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ABSTRACT: Tropical instability waves (TIWs) are oceanic features propagating westward along the northern front of
the Pacific cold tongue. Observational and modeling studies suggest that TIWs may have a large impact on the eastern
tropical Pacific background state from seasonal to interannual time scales through heat advection and mixing. However,
observations are coarse or limited to surface data, and modeling studies are often based on the comparison of low- versus
high-resolution simulations. In this study, we perform a set of regional high-resolution ocean simulations (CROCO 1/12°)
in which we strongly damp (NOTIWs-RUN) or not (TIWs-RUN) TIW propagation, by nudging meridional current veloci-
ties in the TIW region toward their monthly climatological values. This approach, while effectively removing TIW mesoscale
activity, does not alter the model internal physics in particular related to the equatorial Kelvin wave dynamics. The impact
of TIWs on the oceanic mean state is then assessed by comparing the two simulations. While the well-known direct effect of
TIW heat advection is to weaken the meridional temperature gradient by warming up the cold tongue (0.34°C month '),
the rectified effect of TIWs onto the mean state attenuates this direct effect by cooling down the cold tongue
(—0.10°C month ). This rectified effect occurs through the TIW-induced deepening and weakening of the Equatorial
Undercurrent, which subsequently modulates the mean zonal advection and counterbalances the TIWs’ direct effect.
This approach allows quantifying the rectified effect of TIWs without degrading the model horizontal resolution and
may lead to a better characterization of the eastern tropical Pacific mean state and to the development of TIW param-
eterizations in Earth system models.

SIGNIFICANCE STATEMENT: Tropical instability waves (TIWs), meandering features at the surface of the equato-
rial Pacific Ocean, have long been recognized as a key component of the climate system that can even impact marine
ecosystems. Yet, they are still hardly simulated in coupled global climate models. Here, we introduce a new framework
to isolate and quantify their complex influence on the tropical Pacific background climate. This approach allows reveal-
ing a so far overlooked effect of TIWs on the mean circulation and heat transport in this region that should be accounted
for in the next generation of global coupled climate models through parameterization or increased resolution.

KEYWORDS: Mesoscale processes; Ocean models; Tropical variability; Ocean dynamics; Heat budgets/fluxes

1. Introduction and wind stress (Xie et al. 1998; Chelton et al. 2001; Hashizume
et al. 2001), subsurface temperature (McPhaden 1996; Flament
et al. 1996; Kennan and Flament 2000), and ocean color and
related biogeochemical properties as well (Yoder et al. 1994;
Chavez et al. 1999; Strutton et al. 2001; Legeckis et al. 2004;
Evans et al. 2009). All these observational studies have contrib-
uted to a better understanding of the main properties of TIWs,
which essentially represent the dominant form of eddy variabil-
ity in the equatorial regions. In particular, TIWs are westward-
propagating oscillations along the sharp temperature front

Tropical instability waves (TIWs) are prominent oceanic
mesoscale features that have been first observed in the 1970s
in the eastern equatorial Pacific (Legeckis 1977) and Atlantic
(Diiing et al. 1975) Oceans. Since these seminal studies based
on satellite and in situ measurements of sea surface tempera-
ture (SST) and currents, many efforts have been made to
characterize the TIW cusp-shaped and meandering features
through satellite and in situ observations of many other oce-
anic and atmospheric variables such as sea surface height

(Miller et al. 1985; Malardé et al. 1987; Musman 1989;
Périgaud 1990; Escobar-Franco et al. 2022), velocity (Halpern
et al. 1988; Bryden and Brady 1989; Qiao and Weisberg 1995;
McPhaden 1996; Kennan and Flament 2000), low-level wind
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between the cold upwelled equatorial waters and the warmer
waters to the north. They usually appear in the eastern equato-
rial Pacific in June and persist until the beginning of the follow-
ing year. Their wavelength is 8002000 km, and their period is
on the order of 15-40 days (Qiao and Weisberg 1995; Lyman
et al. 2007). TIWs have very sharp fronts on the order of 100 km
at their leading and trailing edges (Warner et al. 2018), associ-
ated with strong changes in temperature within a few kilometers.

Complementing these observational studies, early numeri-
cal studies (Philander 1976, 1978) started to investigate TIW
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generating mechanisms. These forerunner modeling studies
first revealed that TIWs arise from barotropic instability (i.e., a
conversion from the mean kinetic energy to the eddy kinetic
energy, EKE) due to the strong shears between the Equatorial
Undercurrent (EUC) and South Equatorial Current (SEC), as
well as between the SEC and North Equatorial Countercurrent
(NECCQ), yet to a lesser extent. Later, other idealized modeling
and linear stability analyses (Cox 1980; Yu et al. 1995) sug-
gested that baroclinic, Kelvin—Helmholtz, and frontal instabil-
ities also greatly contributed to the generation of TIWs. The
induced conversion from available eddy potential energy
to EKE was shown to be caused by the sharp meridional
gradient of SST between the cold tongue and the surround-
ing warmer waters (Masina et al. 1999; Im et al. 2012).
TIWs have been shown to strongly interact with the atmo-
sphere by exchanging momentum and heat fluxes. Seo et al.
(2007) show that TIWs affect the turbulent heat fluxes
while Small et al. (2009) demonstrate that TIWs, through
the influence of the surface current on the atmosphere
(current feedback, e.g., Renault et al. 2016), are damped by
10% or more.

TIW activity is strongly modulated by changes in the cli-
mate background over a wide range of time scales. At sea-
sonal time scales, the trade winds intensification during the
second half of the year increases the Ekman divergence of
surface water. This promotes a colder cold tongue through
intensified equatorial upwelling and therefore a stronger me-
ridional SST gradient. In addition, the intensified trade winds
also strengthen the SEC. This triggers an increase in both
frontal and current shear instabilities, resulting in more
kinetic energy production and thus enhanced TIW activity
from July to February of the following year (Contreras 2002;
von Schuckmann et al. 2008; Wang et al. 2017, 2019). At inter-
annual time scale, TIW activity in the Pacific Ocean is mostly
modulated by El Niflo—Southern Oscillation (ENSO). In par-
ticular, La Nifa conditions are accompanied by an increase in
meridional SST gradient and intensified currents near the
eastern tropical Pacific, which strengthen TIW variability
(Hashizume et al. 2001; Yu and Liu 2003). On the other hand,
during the warm El Nifio phase, the thermocline deepens in
the east and warmer waters are brought into the cold tongue,
reducing the meridional temperature gradient and concur-
rently the TIW activity (Philander 1990; Vialard et al. 2001).
At intraseasonal time scales, Harrison and Giese (1988) and
Giese and Harrison (1991) uncovered changes in TIW ampli-
tude as a response to the passage of Kelvin waves. More re-
cently, the theoretical work by Holmes and Thomas (2016)
further revealed that the presence of Kelvin waves could dis-
rupt zonal currents background and in turn modulate the lat-
eral shear production and related TIW generation, with in
particular a decreased (strengthened) TIW activity during the
downwelling (upwelling) intraseasonal Kelvin waves phase,
which has been further confirmed by Escobar-Franco et al.
(2022) in satellite observations.

