hurrell 
et al. 2013). This telescoping resolves the equatorial Rossby 
radius (about 290 km), enabling the resolution of equatorial 
Kelvin waves and the equatorial undercurrent in the meridi-
onal direction (Ng and Hsieh 1994).

We explore the impact of off-equatorial changes in the 
thermocline structure on the equatorial circulation. The ver-
tical resolution of the ocean model in CESM is increased 
from 60 to 70 layers by modifying the top 400 m such that 
the grid spacing is 10 m. Control and perturbation cases are 
run for 50 and 20 years respectively. In the two perturbation 
cases, the salinity profiles are adjusted between 30 to 40°S 
and 135°E to 150°W to either shoal or deepen the 26.5 σθ 
surface. The depths of the 25.5 and 27 σθ levels are held 
constant, but the 26.5 level is shoaled (depressed), doubling 
the distance to the 27 σθ surface (cutting the distance to 
the 27 σθ surface in half). These perturbations are achieved 
by modifying salinity such that potential density increases 
piecewise linearly with depth from the new 26.5 σθ level 
up to 25.5 σθ and down to 27 σθ. To maintain the isopycnal 
thickness anomaly, both temperature and salinity profiles 
are restored in this region over the course of the simulation 
with a restoring timescale of 20 days. The restoring time-
scale increases outside this region over roughly 1.5 degrees 
latitude and 5.5 degrees longitude. For both simulations 
(control and perturbation cases) we calculate the Nino3.4 
region (5° S–5° N, 120–170 °W) SSTs, and the vertically 
integrated EUC flow rate at 140° W. We also calculate the 
PDO index for both simulations as well as the Interdecadal 
Pacific Oscillation (IPO) index, which is similar to the PDO 
but is based on SST variability in the eastern equatorial 
Pacific, instead of the North Pacific. We define the model 
IPO and PDO as the leading area-weighted EOF pattern of 
SST anomalies in the Pacific and North Pacific respectively, 
after removing the seasonal cycle of the control simulation. 
We use these patterns to calculate the IPO and PDO time 
series in the perturbation simulations.

We also perform an additional perturbation case, where 
a deepening anomaly is applied just off the equator in the 
western Pacific between 5 to 10° S and 135° E to 150° W. 
As before, we hold the depths of the 25.5 and 27 σθ levels 
constant and depress the 26.5 level by cutting the distance 
to the 27 σθ surface in half. The perturbation is maintained 
throughout the simulation as described above. To diagnose 
the impact of the thermocline perturbation on equatorial 
circulation, we look at the equatorial response at 140 °W in 
terms of both zonal velocity and potential density to this per-
turbation. We perform this analysis on the two mid-latitude 
perturbations as well.

3 � Observational results

3.1 � Ventilated thermocline and wind stress 
anomalies

Figure 1 shows a sequence of maps of isopycnal thickness 
changes from 2006 to 2017 in the South Pacific between 
25.5 and 26.5 σθ—the range of isopycnal composition within 
the equatorial undercurrent that feeds the upwelling region 
in the eastern tropical Pacific (Rodgers et al. 2003). Between 
2009 and 2012, a thickening of the isopycnal layers develops 
in the subtropical central South Pacific and subsequently 
propagates as a planetary-scale first-baroclinic mode wave. 
The observed increase in layer thickness of roughly 50 m 
reflects a 25% increase in the baseline layer thickness. This 
increase in isopycnal layer thickness corresponds with an 
increase in heat content (Fig. S3), but does not correspond 
with temperature changes (Fig. S2). A different visualization 
that supports the identification of Rossby wave propagation 
is a Hovmoller diagram that shows the depth of the base 
of the thermocline (26.5 σθ) between 25 and 40°S in the 
Pacific (Fig. 2). As in Chelton and Schlax (1996) and Chel-
ton et al. (2007), altimeter data could be used to strengthen 
the identification of baroclinic Rossby wave propagation. 
A preliminary review of this data shows some indication 
of this wave (Fig. S5). Observations of sea level from the 
Copernicus Marine Environment Monitoring Service grid-
ded product (von Schuckmann et al. 2016) reveal anomalies 
developing and propagating from a similar region, but the 
anomalies are not as clear as with the isopycnal thickness. 
These could be due to additional waves captured in the sea 
level signal as well as long-term trends; further analysis is a 
worthwhile endeavor. We observe no similar change in the 
North Pacific (Fig. S6). Thickening of isopycnal layers does 
occur in the North Pacific, but appears to dissipate quickly 
and does not propagate as a baroclinic wave.

