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Introduction: The forecast for anomalous sea surface temperature (SST) events
associated with Atlantic zonal mode, also known as Atlantic Nifio/Nifia, is full of
challenge for both statistical and dynamical prediction models.

Methods: This study combines SST, wind and equatorial wave signal to construct
a linear model, aiming to evaluate the potential of equatorial waves in extending
the lead time of a skilful prediction for Atlantic Nifio/Nifia events. Wave-induced
geopotential simulated by linear ocean models and potential energy flux
calculated using a group-velocity-based wave energy flux scheme are involved
to capture the signal of equatorial waves in the model establishment.

Results: The constructed linear prediction model has demonstrated comparable
prediction skill for the SST anomaly to the dynamical models of the North
American Multimodel Ensemble (NMME) during the test period (1992-2016).
Compared with the statistical forecast using SST persistence, the model notably
improves the six-month-lead prediction (Anomaly correlation coefficient
increases from 0.07 to 0.28), which owes to the conservation of wave energy
in the narrow Atlantic basin that the Rossby waves reflected in the eastern
boundary will transfer the energy back to the central equatorial basin and again
affect the SST there.

Conclusion: This study offers a streamlined model and a straightforward
demonstration of leveraging wave energy transfer route for the prediction of
Atlantic Nifio/Nifas.
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1 Introduction

Atlantic zonal mode is an interannual climate mode with
pronounced anomalies of sea surface temperature (SST) occurred
in the equatorial Atlantic. As the “little brother” of El Nifio-Southern
Oscillation (ENSO), the Atlantic zonal mode follows the similar
ocean-atmosphere coupled processes in the tropical Pacific to excite
anomalous SST events, of which the warming/cooling event is
commonly referred to as Atlantic Niflo/Nifa (Giannini et al,
2003), crucially affecting the precipitation as well as the monsoon
patterns. Its impact is not limited in weather on the synoptic scale
over the local sea area or surrounding continents. The Atlantic zonal
mode has demonstrated its important role in the global system
interacting with the climate modes above the Pacific and Indian
Oceans through Walker circulation and atmospheric teleconnections
(Carton et al, 1996; Okumura and Xie, 2004; Rodriguez-Fonseca
et al., 2009; Liibbecke and McPhaden, 2012; Foltz et al., 2019).
Nevertheless, predictions for those anomalous SST events
associated with the Atlantic zonal mode is rather challenging and
unsatisfactory (Stockdale et al., 2006).

Previous studies have shown that the skilful prediction for
Atlantic Nifo/Nifa events by either statistical model or dynamic
model is restricted in a short lead time (Li et al., 2020; Counillon
et al,, 2021; Wang et al,, 2021). Li et al. (2020) established two
statistical models based on linear inverse modelling (LIM) and
analogue forecast with a coupled model data, and found them
barely incapable of improving the prediction skill of SST in the
Atlantic 3 region (ATL3, 3°S-3°N, 20°W-0°) to surpass the statistical
forecast using SST persistence. Wang et al. (2021) illustrated that
the recently released dynamical models from North American
Multimodel Ensemble (NMME) models are generally more skilful
than statistical models, but still within only four month lead skilful
predictions are provide by the most models. The prediction
challenge could owe to the multiple causes of the event onset
Richter et al. (2013). The Atlantic zonal model is actively
interacted with Atlantic meridional mode (AMM) (Servain et al.,
1999; Foltz and McPhaden, 2010), thus in some events, Bjerknes
feedback may not dominate. The connection with the climate in
Pacific and Indian ocean is also complicated so that the
improvement of SST representation in other oceans may not be
able to enhance the Atlantic Nifo/Nifa prediction (Chang et al.,
2006; Keenlyside et al., 2013). Although the increasing resolution in
both atmospheric and oceanic model can reduce the SST bias (Small
etal., 2015; de la Vara et al., 2020), the computational cost becomes
also expensive. A causal process of the Atlantic zonal mode is hence
necessary to further improve model prediction skill for longer
lead time.