TIWs have been shown to influence the climate state
through eddy heat flux convergence and induced nonlinear
dynamical heating (Holmes and Thomas 2015; Jin 2003).
TIWs have a direct effect on the mean state through
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nonlinear eddy processes and a rectified effect through up-
scaling feedbacks, i.e., integrated effects of eddies over a long
period of time. For instance, TIWs have been shown to warm
up the equatorial cold tongue through the direct effect of hor-
izontal advection of heat by anomalous currents at a rate of
approximately 1°C month ™!, counterbalancing the cooling in-
duced by mean currents and vertical mixing (Menkes et al.
2006; Im et al. 2012), and highlighting a seasonally modulated
negative feedback in the eastern tropical Pacific. Similarly, the
ENSO-

TIWs relationship described above has been shown to be
modulated at interannual time scales, this feedback being
stronger during La Nifia than during El Nifio, therefore
promoting an anomalous mean state warming (cooling)
during ENSO negative (positive) phase (An 2008; Imada
and Kimoto 2012; Graham 2014). This suggests that TIWs
act as an asymmetric negative feedback onto ENSO and influ-
ence the cold tongue interannual mean state through a nonlin-
ear rectifying feedback (Boucharel and Jin 2020; Xue et al.
2020, 2021). To sum up, TIWs are at the heart of complex
two-way cascading multiscale interactions playing out in the
eastern tropical Pacific, which makes it extremely difficult to
properly disentangle the direct from the rectified TIW effects
onto this region’s mean state.

Nonetheless, a few modeling studies have attempted to
tackle this issue opting for two different avenues to characterize
TIW effects onto the mean, seasonal and interannual cold
tongue climate: 1) through the comparison of eddy-permitting
or resolving (in which TIWs are free to develop) versus eddy-
nonpermitting (i.e., with a resolution too coarse for TIWs to be
generated) global ocean model (Graham 2014; Roberts et al.
2004, 2009) and 2) through the implementation of a simple
TIW parameterization (mesoscale eddy parameterization of the
isopycnal-layer thickness diffusion coefficient, originally devel-
oped for baroclinic fronts at mid- or high latitudes; Gent and
McWilliams 1990; Gent et al. 1995; Bryan et al. 1999) into
an eddy-nonpermitting atmosphere—ocean general circulation
model (Imada and Kimoto 2012). The results of these studies
suggest that the presence of TIWs (either parameterized or at
least partly resolved in the higher spatial resolution model) acts
to reduce the equatorial cold tongue well-known cold bias
and improve ENSO asymmetry. Yet, one can wonder if
these observed differences really originate from only
TIW-induced effects or also from a combination of coun-
terbalancing effects due to the altered dynamic triggered
by drastic changes in spatial resolution or by the parame-
terization’s intrusive effects?

In this study, motivated by these legitimate interrogations,
we develop a new framework to accurately delineate the direct
and rectified effects of TIWs onto the ocean mean dynamics.
This method is based upon the removal of TIWs in the eastern
tropical Pacific by nudging the meridional currents toward their
monthly climatological values in an eddy-rich oceanic model.
This approach contrasts with the usual technique involving
comparison of low- versus high-resolution simulations evoked
above, in the sense that small-scale processes and other
potential bathymetry-induced instabilities are kept untouched
here. This allows quantifying the direct and rectified effects
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FIG. 1. Evaluation of simulated SST, SSS, and heat fluxes in the control experiment TIWs-RUN. (a) Shading shows
the mean SST in the model. Solid and dashed contours (every 0.2°C) show, respectively, the positive and negative
mean bias between the model and observed SST. (b) Taylor diagram of SST, SSS, latent heat flux (LHF), sensible
heat flux (SHF), shortwave radiation (SWF), and longwave radiation (LWF) monthly time series averaged in the re-
gion [2°S-2°N, 180°-90°W, black box in (a)] and thermocline depth (calculated as the depth of the 20°C isotherm) av-
eraged in eastern [TDg: 3°S-3°N, 110°-80°W, purple box in (a)] and western [TDy: 3°S-3°N, 180°~140°W, blue box in
(a)] regions. Tracers are compared to SODA v3.4.2 during 1980-2019 and fluxes are compared to TropFlux during
1980-2018. Observations are indicated by the black star in the diagram. The angular coordinate shows the Pearson
correlation coefficient between the model and observations. The radial coordinate shows the standard deviation nor-
malized by the observations. Gray circles indicate the root-mean-square error between model and observations.

associated with TIW variability on the eastern Pacific mean
state and circulation. The paper is structured as follows: section
2 describes the data and model. In section 3, an evaluation of
the model performance is done by comparing simulated tem-
perature, fluxes, currents, and mesoscale activity to available
observational data. Section 4 describes and validates thor-
oughly our methodology. In section 5, TIW direct and rectified
effects on the oceanic mean state and dynamics are assessed
through a heat budget analysis. Results are summarized and
discussed in section 6.

2. Model configuration and methods
a. Coastal and Regional Ocean Community model

The oceanic simulations were performed with the Coastal and
Regional Ocean Community (CROCO) model (Shchepetkin
and McWilliams 2005, 2009; Debreu et al. 2012; Shchepetkin
2015). CROCO is a free-surface, terrain-following coordinate
model with split-explicit time stepping and with Boussinesq
and hydrostatic approximations. CROCO is implemented
over the eastern tropical Pacific from the central Pacific to the
American continent (Fig. 1a) i.e., from 185° to 68°W and from
20°S to 40°N at a spatial resolution of 1/12°, corresponding
roughly to 9.3 km at the equator. Tracers, surface elevation,
and horizontal velocity initial and boundary information are
derived from the Simple Ocean Data Assimilation 5-day re-
analysis (SODA v3.4.2 on a 1/4° X 1/4° grid; Carton et al.
2019). Because the SODA and model grids rely on different
coordinate systems (terrain following vs z coordinates),
pressure gradient artifacts can appear, potentially creating
spurious rim currents. To avoid this issue, the model grid is
merged toward SODA’s along the open boundaries (over
approximately a 3° band in latitude and a 6° band in

longitude). A sponge layer is also applied to enhance the vis-
cosity and diffusivity near the boundary. The configuration
has 50 vertical o levels and the vertical grid is stretched for
increased boundary layer resolution using stretching surface
and bottom parameters of /gjine = 200 m, 6, = 2, and 6, = 7.
The bathymetry is obtained from the Shuttle Radar Topog-
raphy Mission (SRTM30 plus; Becker et al. 2009). To avoid
aliasing and to ensure the smoothness of the topography at
the grid scale, a Gaussian smoothing kernel with a width of
8 times the topographic grid spacing is used.

Vertical mixing of tracers and momentum is done with a
K-profile parameterization (KPP; Large et al. 1994). The sur-
face freshwater, heat, and momentum fluxes are estimated
using the COARE bulk formulae (Fairall et al. 2003). The at-
mospheric surface fields are derived from the hourly Climate
Forecast System Reanalysis (CFSR; Saha et al. 2010, 2011).
We use in particular CFSR from 1980 to 2010 and CFSRv2
onward. The essential atmospheric fields for the ocean-only
models are the precipitation rate, the wind field at 10 m, the
shortwave and longwave radiation flux, and the temperature
and specific humidity at 2 m. To have a realistic representa-
tion of the mesoscale activity and of the momentum exchange
between the ocean and the atmosphere, the surface oceanic
current feedback to the atmosphere (Renault et al. 2016) is
parameterized using the stress-correction approach described
in Renault et al. (2020).