Over the same period, reanalysis data reveal a strengthen-
ing of the positive wind stress curl during Southern Hemi-
sphere winter (Fig. S7). Particularly during 2010 and 2011, 
when the baroclinic wave is formed, there is a positive, sus-
tained anomaly in the annual average wind stress curl in 
the southern subtropics (Fig. S8). This wind stress anomaly 
should increase Ekman pumping causing net convergence 
and downwelling in the subduction zone of the ventilated 
thermocline (Rodgers et al. 2003), possibly explaining the 
development of the thermocline thickness anomaly.

3.2 � Changes in the equatorial undercurrent

Figure 3 shows the EUC velocity from the TAO buoys at 
140° W. Around 2000, the EUC accelerates, particularly at 
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the core where peak velocities increase by 20–30 cm/s, or 
roughly 20–25%. Focusing on depth integrated velocities 
greater than 80 cm/s, accounting for roughly half of the 
total eastward transport along the equator, EUC flow rates 
per unit width are 10–15% higher post-1999 than during 
the 1980s and 1990s.

4 � Discussion

4.1 � Thermocline structure: subtropical changes 
and equatorial circulation

The observed formation and propagation of thickness anom-
alies in the ventilated thermocline of the subtropical South 
Pacific is suggestive of a first-baroclinic mode Rossby wave 

(Figs. 1, 2). From 2011 to 2017, the anomaly appears to 
move westward along 35° S from around 115 to 160° W, 
traveling approximately 4000 km, in the opposite direction 
of the background flow driven by the easterly winds in the 
southern tropical Pacific. Although there is uncertainty as 
to defining the anomaly center and extent, this gives a phase 
speed on the order of 2–2.5 cm/s as evidenced in the Hov-
moller diagram (Fig. 2). Theoretical predictions of the first-
baroclinic mode Rossby wave speed in the non-dispersive, 
planetary-scale limit suggest a phase speed of 1.8 cm/s 
around 35° S in the southern subtropical Pacific (Chelton 
et al. 1998). Some of the discrepancy between theory and 
observations could be explained by the background shear 
flow in the gyre; Liu (1999) found that incorporating an 
eastward background flow increased westward propagation 
of baroclinic waves in a simplified, theoretical model.

Fig. 1   Argo analysis of ventilated thermocline thickness. The differ-
ence in annual average thickness between the 25.5 and 26.5 potential 
density surfaces relative to 2004 is shown at yearly intervals (2006–
2017) using Argo data. The development and westward/equatorward 

propagation of a positive thickness anomaly is evident in the South-
ern Hemisphere. The subduction region is indicated with a dashed 
line



1941Subtropical modulation of the equatorial undercurrent: a mechanism of Pacific variability﻿	

1 3

The lack of evidence for similar wave propagation in 
the North Pacific could stem from the weaker stratifica-
tion in the lower layers of the ventilated thermocline as 
compared to the South Pacific (Kuntz and Schrag 2018). 
In both hemispheres, the upper layers of the ventilated 

thermocline extend to similar depths. However, in the 
North Pacific, the lower layers can extend up to 100 m 
deeper than in the South Pacific. This weaker stratifica-
tion would amplify diapycnal mixing from internal waves, 

Fig. 2   Hovmoller diagram of 
depth anomalies of the base of 
the thermocline between 25 and 
40° S. The thermocline depth 
anomaly of the 26.5 potential 
density surface relative to 2004 
is shown from Argo data, aver-
aged across 25–40°S and with a 
lowpass filter applied to remove 
the high-frequency, subannual 
signals. The development and 
propagation of a thermocline 
depression is evident in the 
later portion of the time period. 
Contour lines show westward 
propagation speeds of 1.5 cm/s, 
2 cm/s, and 2.5 cm/s (dash-
dotted, dashed, and dotted 
respectively). Figure S4 shows 
a similar diagram of thickness 
anomalies between the 25.5 and 
26.5 potential density surfaces

Fig. 3   Zonal velocity along the equator from the TAO buoy at 
140°  W, using both acoustic Doppler current profilers and current 
meter data. To focus on the EUC, only positive (eastward) zonal 
velocities are shown in the contour plot. An increase in current 
strength is evident post 1999. The line plot highlights this change, 

showing average flow rate per unit width above 80 cm/s before and 
after 1999, as well as the 5-years running mean (black). The record 
from the 110°  W buoy shows a similar signal (Fig. S10), but the 
records from the other TAO buoys are not complete enough to per-
form this analysis
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increasing diffusivity and dissipation and inhibiting the 
propagation of planetary-scale baroclinic waves.

