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ABSTRACT
Internal Kelvin Wave (KW) propagation is studied about variations in the sea surface temperature anomaly (SSTA) 

over the tropical Pacific. Temperature and Salinity (TS) observations have been used to define the vertical structure of 
the ocean about the propagation properties of KWs. Changes in the vertical structure of the water column determine 
consistent zonal variations in the wave velocity, with values varying, roughly, from 1.8 to 2.6 m/s. The authors 
document that KWs are formed regularly at the western boundary of the tropical Pacific, but, in these cases, never 
overcome the dateline. Occasionally, KWs are generated in the region comprised between 170oE and 170oW, and, on 
all these occasions, a positive phase of the El Niño Southern Oscillation (El Niño) event is recorded. A model, named 
Sloping Interface Model (SIM), is proposed to relate changes in the pycnocline depth, associated with transiting KWs, 
and SST anomaly variations. In the SIM, whose equations are consistent with the Recharge/Discharge paradigm, 
the ocean is described as a two-layer system and the climatological state, represented by a sloping pycnocline, is 
maintained by a constant easterly wind stress. Using the SIM and coherently with the Recharge/Discharge paradigm, 
the authors show that changes in the averaged SSTA over El Niño 3, 3.4 and 4 regions are nearly perfectly correlated 
to pycnocline displacements due to transiting KWs.
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1. Introduction
In the Tropical Pacific, the most intriguing and 

widely studied climatic oscillation is El Niño South-
ern Oscillation (ENSO). The ENSO cycle is the 
result of an ocean-atmosphere feedback [1,2], which 
produces an irregular oscillation between a warm (El 
Niño) and a cold (La Niña) phase, peaking in boreal 
winter and recurring every 2–5 years [3–5]. During its 
cold phase, intensified trade winds accumulate warm 
water into the west, causing the thermocline to deep-
en and develop a large zonal slope. During its warm 
phase, westerly winds advect warm waters eastward 
and cause the zonal structure of the thermocline to 
become more horizontal. Over the last few decades, 
numerous studies have been conducted to understand 
the dynamics underlying the ENSO cycle. Most of 
these studies dealt with the oscillatory nature of the 
phenomenon and focused on the coupling between 
changes in the depth of the main thermocline, heat 
content in the surface layer of the water column, and 
oceanic feedback on the zonal wind pattern. These 
theories can be grouped into two main categories: 
in the first, ENSO is regarded as a nearly self-sus-
tained oscillation determined by heat accumulation 
(recharge) and discharge in the equatorial Pacific. In 
these theories, the subsurface memory of the ocean 
(i.e., the heat stored in the surface layer), depends on 
the depth of the thermocline, and the zonal shape of 
the isothermal surfaces is sustained by the dynamical 
balance between the zonal pressure gradient and the 
trade winds [2,6]. This process systematically transfers 
heat westward and “charges” the western part of the 
basin, which is then “discharged” through eastward 
energy redistribution associated with the collective 
action of internal oceanic waves. This interpretation, 
which explicitly filters out fast propagation processes 
to emphasize the collective effect of tropical inter-
nal oceanic waves, leads to regard ENSO as a qua-
si-steady zonal oscillation of the tropical Pacific [7,8].  
It is consistent with the long-lead predictability of 
ENSO [9,10], but it only marginally explains the irreg-
ularity and different behaviors of different ENSO 
episodes.

In the second approach, although conceptually 

similar to the Recharge/Discharge about the impor-
tance of subsurface adjustment processes, ENSO 
is viewed as a damped oscillation that is explicitly 
triggered by freely propagating equatorial waves, 
generated by the wind and/or reflected by the west-
ern Pacific boundary [11,12]. According to this model, 
the delayed negative feedback resulting from the 
generation, propagation, and reflection of equatorial 
oceanic waves at the western Pacific boundary is re-
sponsible for the phase reversal of the ENSO cycle.

