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Abstract

As the dominant form of mesoscale variability in the equatorial eastern Pacific, Tropical Instability Waves (TIWs) are known
to interact with the El Nifio and Southern Oscillation (ENSO) in complex ways. TIWs activity is modulated by the ENSO
state and also provide significant feedback on ENSO via nonlinear dynamic heating (NDH), acting as a source of asymmetry
between the El Nifio and La Nifia phases. In this work, we show that the interannual variability of TIWs-induced heat flux
and NDH can be approximately expressed in terms of the mean meridional temperature gradient as TIWs tend to transport
heat downgradient of the temperature anomalies along the Sea Surface Temperature (SST) front. The TIWs-induced NDH
can be quantified as an asymmetric negative feedback on ENSO by a nonlinear thermal eddy diffusivity which depends on
the background TIWs pattern and the ENSO-related linear and nonlinear processes. This proposed parameterization scheme
can capture well the direct ENSO modulation on TIWs activity, the combination effect arising from the nonlinear interac-
tion between ENSO and the cold tongue annual cycle, and associated ENSO nonlinearity. This parameterization scheme is
effectively tested using four ocean reanalysis datasets with different horizontal resolutions that exhibit contrasted patterns of
TIWs activity. This scheme may be useful for assessing the TIWs-induced feedback on ENSO in mechanistic ENSO models
to better understand the dynamics of ENSO complexity.
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1 Introduction

Tropical Instability Waves (TITWs) are westward propagating
long wave patterns of sea surface temperature (SST) that
are commonly observed in the tropical Pacific and Atlantic
Oceans, with a wavelength of 1000-2000 km and a period of
10-60 days (Legeckis 1977; Cox 1980; Weisberg and Wein-
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gartner 1988; Qiao and Weisberg 1995). TIWs partly arise
from barotropic instability due to the strong shears between
the equatorial zonal currents (Philander 1976, 1978; Yu
et al. 1995), and to a greater extent from baroclinic instabil-
ity induced by the strong meridional temperature gradient
along the SST front in the eastern equatorial Pacific (EEP)
(Hansen and Paul 1984; Wilson and Leetmaa 1988; Yu et al.
1995; Masina et al. 1999). Observational studies show that
TIWs activity is modulated by both the EEP seasonal cycle
and ENSO interannual variability due to the changes of SST
background (e.g., Yu and Liu 2003; Im et al. 2012). For
example, TIWSs are active in boreal summer/autumn when
the equatorial cold tongue is enhanced, while are suppressed
in boreal spring when the cold tongue is strongly weakened
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(Hansen and Paul 1984; Pullen et al. 1987; Contreras 2002).
TIWs activity is also strengthened (weakened) during the
cold (warm) phase of ENSO due to the increased (decreased)
meridional SST gradient (Vialard et al. 2001; Yu and Liu
2003; Wu and Bowman 2007; An 2008).

TIWs in turn have a substantial influence on ENSO and
the tropical climate mean state through their induced non-
linear dynamical heating (NDH, i.e., the advection of ocean
temperature by currents at the TIWs scale) (e.g., Jin et al.
2003; Jochum et al. 2007; Xue et al. 2020; Maillard et al.
2022), comparable to the one from atmospheric heat fluxes
(Baturin and Niiler 1997; Xue et al. 2020, 2021). The inter-
annual TIWs-induced NDH has been shown to act as an
asymmetric negative feedback on ENSO, characterized by
an anomalous cooling during El Nifio and warming during
La Nifia (Bryden and Brady 1989; Swenson and Hansen
1999; Yu and Liu 2003; Menkes et al. 2006; An 2008; Imada
and Kimoto 2012; Boucharel and Jin 2020; Xue et al. 2020).
This feedback is stronger during La Nifia than during El
Nifio which can partly contribute to ENSO amplitude asym-
metry. However, most current ocean circulation models and
reanalysis datasets still exhibit too coarse spatiotemporal
resolutions to fully resolve TIWs mesoscale features, which
hinders their ability to capture the TIWs-induced heat trans-
port (Wang and McPhaden 1999; Graham 2014; Xue et al.
2020). Based on this fact, efficient quantification/parameteri-
zation could be a potential pathway to capture the TIWs rec-
tification effects based on the slow-varying (seasonal mean)
low-frequency information.

A simple statistical expression has been first proposed
to describe the horizontal heat flux convergence due to
TIWSs based on the linear expression of SST anomaly over
the Nifio3.4 region (5°S-5°N, 170°-120°W) (An 2008).
By incorporating this quantification into a simple ENSO
Recharge Oscillator model (RO; Jin 1997), the TIWs-
induced asymmetric heat transport was shown to partly
explain the El Nifio-La Nifia amplitude asymmetry (An
2008; Xue et al. 2020). However, this simple quantification
cannot well account for the seasonally modulated TIWs
feedback on ENSO. Later, Imada and Kimoto (2012) devel-
oped a TIWs parameterization using the isopycnal-layer
thickness diffusion coefficient into an atmosphere—ocean
general circulation model, based on the original parame-
terization of mesoscale eddies along the baroclinic fronts
at mid- or high-latitude (Gent and Mcwilliams 1990; Gent
et al. 1995; Bryan et al. 1999). This parameterization, which
employs an empirically-derived diffusion coefficient, repre-
sents well the baroclinic eddy heat transport due to TIWs
supporting the significant influence of TIWs-induced heat
transport on ENSO asymmetry but remains insufficient to
reproduce the observed spatiotemporal characteristics of
TIWs-induced NDH. Difficulties and uncertainties still exist
in accurately parameterizing the complex spatiotemporal
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TIWs-induced heat effects on ENSO variability in these
empirical expressions.