The baroclinic wave we observe in the South Pacific may 
be generated by wind stress anomalies in the South Pacific. 
During 2010 and 2011, when the baroclinic wave formed 
in the South Pacific due to a deepening of the lower layers 
of the ventilated thermocline, wind stress anomalies in this 
region reflected increased wind stress curl (figure S6, S7). 
By increasing Ekman pumping, this could be driving the 
wave formation. Variations in surface heat flux could also 
contribute to the observed deepening of the ventilated ther-
mocline and deserves further investigation. However, given 
that for periods of the year these isopycnal layers are isolated 
from the surface in the South Pacific, it is unlike that would 
explain the entire signal.

These wind anomalies may be forced by the tropics. Pre-
vious work has already outlined a robust link between tropi-
cal heating anomalies and pressure anomalies in the South 
Pacific. In both observations and modeling, Trenberth et al. 
(2014) illustrated how tropical heating anomalies generate 
atmospheric Rossby waves. These Rossby waves propa-
gate to the Eastern South Pacific, particularly in southern 
hemisphere winter, altering sea level pressure and subse-
quently surface winds. Trenberth et al. (2014) linked posi-
tive (negative) heating anomalies in the tropics with reduced 
(increased) wind stress curl in the region where we observe 
enhanced wind stress curl and the development of the baro-
clinic wave over 2010 and 2011. Additional modeling work 
by Luo et al. (2003) suggested these tropical-subtropical 
Rossby wave teleconnections could generate subtropical 
thermocline thickness anomalies and potentially contribut-
ing to tropical decadal variability. Our results provide addi-
tional observational support for such subsurface density 
changes.

How could such changes in off-equatorial thermocline 
structure affect circulation? Conceptual models of the ther-
mocline predict that changes in the off-equatorial thermo-
cline structure should modify streamline paths and subse-
quently equatorial circulation (Luyten et al. 1983; Pedlosky 
1987; Huang and Pedlosky 1999, 2000). Specifically, Jin 
(2001), suggested that such off-equatorial changes can 
modify the depth of the equatorial thermocline. Changes in 
the equatorial thermocline can impact the EUC velocity by 
modulating the pressure head (static pressure from the depth 
of a thermocline layer) between the western and eastern 
equatorial Pacific through coupled, local ocean–atmosphere 
interactions. Once the baroclinic wave we have identified in 
the South Pacific reaches the western boundary, it should 
become a Kelvin wave that eventually deepens the equato-
rial thermocline, preferentially elevating temperatures in the 
eastern equatorial Pacific compared to the western equatorial 
Pacific. This would decrease the east–west SST gradient, 
reduce surface winds and diminish the equatorial pressure 

head. Subsequently, the EUC flow rate would decline to 
reach a new, lower steady-state flow. Given the large length-
scale and slow propagation speed of the planetary-scale 
baroclinic wave, we expect that these equatorial changes 
should be more persistent and have a longer timescale than 
ENSO variability.