The approaches described above are descriptive 
and prognostic tools, which are useful for describing 
the initiation and evolution of El Niño. However, 
they are difficult to relate to the fundamental equa-
tions and processes that govern the fluid dynamics 
associated with El Niño. In their study, Picaut and 
Delcroix [13] focused on the 1986–1987 El Niño and 
1988–1989 La Niña events and demonstrated that El 
Niño initiation was characterized by the occurrence 
of Kelvin (KWs) and Rossby waves (RWs) that were 
excited by a series of westerly wind events (WWEs) 
in the central tropical Pacific. Fedorov et al. [14] ana-
lyzed the predictability of ENSO in relation to at-
mospheric disturbances such as WWEs. Arora [15] and 
Arora and Kuman [16] used an Ocean General Circu-
lation Model (OGCM) to study the impact of wind 
variability on ENSO. These studies all highlight 
the significant role of WWEs in triggering El Niño 
through the excitation of KWs and RWs (see also 
Wang and Fiedler [17] and Santoso et al. [18]). Howev-
er, despite this evidence, Kang and An [19] observed 
that the contributions of KWs and RWs to changes in 
the SST cancel each other out over a flat pycnoline, 
as it is in the western equatorial Pacific, while in the 
eastern part of the basin, where the pycnocline is 
sloping, SST variations are primarily driven by KWs. 
In a recent study, Eusebi Borzelli and Carniel [20]  
examined the convergence of easterly and westerly 
winds and its impact on El Niño initiation. They 
found that when the wind convergence shifts east of 
175oE, an El Niño event is triggered. The authors at-
tributed this to the fact that in the tropical Pacific, the 
main pycnocline starts sloping east of 175oE. When 
the pycnoclyne is sloping, KWs and RWs propagate 
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differently: Since KWs are constrained to propagate 
along the zonal direction, to conserve energy and 
potential vorticity when propagating over a lowering 
pycnocline, they shrink meridionally and increase 
their amplitude [21]. Conversely, the flow associated 
with RWs is not constrained zonally and when prop-
agating over a lowering pycnocline, to conserve en-
ergy and potential vorticity, RWs deviate poleward, 
leave the region around the equator [21] and no longer 
interact with KWs that are left to modify efficiently 
the depth of the thermocline.

This research aims to explore the relationships 
between KW propagation and changes in the SSTA, 
with a specific focus on El Niño initiation. By using 
Absolute Dynamic Topography (ADT) data provided 
by orbiting altimeters, we show that internal KWs 
are formed regularly along the western boundary 
of the Pacific Ocean and occasionally in the central 
Pacific (i.e., between 170oE and 170oW), but, pre-
dominantly, only KWs formed in the central Pacific 
contribute to El Niño initiation and variability.

Additionally, we show that the anomaly in the 
KW amplitude (i.e., KW activity) averaged over El 
Niño 3 (5oS–5oN, 150oW–90oW), 4 (5oS–5oN, 160oE–
150oW) and 3.4 (5oS–5oN, 170oW–120oW) regions is 
closely related to the SSTA averaged over the same 
regions, with an RMS error between the two data 
sets on the order of 10%. To explain this relation-
ship, we developed an analytical model, referred to 
as the SIM (see Appendix for details). This model is 
based on fundamental hydrodynamic equations and 
connects changes in the spatially averaged SSTA in 
regions symmetric with respect to the equator, to the 
variability in the KW activity anomaly. In the SIM, 
which is essentially a propagation model for internal 
KWs over a sloping interface, the Pacific Ocean is 
described as a two-layer system and the climatolog-
ical state, represented by the sloping pycncoline, is 
maintained by a constant easterly wind stress. The 
sloping interface determines the damping of the 
propagating KW. The SIM equations are consistent 
and equivalent to the prognostic equations of the 
Recharge/Discharge model developed by Jin [7,8] and 
Burger and Jin [22], but with the difference that, in the 

SIM, coefficients are associated with specific ocean-
ic parameters.

2. Materials and methods
Weekly, in situ Temperature-Salinity (TS) data 

sampled on a regular spatial grid of 0.25o × 0.25o, 
over 50 vertical levels (from 0 to 5500 m), covering 
the region 15oS–15oN 130oE–80oW in the period 6 
Jan 1993–25 Dec 2019, were provided by the Co-
pernicus Marine Environment Monitoring Service of 
the European Union. The Copernicus data was used 
to compute seawater density profiles (ρ(x,y,z,t)) for 
each point in the observation area and each date dur-
ing the observation period. 

The ocean was represented as a two-layer system, 
with the depth of each layer determined by fitting 
density profiles with a step function using a least-
square method. This involved dividing the water 
column into two segments at each point in the obser-
vation domain and calculating average densities for 
each segment. The resulting two-layer representa-
tions were compared to the original density profile, 
and the one with the lowest root-mean-square was 
selected as the best two-layer representation of the 
water column vertical structure. The internal wave 
velocity was computed from the two-layer rep-
resentation of the ocean using the formula c1(x,y,t) 
=[g´(x,y,t) ∙H1(x,y,t)]1/2, where H1 is the depth of the 
surface layer (i.e., the pycnocline depth) and g´ is the 
reduced gravity (i.e., g´=g∙(ρ2-ρ1)/ρ2 with ρ1 and ρ2 
the densities of the surface and bottom layer, respec-
tively). 

The damping coefficient, γ = [τx/(D1ρ1)], dis-
cussed in Appendix, was computed by fitting a 
straight line to the mean depth of the pycnocline 
between 5oS and 5oN, averaged over the entire ob-
servation period, and observing that the slope of the 
equilibrium interface layer is ∂heq/∂x=-τx/(g´D1ρ2)=-
(γ/g´)∙(ρ1/ρ2) (note that τx is negative because repre-
sents easterly winds). D1 (≈ 147 m) was set as the 
mean depth of the pycnocline between 5oS–5oN, 
130oE–80oW averaged over the entire observation 
period. 