Two simulations are carried out over the period 1980-2019
after a spinup of seven years, until the total kinetic energy
stabilizes. The control simulation, where TIWs are free to
develop and propagate, is called TIWs-RUN. The simulation
in which TIWs are damped is called NOTIWs-RUN. Offline
calculations are made using model outputs at daily average
and 1/12° spatial resolution.
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b. Observational data

We use a variety of in situ and satellite observational data
to validate the model control simulation:

e SST data come from the NOAA 1° Optimal Interpolation
of SST version 2 (OI SST v2) data product obtained from
in situ and satellite measurements from 1981 to nowadays.

e The SST, sea surface salinity (SSS), and thermocline tem-
poral variabilities are evaluated using SODA v3.4.2 reanal-
ysis on a 1/4° X 1/4° grid, over the 1980-2019 period.

e Heat and momentum fluxes are obtained from TropFlux
product on a 1° X 1° grid, from 1980 to 2018. This product
combines ERA-Interim and International Satellite Cloud
Climatology (ISCCP) data to derive air-sea fluxes (Praveen
Kumar et al. 2012). We also used the COREv2 product on
a 1° X 1° grid (Yeager and Large 2008).

e In-depth currents come from Johnson’s climatology
(Johnson et al. 2002), which is derived from in situ meas-
urements of upper-ocean currents in the tropical Pacific
during the 1990s.

e Surface currents are obtained from the NOAA 1/4° drifter

database (Laurindo et al. 2017), in which the global near-

surface currents are derived from satellite-tracked surface
drifting buoy observations.

The eddy kinetic energy is computed using daily mean surface

currents from the Copernicus Marine Environment Monitor-

ing Service (CMEMS) on a 1/4° X 1/4° grid (Rio et al. 2014).

c¢. Intraseasonal anomalies

To capture the variability associated with TIWs, which
have periods ranging from 15 to 35 days (Lyman et al. 2007;
Wang et al. 2020), anomalies are defined as fluctuations from
a 30-day running mean.

d. Statistical significance

The significance of differences between the two simulations
is evaluated by generating 40 samples of annual differences
(i.e., one for each of the simulation’s 40 years) on which a two-
tailed Student’s 7 test at 99% is performed, the null hypothesis
being a difference of zero. The significance of curves is done
using a bootstrapping of the annual means of the variable of
interest, i.e., 40 samples, and repeated 1000 times.

e. Heat budget

To assess how TIWs impact the eastern Pacific mean state
through changes in the dynamical processes balance, the fol-
lowing temperature heat budget is computed:

aT

— =—-@VD) + DM + D) + I ,
Jat —_———
Ten dvency Advection Lateral mixing Vertical mixing Atn;:rscpi:;ric
(€]

where T is the ocean temperature; u is the current vector; V is
the spatial gradient; D7) and D (T) = 9,(kd.T) the lateral
and vertical mixing terms, respectively; and /(z) is the heating
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by atmospheric forcing (i.e., solar radiation and its penetra-
tion in depth).

We focus on the 50-m surface layer. The integration with
depth is denoted (x) = (1/h) L}:xdz with & = 50 m. It gives

@ = = (VT) + (D)) +(D (D)) +{I(z).  (2)
Averaging Eq. (2) over the long-term mean (40 years, de-

noted by an overline), the tendency is found negligible,
therefore:

—VT) +(D(T)) + (D (1)) + {I(2)) ~ 0. ©)

Using a classic Reynolds decomposition, each variable can
be decomposed into a low-frequency (subscript m) and eddy
(prime) part (departure from a 30-day running mean):

X=X, +X. (4)

Note that the eddy part might still contain some variability
associated with Kelvin waves. However, TIWs are dominant
in this monthly frequency range. Moreover, as detailed later,
the TIW effects are evaluated from the difference between
TIWs-RUN and NOTIWs-RUN, therefore processes not im-
pacted by TIWs will not affect our analysis. The advective
term can be decomposed as

wi=u, VT, +wVIT +u, VT +wVT,. 5)
Averaging Eq. (5) on the long term, it becomes
uVT =u, VT, +wVT'. (6)

As the mean is a linear operation (when weighted by the right
ratio), cross terms wV7,, and u,VT’ are equivalent to
(wVT,),, and (u,,VT’),,, which vanish by definition.

The mixing, tendency, and forcing terms were computed
online by the model as monthly averages. However, for tech-
nical reasons, the advective terms were computed offline from
daily average fields. These offline advection terms were com-
pared to online advection terms obtained from a short test
run of TIWs-RUN, confirming the accuracy of our estimate
from daily averages. We verified the closure of the budget
averaged over the first 50 m and over the 40 years: the sum of
advective, mixing, and atmospheric forcing terms are close to
zero, as well as the tendency term.

3. Validation of the model

In this section, we assess the control simulation (TIWs-
RUN) with regards to the variety of observational products
described in section 2, with a particular focus on equatorial
currents and associated mesoscale activity at intraseasonal
time scales, the central point of this study.

a. Validation of tracers and heat fluxes

Figure la shows the SST long-term mean obtained from
40 years of simulation. Consistent with the literature, the
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TABLE 1. Mean values from time series used in the Taylor diagram, for the model and observations. Last line shows the model biases
(i-e., model minus observations).

SST (°C) SSS(psu) TDy (m) TDg(m) SW(Wm?) LW Wm?) LHF(Wm? SHF(Wm?
Model 26.8 35.08 154.5 71.7 262.1 —-56.5 -111.6 -84
Observation 26.1 34.97 146.2 473 251.8 —478 -82.7 -39
Bias 0.7 0.11 8.3 24.4 10.3 -8.7 —-289 —-4.5

typical features of the eastern tropical Pacific can be ob-
served as, e.g., the presence of the cold tongue, a patch of
cold water along the equator that lies between 140°W and
the Ecuadorian coast and extends along South America
shorelines due to the Peruvian coastal upwelling. The cold
tongue is flanked on each side by warmer waters, in particular
in the Northern Hemisphere, where the eastern Pacific warm
pool extends from the tip of Baja California to the northern
edge of the cold tongue (Wang and Fiedler 2006). Contours
on Fig. 1a indicate a warm bias between the model and the cli-
matology computed from OISST that reaches 0.6°C in the
equatorial band and 1.6°C in the eastern part of the cold
tongue. This bias can be explained by at least two factors:

e On the one hand, from a too weak equatorial upwelling
caused by a thermocline too flat along the equator as indi-
cated by the strong bias in the simulated thermocline depth
(TDy) overestimated by 8.3 m (i.e., 5.7% of the observation)
in the west, and by almost 25 m (i.e., more than 50%) in
the east (TDg) (Table 1). This could result from a poor
wind stress curl representation in CFSR along with an inac-
curate equatorial dynamic at the open boundaries forced
with SODA v3.4.2.

On the other hand, from a positive shortwave radiation bias
of roughly 4%, which can contribute to the excessive SST
warming and in turn explains the too strong latent and sen-
sible heat flux amplitudes (—28.9 and —4.5 W m™2, respec-
tively; Table 1). The bias in shortwave fluxes is a known
bias in CFSR, especially in the western part of the eastern
Pacific (Wang et al. 2011). It is most likely due to the defi-
ciency in cloudiness in CFSR (Dolinar et al. 2016). We also
note a positive bias of 18.2% for the longwave radiation.