The narrow basin of tropical Atlantic takes waves a relatively
short period to travel through the whole basin. Moreover, its inward
tilt coastline in the northeast can lead more wave energy back to the
equatorial region. Thus, wave energy carried by prominent
equatorial waves is more likely conserved in the equatorial
Atlantic for longer time providing the opportunity to utilize the
wave energy transfer route for skilful predictions of anomalous SST
events at a long lead time. Indeed, evidences have been reported that
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the Atlantic Nifio/Nifia events and the anomalous SST event in the
down-wave coastal region are strongly related with the equatorial
waves (Imbol Koungue et al., 2017; Illig and Bachelery, 2019; Imbol
Koungue et al,, 2019). Song et al. (2023b) performed sensitivity
experiments of simulating equatorial waves with respect to wind
forcing and proved that the diversity of Niflo events can be caused
by interaction of waves from different energy source. That is, the
thermocline displacement induced by wind-forced Kelvin waves
might be affected by the reflected Kelvin waves excited when strong
off-equatorial Rossby waves approach the western boundary (Foltz
and McPhaden, 2010; Song et al., 2023b). Richter et al. (2022) also
found the Atlantic Nifios in both 2019 and 2021 are strongly related
with off-equatorial Rossby waves that precondition the sea state at
onset stages of the events. Those active dynamic processes suggest
the potential of equatorial waves to forecast the Atlantic Nifio/Nifa
events. However, extract wave signals for multiple baroclinic modes
are usually difficult from observations or fully coupled dynamical
models especially for Rossby waves (Philander, 1978; Schiller et al.,
2010). Therefore, Imbol Koungue et al. (2017); Imbol Koungue et al.
(2019) proposed to build prediction models by combining
observations and simulated equatorial waves from simple linear
ocean models in real time. Furthermore, Aiki et al. (2017) recently
developed a unified group-velocity-based scheme (named as AGC
scheme standing for the developers, Aiki, Greatbatch and Claus) to
diagnose the waveguide, which has been successfully applied in the
tropical Atlantic to detect Kelvin and Rossby waves on different
time scales (Song and Aiki, 2020; Song and Aiki, 2021). Based on
linear ocean models and the AGC scheme, Song et al. (2023a)
further proposed a sign-indefinite potential energy flux to reflect the
influence by linear superposition of waves in multiple baroclinic
modes so that the association between equatorial waves and Nifo/
Nifa events is better represented. This study is hence motivated to
establish a simple linear prediction model involving both
observations and linear ocean models, and by including the
diagnosed wave signal, attempts to improve the prediction for
Atlantic Niflo/Nifia events at an extended lead time.

The structure of this manuscript is as follows: Section 2
introduces the applied linear ocean model and the prediction
scheme shortly; in Section 3.1 the prediction skill of established
prediction model is evaluated; Section 3.2 demonstrates the
associated dynamic process in the view of wave propagation to
explain the performance of the prediction model; in Section 4, we
provide a concise overview of the deficits and potential for
developing prediction models using equatorial waves for Atlantic
Nifio/Nifia events.

2 Materials and methods
2.1 Wave signal with linear ocean model

The equatorial waves is the key in this study to establish the
prediction scheme for Atlantic Nifio/Nifia and other anomalous
SST event in the down-wave region. Although it is possible to
employ an ocean reanalysis in extracting equatorial wave signals
(Song and Aiki, 2023), those dataset are usually non-real-time thus
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inadequate for prediction systems. In this study, as suggested by
Imbol Koungue et al. (2017); Imbol Koungue et al. (2019); Koungue
et al. (2021); Bachelery et al. (2020); Song et al. (2023a), the linear
ocean model was applied to simulate equatorial waves so as to
obtain accurate wave-induced variability of velocity and
geopotential at low computational expense. The model is single-
layer excluding advections and other nonlinear interactions to catch
linear wave signal for one vertical baroclinic mode. Based on
Equation (A.1), equatorial waves at each mode can be simulated
separately by employing corresponding gravity wave speed ¢ and
coupling thickness H™. In this study, we set the model following
Song and Aiki (2020) and Song et al. (2023a) that the mesh grid ata
horizontal resolution of 0.25° covers the Atlantic basin with the
latitude range from 44°S to 72°N and realistic bathymetry data
provided by GEBCO (The General Bathymetric Chart of the
Oceans). Three independent models driven by the wind anomaly
of ERA5 dataset (fifth generation ECMWF atmospheric reanalysis
of the global climate), each for one of the first three gravest vertical
modes, have integrated over 36 years (1980-2016) including the
spin-up from the no-motion state. Readers can refer to the
Appendix A and study of Song et al. (2023a) for more
detailed information.