Model simulations support the predictions from sim-
ple theory. CMIP5 models with low vertical resolution 
between 150 and 400 m (vertical spacing between grid 
points is typically between 20 and 100 m) show little vari-
ability in the EUC and struggle to capture tropical Pacific 
variability (Roberts et al. 2009; Karnauskas et al. 2011; 
Yang et al. 2014). By increasing vertical resolution in the 
upper 400–10 m, the model shows a regular oscillation in 
the EUC velocity, coincident with the model ENSO with a 
period of roughly 4–5 years (Fig. 4a). We tested the impact 
of a subtropical thickness anomaly on the tropics by impos-
ing and maintaining a depression of the 26.5 σθ surface by 
roughly 100 m in the subtropical South Pacific (30–40° S, 
135° E–150° W), indicative of the observed anomaly in 
Argo. We also perform the same experiment, but with a 
shoaling of the subtropical thermocline. After a 5-years 
adjustment period, the thermocline’s pressure head between 
the western and eastern equatorial Pacific responds to the 
subtropical anomaly. In the shoaling case, the pressure head 
rises, accelerating the EUC, and lowers Nino3.4 tempera-
tures (Fig. 4b), as predicted from theory (Pedlosky 1987). 
The reverse happens for the depression of the subtropical 
thermocline (Fig. 4c), although the response is muted rela-
tive to the control simulation. Given that the model data 
were saved as monthly output, resolving the propagation of 
the coastal Kelvin wave in time is challenging as it should 
only take a few months to propagate from the mid-latitude to 
the equator. A Hovmoller diagram shows some evidence of 
coast wave propagation for the mid-latitude deepening and 
shoaling experiments (Fig. S9); however additional mod-
eling efforts with higher temporal resolution of data output 
are a necessary next step to further clarify coastal Kelvin 
wave propagation.

The mid-latitude perturbations modify the equatorial 
isopycnal structure, particularly in the lower layers of the 
EUC, as shown in Fig. 5. In the shoaling experiment, the 
26.5 σθ surface rises over the simulation at 140° W, sugges-
tive of a wave communicating the mid-latitude signal. The 
change in the western Pacific is not as dramatic (Fig. S11), 
indicating that this asymmetric response increases the equa-
torial pressure head between the eastern and western Pacific, 
accelerating the EUC. Hovmoller diagrams of thermocline 
depth and thickness along the equator support the wave-like 
signal as well as the asymmetric equatorial response (Fig. 
S12 and S13). Introducing a deepening of the thermocline 
just off the equator (5–10° S, 130° E–150° W) clearly high-
lights the equatorial response. In contrast to the mid-latitude 
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Fig. 4   Simulated relations between EUC flow rate, and Nino 3.4 tem-
perature in a control simulation (a) when a shoaling (b) and when a 
depression of the thermocline is maintained in the subtropical South 
Pacific (30–40° S, 135° E−150° W) (c). The five-year running mean 
of Nino 3.4 temperature (top) and peak EUC velocity (bottom) is 

shown in red, while the simulation mean, after a 5-year adjustment 
period, is shown in black. Overlain on top of panel b/c is a map 
showing the region where the perturbation is applied. With a two-
year running mean, Nino3.4 temperature and EUC strength have a 
correlation of − 0.95

Fig. 5   Isopycnal structure (left) and zonal velocity (right) along the 
equator at 140° W in response to a perturbation that is maintained in 
the off-equatorial thermocline as well as a control simulation (top). 
Cases are shown for a depression of the off-equatorial thermocline 

(5–10° S, 130° E–150° W) (second), as well as a shoaling (third) and 
depression (bottom) of the subtropical South Pacific thermocline (30–
40° S, 135° E–150° W)
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shoaling experiment, the off-equatorial deepening depresses 
isopycnals in the lower layers of the ventilated thermocline 
at 140° W. This adjustment is sustained, with a persistent 
reduction of the equatorial pressure head and coincident 
with the maintained deceleration of the EUC. The depres-
sion of the mid-latitude thermocline does not show as strong 
of a response along the equator in isopycnal structure or 
EUC strength. Across the experiments with mid-latitude per-
turbations, the amplitude of the variability is roughly compa-
rable to the control; however, the frequency of the variability 
has shifted. The frequency shift suggests sustained effects of 
thermocline modulation, but the similarity in signal ampli-
tude complicates isolating the influence of subtropical ther-
mocline shoaling and deepening. Future experiments could 
be performed to help isolate these effects—particularly vary-
ing the magnitude and distance from the equator of the per-
turbation could help elucidate signal attenuation. Given that 
the accuracy of EUC and equatorial simulation varies across 
climate models (Karnauskas et al. 2011; Kuntz and Schrag 
2020), exploring the influence of model parameterizations 
on the influence of subtropical thermocline shoaling and 
deepening is another pathway for future work. Experiments 
on a suite of models with various resolutions and diffusivity 
parameterizations would clarify the sensitivity of the pro-
posed mechanism to modeling choices.

