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BACKGROUND AND OBJECTIVES: El Niño - Southern Oscillation is known to affect the marine 
and terrestrial environment in Southeast Asia, Australia, northern South America, and southern 
Africa. There has been much research showing that the effects of El Niño - Southern Oscillation 
are extensive. In this study, a simulation of an El Niño event is carried out, which is ideal in the 
vertical layer of the Pacific Ocean (0-250 meters). The fast Fourier transform is used to process 
the vertical modeling data so that the results can accurately represent El Niño.
METHODS: A non-hydrostatic 3-dimensional numerical model is used in this research. To 
separate the signal produced and obtain the quantitative difference of each sea layer, the 
simulation results are analyzed using the fast Fourier transform. Winds blow from the west to 
the east of the area in perfect El Niño weather, with a reasonably high wind zone near the 
equator (forming a cosine). Open fields can be found on the north and south sides, while closed 
fields can be found on the west and east sides. Density is uniform up to a depth of 100 meters, 
then uniformly increases by 1 kilogram per cubic meter from 100 to 250 meters. 
FINDINGS: The results of the model simulation show that one month later (on the 37th day), the 
current from the west has approached the domain’s east side, forming a complete coastal Kelvin 
wave. The shape of coastal Kelvin waves in the eastern area follows a trend that is similar to the 
OSCAR Sea Surface Velocity plot data obtained from ERDDAP in the Pacific Ocean in October 
2015. In this period, the density at a depth of 0-100 meters is the same, while the density at the 
depth layer underneath is different.
CONCLUSION: Strong winds could mix water masses up to a depth of 100 meters, implying that 
during an ideal El Niño, the stratification of the water column is influenced by strong winds. The 
eastern domain has the highest sea level amplitude, resulting in perfect mixing up to a depth of 
100 m, while wind effect is negligible in the lower layers. The first layer (0-50 m) and the second 
layer (50-100 m) have the same density and occur along the equator, according to FFT. The 
density is different and much greater in the third layer (100-150 m).
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INTRODUCTION
El Niño - Southern Oscillation (ENSO) is a 

manifestation of the inter-annual variability, but 
it is associated with major changes in the pacific 
atmosphere through a phenomenon known as 
southern oscillation (Chen et al., 2019a; Trenberth, 
2019). Warming of the tropical Pacific Ocean surface 
and strengthening equatorial trade winds characterize 
El Niño events, which occur every few years. During El 
Niño years, such as 2015/2016, winds from the west 
are typically symmetrical (Sundararajan, 2020).

The El Niño outbreak in 2015/2016 was caused by a 
series of westerly wind events in boreal springs. There 
has been much research showing that the effects of 
ENSO are extensive. Doughty et al. (2021) reported 
that ENSO affects the tropical forests of the Amazon, 
which are the world’s major CO2 players, where the 
rates of photosynthesis, fluorescence, and greenness 
were above average during El Niño (2009/2010) and 
below normal during La Nina (2010/2011). Hao et al. 
(2018) shows that ENSO causes dry and hot summer 
events in such as northern South America, southern 
Africa, Southeast Asia and Australia. Meanwhile, in 
East Asia’s subtropical forests, El Niño can increase 
the growth of individual trees through increased 
sunlight (Li et al., 2020). In the fishing sector, El Niño 
can cause anomalous fish migration patterns, such as 
changes in latitudinal migration of sardinella along the 
African coast (López-Parages et al., 2020). Pécastaing 
and Chávez (2020) also reported that ENSO makes 
coastal communities vulnerable to poverty, especially 
for communities in Peru’s arid ecosystems. It must be 
taken into account that going forward, the potential 
for El Niño is projected to increase drastically due to 
the effects of global warming associated with the 
flattening of thermoclines in the equatorial Pacific 
(Yeh et al., 2009; Chen et al., 2019b). El Niño also 
has relatively strong connections to other oceans. 
Siswanto et al. (2020) imply that low and high trophic 
level marine organisms in the eastern Indian Ocean 
were also affected by ENSO. Yue et al. (2020) reported 
that the zone of anomaly induced by wind advection 
during El Niño affects the Walker circulation and 
sea surface salinity in the Indian Ocean. In addition, 
ENSO caused changes in the circulation of the tropical 
Pacific Walker due to warming in the Indian and 
Atlantic Oceans (Behera et al., 2021). El Niño affects 
salinity so that one of the parameters to determine 
the occurrence of El Niño is sea surface salinity 