Recently, a stochastically forced linear model for TIWs
amplitude with its damping rate modulated by the EEP
annual cycle and ENSO has been introduced to describe the
two-way nonlinear interactions between ENSO and TIWs
(Boucharel and Jin 2020). This theoretical framework could
successfully account for the nonlinear rectifications of TIWs
activity on ENSO. Based on this model, we further proposed
the formulation of seasonally dependent TIWs-induced heat
flux and NDH using area-averaged (5°S—5°N, 90°-150°W)
monthly mean SST anomaly (Nifio3 index) in the EEP (Xue
et al. 2020). However, this scheme accounts only for the
temporal variability of TIWs-induced heat transport, and
is not able to express its spatial characteristics. Therefore,
improved quantification/parameterization of TIWs-induced
heat flux in observations and ocean climate models remains
to be developed to better reproduce the observed spatiotem-
poral TIWs-induced NDH.

In this work, we derive an effective parameterization
scheme of spatiotemporal TIWs-induced heat flux and NDH
based on our established framework of ENSO-TIWs inter-
action (Boucharel and Jin 2020; Xue et al. 2020). This new
scheme aims to capture the observed TIWs-induced NDH
feedback on ENSO spatial and temporal variability accu-
rately, which would be incorporated in theoretical and inter-
mediate complexity models to improve ENSO simulations
and predictions. The remainder of the paper is organized as
follows. Section 2 presents the datasets, methods and defini-
tion of complex spatiotemporal TIWs indices. In Sect. 3, we
propose a new parameterization scheme of spatiotemporal
TIWs-induced heat transport based on the TIWs stochastic
forced linear model. Section 4 verifies the performance of
the parameterization scheme through comparison with the
traditional band-pass filtering method. In Sect. 5, we test the
effectiveness and general applicability of the parameteriza-
tion scheme in different reanalysis datasets with contrasted
horizontal resolutions. Section 6 summarizes our results and
discusses some unsettled questions for future work.

2 Data and methodology
2.1 Ocean reanalysis products

We utilize the oceanic potential temperature and currents
datasets from four oceanic reanalysis products: (1) the
National Center for Environmental Predictions (NCEP)
Global Ocean Data Assimilation System (GODAS) pentad
product at a 1/3° X 1° horizontal resolution from 1980 to
2018 (Behringer and Xue 2004; Saha et al. 2006); (2) the
Hybrid Coordinate Ocean Model (HYCOM) daily reanaly-
sis product with horizontal resolution at 0.08° X 0.08° from
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1994 to 2015 (Chassignet et al. 2007); (3) the GLORYS12
daily reanalysis product which is produced and distributed
by Copernicus Marine Environment Monitoring Service
(CMEMS) at a 0.083°x0.083° horizontal resolution from
1993 to 2019 (Lellouche et al. 2021); (4) the Cube92 model
products of Estimating the Circulation and Climate of the
Ocean, phase II (ECCO2) with a horizontal resolution at
1/4° x 1/4° from 1992 to 2019 (Menemenlis et al. 2008).
The construction of the parameterization scheme is based on
the HYCOM dataset (Sect. 3—4) and the other three datasets
are used for testing its effectiveness (Sect. 5). The statistical
significances are determined based on a two-tailed Student’s
t test.

2.2 TIWs-induced heat flux and NDH measurement

The effectiveness of the proposed parameterization scheme
is verified through comparison with the results from tra-
ditional band-pass filtering method in the four reanalysis
datasets. Conventionally, each variable X can be separated
into a mean climate state (overbar), low-frequency compo-
nent (over 60-day; tilde) and eddy component (less 60-day;
prime) and therefore X can be expressed as X = X+X+X
(Lyman et al. 2005; Xue et al. 2020, 2021). As TIWs have
a broad spectral peak in the 10-60-day range, we apply a
10-60-day band-pass Fourier filtering method to the ocean
temperature and current fields within the mixed layer
(0-50 m) to extract TIWs signals (Qiao and Weisberg 1995,
1998; Lyman et al. 2005; Shinoda et al. 2009; Wang et al.
2020). The eddy component at 10-60-day timescales usually
encompasses both TIWs and a small portion of the intrasea-
sonal Kelvin waves. The contributions of the intraseasonal
Kelvin waves on heat budget in the EEP can be ignored,
since the TIWs stand out as the dominant signal (Menkes
et al. 2006; Graham 2014). The TIWs-induced heat flux is
estimated from the nonlinear rectified effect of anomalous
temperature transport by anomalous currents at the intrasea-
sonal timescales, which can be written as:

HFppy = —V'T = (-u'T')h (-v'T')}+ (—W'T')'Ié, 1)

where T’ and (u', v, w/) represent the oceanic mixed-layer
anomalies of temperature and ocean currents at the TIWs
timescales (10-60-day). The tilde denotes a three-month
running mean to highlight the low-frequency variability. As
the divergence of the eddy heat flux, TIWs-induced NDH
act as a dynamical heating source for ocean temperatures,
which could be referred to as the TIWs’ rectification effect
onto the ENSO heat budget. The effect of TIWs on the heat
budget on seasonal time scales can be expressed as:

P ou'T T ow'T!
NDHypyy =V - HFppy = <— — )+ (— % ) + (— e )
2

TIWs mainly tend to transport warm water from the
Intertropical Convergence Zone (ITCZ) to the equatorial
cold tongue (downgradient of the temperature anomalies
along the SST front). Previous studies have shown that the
TIW-induced zonal and vertical heat flux components onto
the mean climate state and ENSO variability are negligible
within the mixed layer (Hansen and Paul 1984; Bryden and
Brady 1989; Menkes et al. 2006; Xue et al. 2020). Therefore,
the TIWs-induced heat flux (HF ;) and associated NDH
(NDH p;y,) within the mixed layer could be largely repre-
sented by the meridional components:

HFppy = (—V’T’) = (—v/T')}

o5 W
NDHrppy =V - HF gy = <_ ;y )

3

As shown by the time-averaged TIWs-induced heat flux
and NDH calculated in the EEP using the high resolution
HYCOM dataset, most of the eddy heat transport occurs
within the mixed layer (0-50 m) along the SST front (~ 3°N)
where TIWs are most active (Fig. 1a). As the divergence
of the eddy heat flux, TIWs-induced NDH occurs near the
equator (2°S—4°N) (Fig. 1b), which contributes to the ENSO
development. As shown in Fig. lc, d, both the eddy heat
flux and NDH due to TIWs in EEP nearly exhibit a uniform
behavior in the vertical distribution. So, we could assume the
related parameters in our parameterization scheme (Sect. 3)
to be constants in depth as a reasonable approximation.

2.3 Definition of TIWs spatiotemporal indices

A complex TIWs index has been proposed to characterize
the temporal variations of TIWs activity in our earlier stud-
ies (Boucharel and Jin 2020; Xue et al. 2020, 2021). Here,
we extend the complex temporal (one-dimensional) TIWs
index to three-dimensional TIWs index to account for the
spatiotemporal variability of TIWs activity. Utilizing TIWs
spatiotemporal coherency, we use a simple set of base points
in zonal direction, equally spaced according to the typical
TIWs wavelength, to formulate the spatiotemporal complex
index of TIWs activity. Hence, the spatiotemporal TIWs
values at each grid point (t, x, y) could be represented by
four adjacent fixed points. The real/imaginary part of the
complex TIWs index (TIW1/TIW2) is simply extracted as
the equally spaced and weighted (but with alternating signs)
summation of unfiltered surface meridional current anoma-
lies (v'), which could be written as:
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(a) horizontal mean TIWs-heat flux
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(c) vertical mean TIWs-heat flux
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Fig. 1 a, b Horizontal distributions of mean TIWs-induced heat flux
(m°Cs™") and NDH (°Cmonth™") within the mixed layer (0-50 m),
respectively; ¢, d Vertical distributions of mean TIWs-induced heat

Vv (tx—1y)—V (t,x— é ,y>+v’ (t,x+ é ,y) =V (t,x+Ly)

4
5\ _3 ’ Lo\ _y 3 s
1x—3 ,y) v (t,x T ,y)+v (r,x+4,y) v (t,x+ T ,y)

“
where [ represents the wavelength (in degrees) determined
from the leading complex empirical orthogonal function
(CEOF) mode (Xue et al. 2020, 2021). There is a 90° zonal
phase shift (also i) between the real (TIW1) and imaginary
(TIW2) part of the complex TIWs index (Z=TIWI +iTIW2).
It should be noted that the results are not sensitive to the
number (such as 4, 6 or 8) of base points chosen. The spati-
otemporal TIWs amplitude is then expressed as:

TIW1(t, x,y) =

TIW2(t, x, y) = il

1Z|2(2,x,y) = TIW1(t, x, y)* + TIW2(t, x, y)* )

To examine the effectiveness of the complex TIWs index
in capturing the TIWs spatial features, we compare the
newly-defined TIWs amplitude with traditional definition
of TIWs intensity, which is often measured by the variance
(i.e., square) of band-pass filtered SST or current anomalies.
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(b) horizontal mean TIWs-NDH
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(d) vertical mean TIWs-NDH
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flux (averaged between 0 and 6°N) and NDH (averaged between 2°S
and 4°N), respectively

As shown in Fig. 2a, the mean TIWs amplitude derived from
our new method highly resembles that from the traditional
10-60-day band-pass filtering method, confirming the effec-
tiveness of the three-dimensional complex TIWs indices.
Similarly, the time series of domain (0°—6°N, 110°-150°W)
averaged TIWs amplitude derived from these two methods
are highly correlated (R=0.95) (Fig. 2b). Note that the
complex spatiotemporal TIWs index presented here doesn’t
require band-pass filtering preprocessing of the long-term
raw datasets and could therefore serve as an effective and
concise index for real-time monitoring of spatiotemporal
TIWSs activity.