The strength of the EUC is negatively correlated with 
Nino3.4 temperatures in both models and observations. 
At low frequencies, higher EUC speeds correspond with 
lower temperatures in the Nino3.4 region. This relation-
ship holds at higher frequencies as well, although the rela-
tionship is non-linear; in the control simulation, monthly 
temperatures in the Nino3.4 region show more sensitivity 

to the changes in EUC speeds at the highest flow rates 
(Fig.  6). This asymmetric response could explain the 
greater sensitivity of the model simulation to a shoaling 
of the mid-latitude thermocline in the south Pacific, as 
opposed to a depression. Accelerating the EUC generates a 
stronger temperature response as compared to decelerating 
it. This relationship supports the hypothesis that the ther-
mocline thickness anomaly that we observe in the south 
Pacific will ultimately decelerate the EUC and increase 
SSTs in the eastern equatorial Pacific as it reaches the 
equator.

In response to the thermocline perturbation, the IPO 
index also shifts towards a positive phase in the case of deep-
ening and a negative phase in the case of shoaling (Fig. 7). 
Although the IPO index has no net positive or negative sig-
nal over the control simulation, after a 5-years adjustment 
period, the IPO index in the perturbation experiment has 
a mean value near 0.15 and − 0.15 for the deepened and 
shoaled case, respectively. The PDO index also shows a 
similar response to the perturbation (Fig. S14). This sug-
gests the possibility that subtropical changes in the southern 
subtropics and the subsequent changes in EUC strength can 
contribute to decadal variability not only in the tropics but 
also throughout the Pacific. As with the response of the SST 
and EUC speed, the magnitude of IPO signals in response to 
the perturbation are similar to the control, convoluting the 
strength of the influence of southern subtropical changes and 
subsequent EUC responses on decadal variability. There is 
still additional variability in both the IPO and PDO indices 
when the subtropical thermocline is perturbed, highlighting 
the role of many different sources of decadal variability in 
the Pacific in addition to EUC variability.

Fig. 6   Monthly maximum EUC 
velocities and Nino3.4 tempera-
tures from a control simulation. 
There is no lag between the 
velocities and temperatures, 
although the general shape of 
the scatter plot is insensitive to 
lags up to a few months
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Do observations support such changes in EUC transport 
and Pacific variability? The baroclinic wave that we observe 
in the South Pacific in the Argo data has not yet reached the 
equator. We would expect it to depress the equatorial ther-
mocline, ultimately slowing the EUC and shifting the Pacific 
to a warm state, but we cannot yet test this predicted tropical 
response. However, we can look at past changes in the state 
of the Pacific to see if they align with EUC variability as 
expected. Around 2000, when the PDO transitioned from 
a positive to a negative phase, subsurface velocity meas-
urements from the TAO buoy array show acceleration in 
the EUC flow (Fig. 3). Because of the coupled nature of 
the equatorial Pacific, it is difficult to rule out the possibil-
ity of simultaneous changes in winds and external surface 
forcings that could contribute to this EUC acceleration, 
but we note that the observed decadal shift aligns with the 
change we would expect from the arrival of a subtropical 
upwelling baroclinic wave. As the TAO buoys only meas-
ure velocity at point locations, it is possible that the appar-
ent strengthening of the EUC is due to a meridional shift 
or narrowing of the current. However, the consistency of 
the pattern between locations is intriguing. Other studies, 
which have noted increases in meridional mass flux over 
this same period (McPhaden and Zhang 2002, 2004; Zhang 
and McPhaden 2006; Amaya et al. 2015), also lend strength 

to the interpretation of the signal as an increase in EUC 
strength driven by the subtropics.

The TAO array only covers the most recent PDO phase 
transition. However, evidence from coral radiocarbon 
records suggests a similar shift in EUC strength aligned with 
the phase transition in 1976/1977. Guilderson and Schrag 
(1998) noticed an abrupt shift in both upwelling tempera-
tures in the eastern Pacific as well as radiocarbon values in 
Galapagos coral in 1976, suggestive of changes in the ther-
mocline’s vertical density structure. Guilderson and Schrag 
(1998) speculated this thermocline variability stemmed from 
a shift in the relative contribution of northern and southern 
hemisphere source waters. A simpler explanation for this is 
a reduction in the velocity of the EUC that reduces entrain-
ment of deeper, low radiocarbon content water along the 
path of EUC transport. Thus, the radiocarbon data could be 
consistent with a reduction in EUC velocity, analogous to 
what we anticipate will happen when the baroclinic wave we 
currently observe in the South Pacific reaches the equator.