(Sharma, 2018). So far, Sundararajan (2020) stated 
that the wind is an equinoctial symmetry in the 2015 
El Niño year. This affects the magnitude of the tidal 
currents in the Pacific. According to Hu et al. (2013), 
ENSO behavior is influenced by the low-frequency 
variability of the tropical Pacific climate. These 
variations include increased warming and local wind 
variability in the Pacific Ocean’s tropical parts (Hu et 
al., 2013). Since the late 1970s, the ENSO frequency 
has shifted, with the ENSO frequency being high (2-4 
years) in 1962-1975 and low (4-6 years) in 1980-1993 
(An and Wang, 2000; Fedorov and Philander, 2000). 
In 1999-2000, the correlation between warm water 
volume around the equator and ENSO was also 
seen to be weaker. According to Horii et al. (2012) 
and McPhaden (2012), this condition relates to the 
divergence of winds in the central Pacific that inhibits 
the eastward spread of sea surface temperature 
anomalies. Weak east-west sea surface temperature 
gradient provides relaxation to trade winds. 
Consequently, with weak trade wind conditions, 
the equatorial upwelling, which carries cooler, high-
density water to the pacific surface, is also reduced 
(Kumar and Hu, 2014). Rizal et al. (2019; 2020) 
found that variations in density gradients influence 
the form of lee waves and baroclinic currents that 
contribute to the mainstream in a basin. According to 
recent studies, the ENSO regime continues to change 
spatially over time, and this is due to local wind 
variability. The aim of this study is to determine the 
properties of the sea level and density as a result of El 
Niño, which is best modeled using a non-hydrostatic 
3D numerical model. The impact of the wind on the 
sea level and density at each layer is investigated in 
this paper. In this case, there are two methods for 
analyzing the data. To begin, graphically, by depicting 
the density in each layer. Second, by comparing the 
magnitudes of each layer density and sea level of first 
layer using the fast Fourier transform (FFT) process. To 
date, to the authors’ knowledge, there is no research 
that has examined this issue in detail using the FFT. 
This study also contributes to the Pacific’s subsurface 
investigation. This study has been carried out in the 
Ocean Modelling Laboratory, Department of Marine 
Sciences, Universitas Syiah Kuala, Indonesia in 2020.

MATERIALS AND METHODS
Winds from the west are generally symmetrical 

during El Nino years as was the case in 2015/2016. 
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A sequence of westerly wind events in boreal spring 
triggered the most recent El Niño outbreak in 
2015/2016. Downwelling oceanic Kelvin waves were 
caused by the associated wind forcing, minimizing 
the upwelling of cold subsurface waters in the eastern 
Pacific cold tongue and resulting in surface warming 
in the central and eastern Pacific (Timmermann 
et al., 2018). The emergence of Downwelling is 
a product of the effect of winds on the Pacific’s 
surface. As a result, it is important that we obtain a 
model of the Pacific’s surface layer. It’s also crucial 
to understand how much wind is always blowing. 
Meanwhile, the most recent El Niño outbreak, which 
occurred in 2015/2016, was triggered by a series of 
westerly wind events in boreal spring. In the pacific 
model, this condition is applied as a force. The three-

dimensional numerical model is efficient enough to 
represent low-resolution circulating currents. The 
current model is based on hydrostatic primitive 
equations, such as those proposed by Cha et al. 
(2018) and Peng et al. (2020). Cha et al. (2018) used 
a three-dimensional model to observe a distinct 
low-frequency mode of the tropical Pacific sea level 
and display its connection to global ocean warming. 
Meanwhile, this research employs a non-hydrostatic 
technique that has previously been used to model 
tides in the Malacca Strait (Haditiar et al., 2020), 
internal wave (Rizal et al., 2019), and Lee waves 
(Rizal et al., 2020). A non-hydrostatic method may 
be used to explain the mechanism of the Lee wave, 
as well as the internal wave. Numerical experiments 
were carried out based on Kämpf (2010). This study 
has a domain model with a horizontal boundary of 
2,000 × 2,000 km and a uniform depth of 250 m (see 
Fig. 1(a)). 