3 Parameterization scheme of TIWs-induced
heat transport

As discussed in the introduction, a stochastically forced lin-
ear model for TIWs amplitude which is modulated by the
EEP annual cycle and ENSO has been introduced recently
(Boucharel and Jin 2020) and can be written as:
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(a) TIWs mean amplitude
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Fig.2 a Mean states of TIWs variance calculated as the 10-60-
day band-pass filtered meridional velocity anomalies (v) (shadings,
m?s~2) and TIWs amplitude derived from the new method presented
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(b) TIWs amplitude
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in Sect. 2.3 (contours, m*72); b Scatterplot of the relationship
between monthly TIWs amplitudes averaged over TIWs active region
(0-6°N, 110-150°W) from the two calculation methods. Correlations
and root mean square deviation are included in the top left corner

dz _ [_<y0 + 2‘_”> + <yA cos M) + (yNNiﬁ03(t))]Z+ w(b), ©)

where Z denotes the complex TIWs index, dZ /dt is the TIWs
2irn

tendency, - the TIWs oscillator with a period T=36 days,

(25(=0)

co the annual forcing with a period 7, =365 days and

A
@ the phase for the annual damping rate which is identified

as 120 days, so that the TIWs amplitude reaches a maximum
in boreal summer/autumn and a minimum in spring. Nifio3
is the ENSO forcing (averaged SST anomaly in the domain
of 5°S—5°N, 90°-150°W) and w(t) is the white noise forcing.
7o 1s the mean damping rate, and y,, and y,, are the annual and
interannual modulation of TIWs damping rate by the EEP
annual cycle and ENSO, respectively. Since T< <7, and
T< < Nino3 period, previous study has showed that the low-
frequency TIWs amplitude can be formulated as the second-
order approximation of the simple TIWs model’s analytical
solution (Boucharel and Jin 2020). Considering that TIWs-
induced heat flux is largely proportional to the TIWs ampli-
tude (Xue et al. 2020; Boucharel and Jin 2020), the param-
eterization scheme of TIWs-induced heating effects on
ENSO could be well formulated by the analytical solution
of TIWs amplitude. Through a proper simplification with
neglecting the high-order terms, the temporal TIWs-induced
heat flux can be written as follows:

where A is a constant, representing the mean state of TIWs
variance (i.e., amplitude) and the expression between bracket
is the interannual modulations of TIWs amplitude’s 2™ order
analytical solution (Boucharel and Jin 2020). However, this
formulation could not account for the spatial variations of
TIWs-induced heat flux since it is only considering tempo-
ral variations. A three-dimensional formulation of TIWs-
induced heat flux and NDH should be further proposed to
better account for the TIWs contribution to ENSO spati-
otemporal characteristics.

Considering the remarkably linear relationship between
the TIWs-induced heat flux and TIWs amplitude, we pro-
pose the spatiotemporal (i.e., three-dimensional) TIWs
amplitude (Sect. 2.3) to capture the TIWs-induced heating
effects. As shown in Fig. 3, the newly-defined TIWs ampli-
tude is highly correlated with area-averaged TIWs-induced
heat flux and NDH based on the HYCOM dataset (Eq. 3).
Therefore, the TIWs-induced heat flux and NDH at each
grid point in the EEP could be theoretically expressed
using the analytical TIWs amplitude in consideration of
the proportionality. Accordingly, we can extend the tem-
poral (one-dimensional) parameterization scheme (Eq. 6)

o) _ 2
HF (1) A<y—NNif103(t) + 274N cos < il (”)> x Nifio3(t) + (y_N> Nifw3(t)2), %
Yo Y

yo TA

0
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Fig. 3 Interannual parts of the
normalized time series of area-
averaged TIWs amplitude (black
line, m25‘2), TIWs-induced heat
flux (red line, m°Cs™!) over the
TIWs active region (0-6°N,
110-150°W) and NDH (blue
line, °Cmonth™") (2°S—4°N,
110-150°W), respectively
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1995 2000 2005 2010 2015

of interannual TIWs-induced heat flux to account for the
spatiotemporal (three-dimension) variability as:

theoretically expressed in terms of the monthly temperature
gradient as:

- 27(1 — @)
—_ Ky (x, y)Niino3(t, x,y) + K, (x,y) cos <—
VTt x,y) ~ Ay C : T, . (8)
XNifo3(t, x,y) + K,(x, y)Niito3(t, x, y)*
Here, T and V' represent the mixed-layer averaged —_ oT
IT/ — K
intraseasonal (10-60-day) anomalies of temperature and ~ —¥ % =~ d_y ’ )

meridional ocean currents, respectively. Similarly, A(x,y)
represents the horizontal mean state of TIWs variance
and determines the spatial distribution of TIWs-induced
heat flux. The corresponding spatial coefficients K;(x,y),
K, (x,y) and K,(x, y) represent the relative contributions to
the total TIWs heat transport from three main governing
terms: the direct linear ENSO forcing, the combination
effect emerging from deterministic nonlinear interac-
tions between ENSO and the cold tongue annual cycle,
and ENSO high order nonlinearity (Stuecker et al. 2013,
2015; Xue et al. 2020; Boucharel and Jin 2020). Here, the
combination effect explains the seasonal dependence of
ENSO modulation on TIWs activity, different from the
direct ENSO impact. The ENSO high order nonlinearity