The SSS is only slightly biased as compared to observations
(0.11 psu) despite the overestimation of precipitation in CFSR
noted by Dolinar et al. (2016). This might result from bias com-
pensations between too strong precipitations and evaporation
related to the overestimation of latent heat fluxes.

Overall, the Taylor diagram (Taylor 2001) reveals that the
model simulates accurately the eastern tropical Pacific vari-
ability, as most variables are well correlated with observations
(correlations higher than 0.6) and have normalized standard
deviations close to 1, indicating amplitudes similar to observa-
tional time series. The sensible heat flux (SHF), however, has a
poor correlation coefficient of 0.3 and its standard deviation
is 1.8 times higher than observations. Yet, this result has to
be taken with caution, as fluxes observations are problem-
atic, which might hinder an accurate representation of their
variability. Indeed, a similar analysis of fluxes [SHF, latent
heat flux (LHF), and shortwave radiation (SWF)] variability

using the COREV2 dataset (Yeager and Large 2008) displays
very contrasted results for latent and sensible heat flux. The
correlation coefficient for SHF becomes slightly negative
(—0.02) and the standard deviation is 1.6 times higher than
observations. These results also vary spatially. For the inter-
tropical convergence zone (ITCZ) region (2°-15°N and
180°-90°W), the normalized standard deviation of TropFlux
SHEF is close to 1, whereas the COREvV2 SHF is 1.4. For the
same region, the correlation coefficient reaches 0.5 for the
TropFlux SHF, but stays under 0.3 for the COREv2 SHF,
confirming the strong dependence of the results to the obser-
vational product considered (Valdivieso et al. 2017).

b. Validation of mean circulation and mesoscale activity

The 40-yr averaged mean zonal circulation is then compared
to the drifters-derived climatology at the surface (Fig. 2a) and
to Johnson’s for their vertical structure (Fig. 2c). Figure 2a ex-
hibits a good agreement with observations for both the posi-
tion and intensity of the SEC and NECC. In addition, the
model captures well their vertical extension at 125°W as indi-
cated by the good match between simulated (shading) and
observed (contours) zonal velocity on Fig. 2c. In particular,
the SEC extends coherently poleward with its southern and
northern branches centered near 3°S and 3°N, and reaching
—0.3 and —0.5 m s !, respectively, the latter being slightly
underestimated by 0.2 m s~ ! in the eastern part of the basin
(Fig. 2a). In addition, the SEC/NECC surface front is located
at 5°N consistently with Johnson’s observations. The EUC ver-
tical structure and intensity also matches well with observations
from Johnson, in particular exhibiting a similar maximum value
of 0.8 m s™! at the equator. The maximum value is located
slightly deeper than Johnson’s, which is likely due to the too
weak equatorial upwelling in our simulation.

To complement this evaluation and as a preliminary diag-
nostic of TIW activity, the mean mesoscale activity is then as-
sessed using the eddy kinetic energy [EKE = (1/2)(w? + v'?)].
Shading on Fig. 2b shows the mean simulated EKE from the
control configuration (TIWs-RUN). Note that in order to
compare to CMEMS, the 1993-2019 average is shown here.
Consistent with the literature (Baturin and Niiler 1997,
Wang et al. 2020), a strong mesoscale activity is found along
the equator, spreading northward up to 5°N, a characteristic
signature of TIWs. Contours show the bias between the
model EKE and the EKE derived from CMEMS daily currents.
The simulated EKE is overestimated by up to 100 cm® s 2
in the equatorial band. This is not surprising as the CMEMS
currents contain only the geostrophic and Ekman currents.
A more detailed validation of TIW characteristics in the control
experiment will be performed in the next section.
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FI1G. 2. Evaluation of TIWs-RUN dynamics. Maps of mean surface (a) zonal currents and (b) EKE calculated using
fluctuations of horizontal currents from a 30-day running mean. Shading represents the control experiment (TTWs-
RUN) mean zonal surface currents from 1980 to 2019 in (a) and mean surface EKE from 1993 to 2019 in (b). Solid
and dashed contours show respectively the positive and negative mean amplitude bias between the model and the
climatology obtained from the NOAA drifter database in (a) and the 1993-2019 CMEMS currents in (a). Contours
are every 0.05 m s~ ! in (a) and every 50 cm? s~ 2 in (b). (c) Depth-latitude section of zonal currents at 125°W [repre-
sented in dashed line in (a)] for model (shading) and observations from Johnson (contours). Eastward (westward)
currents are shown with solid (dashed) lines.

a. TIW characteristics and associated mesoscale
activity in TIWs-RUN

Overall, despite the presence of some biases, in particular
related to the zonal tilt of the equatorial thermocline, the
mean state and circulation of the eastern tropical Pacific are
well represented in the control configuration, which testifies
to the model’s ability to simulate adequately the complex
equatorial dynamics (Kessler 2006). Regardless, hereafter, the
control configuration is compared to a sensitivity experiment
in which only the TIW activity is altered. In that sense, the
aforementioned mean biases should be similar in both experi-
ments and therefore cancel out when evaluating the specific
TIW effect on the eastern tropical Pacific mean state.

TIWs have a clear and spatially coherent signature be-
tween surface meridional velocity and temperature intra-
seasonal anomalies, as indicated by snapshots taken during
the boreal winter of a La Nifia year (i.e., both extremely
TIW active periods) (Figs. 3a,b). In particular, we observe
alternating positive and negative velocity anomalies localized
in the equatorial band (Fig. 3a) and around which filaments of
SST anomalies are seen to meander (Fig. 3b). This TIW-
induced mesoscale activity is then assessed by calculating the
intraseasonal EKE. The highest values of EKE are found

4. A framework for damping TIWs in an ocean model along the equator, spreading northward with a maximum at

This section is dedicated to describing and validating the
methodology employed to smooth out TIWs in the sensitivity
experiment (NOTIWs-RUN).

1°N (Fig. 2b), the region where TIWs are the most active. In
addition, EKE is found to be strong (250-500 cm? s~2) within
the first 100 m (Fig. 3c) and drop to almost zero below 200 m.
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FIG. 3. Tllustration of TIW activity. Snapshots (31 Dec 2017) of (a) surface meridional velocity anomaly (m s~ ') and
(b) surface temperature anomaly (°C), and (c) meridional section of EKE (cm® s~ 2) averaged between 160° and 100°W.
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FIG. 4. Damping framework. (a) Meridional current annual climatology in the control experiment (TIWs-RUN). (b) Horizontal and (c) vertical
structure of the nudging geometry G(x, y, z).

These diagnostics allow delineating the spatial (including ver-
tical) region of prominent TIW-induced mesoscale activity.

b. Damping methodology

To smooth out the TIWs without affecting other processes
in NOTIWs-RUN, the mixed layer meridional currents v in
the active TIW region (see Fig. 4) are nudged toward the
monthly climatology y, derived from TIWs-RUN as such:

W ) + Glry. ) W00 ™

The left-hand part of the equation is the temporal evolution
of v. The first term of the right-hand part f{v) represents the
evolution of v due to advection—diffusion processes. The last
term of the right-hand side represents the nudging of vtoward
the monthly climatology v, computed from the control exper-
iment (TIWs-RUN) and which does not display much trace of
the TIW mesoscale features (see Fig. 4a for the annual clima-
tology of the surface v field). Yet, the Ekman divergence at
the equator is still present, indicating that the nudging of v
toward vy is expected to damp TIW activity while keeping
the mean dynamics intact. The nudging time scale T is set to
5 days, so that both TIW modes with periods near 33 and
17 days, and commonly referred to as the Rossby and Yanai
modes (Lyman et al. 2007; Wang et al. 2020), are effectively
removed.