The lateral grid distance is Δx = Δy = 20 km, 
while the vertical grid distance is Δz = 50 m so that 
it forms five layers with time step Δt = 120 seconds. 
In the west and east, closed boundaries are defined, 
likened to a dry area (coast). Furthermore, the north 
and south sides of the model domain are given open 
boundaries. The sea’s initial condition is at rest, and 
this model uses a free-surface so that the numerical 
time steps will last a long time. The seawater density 
at 100 m and above from the bottom is 1027 kg/m3, 
while below it is 1028 kg/m3. The internal gravity 
wave phase velocity associated with this density 
configuration is c = 0.75 m/s. This value is obtained 
using the equatorial beta-plane approximation using 
Eq. 1.

  f yβ=         (1)

where, y is the meridional coordinate, and β is 
the set of β = 2.5 × 10−11 1/ms. This model is given 
a wind force from the Westside, which consists of 
wind stress moving eastward in the form of cosine in 
the y-direction (Fig. 1(b)). The maximum magnitude 
is 0.1 Pa at the equator, and the wind stress force 
is applied within 200 km from the west side. Wind 
stress magnitude will be stopped after the first five 
days of simulation.

Cyclic boundary conditions are used in open 
boundaries on the North (ny and ny+1) and South 
sides (0 and 1). This cyclic boundary condition uses 

 
(a) 

 

 
(b) 

Fig. 1: Model setup (a) domain model, (b) wind stress force 
  

Fig. 1: Model setup (a) domain model, (b) wind stress force
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the “mirror” condition for the meridional flow 
component (i-index) in Eq. 2 and 3 (Haditiar et al., 
2019).

( ) ( ),0, , ,v i k v i ny k= −      (2)

( ) ( ), 1, ,1,v i ny k v i k+ = −      (3)

The advanced turbulence closure scheme 
introduced by Smagorinsky (1963) was applied to 
parameterize lateral eddy viscosity and diffusivity 
(Ah). Here is the equation using Eq. 4.
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𝑎𝑎𝑎𝑎=1    

     (4)

Where, c1 is a parameter with a value between 
0.1 and 0.2. The value of c1 chosen in this study was 
0.1. The simulation was run several times with the 
procedure listed in Table 1.

RESULTS AND DISCUSSION
This El Niño model simulation is run for 60 days 

with time step Δt = 120 seconds. This simulation 
generates current, sea level, and density data, which 
will be analyzed to determine sea level and density. 
Furthermore, the data is stored every 12 hours of 
simulation. In this article, the simulation output data 
for day 37 is analyzed because the coastal Kelvin 
waves have formed correctly on the East side (Fig. 2). 
The formation of coastal Kelvin waves in the eastern 
region follows a similar pattern as the OSCAR Sea 
Surface Velocity plot data obtained from ERDDAP 
in October 2015 in the Pacific Ocean (Fig. 3). Fig. 2 
simulation and Fig. 3 observation are not identical. 
Since, Fig. 2 is based on ideal bathymetry, wind, and 
shoreline, whereas Fig. 3 is based on real bathymetry, 
wind, and shoreline.

The plot of sea level simulation results on the 
37th day can be seen in Fig. 4. From the sea-level 
value in Fig. 4(a), the sea level value is taken at x = 
400 km, called the western part, x = 1200 km is called 

Table 1: The procedure for achieving outcomes 

Process In-process information 

1 To get the sea level and density performance, run the Kämpf model simulation in Fortran. 
2 Display and retrieve/sample the desired performance data for sea level and density. 
3 The output is displayed after searching for the FFT value. 

 
  

Table 1: The procedure for achieving outcomes

 
Fig. 2: Currents plot on the 37th day of simulation 

  
Fig. 2: Currents plot on the 37th day of simulation
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the middle part, and x = 1980 km is called the eastern 
part. In the three sections, the results are obtained, 
as shown in Fig. 4(b). Sea level in the western part is 
negative around the equator and is positive in areas 
far from the equator. Furthermore, in the middle 
part, the sea level value shows the same properties 
as the sea level value in the western part. However, 
in the western part, sea level has a steeper graph at 
the equator than in the middle. In contrast to the 
two sea-level values, the data in the eastern part can 
be observed that all values are positive, but at the 

equator, it forms a peak with a value of 1.58 cm while 
on the North and South sides, which are far from the 
equator a value of 0.24 cm. The variation in sea level 
away from the equator is influenced by local and 
remote responses (Chang et al., 2013).