—_ T 2
—V'T'(t,x,y) = ﬂ(x,y)g—i(t,x,y) <K0(x,y) + K, (x,y) cos < al

ﬂ) + Ky (x, y)Nifw3(t)>,
TA

where g represents the monthly meridional temperature

gradient along the SST front and the above tilde refers to a
three-month running average. K(m?*s™!) is the coefficient
of eddy thermal diffusion, which is an important parameter
indicative of the eddy heat transfer rate. The larger the dif-
fusion coefficient, the higher the TIWs heat exchange effi-
ciency. This closure scheme is often referred to as the Flux-
Gradient theory. Motivated by the mechanistic
TIWs-induced heat flux expression in Eq. 8 and the fact
TIWs transport heat down the slow-varying meridional
ocean temperature gradient, we propose a heuristic form
for the three-dimensional TIWs-induced heat flux as
follows:

(10)

accounts for the asymmetry of TIWs-induced thermal
effect between the ENSO warm and cold phase.
Although TIWs activity could be regarded as a random
process at seasonal to interannual scale, TIWs could lead
to large-scale heat transport and redistribution in the EEP
through nonlinear rectification effect. TIWs can transport
warm water from the northern ITCZ to the equator in EEP
by relentless stirring of water and lead to the eddy-induced
heat fluxes and associated NDH. Acting in a manner analo-
gous to molecular thermal diffusivity, TIWs-induced heat
flux would be therefore proportional to the local slowly-
varying meridional temperature gradient and then could be

@ Springer

in which the eddy diffusion coefficient K in the scheme is
expressed as:

1
K = A(r,y)( Ko y) K @,y) Ks(x.y) )| cos (2”;%)
Nifio3(t)
an
As the units and dimensions on both sides of the param-

eterization scheme have to be identical (Table. 1), the
mean state of TIWs variance A should be measured with
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Table 1 Units and characteristic

les of variables in th Variables TIWs-induced heat TIWs mean vari- Meridional SST Parameters
scales of variables in the — . 7
parameterization scheme of flux (='T) ance (4 gradient <Z_§> E(K()), K
TIWs-induced heat flux 2
Units m°Cs™! m?s™2 °Cm™! S
Characteristic scales %(10*2) ;_z (10—2) %(10-6) T(IO(’)

the meridional component of velocity (v') at the TIWs scale
(Fig. 2a). Correspondingly, A(x, y) is measured as:

A, y) = V2, y). (12)

We then estimate the three key parameters Kj(x,y)
K, (x,y) and K, (x, y) from the high-resolution HYCOM data-
set through a multiple linear regression analysis. As shown
in Fig. 4, all the spatial distributions of all three parameters
show roughly uniform spatial structures over the TIWs
active region (0°-6°N, 110°-150°W). Despite that the three
parameters exhibit some spatial differences, the results by
using the two-dimensional K patterns (K, (x, y), K, (x,y) and
K,(x,y)) in the new scheme are largely consistent with those
based on the constant K (not shown). Therefore, to keep the
proposed parameterization scheme as succinct and effective
as possible, we assume these three state-dependent param-
eters K, K; and K, are constants in space. These three
parameters are approximated as a domain average
(Ky = —0.6 x 10°s,K, = —0.2 X 10°s and K, = 0.1 x 10%),
which are consistent with estimates from the TIWs stochas-
(Z—N, 27*;# and (’;—: >2> (Boucharel and Jin 2020;

0 0

tic model

Xue et al. 2020). The parameterization scheme of horizontal
TIWs-induced heat flux can be simplified as:

As the convergence of TIWs-induced heat flux, TIWs-
induced NDH serves as a dynamic heating source for ENSO-
related SST and could be formulated as the partial derivative
of heat flux in the meridional direction:

P
NDH, . (1,%,y) = —
rw(t, X, y) dy
6[v'2(x L (r X, y){KO +K, cos (2”(’ “’) + K2N1n03(t)}]

dy

(14)
One can assess TIWs-induced heat feedback on ENSO
by extracting information from the slowly-varying SST
gradient and ENSO SST variability, since the mean TIWs
variance and related parameters have been determined as
constants at each grid point. Compared to the traditional
method, this new scheme with no need for bandpass filter-
ing to extract the high-frequency TIWs, can realistically
represent TIWs-induced heat effect on ENSO. In this case,
this scheme can be easily applied online in theoretical and
intermediate complexity ENSO models to study the effect
of TIWs on ENSO characteristics. However, how well the
observed TIWs-induced heat transport could be represented
by the parameterization scheme still needs to be addressed.
In the following section, we will test the performance of the

proposed TIWs-induced heat transport quantification.