Then the wave-induced anomaly of velocity component, (i, v)
and geopotential, p' can be obtained as follows,

' (%,y,2,0) = u" (x, y, )y (2),
V(G z,t) = v (x, y, " (2), (1)
Pyt =S p" 0y y" (),

where (4™, v) and p™ are the velocity components and
geopotential in the nth vertical mode respectively. Yy is the eigen
vector solved by the vertical eigen Equation (A.2). The geopotential
anomaly p’ gives the displacement of thermocline hence can
indicate the thermocline tilting. Furthermore, considering the
continuity equation and the vertical momentum equation:

op'  ,0p _

¥+W a—Z—O, (2)
@ ps 5
dz po’

where w' is the vertical velocity anomaly, p’ is the water density
anomaly and the p is the mean density under the hydrostatic
balance. We integrate the Equation (2) over time and Equation
(3) over the water column, and then substituted Equation (1) for p'.
By some manipulation, we can have

0
po=3 pP¥(0) = -N? /H Zdz, ()
b

where H, is the water depth, z is the vertical displacement and

N is the Brunt-Viisild frequency (N*=— %). By Equation (4) pj
gives the sea level anomaly due to equatorial waves, hence is a
relatively credible predictor for the SST anomaly. However, the
thermocline displacement is the joint influence by Rossby waves

and Kelvin waves of multiple vertical modes, difficult to predict if
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the process of wave propagation is unknown. To take the advantage
of wave dynamics for extending the lead time of skilful prediction,
the diagnosis for waveguide is necessary. The waveguide can be
traced by the group-velocity-based wave energy flux, but Song et al.
(2023a) have pointed out that the traditional square fashion of wave
energy (E™ in Equation (A.4) used in to calculate energy flux
cannot represent the influence due to linear superposition of
multiple-mode waves. Therefore, Song et al. (2023a) proposed the
potential energy flux rather than the wave energy flux to link the
waveguide with Nino/Nifa events. The potential energy flux ?f is
defined as follows,

57 —(n)_(n n
P =3 " p™w(0), (5)

where cg’) is effective group velocity in the nth mode following
Equation (A.7) (see the Appendix for the detail of wave energy flux
scheme). From Equation (5), by considering both the group velocity
and the sign of geopotential anomaly in multiple modes, the
potential flux ?f is able to capture the propagation of wave-
induced geopotential anomaly.

2.2 Linear prediction model

Anomalous SST event, Atlantic Niflo/Nifia, is indexed by the
mean SST over the ATL3 region, named as the Atlantic Nino index,
hereafter referred to as ANL. We assume the index can be predicted
as follows,

ANI(t) = f(ANI(ty), po(to)s o (to))s (6)

where at any given predictor time ¢, the SST index ANT is related
with the SST, geopotential anomaly, pj, and the temporal derivative
of the geopotential anomaly, py,, at the forecast start time #,. The
ANT at t, is the persistence term which presents the linear
correlation between SST in the two time point hence reflects the
rate of local SST change. p(f,) indicates the tilting of thermocline
which is associated with the transport of ocean heat content thereby
adjusting the rate of SST change. In addition, by involving pg (%), we
have taken the rate of pf, change into account. Namely, Equation (6)
will include the higher-order temporal derivative of SST, which is
expected to extend the lead time for skilful prediction.