Daily ADT data with spatial resolution of 0.25o × 
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0.25o provided by orbiting altimeters and processed 
by Copernicus were re-sampled over the same tem-
poral grid of TS observations using a cubic spline. 
Following Boulanger and Menkes [23,24] and Bou-
langer et al. [25], KW amplitudes were computed by 
expressing the ADT (η) as a linear superposition of 
freely propagating Rossby and Kelvin waves, namely,

where r0 is the KW amplitude and Rn (n = 1,2...) are 
functions related to the parabolic cylinder functions 
(for details on the derivation, see relevant referenc-
es [23,26]). Here, c (≈ 2.2 m/s) was set as the mean of 
c1(x,y,t) over the region (5oS–5oN, 130oE–80oW), av-
eraged over the entire observation period. Note that, 
using this approach, r0 is actually the KW amplitude 
and no further filtering is necessary to capture the 
variability in the sea surface structure associated 
with propagating KW. 

The SST anomaly (SSTA) was estimated using 
the HadISST data set. SSTA and KW amplitude 
anomaly (i.e. the anomaly, σ0(x,t), of r0 re-sam-
pled every month) were computed by taking as 
the baseline climatology the period Jan 1993–Dec 
2019. Then, we computed the mean spatial values 
of the SSTA and KWs activity (KWA, quantified as  
σ0 (x,t)∙R0(y∙(β/2c1)

1/2)) over the El Niño 3 (5oS–5oN, 
150oW–90oW), 4 (5oN–5oS, 160oE–150oW) and 3.4 
(5oS–5oN, 170oW–120oW) regions. 

3. Results
Figures 1a and 1b show the average depth of the 

pycnocline over the observation period and the mean 
surface density anomaly (i.e., σt = density – 1000 kg/
m3) distribution, respectively. The density anomaly 
of the bottom layer is not shown, because it remains 
substantially constant over the entire observation 
period and the entire Pacific, with an average value 
of σt = 27.27 kg/m3 and a standard deviation of 
0.05 kg/m3. Figures 1c and 1d depict the standard 
deviations of the means shown in Figures 1a and 
1b, respectively. Except for the region off the 
American coast, the pycnocline depth values are 

approximately 150 m throughout the equatorial 
Pacific, with an uncertainty given by a standard 
deviation of 20 m. Surprisingly, as we approach the 
American coast, the pycnocline depth increases. 
According to the available literature, the pycnocline 
depth is minimum near by the American coast [27].  
To explain this apparent contradiction, it must be 
noted that the common practice for computing 
the pycnocline depth is the “Maximum Vertical 
Gradient” method, which determines the depth of the 
pycnocline as the depth at which the vertical gradient 
of the density is at its maximum. In this research, 
to use the theory of internal KW, we assumed that 
the ocean can be described as a two-layer system 
and therefore estimated the depth of the pycnocline 
by fitting vertical density profiles to a step function. 
While these two methods are equivalent in a strictly 
two-layer ocean, the fitting technique may produce 
unstable results when the vertical structure of the 
ocean becomes more complex. The region off the 
American coast is characterized by an offshore 
current originating from the Peruvian current, which 
consists of waters floating over superficial tropical 
Pacific waters. This results in a more complex 
vertical structure of the ocean compared to the rest 
of the tropical Pacific. In this region, the vertical 
structure of the ocean cannot be approximated by 
a two-layer system, making the results obtained 
with the step function fitting method quite unstable. 
Therefore, the high values of the pycnocline depth 
off the American coast are not in contrast with the 
data presented in the available literature. When 
comparing Figures 1a and 1c, it can be seen that the 
pycnocline depth values throughout the equatorial 
Pacific are approximately 150 m, with an uncertainty 
given by a standard deviation of 20 m. However, in 
the region off the American coast, the pycnocline 
depth appears to be 200 m, but with an uncertainty 
of 100 m. 

Figures 2a and 2b show the spatial distribution 
of the first baroclinic mode velocity (c1) averaged 
in the period 1993–2019 and its standard deviation, 
as deduced from density and pycnocline depth data 
shown in Figure 1. Surprisingly, the density of the 
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surface layer and the depth of the pycnocline com-
bine to determine remarkable zonal variations in the 
volocity of the first baroclinic mode (Figure 2a). 
These variations are asymmetric with respect to the 
equator and characterized by a southeast-northwest 
front, separating high values (≥ 2.3 m/s) in the west, 
from low values (≤ 2 m/s) in the east. Overall, Fig-
ure 2b shows values of the standard deviation, com-
prised between 0.15 m/s and 0.25 m/s, indicating that 
the temporal variability of the first baroclinic mode 
velocity is quite low (≈ 10%). It is interesting to note 
that, off the Peruvian coast, the high variability in the 
density of the surface layer and the pycncoline depth, 
compensate with each other determining a “nearly” 
stationary velocity field of the first baroclinic mode.