Based upon the TIW spatial features discussed above (see
section 4a), the nudging geometry is restricted to the promi-
nent region of TIW activity by applying a spatial Gaussian
function G(x, y, z) (see Fig. 4 and the appendix for details).
This function maximizes the nudging along 1°N and reduces it
poleward with a decreasing meridional rate of 10° (Fig. 4b). It
is deactivated between the Galapagos Island and the coast to
preserve submesoscale features in the coastal area for
instance related to filaments breaking loose from the Hum-
boldt upwelling system. Even though TIWs have been shown
to radiate internal waves downward (Jing et al. 2014; Holmes
and Thomas 2016; Tanaka and Hibiya 2019; Delpech et al.
2020), the nudging is concentrated within the first 200 m
below the surface (Fig. 4c) where TIWs are mostly generated
and active (Fig. 3d).

Note that only meridional currents are nudged. This allows
an effective damping of the development of TIWs due to their

strong signature in v, while keeping equatorial Kelvin waves
mostly untouched, as their meridional structure in the long-
wave approximation of shallow water equations is null at the
equator (Cane and Sarachik 1977). Therefore, the nudging of
meridional velocity only is expected to preserve the important
role played by Kelvin waves in the equatorial dynamics, for
instance related to the kickstarting of El Nifio events (e.g.,
McPhaden and Yu 1999; Gushchina and Dewitte 2012). By
nudging the meridional currents, the other dynamical and
tracer components are expected to adjust and vanish as well.

c. Validation of damping efficiency

To validate to which extent the damping methodology al-
lows smoothing out TIW variability, we first compare EKE
between the NOTIWs-RUN (Fig. 5) and TIWs-RUN (Figs. 2b
and 3c). These figures indicate an EKE (and associated me-
soscale activity) decrease of almost 50% in the TIW active
region. When separating the EKE into u’? and v’? parts re-
constructed using the five first complex empirical orthogonal
function (CEOF) modes (i.e., accounting together for most
of the TIWs variability, see below for more details on the
CEOF analysis), we observe a reduction of ’> and v’* from
TIWs-RUN to NOTIWs-RUN of 62% and 94%, respec-
tively, indicating that the remaining mesoscale activity in
NOTIWs-RUN is for the most part not due to TIWs but
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FIG. 5. EKE (cm?® s~ 2) in NOTIWs-RUN (a) averaged over 200 m
and (b) meridional section averaged between 160° and 100°W.
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FIG. 6. First five modes’ real part of the complex empirical orthogonal function (CEOF) decomposition of 2040 days bandpassed SST
anomalies performed in the TIW active region (4°S-8°N, 180°~100°W) for (a) the TIWs-RUN and (b) the NOTIWs-RUN. (c) Mean Welch
power spectrum of the reconstructed SST anomaly field over maximum CEOF signal area (4°S-8°N, 140°~100°W) for each simulation

using the first four CEOF modes.

instead most likely due to wind-driven currents (not shown).
This also confirms the coherent adjustment of zonal currents
at TIW scale to our nudging procedure applied only on v.

To investigate the TIW damping efficiency in more detail,
CEOFs are estimated using the 20-40 days bandpassed SST
anomaly in the TIW active region (4°S-8°N, 180°-100°W)
for both simulations. CEOFs (Barnett 1983) are an efficient
and extensively used way to extract the spatiotemporal
characteristics of TIW intraseasonal variability, as this anal-
ysis provides both amplitude and phase information and is
therefore well adapted to capture waves propagation and
variability (Boucharel et al. 2013, 2016; Xue et al. 2021; Escobar-
Franco et al. 2022).

The first five dominant modes are shown in Fig. 6a for
TIWs-RUN and in Fig. 6b for NOTIWs-RUN. The fifth mode
of TIWs-RUN and the first mode of NOTIWs-RUN could
correspond to SST variations associated with the intraseaso-
nal Madden-Julian oscillation (Madden and Julian 1994), as
found by Maloney and Kiehl (2002). Similar to their results,
the phase of this mode (not shown) indicates a northward
propagation and seems to correspond to a potential interac-
tion of this mode with TIWs in the TIWs-RUN, but this is
beyond the scope of this paper. In the TIWs-RUN (Fig. 6a),
modes 1-4 are associated with TIW variability as indicated by
the alternating positive and negative nodes located between
2°S and 6°N. They are characterized by high explained varian-
ces of 34.4%,24.5%, 18.0%, and 12.2%, respectively.

In the NOTIWs-RUN (Fig. 6b), modes 2—4 exhibit patterns
resembling TIW variability, yet with small explained varian-
ces. Moreover, the total variance of the NOTIWs-RUN signal
is 63% lower than that of the TIWs-RUN (standard deviation
of 0.015° vs 0.04°C?), giving even less weight to these modes

of variability, and indicating that TIWs have been strongly
damped in the NOTIWs-RUN sensitivity experiment. This is
confirmed by the large decrease in power spectra (reconstructed
using the first four CEOF modes and averaged in the TIW
active region) in the TIW typical period range of 17-33 days
between the two experiments (Fig. 6¢).

For a more visual assessment of the efficiency of our
method, we then show Hovmoller diagrams of the 20-40 days
bandpassed zonal SST anomaly averaged between 2° and 5°N
for TIWs-RUN in Fig. 7a and NOTIWs-RUN in Fig. 7b dur-
ing the strong La Nifia episodes of 2017 and 2018, i.e., periods
favorable to TIW development as explained in the introduc-
tion section. In the TIWs-RUN (Fig. 7a), a strong TIW activ-
ity is observed during the boreal autumn of both years,
whereas the 2015/16 winter marked by a strong El Nifio event
does not exhibit, as expected, any sign of TIW propagation.
In contrast, in the NOTIWs-RUN (Fig. 7b), TIWs have
almost fully disappeared during all three winters, indicating
that their development has been effectively prevented by the
nudging procedure. These results are valid throughout the
entire 40-yr period.

Finally, to establish that other aspects of the equatorial
dynamics, in particular related to Kelvin waves propagation,
are left unaltered by our methodology, Hovmoller diagrams of
the 60-130 days bandpassed thermocline depth anomaly aver-
aged between 2°S and 2°N for TIWs-RUN and NOTIWs-RUN
are shown in Figs. 7c and 7d, respectively. In both simulations,
one can identify the presence of Kelvin waves by their east-
ward propagating signal at a phase speed of 23 ms ™!