From Equation (A.4), the potential energy transport equation
can be naturally derived and reads,

Po + VP =S, @)

where S represents the source and sink terms due to wind
forcing and dissipation. Hence, based on Equation (7), in the
equatorial region, a function for the temporal derivative of p; in
the ATL3 at the forecast start time f, can be assumed to have the
expression as,

Poi(t0) = (P, (x, 10), W(t0)), (8)

where P,(x) is the zonal potential energy flux at the longitude x
to represent the horizontal transport and W is the wind stress
anomaly in the ATL3 to represent the work of local wind forcing.
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Assuming Equation (8) is a linear function, we hence can build a
multivariate linear regression model with wind stress and the
potential energy flux passing the selected meridional transection
for py,(t0) as follows,

Por(t)) =3 Apon - P (1) + B~ W(ty) . ©)

Substituting Equation (9) to Equation (6), We then can
construct the prediction model for ANI to read,

ANI(t) = ) Ay, - P (1) + B W(ty) + C- ANI(t;,) + D

- polty) (10)

We selected six meridional transections with the width of six
degree located at 40°W, 30°W, 20°W, 10°W, 0°, 5°E respectively
(shown as Figure 1). Passing each transection, the potential energy
flux from linear ocean model were calculated. Thus multivariate
linear regression models following Equation (10) were constructed
by the monthly SST from OISST (Optimum Interpolation Sea
Surface Temperature) dataset, zonal wind anomaly from ERA5
and geopotential (Figure 2) and potential energy flux (Figure 3) by
the linear ocean model from 1992 to 2016. It should be pointed out
here is that due to the sample length is relatively short, the cross
validation method was applied in this study. That is, the sample
from 1992 to 2016 is separated to 12 subsamples each covering two
year. For each subsample, model is trained by all other subsamples
to forecast the ANI covering the period of this subsample. Then the
forecast ANI covering the whole sample period can be obtained by
assembling all forecast subsample ANI.

3 Results
3.1 The skill of the prediction model

We should firstly investigate the sensitivity of the prediction
skill to the selected variates. Test models were built by SST and one
other variate (see Figure 4A for their skills in training samples),
from which the relative contribution to the prediction skill can be

Equatorial Atlantic Basin
15°N

10.3389/fmars.2024.1332769

revealed. Figure 4B shows that the skill of the persistence is around
0.78 to predict the event leading one month, however it exhibits
rapid decay with extended lead times, dropping below 0.3 after three
months and plummeting to 0.12 after six months. Adding only local
forcing information (shown as solid yellow line in Figure 4A) in the
prediction model can barely increase the skill. By involving wave
information (potential anomaly and potential energy flux) from
linear ocean model, the prediction skill at a long lead month is
improved. The geopotential anomaly in the ATL3 region has
presented the highest improvement that increases the ACC from
0.12 to around 0.28 for six-month lead. The participation of
potential flux can also contribute to improve the ACC, e.g. when
the flux passing S5 (0°) is considered, the ACC increases to around
0.61 for two-month lead and 0.23 for six-month lead.

We can then assess the established prediction model by
comparing its ACC (obtained by cross validation) with the
statistical forecast using persistence and dynamical models from
NMME (see Figure 4B). The NMME is an ensemble of predictions
provided by a number of state-of-the-art climate models from U.S.
and Canadian modelling centers. In this study, we adopted the
models that cover the period from 1982 to 2018. Readers can refer
to Supplementary Table 1 for the brief description of the adopted
models. As Figure 4B has shown, for ANI, the prediction skill of
dynamical model is generally higher than the persistence (the mean
ACC is around 0.15 higher). Some dynamical models are able to
provide credible SST predictions at a three-month lead (with the
ACCs above 0.5), however, for the six month lead, the ACC of only
one adopted NMME model is above 0.25. The established model
(solid red line in Figure 4B) has revealed to have a higher ACC than
the NMME mean in the prediction at the one, two and six month
lead. By involving the selected variates, the skill of the prediction
model at a long lead time is increased notably that the ACC exceeds
0.25 for both five-month and six-month lead, higher than most of
the adopted NMME models. Also, in comparison with the statistical
forecast using SST persistence, the predicted ANI (Figure 5)
reduced the RMSE (root mean square error) from 0.62 to 0.57 for
one-month lead, from 0.93 to 0.89 for three-month lead and from
0.97 to 0.92 for six-month lead.