Fig. 5 shows the density value of seawater at 
the equator. It can be observed that the densities 
at 0-50 m and 50-100 m depths show a similar 
pattern of change on the 37th day. The density 
at these two depths shows the same properties 
after being given a wind force until the end of the 

 
Fig. 3: Sea surface velocity on October 2015 

  
Fig. 3: Sea surface velocity on October 2015

 
 

 
(a) 

 

 
(b) 

Fig. 4: Sea level (a) plot on the 37th day of simulation, (b) value at the equator on the 37th day 
  

 
 

 
(a) 

 

 
(b) 

Fig. 4: Sea level (a) plot on the 37th day of simulation, (b) value at the equator on the 37th day 
  

Fig. 4: Sea level (a) plot on the 37th day of simulation, (b) value at the equator on the 37th day
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Fig. 5: The value of density at the equator at 37 days of simulation 

  
Fig. 5: The value of density at the equator at 37 days of simulation

 
(a) 

 
(b) 

Fig. 6: The FFT value at the equator on the 37th day of (a) the sea level, (b) the density 
  

Fig. 6: The FFT value at the equator on the 37th day of (a) the sea level, (b) the density

 
(a) 

 
(b) 

Fig. 6: The FFT value at the equator on the 37th day of (a) the sea level, (b) the density 
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simulation, in contrast to the density at a depth of 
100-250 m. Densities at a depth of 100-150 m have 
begun to show changes in density values ranging 
between 1027.4 kg/m3 and 1027.8 kg/m3. At a 
depth of 150-200 m and 200-250 m, the density, in 
general, does not change significantly but shows a 
different pattern. This simulation generates current, 
sea level, and density data, which will be analyzed 
to determine sea level and density. The formation 
of Ekman and Kelvin waves is used to compare 
experiments theoretically. During the El Nino 
phase, Kelvin waves are thought to migrate into the 
eastern Pacific Ocean (Kämpf, 2010; Capotondi et 
al., 2019). Meanwhile, the Ekman layer (DE) can be 
approximated using Eq. 5 (Kämpf, 2010).

2

10
2 7.6

sin
z

E
AD U

f
π

ϕ
= =       (5)

The Ekman layer is related to a three-dimensional 
wind-driven circulation model, such as the one used 
in experiment. The Ekman layer is a thin layer that 
allows the wind’s effects to continue to function. If 
the highest wind stress is wind = 0.1 pa and the wind 
speed is U10 = 5.5 m/s, the Ekman layer (DE) at the 
equator is the deepest, while it can reach 220 meters 
at 200 km from the equator using Eq. 6. 

(U10 = 
wind

air dC
τ
r , where 31.25  dan 2.6 x1 0 )air dCr −= =  (6)   

Meanwhile, the most recent El Niño outbreak, 

Table 2: Amplitude, frequency, and phase of sea level values 

i 
Western 

As F  θ 

1 0.00338 0.10000 0.03100 
2 0.00338 10.00000 -0.03100 
3 0.00115 0.00000 3.14159 
4 0.00108 0.20000 -3.07910 
5 0.00108 9.90000 3.07910 
6 0.00032 0.30000 0.09086 
7 0.00032 9.80000 -0.09086 

i 
Middle 

As F  θ 

1 0.00179 0.10000 0.03096 
2 0.00179 10.00000 -0.03096 
3 0.00115 0.00000 0.00000 
4 0.00096 0.20000 -3.07977 
5 0.00096 9.90000 3.07977 
6 4.00000 0.00055 0.30000 
7 99.00000 0.00055 9.80000 

i 
Eastern 

As F  θ 

1 0.00693 0.00000 0.00000 
2 0.00321 0.10000 -3.11051 
3 0.00321 10.00000 3.11051 
4 0.00108 0.20000 0.06226 
5 0.00108 9.90000 -0.06226 
6 0.09305 0.00011 0.30000 
7 -0.09305 0.00011 9.80000 

 
  