Figures 3a and 3b show the zonal variation 
between 130oE and 110oW (i.e., this region has 
been chosen to avoid the high variability region 

in the depth of the pycnocline in the easternmost 
part of the equatorial Pacific) in the meridional 
mean between 5oS and 5oN of the time averaged 
depth of the pycnocline and the time averaged 
density, respectively. In Figure 3a, the dashed, 
sloping line represents the linear fitting of the depth 
of the pycnocline. Note that the slope of this line 
is associated, according to what is discussed in 
Appendix, with the average wind stress through the 
formula m = -τx/(g´D1ρ2), which gives, with m = 
2.8∙10-6, D1 ≈ 145 m, ρ1 ≈ 1023 kg/m3 and ρ2 ≈ 1027 
kg/m3, τx ≈ 0.016 N/m2, which is equivalent to an 
average zonal wind velocity on the order of 3.2 m/s.  
Furthermore, note that the wave damping coeffi-
cient due to the sloping pycnocline is given, as dis-
cussed in Appendix, by τx/(2c1

2D1ρ1) ≈ 1.1∙10–8 m–1, 
which implies a “damping distance” of the order of  
9∙104 km.

Figure 1. The mean depth of the pycncoline (a) and mean density anomaly of the surface layer (b) over the observation period. The 
standard deviation of the mean pycncoline depth (c) and standard deviation of the mean density anomaly of the surface layer (d).
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Figure 3. (a) Zonal variation in the meridional mean between 5oS and 5oN of the mean pycncoline depth; dashed black line represents 
the regression line of the, red dashed line represents the average depth of the pycncoline. (b) Zonal variation in the meridional mean 
between 5oS and 5oN of the mean surface density anomaly; red dashed line represents the average density anomaly of the surface layer.

Figure 2. The mean velocity of the first baroclinic mode (c1) over the observation period (a); standard deviation of the mean velocity 
of the first baroclinic mode (b).
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Figure 4 shows the longitude-time plot of KWs 
amplitude. From the analysis of this figure, it is clear 
that, along the western Pacific coast KWs, which are 
possibly the result of the reflection by the western 
Pacific boundary to impinging Rossby Waves [24,25],  
are rather regularly excited every year, but never 
overcome the dateline. Conversely, during El Niño 
episodes (1994–1995, 1997–1998, 2002–2003, 
2004–2005, 2006–2007, 2009–2010, 2014–2015, 
2015–2016, 2018–2019 see colored bullets annotated 
on the left vertical axis of the figure), KWs originate 
near by the dateline (approximately between 170oE 
and 170oW) and reach the eastern Pacific boundary; 
during intense ENSO episodes (1998, 2016), KWs 
originate at 170oW and intrude definitely the eastern 
Pacific, reaching the eastern boundary of the basin. 
This circumstance confirms the observations of Bou-

langer and Mekens [24] and Eusebi Borzelli and Car-
niel [20], who found that the KW variability at periods 
longer than 6 months, which play an important role 
in El Niño onset, could be associated with wind vari-
ability in the vicinity of the dateline. 

A different situation emerges when analyzing KWs 
amplitude in relation to La Niña episodes (1995–1996, 
1998–1999, 1999–2000, 2000–2001, 2005–2006, 
2007–2008, 2008–2009, 2010–2011, 2011–2012, 
2016–2017, 2017–2018, as shown by the colored 
squares on the right vertical axis of Figure 4). During 
each La Niña episode, a clear pattern of low values can 
be observed emerging from the western Pacific coast, 
traveling freely through the tropical Pacific Ocean, and 
reaching the eastern boundary of the basin. This obser-
vation suggests an asymmetric behavior of El Niño/La 
Niña in relation to KWs propagation.

Figure 4. The longitude-time plot of KWs amplitude. Colored bullets on the left vertical axis of the picture, indicate El Niño years, 
the intensity of the event classified as follows: Green-weak event, blue-moderate event, magenta-strong event (in the examined period 
there were no strong events), red-Very strong event. Colored squares on the right vertical axis indicate La Niña years, with intensity 
of the event classified as follows: green-Weak event, blue-Moderate event, magenta-Strong event (see https://ggweather.com/enso/
oni.htm for the classification scheme adopted).

https://ggweather.com/enso/oni.htm
https://ggweather.com/enso/oni.htm
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Figure 5. Aerial means of KW activity anomaly (defined as σ0(x,t)∙R0(y∙(β/2c1)
1/2) with σ0 the anomaly of the KW amplitude). Red line 

and aerial mean of the SSTA (blue line) over El Niño region 3 (a), 3.4 (b) and 4 (c).