10°N

5°N

0°

5°S

10°S

15°S

60°W

45°W

30°W

FIGURE 1

15°W 0° 15°E

Tropical Atlantic Basin. The red shading covers the Atlantic 3 region (ATL3, 3°S-3°S, 20°W-0°); The blue shading covers the western equatorial
Atlantic basin (WAT, 3°S-3°S, 40°W-20°W). The dotted black line indicates six meridional transections (S1-S6, at 40°W, 30°W, 20°W, 10°W, 0°, 5°E

respectively) selected for the prediction model.
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FIGURE 2
Hovmoller diagram for geopotential anomaly from linear ocean model at the equator in 19922004 (left panel) and 2005-2016 (right panel). Color
shadings: the geopotential anomaly pj, at the equator calculated by Equation 4.

The prediction skill is seasonally depended, namely, the ACC
varies with the forecast start month (Figure 6). The ACC in
Figure 6A suggests that the persistence prediction is more skilful
in boreal fall and winter, while in spring and early summer (From
May to July), the ACC has a dramatic drop (down to less than 0.1)
for the prediction at more than two-month lead. The proposed
prediction model (see Figure 6B) has a better ACC as expected,
especially in the season (spring and early summer) that the SST
persistence is difficult to provide a skilful prediction, e.g. in June, the
ACC at the six-month lead has increased to more than 0.5. The
ACC drop of the persistence prediction in boreal summer was
previously reported as the predictability barrier (Dippe et al., 2019),
which may due to the seasonal deepening of thermocline in the
tropical Atlantic that aggrandize the role of ocean dynamics (Latif
and Keenlyside, 2009). Hence by taking the geopotential and
potential flux into account, we indeed involve the variates to
describe dynamic evolution so as to improve the prediction skill.
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One other interesting point of the prediction model is that the ACC
for the six-month prediction is slightly higher than the five-month
or even the four-month lead prediction (see Figures 4B, 6B). This
fact may imply some long-term dynamic links between the SST in
ATL3 and the equatorial waves which is not locally forced (Richter
et al,, 2022; Song et al., 2023b).

3.2 Dynamical processes associated with
the prediction model

The fundamental idea of the proposed prediction model mainly
relies on the process of wave propagation, however, separately
analyzing equatorial waves in different baroclinic modes is
difficult to provide a clear view of its combined impact on the
SST anomaly in the ATL3 region (Song et al., 2023a). The lagged
correlation between the superposed geopotential anomaly and ANT
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FIGURE 3

Hovmoller diagram for potential energy flux from linear ocean model at the equator in 1992-2004 (left panel) and 2005-2016 (right panel). Color
shadings: the zonal potential energy flux at the equator following Equation 5

in Figure 7 has shown that at the one-month or two-month lead (see
Figures 7A, B), the pf) in the ATL3 region is well correlated with the
SST anomaly (the correlation coefficient is above 0.4), thus adding it
as one variate can slightly increase the ACC (shown as the red line
in Figure 4A) of the SST persistence. The positive correlation
becomes insignificant at the three-month lead and then gradually
turns into negative from four-month lead to six-month lead. The
temporal and spatial variation of the correlation coefficient indeed
reflects how the thermocline displacement by waves are exerting
their impacts on the SST event during their propagation. That is,
one or two months before the SST event, the thermocline deepening
in the eastern basin and the simultaneously shallowing in the
western basin can make steeper the thermocline slope towards the
ATL3 region hence intensifies the heat advection from the western
basin and forms a dipole-like correlation pattern with ANI. At the
six-month lead, the negative correlation may relate with the wave

Frontiers in Marine Science

reflection. When Kelvin waves approach the eastern boundary, it
will reflect as Rossby wave with opposite-sign geopotential anomaly
so as to cause the SST anomaly that is negatively correlated with the
original geopotential anomaly by Kelvin waves.