4.2 � A mechanism of Pacific variability

The cumulative evidence from observations of the propaga-
tion of changes in thermocline structure along with changes 
in EUC velocity coincident with decadal variability in the 

Fig. 7   IPO index from 50 years of a control simulation (a) and when 
a shoaling (b) and deepening (c) of the thermocline is maintained in 
the subtropical South Pacific (40° –30° S, 135° E–150° W). The red 

and blue bars indicate the monthly IPO index (for positive and nega-
tive values respectively), while the black line is the 5-years running 
mean
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Pacific, coupled with theory and model simulations, build 
up the work of Lysne et al (1997) and Jin (2001) to support 
a hypothesis for a mode of decadal variability in the tropical 
Pacific. The timescale of this mode is dictated by the baro-
clinic adjustment of the ventilated thermocline. From an ini-
tial state (such as the one currently observed) with a negative 
phase of the PDO and high EUC flow rates, anomalously 
strong wind stress curl (as noted from reanalysis and model 
simulations in Luo et al. 2003 and Trenberth et al. 2014) 
enhances Ekman pumping in the subtropics, depressing the 
deeper layers of the ventilated thermocline and increasing 
isopycnal layer thickness in the south-eastern Pacific. This 
generates planetary-scale baroclinic waves, which propagate 
westward across the basin over 1–2 decades. Upon reach-
ing the western boundary, the baroclinic waves become 
Kelvin waves, rapidly propagating to the equatorial Pacific 
and adjusting the thermocline depth, as noted in theory by 
Jin (2001). Changes in the thermocline disproportionately 
reflect onto increased temperatures in the eastern equatorial 
Pacific, decreasing the east–west SST gradient and surface 
winds. Reduced winds decrease equatorial pressure head, 
weakening EUC transport, further elevating temperatures in 
the eastern equatorial Pacific and contributing to a shift of 
the IPO and PDO to a positive phase. Although this hypoth-
esis proposes a mechanism for the tropical component of 
Pacific variability, it does not preclude other factors from 
contributing to subtropical Pacific variability, including 
changes in the Aleutian low, Kuroshio-Oyashio system, and 
ocean memory (Newman et al. 2016).

An atmospheric bridge between the tropics and subtropics 
would allow this cycle to be self-sustaining. PDO-related 
anomalies in equatorial Pacific SST modulate sea level pres-
sure (SLP) in the South Pacific, and associated wind stress 
curl through atmospheric Rossby waves (Luo et al. 2003; 
Trenberth et al. 2014). In the negative (cold) PDO phase, 
higher SLP and elevated wind stress curl leads to enhanced 
Ekman pumping, depressing the thermocline and generat-
ing positive thickness anomalies that propagate as baroclinic 
waves. In the positive (warm) PDO phase, lower SLP and 
reduced wind stress leads to decreased Ekman pumping, ele-
vating the thermocline and generating upwelling baroclinic 
waves with negative thickness anomalies.

This proposed mechanism is similar to the delayed oscil-
lator theory for ENSO (Battisti 1988; Suarez and Schopf 
1988; Battisti and Hirst 1989), but is driven by baroclinic 
and Kelvin waves that originate in the subtropics, rather than 
being confined to the tropics. Previous work by Galanti and 
Tziperman (2003) suggested how subtropical baroclinic 
waves could modify the equatorial Pacific, highlighting 
waves advected by the gyre circulation. In contrast, here we 
observe and focus on westward propagating planetary-scale 
first-baroclinic mode waves. These waves are not impacted 
by the gyre circulation and should propagate directly 