Table 2: Amplitude, frequency, and phase of sea level values
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Table 3: Amplitude, frequency, and phase of the density values 

i 
0-50 m Depth 

Ad F  θ 

1 1027.18267 0.00000 0.00000 
2 0.03675 0.10000 -1.78340 
3 0.03675 10.00000 1.78340 
4 0.02330 0.20000 -1.82001 
5 0.02330 9.90000 1.82001 
6 0.01407 0.30000 -2.18821 
7 0.01407 9.80000 2.18821 

i 
50-100 m Depth 

Ad F  θ 

1 1027.18668 0.00000 0.00000 
2 0.03566 0.10000 -1.76912 
3 0.03566 10.00000 1.76912 
4 0.02291 0.20000 -1.82199 
5 0.02291 9.90000 1.82199 
6 0.01371 0.30000 -2.14562 
7 0.01371 9.80000 2.14562 

i 
100-150 m Depth 

Ad F  θ 

1 1027.68937 0.00000 0.00000 
2 0.03006 0.10000 2.86144 
3 0.03006 10.00000 -2.86144 
4 0.02565 0.40000 -1.70419 
5 0.02565 9.70000 1.70419 
6 0.01878 0.20000 -2.77093 
7 0.01878 9.90000 2.77093 

i 
150-200 m Depth 

Ad F  θ 

1 1027.97072 0.00000 0.00000 
2 0.00600 0.10000 2.55146 
3 0.00600 10.00000 -2.55146 
4 0.00473 0.40000 -1.98551 
5 0.00473 9.70000 1.98551 
6 0.00452 0.30000 -1.79668 
7 0.00452 9.80000 1.79668 

i 
200-250 m Depth 

Ad F  θ 

1 1027.98959 0.00000 0.00000 
2 0.00216 0.10000 -0.52145 
3 0.00216 10.00000 0.52145 
4 0.00136 0.20000 0.34275 
5 0.00136 9.90000 -0.34275 
6 0.00103 0.50000 2.48266 
7 0.00103 9.60000 -2.48266 

 
 

Table 3: Amplitude, frequency, and phase of the density values
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Fig. 7: Sea level plot from the FFT results 

  
 

Fig. 8: The density plot of each layer depth from the FFT results 
  

Fig. 7: Sea level plot from the FFT results

Fig. 8: The density plot of each layer depth from the FFT results
which occurred in 2015/2016, was triggered by a 
series of westerly wind events in boreal spring. In the 
pacific model, this condition is applied as a force. In 
this experiment, we attempted to evaluate the El Niño 
phenomenon described by ideal winds by examining 
the numerical effects of the pacific model (which 
included tides, sea level, and density changes). An 
analytical approach, namely FFT, was used to carry 
out further research. The variations and amplitudes of 
each fluid layer can be calculated analytically using FFT.

The next step is to find FFT value from the sea-
level value. Fig. 6(a) shows the magnitude of sea-level 
plots in the western, central, and eastern parts on the 
37th day. From this graph, seven data were selected 
with the enormous output magnitude from FFT for 
sea-level values   consisting of amplitude, frequency, 
and phase values   (see Table 2). The enormous 
amplitude value of sea level in the western part is 
0.00338 m. Furthermore, the enormous amplitude 
value from sea level in the middle is 0.00179 m and in 
the eastern part is 0.00693 m. Of the three regions, 
the eastern part of the domain has the largest 
amplitude, namely 0.00693 m. Table 2 shows two 
amplitude and frequency values   of sea level values   
in the West and the center that have the same value, 

but the phase values   are different. Furthermore, 
using Eq. 7 with n = 7 where i is the data index and 
the amplitude, frequency, and phase values in Table 
2 and Fig. 7 can be obtained. This figure shows that 
with the seven data available in Table 2, most of them 
can represent the sea level data generated from the 
simulation using Eq. 7.