We then show the horizontal distribution and the variation of
the potential energy flux in the tropical Atlantic basin (see Figure 8).
The seasonal mean potential fluxes in both MAM (March, April
and May in Figure 8A) and JJA (June, July and August in Figure 8B)
are revealed to be positive in the western basin and negative in the
eastern basin, converging the potential energy in the ATL3 region.
As a result, the thermocline is peaked in the central basin, tilting to
enhance the heat advection to the ATL3 region. In boreal fall,
however, the positive potential flux extends to the whole basin
changing the thermocline slope and its consequent impact on SST
anomalies (see Figure 8C). Thus, the difficulty of using SST
persistence to predict ANT in boreal fall (see the decrease of ACC
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FIGURE 4

Anomaly correlation coefficient (ACC) of ANI in (A) test models by training samples and (B) prediction models by cross validation for the 1-6 month
lead. Colored solid lines in (A) provide ACCs for test linear mode constructed by SST and one other variate as wind stress anomaly, potential flux
passing S1, S2, S3, S4, S5, S6 and geopotential anomaly respectively. The solid black line in (B) is the ACC of the statistical forecast using observed
SST persistence (SFP). The solid red line in (B) indicates the ACC of constructed linear prediction model (LPM). The solid blue line in (B) is the mean
ACC of the selected 9 NMMEs while the blue shading covers their ACC spread. Dashed black lines indicate the ACC at the 0.05 significance level.

during boreal summer in Figure 6A) might be due to the
discrepancy of potential flux patterns between the two seasons
and the implied seasonal change in wave dynamics.

The higher ACC of the prediction model at the six-month lead
than the four-month or five-month lead in Figures 4B, 6B is likely
associated with the remote influence through the wave propagation
shown as the negative correlation in Figure 7. Nevertheless, the
negative potential energy flux can be excited by either the westward

wave trains with positive geopotential or the eastward wave trains
with negative geopotential. Thus to identify the associated
waveguide, we define the effective group velocity as follows,

=S (EM)/S B,

where E” is the wave energy that the overline symbol is a phase

(11)

average operator provided by Aiki et al. (2017). Following Equation
11, ¢, gives the averaged group velocity taking wave energy of each

A Timeseries of observed and 1-month lead predicted ANI
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FIGURE 5

Timeseries of observed ANI (black solid line) and predicted ANI by statistical forecast using SST persistence (SFP, blue solid line) and linear prediction
model (LPM, red solid line) from 1992 to 2016 for (A) one month lead (A), (B) three month lead and (C) six month lead.
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ACC of ANI as a function of forecast start time spanning all the calendar months (y-axis) and the lead time (x-axis) from one to six month by (A)
statistical forecast using SST persistence (SFP)) and (B) linear prediction model (LPM). The ACC lower than the 0.05 significance level is blanked.

baroclinic mode as weights. In Figure 9, we depict the horizontal
distribution of mean ¢, from 1992 to 2016, which reveals the
eastward group velocity of around 0.3 m/s dominating the
equatorial region and westward group velocity of around 0.2 m/s

off the equator (Color shadings in Figure 9). Indeed, Kelvin waves
propagate eastward and reflect as Rossby waves at the boundary
transferring the energy back to complete the wave energy cycle
(Claus et al., 2016; Song and Aiki, 2020). Thus the mean c, suggests
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FIGURE 7