Figure 5 depicts the SSTA over El Niño 3, 3.4 and 
4 regions and the average over the same regions of the 
Kelvin Wave Activity (KWA) anomaly. Here, with 
KWA it is intended the quantity r0(x,t) ∙ exp[-(β/2c1)∙y

2]. 
In El Niño regions 3 (Figure 5a) and 3.4 (Figure 
5b), the relation between SSTA and an average of 
the KWA anomaly is “nearly perfect”, while it drops 
in region 4. This indicates that while in El Niño re-
gions 3 and 3.4, variability in the averaged SSTA and 
average changes in the pycnocline depth associated 
with transiting KWs (denoted with Δ) are nearly per-
fectly in equilibrium (with reference to Appendix, in 
these regions we have ∂Δ/∂t ≈ 0), in El Niño region 4,  
the equilibrium between the averaged SSTA and the 
average displacement of the pycnocline associated 
with transiting KWs, requires, to be achieved, to 
account for differences in the vertical displacement 

of the pycnocline at the zonal borders of the region 
(with reference to Appendix, this implies that, in this 
region, ∂Δ/∂t ≠ 0).

Figure 6 depicts the SSTA (as in Figure 5, 
reported for the convenience of the reader) and 
∂Δ/∂t+Δ. Again, in El Niño regions 3 (Figure 6a) 
and 3.4 (Figure 6b), the relationship between SST 
and ∂Δ/∂t+Δ is “nearly” perfect and the contribution 
to the variability in the SSTA of the term ∂Δ/∂t is 
negligible. In El Niño region 4, however, adding the 
term ∂Δ/∂t to Δ, clearly improves the correlation be-
tween SSTA and the average vertical pycnocline dis-
placement associated with transiting KWs, indicating 
that differences in the amplitude of incoming and 
outgoing waves at the zonal borders of the region are 
important to determine the variability in the SSTA. 
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4. Discussion
In this research, we studied internal KW propa-

gation in relation to changes in the SSTA over the 
tropical Pacific. In situ and altimeter data have been 
used to discuss the propagation properties of KWs in 
relation to the stratification regime of the ocean. As-
suming the ocean as a two-layer system, to interpret 
the relationships between changes in the SST and 
KW propagation, we developed an analytical mod-
el for KW propagation over a sloping pycnocline, 
named SIM, in which the slope of the pycncocline 
is sustained by constant zonal wind stress. Interest-
ingly, KW propagation over a sloping pycncocline is 
different with respect to that over a flat interface, ow-
ing to the fact that the sloping interface produces a 
damping term in the wave equation. When variations 
in the pycnocline depth associated with propagating 
KWs are averaged over El Niño 3, 3.4 and 4 regions, 
this model leads to a Recharge/Discharge-like mod-

el. In this logic, our model can appear, at first sight, 
conceptually different from the Recharge/Discharge 
because, in the Recharge/Discharge, the equilibrium 
between the SSTA and changes in the depth of the 
pycnocline, is achieved by the collective action of 
Kelvin and Rossby waves. 

Here, it has been assumed that only changes in 
the pycnocline depth associated with transiting KWs 
contribute to changes in the SSTA. However, we 
have also seen that changes in the average SSTA 
over El Niño regions 3, 3.4 and 4, can be reproduced 
accurately from changes in the pycnocline depth as-
sociated with transiting KWs using the SIM, which 
indicates that the primary factor determining changes 
in the SSTA are KWs, while RWs have a negligible 
effect. Following Eusebi Borzelli and Carniel [20], 
a possible explanation for this phenomenon could 
be related to the different propagation properties of 
KWs and RWs and the concept of potential vorticity 
conservation. We have seen that the pycncoline in 

Figure 6. Aerial means of KW activity anomaly plus its time derivative (red line) and aerial mean of the SSTA (blue line, as in Figure 
5 and reported just for the reader’s convenience) over El Niño region 3 (a), 3.4 (b) and 4 (c).
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the tropical Pacific, west of the dateline, is nearly 
flat and starts sloping east of it (Figure 3a). Over a 
flat interface, KWs and RWs interact destructively 
and do not determine changes in the thermocline 
depth [19]. East of the dateline, where the pycncoline 
starts lowering, RWs propagating along the equator, 
to conserve potential vorticity, deviate poleward 
and leave the equatorial belt [21]. Conversely, when 
propagating over a sloping pycnocline, KWs cannot 
deviate poleward since, by definition, they are con-
strained to propagate zonally. So, east of the dateline 
RWs and KWs stop interacting and, in this region, 
KWs are left modifying efficiently the depth of the 
thermocline. 

From the perspective discussed above, our data, 
along with the SIM, are consistent with the Re-
charge/Discharge paradigm. This demonstrates that 
the Recharge/Discharge model [7,8,22], in addition to 
being an elegant conceptual description of the ENSO 
cycle, can also be considered an important quantita-
tive tool. This tool is based on a robust dynamic/ther-
modynamic background and can accurately represent 
the relationships between changes in the SSTA and 
vertical oscillations of the pycnocline depth, provid-
ed that it is recognized the predominant role of KWs 
in determining these oscillations. 