( ) ( )
1

cos 2
n

i i i
i

f t A Ftπ q
=

= +∑        (7)

Next, for density data, the amplitude, frequency, 
and phase values   are also searched using the FFT. 
Fig. 6(b) shows a magnitude plot of the densities at 
depths of 0-50 m, 50-100 m, 100-150 m, 150-200 
m, and 200-250 m at the equator on the 37th day. 
Seven data sets with an enormous magnitude are 
selected from the FFT output for density values   (Table 
3). An enormous amplitude value of the density at a 
depth of 0-50 m is 1027.18267 kg/m3. An enormous 
amplitude value of the density at a depth of 50-100 m 
is 1027.18668 kg/m3. An enormous amplitude value 
of the density at a depth of 100-150 m is 1027.68937 
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Fig. 9: The density value of the FFT results at y = 0
 

Fig. 9: The density value of the FFT results at y = 0 
 

 
kg/m3. An enormous amplitude value of the density 
at a depth of 150-200 m is 1027.97072 kg/m3. An 
enormous amplitude value of the density at a depth 
of 200-250 m is 1027.98959 kg/m3. Of the five layers 
of depth, the depth of 150-200 m has the largest 
amplitude with a value of 1027.98959 kg/m3.

Table 3 can also be observed that the amplitude, 
frequency, and phase at a depth of 0-50 m and 50-
100 m have almost the same values. Then, using 
Eq. 7 with n = 7 and the amplitude, frequency, and 
phase values in Table 3, the graph is obtained in Fig. 
8. This figure shows that with the seven data available 
in Table 3, most of them can already represent the 
density data generated from the simulation.

If the graph of each layer is shifted to y = 0, the 
result is shown in Fig. 9. From the figure, it can be 
seen that the density values of the FFT results for a 
depth of 0-50 m and 50-100 m are almost coincided, 
which means that the density at a depth of 0-50 m 
and 50-100 m has the same change pattern after 
being given a wind force on the sea surface.

CONCLUSION
In the 37 days of simulations of an ideal El Niño 

event in the Pacific Ocean, the current has entered the 
East and created a complete coastal Kelvin wave. In 
the eastern region, the shape of coastal Kelvin waves 
follows a pattern similar to the OSCAR Sea Surface 
Velocity plot data obtained from ERDDAP in the Pacific 
Ocean in October 2015. Around the equator, the 
sea-level value is negative in the western and middle 
regions, but positive in areas far from the equator. The 
western part’s sea-level value, on the other hand, has 

a steeper graph at the equator than the middle. The 
FFT findings also reveal that there are two amplitude 
and frequency values for the sea level values in the 
West and East that are the same, but the phase values 
are different. The eastern part of the domain has the 
highest amplitude of the three parts, according to 
FFT data. In addition, there are two amplitude and 
frequency values from sea level values in the West 
and East that are the same, but the phase values are 
different. Both graphically and from the FFT, densities 
at depths of 0-50 m and 50-100 m display a similar 
pattern of changes on the 37th day. Despite having 
given the wind force until the end of the simulation, 
the density at these two depth layers has the same 
properties as the density at the depth below, which 
is different from the density at the depth below. It’s 
caused by wind forces operating at a depth of 0-100 
meters. Meanwhile, wind impact is very weak or 
non-existent at depths of 100-150 m, 150-200 m, and 
200-250 m. The density does not change significantly 
between 150-200 m and 200-250 m, but it does follow 
a different pattern. The vertical density stratification 
decreases from five to four layers in general. At depths 
of 0-50 m and 50-100 m, the amplitude, frequency, 
and phase are nearly identical.
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ABBREVIATIONS 
∆t Time-step, s
∆x, ∆y , ∆z Distance spacing, m

β Meridional variation of Coriolis 
parameter, β = 2.5 × 10−11 1/ms

r Seawater density, kg/m3

q Phase of density, degree
τ Wind stress, pa
Ad Amplitude of density, kg/m3

Ah Horizontal eddy viscosity, m2/s
As Amplitude of sea level, m

c Phase speed of internal gravity waves, 
m/s

c1
Free parameter for turbulence closure 
scheme, non-dimensional

DE The Ekman layer 
ENSO El Niño – Southern Oscillation
Eq. Equation
f Coriolis parameter, 1/s
F Frequency of density, Hz
Fig. Figure
FFT Fast Fourier Transform
Hz Hertz
kg/m3 kilogram per meter cubic
km kilometers
m meters
1/ms one per meter second
m/s meter per second
Pa Pascal

U10
Wind speed at 10 m above sea level, 
m/s

u,v Currents, m/s

y Meridional coordinate, m
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