Correlation between the observed ANI and (A) one-month, (B) two-month, (C) three-month, (D) four-month, (E) five-month and (F) six-month lead
geopotential anomaly by the linear ocean model in the tropical Atlantic. Color shading and contour are the correlation coefficient.
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FIGURE 8
Seasonal zonal potential energy in the tropical Atlantic averaged in (A) MAM (March, April and May), (B) JJA (June, July and August), (C) SON
(September, October and November) and (D) DFJ (December, February and January). Black dotted lines indicate the selected transections S1-S6.

that in the combination of westward Rossby waves and eastward  construct the prediction model can result in the higher ACC at
Kelvin waves, the wave signal can travel through the zonal distance  the six-month lead than at the four-month lead.

of around 2.5-5 degree at the equator in average by one month (see

contours in Figure 9). At this group velocity, signals emerging in the

ATL3 region are expected to exit the ATL3 region with Kelvin ) )

waves after four months, without returning through reflected 4 Discussion

Rossby waves. However, after six months, certain signals are

anticipated to repropagate back to the ATL3 region. Hence This study has constructed a linear prediction model for SST
involving the wave signal and the related dynamic process to  anomaly in the tropical Atlantic. By combining the observed SST,

Effective group velocity
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FIGURE 9

Mean effective zonal group velocity over 1992-2016. Color shading is the effective zonal group velocity by the three baroclinic modes following
Equation 11. Contour with the interval of 2.5° present the longitude displacement at the local group velocity in one month. Red dotted box encloses
the ATL3 region.
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wind and the simulated signal of equatorial wave, the simple linear
model provides a comparable prediction skill to the dynamical
models from NMME, but the computational resource is largely
reduced by applying only one-layer linear ocean model and
multivariate linear regression approach. The efficacy of
incorporating wave-induced geopotential anomaly and potential
energy flux in enhancing predictive accuracy has been
demonstrated, particularly for extended lead times. For instance,
when compared to statistical forecasting based on SST persistence,
the ACC for the leading six months has significantly increased,
rising from 0.07 to 0.28. Notably, this improvement surpasses the
performance of many dynamical models (Figure 4B). This
improvement may due to a better representation of wave
dynamic process in the prediction. The narrow basin scale makes
Kelvin waves that induce the geopotential anomaly in ATL3,
capable of passing the ATL3 region and reflecting back from the
eastern boundary as Rossby waves in six months, then again
displacing the thermocline in ATL3 (see Figures 7A, F). Hence
the involvement of ATL3 geopotential anomaly in the model can
largely increase the ACC at the six-month lead (see the test models
in Figure 4A). The geopotential energy flux passing S4 and S5,
additionally give the net zonal flux into the ATL3 region so as to
further improve the skill. Regarding the seasonal evolution of
prediction skill, the previously reported predictability barrier in
dynamical models in early summer (May and June) by Dippe et al.
(2019) is also found in this study. Richter et al. (2012); Voldoire
et al. (2019) has suggested that the bias of atmospheric forcing (e.g.
too weak trade wind) should be responsible for the drop of
prediction skill in that season. Here, as Figure 8 has shown, the
pressure flux pattern is changing from the Rossby-wave dominance
to the Kelvin-wave dominance in the boreal summer, thus,
statistical models using only initial SST and thermocline depth,
e.g. the model of SST persistence and those proposed by Li et al.
(2020), are difficult to predict SST anomaly at a relatively long
lead time.

Certainly, this study is only one attempt to evaluate the
potential of using equatorial waves to predict the Atlantic Nifio/
Nifa events. Progresses in at least two aspects are foreseen. One is to
elaborate the selection of predictor. The predictors involved in this
study are all located in the latitude range, 3°S-3°N, including few
off-equatorial information. However, the tropical wind anomaly
could be only a part of large-scale wind pattern affected by the South
Atlantic Ocean Dipole (Nnamchi et al,, 2011). Also, equatorial
waves have been revealed to have the second off-equatorial energy
source Song et al. (2023b); Foltz and McPhaden (2010). Both facts
indicate additional oft-equatorial predictors. The other progress
may benefit from the rapidly developed application of deep learning
method in the climate predictions (Ham et al., 2019; Yu and Ma,
2021; Bi et al., 2023). The Al (artificial intelligence)-based approach
e.g. the long short-term memory (LSTM) method specifically
designed to handle sequential data (Zhou and Zhang, 2022), can
help to find implicit dynamic associations from the selected
predictors. In short, what is presented in this study is a
streamlined prediction model, which utilizes the linear ocean
model and wave energy flux scheme providing a comparable
performance with state-of-the-art dynamical models to predict
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SST anomaly associated with the Atlantic zonal mode. We expect
models with more intricate designs and sophisticated approaches
that can further improve prediction skill in the future.
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Appendix A