Another interesting mechanism that we have 
documented here consists in KW damping. Altime-
ter data shows that KWs are regularly formed at the 
western boundary of the Pacific, but these waves, 
never travel a distance greater than, approximately, 
5000 km and are damped before reaching the date-
line. On the other hand, KWs formed near the date-
line, in a region roughly between 170oE and 170oW, 
can travel freely for 11000 km and reach the eastern 
boundary of the basin. In this region, KWs are occa-
sionally generated, but every time they are formed, 
an El Niño event is recorded. Furthermore, the fur-
ther east the waves are generated, the more severe 
the El Niño event is classified. In our SIM, we have 
observed that a zonal wind with a mean intensity of 
3.2 m/s results in an e-folding distance for KWs on 
the order of 90000 km. This distance is too long to 
explain the damping of KWs in the western Pacific. 

To justify a damping distance as short as 5000 
km, we would need to require a wind stress of 0.3 N/
m2 which implies an average zonal wind intensity of, 
approximately, 12–13 m/s, which is an unreasonable 
value. To explain this discrepancy, it can be speculat-
ed that other factors, besides the sloping pycnocline, 
are active to damp KWs in the western Pacific (i.e., 
west of, approximately, 170oE).

As previously discussed to explain that KWs are 
the primary factor determining changes in the SSTA 
with RWs playing a minor role, the first hypothesis 
to explain the damping of KWs in the western trop-
ical Pacific, could be to relate it to the mutual an-
nihilation of KWs and RWs propagating over a flat 
interface. 

Another possible hypothesis is that internal 
waves, when transiting in a region symmetric with 
respect to the equator, cause an imbalance between 
wind stress and the shape of the pycnocline within 
that region. This imbalance is due to the time it takes 
for the wave to travel across the region, the time 
necessary for the pycnocline to return to its equilib-
rium position, and the time for the SSTA to react to 
changes in the depth of the pycncoline. To account 
for this delay, Burger and Jin [22] introduced a re-
laxation time for the fluctuation of the thermocline 
around its climatological state. Similarly, Zebiak and 
Cane [28] considered a damping term of the form -rσ 
in the continuity equation to describe the dynamic of 
the Intertropical Convergence Zones. 

Burger and Jin [22] found a relaxation time of the 
eastern Pacific thermocline depth, caused by an initial 
perturbation originated in the western part of the ba-
sin, of 2 months (with reference to Burger and Jin [22],  
see ε2 in equation 3). This value is close to the time 
necessary for a perturbation, propagating at a veloc-
ity of 2.2–2.3 m/s, to travel across the entire Pacific 
Ocean (i.e., from 130oE to 90oW ≈ 1.5∙104 km, which 
implies approximately 78 days). In our case, KWs 
would take approximately 25 days to travel from 
130oE to 170oE (≈ 5000 km). This suggests that KWs 
damping in the western Pacific may be due to the 
combined effect of the sloping pycncoline and the 
time necessary for the wave to travel between 130oE 
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and 170oE. 
Another possible explanation for the disappear-

ance of KWs in the western tropical Pacific around 
170oE of KWs is that, near 170oE, the Inter-Tropical 
Convergence Zone and the South Pacific Conver-
gence Zone merge [29]. In this region, zonal winds 
switch from the westerlies to the easterlies and the 
atmospheric environment changes from neutral to 
suppressing [30,31]. Wind stress components deduced 
from ERA5 data, averaged over the period Jan 1993–
Aug 2019, shown in Figures 7a and 7b, actually 
demonstrate that, near by 170oE, the effect of the 
wind over the ocean surface is suppressing (i.e., the 
horizontal divergence of the wind stress is negative) 
thus providing an additional clue for a mechanism 
underlying wave blocking in this region. 

Another interesting issue, confirming that KW 
damping is more effective between 130oE and 170oE 

than in the rest of the tropical Pacific, is that in 
El Niño region 4 (western Pacific), in order to re-
produce changes in the SSTA from changes in the 
pycnocline depth, it is necessary to account for, dif-
ferently from El Niño regions 3 (eastern Pacific) and 
3.4 (central Pacific), the effect of the variation in the 
pycncolcine depth (i.e., ∂Δ/∂t). This means that, in El 
Niño regions 3 and 3.4, ∂Δ/∂t ≈ 0, while, in El Niño 
region 4, ∂Δ/∂t ≠ 0. This effect is related to wave 
damping, which is more effective in El Niño region 
4 than in regions 3 and 3.4. Indeed, Equation (8) of 
Appendix, states that changes in aerial means around 
the equator of the pycnocline depth, depend upon 
differences in KW amplitudes at the zonal bounda-
ries of the regions. Transiting in El Niño region 4, 
KWs are dumped more efficiently than in regions 3 
and 3.4, with the result that, in El Niño region 4, val-
ues of ∂Δ/∂t are appreciably different from zero.