—_— J— T 27x(t —
—VT'(t,x,y) = V2(x, y)(;—T(t, X, y){KO + K, cos <¥> + KzNiﬁo3(t)} (13)
y A

(c) K2 pattern

(a) KO pattern

(b) K1 pattern
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Fig.4 Spatial patterns of K, K; and K, (units: 10® s71) in Eq. (10) inferred from a multiple linear regression method using high-resolution

HYCOM dataset
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4 Performance of the TIWs parameterization
scheme

To evaluate the performance of the TIWs-induced heat
transport parameterization scheme, we conduct an EOF
analysis of the monthly TIWs-induced heat fluxes over the
EEP region (10°S-10°N, 180°-90°W) using the high-res-
olution HYCOM dataset. Here the traditional estimate of
TIWs-induced heat flux and NDH are calculated from 10 to
60-day band-pass filtered temperature (7') and meridional
velocity (v') (Eq. 3) and the newly-proposed parameteriza-
tion scheme refers to our proposed formulations (Egs. 13
and 14). The leading EOF modes of TIWs-induced heat flux
calculated from the two methods, respectively, account for
35% and 45% of the total variances, and are well separated
from the corresponding second modes as per the criterion
of North et al. (1982). The spatial patterns of two principal
modes give a good account of the equatorward heat flux
convergence (Fig. 5a, b) and the corresponding leading PC
time series (PC1) are highly correlated (R=0.88) (Fig. 5c¢).
It suggests that our parameterization scheme reproduce well

both the spatial and temporal features of the TIWs-induced
heat flux and NDH. We also show in Fig. 6 the interannual
variation of TIWs-induced heat flux (0°-6°N, 150°-110°W)
and NDH (2°S—4°N, 150°-110°W) after applying a domain
average. Their high consistence again confirms the ability
of the parameterization scheme in capturing TIWs-induced
heating effects.

To investigate the consistency in terms of the dominant
physical processes, we conduct a spectral analysis of the
TIWs-induced heat flux and NDH inferred from the two
methods (Fig. 7). Our scheme exhibits almost same spec-
tral structure as the traditional band-pass filtering method,
especially around three peaks near 0.33 yr~! (~36-month),
0.67 yr~! (~ 18-month), and 1.33 yr~! (~9-month). The
0.33 yr~! largely represents the ENSO frequency (f), indi-
cating the direct ENSO modulation on the TIWs activity.
The 0.67 yr~! and 1.33 yr~! mathematically equal to 1 + f
(1 being the annual cycle frequency), reflecting the com-
bination effect on the TIWs activity from the nonlinear
interaction between the ENSO and the EEP annual cycle
(Stuecker et al. 2013, 2015; Xue et al. 2020; Boucharel
and Jin 2020). The combination effect largely captures

(a) traditipnal me’ghod EQF1 (b) Schleme EOII:1
10°N G ——— TR R e — — —
DO 0 YO M o.0s
oN - e W S B | 710.06
SN v SN — 0.04
) —0.02
EQ 1 e ;~—,3~(— EQ - = 0
o —-0.01
0 L gee | H-0.02
5 S B I e i S : 3 IE 5 S __003
oL o -0.04
10°S +——————1——— 10°S +————————— ]
180°  150°W  120°W  90°W 180°  150°W  120°W  90°W
(9) normalized F:C time series ' corr = 0.88
5.0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

—PC1_tradition
—PC1_Scheme

_50 T T T T T
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T
2000

Fig.5 Spatial patterns of the leading EOF modes of the traditional
(a) and parameterized (b) TIWs-induced heat flux (units: m°Cs™")
over the EEP region (10°S—10°N, 180°-80°W) derived from the
high-resolution HYCOM dataset; ¢ Corresponding normalized Prin-
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cipal Components (PC) time series of the traditional (red line) and
parameterized (blue line) TIWs-induced heat flux leading EOF
modes. Correlations are statistically significant above the 99% con-
fidence level
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Fig.6 a Three-month running
mean and area averaged tradi- 0.1

(a) IInterannual Tlvys—heat flux

tional (red lines) and parameter-
ized (blue lines) interannual
TIW-induced heat flux (0-6°N,
110-150°W) and b NDH (2°S—
4°N, 110-150°W) time series
within the mixed layer (0-50 m)
from HYCOM dataset. Cor-
relations are included in the top -0.1

0.05

0.0

0.05

—tradltlon -
—Scheme

right corner of each panel and
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99% confidence level
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Fig.7 (a, b) Fast Fourier transform (FFT) power spectra of the nor-
malized monthly TIWs-induced heat flux (units: m°Cs™') and NDH
(units: °Cmonth™"). Red lines are for the traditional band-pass filter-
ing method and blue lines for the parameterization scheme. The plot-
ting format forces the area under the power curve to be equal in any

the seasonally modulated ENSO effect on TIWSs activity.
We note that the modulation on TIWSs activity by ENSO
high order nonlinearity at frequency 2 f (~0.66 yr™!) falls
within the band of frequency 1 — f, which also contributes
to this spectral peak. Different from traditional empirical
data-driven quantification methods, our proposed param-
eterization scheme provides a clear picture of the physical

frequency band to the variance. The dashed orange lines are the red-
noise spectrum inferred from first order auto-regressive process. The
5% (95%) confidence intervals are shown by the dashed black (green)
lines

mechanisms responsible for the TIWs-induced thermal
feedback on ENSO.