This section provides a simple introduction for the linear ocean
model to provide the wave signal, which readers can refer to Song
and Aiki (2020, 2021) for more detailed information. The governing
equations of the linear ocean model to simulate equatorial waves are

as follows,
Bu(") _ (n) ap(n) _ *
or V" S = o, + Do
(n) ] (1) y

agt +f”(n) + gy = H&)Po +D,, (A1)
ap" (my2¢3u™ | 2y _
Bt+<c)(8x+ay =0,

where p(") is the geopotential, (u™ ™) are the horizontal

components of velocity and the subscript n stands for the n-th
baroclinic mode. D represents the horizontal eddy viscosity

estimated by Smagorinsky (1963) ¢

is the phase speed of non-
rotating gravity waves and H™ represents the wind forcing portion
to drive the n-th baroclinic mode, which are both solved from eigen

equation in the vertical direction as follows,

iia‘}'("))_ 1
9z N* a9z ~

(n)
(ctmy? .

(A2)

By estimating the Brunt-Viisold frequency N from the
climatological annual mean vertical profiles of temperature and
salinity data in the World Ocean Atlas (WOA), ™ and the
corresponding eigenfunction ¥ are obtained. Then H"™ reads,

H™ =V i Hy

PO

0
L (n)
M/_Hb‘}‘ dz
-/ -
) (n)y2
\/”—b/—H,,(\P ) dz

Where h,,,;, is the mixed layer depth and H, is the water depth

>

(A3)

a™ =

respectively. h,,;, (48m) and Hj, (4500m) are both constant in this
study. Readers can check Table 1 and Figure 1 in Song et al. (2023a)
for the applied ¢, H"™ and ¥ in the first three baroclinic modes
by Equation (A.3). For the concerned tropical Atlantic Ocean, the
model can be regarded as having radiation boundaries in the north
and south where no wave reflections are expected.

An energy budget equation for shallow water waves in the
presence of wind forcing and eddy viscosity reads,

W — Y. 7
+V. (V(”)p(”)) = ) +D- V(”)’
H™py

(A.4)

where B = 1[(u™)? + (v™)? + (p™ /c")?] is wave energy of
the nth mode (including both kinetic and potential energies), V" =
(1", vy and D = (D,,D,) stands for the velocity and viscosity
force vector respectively. V" .7 = (u™ 7% + v ) is the wind
forcing power, and D - V™ is the eddy viscosity stress power. The
overline symbol in Equation (A.4) is a phase average operator
provided by Aiki et al. (2017). By adding a rotational term to the
geopotential flux V- (V®p®), the AGC-L2 scheme is able to
provide an expression of the group-velocity-based energy flux for
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equatorial waves at all latitudes to read,

G E = Vip + v x (pn) (") /2)zZ, (A.5)

which includes a scalar quantity ¢. This quantity is defined as

A(p(n) _ (f/c(n))Z (p(ﬂ) — q(”), (A.6)

(1)
B ralnie Tk &1—){2 is the Ertel’s potential vorticity.

The rotational flux in Equation (A.5) can redirect the vector V() p(®

where ¢

to head in the direction of group velocity for different-type-of waves
in tropical basins (Aiki et al., 2017). Equation (A.6) is a diagnostic
equation by which (¢™)%? can be obtained directly from the EPV
q™. We can hence define the effective group velocity as

& = (T ¥ x (0(e") /2 /B (A7)
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