westward (Liu 1999) until becoming Kelvin waves at the 
ocean boundary. This mechanism is more indicative of the 
ideas proposed by Jin (2001) and Luo et al (2003), with sub-
tropical modulation of the tropics through thermocline thick-
ness anomalies. Our hypothesis, however, explicitly shows 
the wave propagation and equatorial circulation anomalies 
responsible for this oceanic bridge, providing observational 
support for the idea. In a notable distinction from Jin (2001), 
the observed Rossby wave originates at a higher latitude. 
Jin’s idea did not exclude this possibility, but the drivers 
behind the wave origin location are worth further investiga-
tion. Unlike the delayed oscillator theory, which is stochasti-
cally forced, the mechanism we propose could oscillate and 
may be self-sustaining due to atmospheric teleconnections, 
although there may be some role for stochastic forcing as 
well. The propagation time for the subtropical baroclinic 
Rossby wave—on the order of 10–15 years—increases the 
timescale of variability compared to the delayed oscillator. 
The propagation timescale is not directly equivalent to the 
timescale of the cycle; just as the delayed oscillator wave 
propagation timescale of 6–8 months leads to a 2–7-years 
cycle, this mechanism’s baroclinic timescale could lead to a 
multi-decadal cycle of 50–60 years assuming a similar ratio 
of wave propagation to oscillation timescales.

How could models be improved to allow them to simulate 
the internal mode of decadal variability we describe here? 
Atmosphere models are able to recreate the Rossby wave 
trains between the topics and subtropics that drive SLP and 
wind stress anomalies (Trenberth et al. 2014). However, lit-
tle emphasis has been placed on understanding the required 
vertical resolution in ocean models to capture the horizontal 
flows from baroclinic waves. Stewart et al (2017) suggest that 
a minimum of 50 well-placed vertical levels are necessary to 
resolve first-mode baroclinic waves. Our simulations use 70 
vertical levels, with 10 m resolution in the top 400 m, yet not 
all current models have well-placed vertical grids. This met-
ric does not consider how wave propagation is impacted by 
parameterized diffusivity, which has been shown to impact the 
base state of the thermocline and EUC in model simulations 
(Charney and Spiegel 1971; Gregg 1987), and could overdamp 
baroclinic disturbances (Marchal 2009). Enhanced vertical and 
horizontal resolution has been shown to increase the accu-
racy of EUC simulations (Roberts et al. 2009; Karnauskas 
et al. 2011), and might allow models to better simulate the 
proposed mechanism. Isopycnal models may improve some 
of the challenges of vertical grid selection, although some of 
the isopycnal models that are part of the CMIP5 ensemble do 
not capture the key features of equatorial dynamics (Bellenger 
et al. 2014). The horizontal resolution of the CESM model 
used here resolves the EUC and equatorial Kelvin waves, but 
it does not resolve mesoscale eddies or western boundary cur-
rents. Models with enhanced resolution capable of capturing 
the Rossby radius in the mid-latitudes resolve both of these 
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and have shown improvements in ocean heat transport (Hewitt 
et al. 2016). Given the importance of these features, further 
modeling work with increased horizontal resolution or high-
resolution regional ocean models could help elucidate the 
fidelity and impacts of the proposed mechanism.

If our hypothesis of subtropical thermocline anomalies 
modulating equatorial dynamics is correct, then adjustment 
of the circulation to the thermocline depression will drive a 
reduction in EUC strength. Reduced EUC speed will con-
tribute to changes in the state of the Pacific, helping drive 
the reversal of the phase of the PDO. Based on the observed 
phase speed of the baroclinic wave and the 3-year time delay 
of the model’s response to an imposed depression in the off-
equatorial thermocline, we anticipate this phase change should 
happen between 2020 and 2025.

5 � Conclusion

Observations, model, and theory support a new mechanism for 
decadal variability in the tropical Pacific. On timescales set by 
wave adjustment, anomalies in the structure of the ventilated 
thermocline develop and propagate as baroclinic and Kelvin 
waves from the southeast Pacific to the equator, where, through 
coupled ocean–atmosphere interactions, they modulate the 
strength of the EUC. Observations from the TAO array show 
evidence for such decadal variability of EUC strength, with 
an amplification of flows coincident with the transition from 
a positive to negative phase of the PDO. The hypothesized 
mechanism of decadal EUC adjustment could explain some of 
the variability in the eastern Pacific and PDO. An atmospheric 
teleconnection between the equatorial and subtropical Pacific 
could amplify and periodically reverses the thermocline anom-
aly. Argo data reveal the development and propagation of such 
a thermocline anomaly as a baroclinic wave. Over the next 
decade, this wave should reach the equator and decelerate the 
EUC. If correct, the suggested mechanism indicates that sub-
tropical-tropical pathways in the South Pacific can contribute 
to internal, decadal variability in the ocean.
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