We next compare the TIWs-induced heat flux and NDH
during the peak phase (October to December, OND) of
El Nifio and La Nifia events to investigate the TIWs
thermal feedback during the ENSO mature phase. The
ENSO events are identified according to the definition
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by the Climate Prediction Center based on the oceanic
Nifio index averaged over the Nifio 3.4 region (5°S—-5°N,
120°-170°W) (Table 2). Despite the existence of biases
in the magnitudes and spatial distributions (Fig. 8) poten-
tially originating from the assumption of the three param-
eters KK, and K, being constants in space (Fig. 0.4), the
composited eddy heat flux and NDH are rather realistically
reproduced by our scheme and approximately consistent
with those inferred from the traditional band-pass filter-
ing method. Some neglected processes, such as the baro-
tropic energy conversion due to zonal current shear (e.g.,
Philander 1976, 1978; Yu et al. 1995), the ENSO higher
order nonlinearity processes (e.g., Xue et al. 2020) and
sub-mesoscale oceanic eddy processes (e.g., Wang et al.
2022), might also lead to the spatiotemporal differences of
TIW-induced heat flux. Nevertheless, our parameterization
scheme can effectively capture the TIWs-induced asym-
metric feedback on ENSO (An 2008; Imada and Kimoto

Table 2 Classification of ENSO events during the 1994-2016 period

2012), with values of up to 0.4 °C/month over the EEP
during La Nifia and nearly — 0.2 °C/month during El Nifio.

To further test the performance of our parameterization
scheme in capturing TIWs’ contributions to ENSO devel-
opment, we also asses TIWs’ contributions to the ENSO
growth rate (Jin et al. 2006; Kim and Jin 2011; Wengel
et al. 2021). TIWs-induced NDH can be decomposed into
three parts to examine the relative contributions of the
three terms in Eq. 14 on ENSO growth:

0 (— oT
0 =—-— <v’2(x,y)$Ko>

dy

0 [— oT 2n(t— @
0, = —a—y<v’2(x,y)a—yK1 Ccos <T—A>> (15)
0, = _aiy <ﬁ(x, y)%KzNiﬁ03(t)>.

Q, is the linear ENSO term, Q, the combination effect
term and Q5 the ENSO high-order nonlinearity term. By

El Nifio years

La Nifia years

1994/95, 1997/98, 2002/03, 2004/05, 2006/09, 2009/10, 2015/16

1995/96, 1998/99, 1999/00, 2000/01, 2005/06, 2007/08, 2008/09, 2010/11,

2011/12

ENSO events are identified based on a threshold of 0.5 standard deviations of the DJF Nifio3.4 index. ENSO years are labeled year(0)/year(1),
where 0 and 1 refer to the ENSO developing and decaying year, respectively
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Fig.8 Composite patterns of TIWs-induced heat flux (units: m°Cs™)
within the mixed layer (0—50 m) during the peak phase (OND) of the
El Nifio (a) and La Nifia (b) events from traditional band-pass fil-
tering method; ¢, d same in (a, b) but for the parameterized TIWs-
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induced heat flux with the new scheme. Black dots denote statistically
significance at the 99% confidence level using two-tailed Student’s
t test. e-h Same as (a-d) but for the TIWs-induced NDH (units:
°Cmonth™")
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performing a linear regression of TIWs-induced NDH onto
Nifio3.4 index from July to December of all years, we can
approximately derive the relative contributions on ENSO
growth rate (GW) as:

GWypws = GW, + GW, + GW,

_o __0
GW, = Tl - Niﬁo3l4(x)(ENSO)
&) [ (16)
CWy = T = Srosa (C-effect)
_ 9 _ 0 2
GW; = ; - Niﬁo;4(t) (ENSO )

where the bracket “<>" denotes a domain average over
the Nifio3.4 region. As shown in Fig. 9a, the TIWs con-
tributions to ENSO development calculated based on our
scheme agree well with the estimates from the traditional
method for all three quantified terms. The ENSO direct
contribution (GW,) acts as strongly negative feedback
onto ENSO growth, whereas the term related to ENSO
high order nonlinearity (GW3) acts as positive feedback.
The contribution of the combination effect term (GW,) is
negligible since the seasonality is weak during the ENSO

Fig.9 a The traditional (red)
and parameterized (blue) TIWs-
induced NDH contributions to
ENSO growth rate (GW) (units:
month_]). The bars, from left to
right, indicate the total contribu-
tions of TIWs, linear ENSO
(Nifio3) term, the combina-

(a) TIWs growth rate

developing phase (July-December). Overall, TIWs activ-
ity acts as a net negative feedback (GW ;) on ENSO
growth. When we break down the ENSO events into El
Nifio and La Nifia events (Fig. 9b, e), the contributions
of TIWs nonlinear terms (GW;) to ENSO are opposite in
sign with asymmetric amplitude, showing strong positive
feedback during El Nifio and relatively weak negative feed-
back during La Nifia. It corresponds well to the observa-
tion that TIWs activity is strongly strengthened during La
Nifia events and weakly suppressed during El Nifio events
(An 2008; Xue et al. 2020; Wengel et al. 2021). When
warm SST anomalies of the cold tongue reach a threshold
value, TIWs activity is completely suppressed and lead to a
TIWs-free condition. In contrast, a further drop of the cold
SST anomalies in the EEP could lead to a more unstable
baroclinicity by increasing the SST gradient and therefore
to a faster TIWs growth. This physical process of the asym-
metric feature of TIWs-induced NDH is well expressed in
our parameterization scheme.