To sum up, the nudging procedure applied in NOTIWs-
RUN effectively damps TIW activity while keeping the impor-
tant Kelvin waves signal in this region untouched. Consequently,
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FIG. 7. Hovmoller diagrams of the 2040 days bandpassed zonal SST anomalies averaged between 2° and 5°N for (a) TIWs-RUN and
(b) NOTIWs-RUN between May 2015 and December 2017. Dotted lines represent the westward propagation at a 0.46 m s~ ! phase speed.
(c),(d) As in (a) and (b), but for the 20°C thermocline depth anomaly averaged in the 2°S-2°N latitudinal band and bandpassed between
60 and 130 days (i.e., the Kelvin waves dominant period range) for TIWs-RUN in (c) and NOTIWs-RUN in (d). Dotted lines represent

the eastward propagation at a 2.3 m s~ ! phase speed.

the differences observed between the two sensitivity experi-
ments, which have the very same horizontal and vertical
resolutions, will most likely originate from TIW-induced
effects only.

5. TIW effects on the eastern tropical Pacific Ocean

The aim of this section is to investigate to which extent
TIW activity alters the oceanic mean state. To do so and here-
after, TIW impacts will be assessed by subtracting NOTIWs-
RUN to TIWs-RUN.

a. Effects on the oceanic mean state

TIW effects on mean temperature and circulation are shown
in Fig. 8. At the surface, TIWs warm up the cold tongue by up
to 0.4°C and cool down the surrounding waters by the same
amount (Fig. 8a). In depth, the warming of the cold tongue
spreads down to 150 m with a maximum of 0.50°C at 100 m
while the cooling of southern and northern waters is con-
strained to the first 50 and 100 m, respectively (Fig. 8b).

The comparison between the two simulations also reveals a
significant impact of TIWs on mean zonal and meridional cur-
rents amplitude (Figs. 8c,d), with an overall decrease of zonal
currents intensity. In particular, at the subsurface, the east-
ward EUC is significantly reduced (by up to —0.20 m s~ ' near
the surface and —0.12 m s~ ! in the core, i.e., more than 15%)
and its upper limit is deepened from the surface to 25 m. The
intensity of both the westward SEC located at the surface

between 5°S and 3°N and NECC located near 7°N are also
strongly reduced by —0.13 m s™' (30%) and —0.06 m s~ !
(20%), respectively. In contrast, TIWs lead to a slight increase
of the equatorial Ekman divergence (oriented poleward in sur-
face and equatorward in depth) in particular in the Northern
Hemisphere by 0.02 m s™! (20%) and 0.01 m s™! (20%), as
shown by the red shadings between 2° and 4°N, respectively.

b. Energy exchange between oceanic mean state
and TIWs

As detailed by many others before (e.g., Qiao and Weisberg
1998; Masina and Philander 1999; Xue et al. 2021), the time
evolution of long-term averaged EKE depends on the baro-
clinic (P.K,) and barotropic (K,,K,.) conversion rates, which
are

§ 7
PgKe =——wy, (8)
Po
K, K, = — [u'u'axu + u’v’a)ﬁ +uwou
tuvo v+ v’v’ayfl + v'w’ E)ZTJ] z—u’v’ayﬁ, 9)

where g = 9.81 m s~ 2 is the gravitational acceleration constant
and py = 1025 kgm .

The spatial distributions of K,,K, and P.K,, which repre-
sent the energy exchange from the mean kinetic energy and
from the eddy available potential energy to the EKE, are
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the TIWs-RUN in (a) and (b), U every 0.2 m s~ ' in (c), and V every 0.02 m s~ ' interval (solid lines for positive
and dashed lines for negative values) in (d). Thick black (dashed) line in (b)-(d) shows the mean mixed layer
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depth in TIWs-RUN (NOTIWs-RUN).

shown in contours in Fig. 9. Only the dominant barotropic
term —u’v’d,u is shown here. Both are essentially positive
(solid contours) and are increased when TIWs are present
(indicated by the red shading), in particular in a zonal band
north of the equator and over the first 100-m depth, indicat-
ing a source of EKE in the TIW region. The strong meridio-
nal gradient and weak stratification lead to large baroclinic
conversion (Masina and Philander 1999), and the strong me-
ridional shear of zonal currents, especially between the
EUC and the northern branch of the SEC, leads to high bar-
otropic conversion.

To complement this analysis, the rate of kinetic energy
transfer across spatial scales is shown in Fig. 10 (for details on
the computation, see, for instance, Marchesiello et al. 2011;
Renault et al. 2019), where positive (negative) energy rates
mean a transfer toward smaller (larger) scales. From 500 km
to smaller scales, both experiments are characterized by a

APeKe (10-°cm?/s3) -

0 to 200m

oI\ ¥

Q

5esf o oaate .
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forward cascade of energy, i.e., a transfer of energy from the
larger scales toward the smaller scales, which can be inter-
preted as the signature of submesoscale mixed layer eddies
with scales of 50-200 km that form along TIW fronts as sug-
gested by Marchesiello et al. (2011). The KE-flux spectrum at
TIW scales (1000 km) displays negative transfer rates in the
TIWs-RUN (black line) but positive values in the NOTIWs-
RUN (orange line), indicating that TIWs are responsible for
an inverse energy cascade, i.e., a transfer of energy from the
TIWs to the larger-scale currents. This reveals a rectified effect
of the TIWs onto the larger scale associated with the eastern
tropical Pacific mean circulation. To sum up, this energy analy-
sis confirms that TIWs play a central role in the energy budget
of this region by in particular 1) harvesting energy from tem-
perature meridional gradient through baroclinic instability, and
from the meridional shear of currents through barotropic insta-
bility, therefore acting to reduce the mean zonal circulation,
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FIG. 9. Mean differences between TIWs-RUN and NOTIWs-RUN for (a),(c) baroclinic (P.K,) and (b),(d) dominant
barotropic (K, K, ~—u’v/ d,7) conversion rates (1073 cm? s~ %). (left) Maps of conversion rates averaged over the first
200 m. (right) Depth-latitude sections averaged over 160°~100°W. Contours show the mean values of conversion rates
in the TIWs-RUN every 5 X 10> cm? s~ (solid lines for positive and dashed lines for negative values). A Gaussian
smoothing of 1° radius was applied for maps in (b)—(d) and 5° radius for (a).
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FI1G. 10. Spectrum of KE transfer rate averaged between (160°~100°W, 10°S-10°N) and from sur-
face to 50-m depth. Surfaces show the 95% confidence interval from a bootstrap method on annual

averages (see section 2d).

and 2) injecting energy back into the larger scales through an
inverse energy cascade responsible for a rectified effect onto
the mean state.

¢. Quantification of direct and rectified effects of TIWs
from a heat budget analysis

To evaluate the mechanisms responsible for the direct and
rectified effects of the TIWs onto the mean state, a heat bud-
get is derived in both simulations. Additionally, to make a
better physical sense of the TIW effects on the eastern Pacific
mean state, the advection of temperature is separated into a
mean and a fluctuating part through a Reynolds decomposi-
tion (see section 2e). The difference in the anomalous and
mean advection terms between the two experiments will allow

advection

horiz. + vert. mixing

quantifying the TIW direct and rectified effects on the eastern
tropical Pacific mean state.

The difference in the heat budget vertical structure averaged
over 160°-100°W between the two simulations is presented in
Fig. 11. The top panels represent the total advection, horizontal
and vertical mixing (the horizontal term being negligible), and
heating by atmospheric forcing terms. The other panels repre-
sent the decomposition of the advective terms into zonal, me-
ridional, and vertical parts, and into total (X), mean (X,,), and
fluctuating (X”) parts.