Figure 7. Mean zonal (a) and meridional (b) wind stress over the period Jan 1993–Aug 2019.
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5. Conclusions
In this research, we have discussed the propaga-

tion of Kelvin waves concerning changes in the sea 
surface temperature anomaly. Our findings show a 
strong correlation between changes in the sea sur-
face temperature anomaly in the El Niño 3, 3.4 and 4 
regions and the passage of Kelvin waves. To further 
understand this relationship, we have developed a 
new analytical model, the Sloping Interface Model, 
which relates Kelvin wave propagation over a slop-
ing interface to changes in the sea surface tempera-
ture anomaly. 

Our research also highlights the importance of 
Kelvin wave damping, which occurs when the wave 
travels over a sloping interface, in triggering varia-
tions in the sea surface temperature anomaly in El 
Niño regions 3, 3.4 and 4. However, we have also 
observed that Kelvin waves formed at the western 
boundary of the Pacific Ocean experience damping 
before reaching the dateline, resulting in no record-
ed El Niño event. On the other hand, Kelvin waves 
that form nearer to the dateline propagate freely for 
approximately 11,000 kilometers and reach the east-
ern boundary of the basin with little to no significant 
damping. To explain this phenomenon, we have 
proposed a mechanism involving the mutual annihi-
lation of Kevin and Rossby waves propagating over 
a flat interface. 

Our research primarily focuses on the initiation 
of El Niño. However, the strong correlation between 
changes in sea surface temperature anomalies in the 
Niño regions and displacements of the main pycn-
coline due to the passage of Kelvin waves, suggests 
that Kelvin waves also play a key role in the onset of 
La Niña. It is important to note that the propagation 
of Kelvin waves during La Niña differs from that 
during El Niño. While El Niño events are accompa-
nied by Kelvin waves generated in the central Pacif-
ic, during La Niña, Kelvin waves emerge from the 
western Pacific coast, travel freely through the entire 
tropical Pacific Ocean, and reach the eastern bounda-
ry of the basin. We have named this different behav-
ior of Kelvin waves about El Niño and La Niña as an 
“asymmetry”. This “asymmetry” is an interesting is-

sue that warrants further investigation and dedicated 
research.

Several questions remain open at this point, first 
to simplify the formalism, in the Sloping Interface 
Model, we have considered Kelvin wave propaga-
tion with a constant velocity and the sloping pycno-
cline, summarizing the background climatological 
state, has been considered only as a damping wave 
factor. We have, however, seen that the velocity of 
the first baroclinic mode, displays remarkable vari-
ations along the zonal direction, which are expected 
to affect Kelvin wave propagation. It is therefore 
our intent, to provide more rigorous analytical argu-
ments, which are able to account for spatial changes 
in the velocity of the first baroclinic mode in relation 
to Kelvin wave propagation. 

As a final remark, we believe that the results 
presented here make an important contribution to 
our understanding of the relationships between var-
iations in sea surface temperature anomalies and the 
propagation of internal waves in the tropical Pacific. 
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Appendix

The sloping interface model

Here we derive the SIM model equations based 
on the two layers ocean shallow water theory and 
show the relationships with Jin’s Recharge/Discharge 
model [7,8,22].

Dynamics

We assume that the tropical Pacific can be de-
scribed as a two-layer system over a flat bottom, 
with the surface and bottom densities equal to ρ1 and 
ρ2. We also assume that, in a given bounded region 
S, symmetric respect to the equator (typically ENSO 
region 3 or 3.4 or 4), the surface and bottom layers 
are at the hydrostatic equilibrium and the surfaces 
are kept in shape by constant easterly wind stress 
τ=(τx,0) (i.e., perfect Svedrup balance between wind 
stress and the sea surface deformation). In this situ-
ation, we have that the surface and interface layers 
are η = ηeq and h = heq, and the thickness of the sur-
face and bottom layer are H1 = H1

(eq) = D1 + ηeq - heq 
and H2 = = H2 

(eq) = D2+ heq. Hydrostatic equilibri-
um provides a relationship between the wind stress 
and the shape of surface and bottom layers, namely 
∂ηeq/∂x = τx/(gH1ρ1)≈τx/(gD1ρ1), ∂ηeq/∂y = 0, ∂heq/∂x ≈ 
-τx/(g´D1ρ2) and ∂heq/∂y = 0 (i.e., ∂ηeq/∂x - ∂heq/∂x ) ≈ 
τx/(g´D1ρ1)). Suppose, now, that a small disturbance 
p(x,y,t), which does not induce meridional transport 
(i.e., v1 = v2 = 0, where v1-2 refers to the meridional 
velocity in the surface and bottom layer) propagates 
eastward over the sloping interface layer, leaving the 
signature σ(x,y,t) over the surface layer. We have:

and the equation of motion for u1, u2, σ and p are the 
two layers of shallow water equations over the equa-
torial β-plane, i.e.,

(1a)

(1b)

(1c)

(1d)

(1e)

(1f)

Note that, in this idealized model, the anomaly of 
the pycnocline depth is exactly σ-p (i.e., H1