At the surface, a compensating effect between mixing and
heating by atmospheric forcing is observed with TIWs warm-
ing up the 0°-2°N band and cooling down the surrounding wa-
ters through mixing (Fig. 11b), while the forcing term exhibits

forcing term

—~ 0T e
€ i L 0.8
£ -1001 89
s L 20.4
© _200 L —0.8
z 0 -§.8
< —~100 4 O
‘g 0o -—§.4
3 00 -0.8
g O —5.8
i e . [ k-
g 100 __.§.4
2 00 -0.8
~ 0
£ -§.8
[ i =1 | r .
£ 100 _7.§-4
-o _200 -I T _— T T T T = T = T T T T T T - :I T T T T T T ~ 3 _0'8
45 25 0 2N 4N 6N 8N 45 25 0 2N 4N 6N 8N 45 25 0 2N 4N 6N 8N

FI1G. 11. Depth-latitude sections of TIW contribution to heat budget terms (i.e., TIWs-RUN minus NOTIWs-RUN; °C month ™ 1), aver-
aged over 100°-160°W and over 40 years. Top three panels show the total (a) heat advection, (b) heat mixing, and (c) heating by atmo-
spheric forcing terms. Other panels show the (d)—(f) zonal, (g)—(i) meridional, and (j)—(I) vertical terms of heat advection, decomposed
into total parts in (d), (g), and (1); mean parts in (e), (h), and (k); and fluctuating parts in (f), (i), and (1). Dots show significant differences
at the 99% confidence level (i.e., p value of the two-tailed Student’s ¢ test below 0.01).
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FIG. 12. Total (hatched) and residual heat advection (TIWs-RUN minus NOTIWs-RUN, plain color) averaged over 2°S—6°N and
160°-100°W, in the first 50 m. Black bars represent the total advection terms, blue bars the mean advection terms, and orange bars
the fluctuating advection terms. Error bars stand for the £1/2 annual standard deviation.

an opposite behavior (Fig. 11c). Yet, our approach does not
allow assessing properly the effect of TIWs on atmospheric
fluxes as the atmospheric forcing is prescribed. In the subsur-
face (between 50 and 100 m) TIWs tend to warm up northern
waters through vertical mixing.

The overall TIW-induced advection leads to a warming of
the 0°~4°N band, with a peak value of 0.8°C month ™' (Fig. 11a).
The zonal component of TIW advection (Fig. 11d) is separated
into a cooling over 2°S-0° through mean advection (i.e., recti-
fied effect, Fig. 11¢) and a warming over 0°—4°N through fluctu-
ating advection (i.e., direct effect, Fig. 11f). The location of
cooling by mean zonal advection is consistent with the weaken-
ing and deepening of the EUC by TIWs (Fig. 8c). As the pres-
ence of TIWs leads to a significant EUC weakening, less warm
waters can be advected from the central-western Pacific, which
could explain this cooling rectified effect. The meridional com-
ponent of TIW advection (Fig. 11g) is almost fully explained
by the warming through fluctuating meridional advection
(Fig. 11i), which spreads from the surface to 200 m. In surface,
it is constrained to the equatorial region (1°S-1°N) while it ex-
tends more meridionally with depth (2°S-4°N). The vertical
component of TIW advection (Fig. 11j) cools down the
2°S-5°N band, from subsurface to 200 m. It is mostly due to
fluctuating vertical advection (Fig. 111), with only a small por-
tion due to mean vertical advection (Fig. 11k). This highlights
a complex interplay between potential changes in the upwell-
ing/downwelling velocities and vertical temperature gradients.
Unsurprisingly, the fluctuating part (i.e., the direct effect of
TIWs) is found to be the largest near the surface concur-
rently with the large zonal and meridional fluctuating terms
associated with the very strong zonal current shear (Fig. 8c)
and meridional temperature gradient (Fig. 8b) concentrated
in the mixed layer. The fluctuating vertical advection is con-
strained deeper, below the mixed layer, as found in Menkes
et al. (2006).

The advection contribution to the heat budget averaged
over the first 50 m and the cold tongue area (160°-100°W,
2°S-6°N) is shown in Fig. 12. This large band in latitude has
been selected to be consistent with other studies such as
Menkes et al. (2006). However, it should be kept in mind that
there are latitudinal changes of advective components (in par-
ticular, the zonal component) within this band. The advection
(gray bars) is decomposed into mean (blue) and fluctuating
(orange) contributions. Hatched bars show the total value for

TIWs-RUN, while plain color bars show the part due to TIWs
(i.e., TIWs-RUN minus NOTIWs-RUN). Each term is de-
composed into zonal, meridional, and vertical parts.

The total advection warms up the cold tongue by
0.10°C month ™" (hatched gray, —uVT). TIW contribution to
this total advection is a warming by 0.24°C month™! (plain
gray, same term).

The fluctuating part leads to an overall net warming of the
cold tongue by 0.50°C month ! (hatched orange), 68% of which
being attributed to TIW activity (plain orange). This direct TTW
effect warms up the cold tongue via zonal (0.25°C month™!)
and meridional advection (0.17°C month '), and slightly cools
it down through vertical advection (—0.08°C month™'), re-
sulting in a net warming by 0.34°C month ™', which is consis-
tent with previous studies (e.g., Menkes et al. 2006; Im et al.
2012; Graham 2014) yet a bit lower than in Menkes et al.
(2006), for instance. While Menkes et al. (2006) used a simple
Reynolds decomposition and attribute all the fluctuating
part to the TIWs, other mesoscale processes might remain
included in their analysis. The mechanisms leading to the
TIWs-induced warming are explained in detail in Menkes
et al. (2006) (see their Fig. 6 for a detailed sketch).

Advection by the mean flow cools down the cold tongue by
0.40°C month ™! (hatched blue in terms —u,,VT,,). As found
in previous studies (e.g., Menkes et al. 2006) and in our data
(not shown), it is a balance between the vertical advection
(cooling in the equatorial upwelling and warming in the
downwelling areas), meridional advection (Ekman divergence
at the surface exporting cold water outside the cold tongue,
and convergence in depth importing warm waters), and zonal
advection (EUC bringing western warm waters in the cold
tongue, SEC bringing eastern cold waters to a lesser extent).
On average, the mean advection results in a cooling of the
cold tongue through a subtle balance between currents and
temperature gradients. Twenty-five percent of this cooling is
attributed to the TIW rectified effect (—0.10°C month ™", plain
blue).

To summarize, on average, TIWs tend to warm up the cold
tongue by 0.34°C month™! through direct anomalous zonal
and meridional heat advection, while their rectified effect
leads to cooling by —0.10°C month™! due to a reduction of
mean zonal advection most likely associated with a significant
weakening and deepening of the EUC. The combined TIW
effects result in a net cold tongue warming by 0.24°C month ™.
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6. Summary and discussion

In this study, a new framework is introduced to isolate and
quantify impacts of TIWs on the eastern tropical Pacific
Ocean background state in a regional ocean model. This
methodology is based upon the comparison between two
eddy-rich sensitivity experiments, one (TIWs-RUN) repro-
ducing realistically the regional mean state and circulation, as
well as the essential TIW dynamics, and the other (NOTIWs-
RUN) is identical but TIWs are damped online by nudging
the meridional velocities toward their monthly climatology
obtained from the TIWs-RUN. This method effectively pre-
vents TIWs from growing and propagating, while keeping the
rest of the equatorial dynamics and in particular Kelvin
waves, a key dynamical feature of this region, unaltered.