(anomaly) = 
H1-H1

(eq)). Our objective is to derive, as in Jin’s mod-
el [7,8,22], a dynamical equation for the aerial average of 
the pycncocline depth anomaly, which we define as:

where Lx and Ly are the zonal and meridional length 
of S. Integrating Equation (1c) over S, we get:

where the last step is justified by linearization and the 
fact that ηeq – heq = τx ∙ x/ (ρ1∙D1∙g´). Integrating over 
the zonal direction and assuming ρ1 = const. we get:

(2)
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Without making a specific hypothesis on the al-
gebraic structure of the solutions to the system (1), it 
is difficult to get further information on the integrals 
in (2). To proceed, here, we seek solutions to (1) of 
the form p(x,y,t) = μ(x)σ(x,y,t) and set μ(x) in order 
to have a propagation speed that, in the limit τx→0, 
converges to the propagation speed of a KW over a 
flat interface.

After what is stated above, putting p(x,y,t) = μ(x)
σ(x,y,t) in (1c), differentiating (1c) with respect to t 
and (1a) with respect to x we get an equation for the 
sea surface deformation. 

(3)

where we have set:

(4)

(5)

In the following, we shall always assume the 1-μ 
= g/g´, which implies the form (5) for the velocity of 
the internal wave. With a similar procedure, differen-
tiating (1c) with respect to x and (1a) with respect to t, 
after putting p(x,y,t) = μσ(x,y,t) in (1c), we get for the 
velocity field:

(6)

At this point, it could be possible to continue analyt-
ically by showing that both Equations (3) and (6) have 
separate variable solutions and that, in both cases, the 
zonal parts of σ and u1 satisfy a Sturm-Liouville eigen-
value problem with damping coefficient γ = [τx/(D1ρ1)], 
but we believe that such long analytical treatment is far 
beyond the scopes of this presentation. Here, to keep 
the formalism as simple as possible, it suffices to say 
that, if the equilibrium deformations of the free and 
interface layers are small for the depth of the surface 
layer (i.e., D1 » ηeq – heq), c1 becomes the velocity of a KW 

propagating over a flat interface of depth D1 (i.e., c1 ≈ 
(g´D1)

1/2) and that the solution to (3) satisfying (1b) and 
boundary conditions at the poles σ → 0 as y → ±∞ is:

(7a)

and, similarly

(7b)

where r0(x,t) represents a spatially damped oscilla-
tion with a damping rate of the form exp[-x·γ/(2c1

2)]. 
In order to make the treatment more concise, it is at 
this point important to review an elementary formu-
la [22] to relate the average depth of the thermocline 
over the entire tropical Pacific with the thermocline 
depth in the western and eastern Pacific (i.e., h ≈ 
0.5∙(hw+he)), which relates the average value of a 
function in an interval with the values of the function 
at the boundaries of the interval, i.e.,

(8)

which can be obtained by setting f(x) ≈ a∙x+b with a 
= (f(x2) - f(x1))/(x2-x1) and the coordinate system has 
been chosen in order to have b = 0.

With this material at hand, we are now in the 
position to estimate the integrals in Equation (2). In-
deed, by substituting (7b) into the first integral in (2) 
and using (8), we get

(9a)
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The second integral in Equation (2) is more dif-
ficult, but it can be estimated by observing that it is 
related to the work done by the background wind 
over the propagating KW. Indeed, the work per unit 
time exerted by the background wind over the per-
turbation current [32] is W ≈ u1(x,y,t)∙τx/[ρ1H1

(eq)(x)] ≈ 
[u1(x,y,t)∙τx /(ρ1D1)]∙[1-x∙τx/(g´D1ρ1)], so that:

(9b)

where the symbol <> indicates averaging over the 
region S and the symbol <>y indicates averaging 
along the meridional direction. Substituting (9a) and 
(9b) into Equation (2), we get: 

(10)

which is formally similar to the prognostic equation 
for the variability in the aerial average of the pycno-
cline depth found by Burger and Jin [22].

Thermodynamics
As in the section devoted to the dynamics, we 

consider the ocean as a two layered system of con-
stant density (i.e., constant temperature and salinity), 
initially at the hydrostatic equilibrium, where the sur-
face and interface layers are kept in shape by constant 
zonal wind stress. The average temperature over the 
water column, at the equilibrium state which is:

(11)

Note that, the zonal wind stress produces a zonal 
gradient in the depth averaged temperature. We want 
to study the temperature fluctuation around the equi-
librium temperature (i.e., the temperature anomaly) 
induced by propagating KWs. Obviously, indicating 
with θ the temperature anomaly, we have:

(12)

where, in the last step, the term T2 has been neglect-
ed with respect toT2∙(g/g´) and shows that, in our 
model, changes in the temperature anomaly and 
changes in the pycncoline depth anomaly are propor-
tional. This implies that provided that coefficients of 
Equation (10) are scaled by Aθσ/(1-μ) = g´Aθσ/g, the 
aerial averaged temperature anomaly obeys Equation 
(10) too, which describes the time variability in an 
aerial mean of pycnocline depth anomaly. 