By subtracting TIWs-RUN from NOTIWs-RUN, differ-
ences can mainly be attributed to TIW variability and can
then be evidenced and quantified. In particular, two pathways
are identified as source of changes: 1) a direct way, i.e.,
through TIW-induced mesoscale dynamics, and 2) a rectified
way, i.e., through upscaling feedbacks from TIW variability
back onto the mean state and circulation. On the one hand,
TIWs are shown to pump up energy from the mean shear of
zonal currents through barotropic conversion, which reduces
the mean zonal circulation and in particular decreases the
speed of the SEC, EUC, and NECC, respectively, by up to
30%, 15%, and 20%. On the other hand, this effect is also
partly balanced by a reinjection of energy from TIWs back into
the larger scales through an inverse energy cascade. Moreover,
TIW activity is shown to reduce the meridional temperature
gradient in the mixed layer, which tends to warm up the cold
tongue and cool down surrounding warmer waters by up to
0.4°C on average.

To investigate the main physical processes behind this dual
energy cascade, a heat budget has been derived in both simu-
lations. A classic Reynolds decomposition, i.e., into mean and
fluctuating terms, and their differences between the two sen-
sitivity experiments allow disentangling and quantifying
properly the TIW direct versus rectified effects. Overall, the
anomalous fluctuations induced by TIW mesoscale and in-
traseasonal variability are shown to advect heat into the
cold tongue at a rate of 0.34°C month™'. A rectified effect of
TIWs on the background state counterbalance this warming
through the reduction of mean heat advection by —0.10°C
month ™!, In total, TIWs are responsible for an advection of
warm waters into the cold tongue of 0.24°C month ™', The ver-
tical advection of heat by TIWs is mainly located below the
mixed layer, with a strong direct advection of cold waters.

Because TIWs are shown to strongly affect advection, their
effect on the different components has been investigated in
detail. This reveals that zonal and meridional eddy advec-
tion induce a warming of the cold tongue, which is in agree-
ment with the literature (e.g., Kessler et al. 1998; Swenson
and Hansen 1999; Jochum and Murtugudde 2006; Jochum
et al. 2007; Menkes et al. 2006; Graham 2014). The rectified
effect operates mostly via the reduction of mean zonal advec-
tion most likely associated with a significant decrease in the
amplitude of the EUC.
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Other components of the budget equations are also shown
to play a not-so-insignificant role. In particular, in surface,
TIW induced vertical mixing is responsible for a warming of
the 0°-2°N band and a cooling of other surface waters. In
depth (50-100 m), TIW-induced vertical mixing warms up the
waters (Fig. 11b). Several studies have focus on the potential
implication of TIWs in the modulation of vertical mixing (e.g.,
Lien et al. 2008; Moum et al. 2009; Holmes and Thomas 2015;
Inoue et al. 2012, 2019; Cherian et al. 2021). From shipboard
profiling measurements of turbulence kinetic-energy dissipa-
tion rate during an active TIW period at the equator, Moum
et al. (2009) have revealed an important mixing rate induced by
TIWs, leading to a cooling of the surface of 1°-2°C month .
Similarly, in an idealized 1D model, Holmes and Thomas
(2015) have found a 0.6°C month ™! cooling of the surface due
to the increase of turbulent heat fluxes by TIWSs. This increase
of turbulent heat flux is thought to be forced by an increased
shear of the EUC due to TIWs. Recently, Cherian et al. (2021)
used a 1/20° regional model of the cold tongue to demonstrate
that the same mechanism takes place off-equator, in the TIW
cold cusps. From an oceanic model, Menkes et al. (2006) also
found an enhanced diffusivity in the cold cusps, and a reduced
one in warm TIW areas, and their climatological heat budget
of the cold tongue reveals a positive eddy mixing flux of
0.37°C month ™', However, it should be stressed that in some
studies such as Moum et al. (2009) and Wei et al. (2019), the
atmospheric forcing is included in the vertical mixing term as
its boundary condition in surface. In our study and others
(e.g., Menkes et al. 2006; Graham 2014), the atmospheric forc-
ing is an independent term, and the boundary condition of the
vertical mixing rather depends on the wind stress. Regardless,
the climatological effect of TIWs on the mixing part of the heat
budget is thus still debated, and the present study tends to show a
complex effect of TIW induced mixing with respect to depth and
latitude. This mixing could have important implications on the
oceanic biogeochemistry in this key region for the carbon cycle.

Using a forced ocean model enables us to quantify the
oceanic response to changes in TIW activity. However, this
approach has some limitations. In particular, using a regional
forced oceanic model signifies that TIW imprint is still present
in the atmospheric forcing (e.g., Seo et al. 2007; Small et al.
2009), which evidently leads to a discrepancy between the
ocean state and the overlaying atmosphere.

Some studies have looked at the implication of TIWs in the
ENSO asymmetry (i.e., stronger El Nifios than La Nifias)
(e.g., An 2008; Imada and Kimoto 2012; Graham 2014). The
framework presented in this paper is an effective tool to diag-
nose the potential rectifying effect of TIWs onto ENSO, and to
a larger extent on the seasonal and interannual variability of
the climate of the eastern Pacific region. However, if Kelvin
waves are kept untouched here, equatorial Rossby waves may
have been impacted. As suggested by Bosc and Delcroix
(2008), Rossby waves could participate to the recharge—
discharge oscillator paradigm of ENSO dynamics, based on
meridional advection of heat between equatorial and off-
equatorial regions (Jin 1997a,b). Moreover, the atmospheric
feedback is needed to accurately depict the ENSO coupled
phenomenon and the interannual climate of the region. This is
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a strong incentive to 1) use a coupled atmosphere-ocean re-
gional model so that the atmosphere can react in a direct and
rectified way to TIW variability, and 2) fine-tune the nudging
framework to keep off-equatorial Rossby waves dynamics as
unaltered as possible while efficiently removing TIWs. This
work is ongoing and will be the purpose of a future study.
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APPENDIX

Spatial Filter G for Nudging

The nudging is restrained to the TIW active region by
applying a space-dependent function G(x, y, z) to the
nudging. It can be decomposed into individual functions
of depth J(z), longitude H(x), and latitude I(y):

G(x.y,z) = HO)Iy)(2). (A1)

Depth J(z) equals one from the surface down to z; = 100-m
depth, then smoothly decreases and reaches zero at z, = 200-m
depth and below (see Fig. 4c):

1, if z = z1
o =13E ) —ofr T g ==
R e PR 3= 2)] e
0, ifz =z,

(A2)

Longitude H(x) equals one from the most western part
of the region to x; = 90°W, then smoothly decreases and
reaches zero at x, = 85°W and after:
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_ 2
Hx) = 3(x x2) (x xz), ifx, =x=ux
X1 7 X% Y1 T N
0, ifx = x,
(A3)

Latitude I(y), given by Eq. (A4), is a Gaussian centered
at u = 1°N, with a standard deviation of ¢ = 10° latitude;

I(y) = exp[— %(V - “)2 .

(A4)

o

Figure 4b shows the combination of these two functions
H(x) X I(y).
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