(b) El Nino TIWs growth rate
0.20

0.10 - ﬂ

L )
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ENSO high-order nonlinearity ]
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5 Sensitivity to different horizontal
resolutions of datasets

At present, TIWs are still not well resolved in most current

climate models and reanalysis datasets due to the coarse
resolutions and unrealistic physical processes (Huang et al.

(a) GLORYS12
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5°N
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5°S -

10°S +—————+——+——
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(e) mterannual TIW variance

2010; Graham 2014). The different horizontal resolutions
of oceanic datasets are therefore expected to lead to dif-
ferent values of the inferred key parameters and of TIWs
mean variance in the parameterization scheme (Eq. 14).
We now examine the sensitivity of the TIWs performance
and the three estimated parameters to the horizontal
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Fig. 10 a-d Mean state of TIWs variances calculated from the tra-
ditional 10-60-day band-pass filtered meridional velocity anomalies
(v") within the mixed layer (shadings, units: m?s~2) and TIWs ampli-
tudes derived from new method described in Sect. 2.2 (contours,
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units: m%~2) for GLORYS12, HYCOM, ECCO2 and GODAS data-
sets, respectively; e Interannual part of three-month running mean
and area-averaged (0—6°N, 110-150°W) monthly TIWs variance time
series from the four datasets. Correlations between every two datasets
are included in the bottom right corner
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Table 3 Parameters values of K,, K; and K, in the parameterization
scheme of the four datasets with different horizontal resolutions

Datasets K, (10%) K, (10% K, (109
GLORYS12(1/12°x 1/12°) - 055 - 020 0.10
HYCOM(1/12° x 1/12°) - 054 - 0.20 0.10
ECCO2(1/4° x 1/4°) - 036 0.10 0.002
GODAS(1° % 1/3°) —0.40 - 0.005 0.01
TIWs diffusion coefficient
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Fig. 11 Meridional profiles of TIWs mean diffusion coefficients K
(units: m%/s) in the parameterization scheme for GLORYSI12 (red
line), HYCOM (blue line), ECCO2 (black line) and GODAS (orange
line) datasets, respectively

resolution based on four different oceanic reanalysis data-
sets (GLORYS12, HYCOM, ECCO2 and GODAS).

First, we display the representation of TIWs variances
(v/z) in these four datasets. TIWs activity exhibits similar
double-peak patterns in the HYCOM and GLORYS12 char-
acterized by high horizontal resolutions (Fig. 10a and b). In
contrast, TIWs are seriously underestimated in the reanaly-
sis datasets with low horizontal resolutions (GODAS and
ECCO?2) (Fig. 10c, d). The equatorial current system has
been shown to be poorly reproduced in these two coarse
datasets, which could lead to biases in the performance of
TIWs simulation (Huang et al. 2010; Wang et al. 2020).
The inter-comparison of interannual TIWs variance in
Fig. 10e show that TIWs variance is nearly 50% larger in
the high than low resolution datasets, despite high correla-
tions between the different time series. Consistent with the
TIW variances, the magnitudes of meridional heat transport
are also much weaker in GODAS and ECCO2 compared to
the estimates from HYCOM and GLORYS12 (not shown).

It suggests that increasing the resolution of models help to
simulate more realistically the TIWSs activity and therefore
its thermal feedback on the ENSO variability (Jochum et al.
2005; Imada and Kimoto 2012; Graham 2014; Wengel et al.
2021).

Since the four datasets are characterized by contrasted
representations of TIWs features, different key parameters
are derived when we develop the corresponding param-
eterization schemes using the multiple linear regression
method. The estimated key parameters (KK, and K,) from
the four datasets are shown in Table 3. The parameters
from the GLORYS12 and HYCOM datasets are almost the
same, identical to the estimates from one-dimensional for-
mulation in our earlier studies (Xue et al. 2020; Boucha-
rel and Jin 2020). However, the magnitudes of these
parameters in the GODAS and ECCO?2 datasets are much
smaller, leading to the smaller eddy diffusion coefficients
K (Fig. 11). The spatial resolutions of datasets affect their
performances in simulating the spatiotemporal variability
of TIWs amplitude and associated heat exchange rate in
the EEP.

Correspondingly, the TIWs-induced heat fluxes exhibit
high sensitivity to the spatial resolutions with contrasted
performances (Fig. 12a—d). Regardless, the self-adaptable
parameterization scheme can reproduce the realistic TIWs-
induced heat flux for each dataset. As shown in Fig. 12e-h,
the interannual time series of TIWs-induced heat fluxes
estimated from our scheme and traditional method are all
highly correlated, and our scheme successfully captures
the modulations of ENSO and associated nonlinearity on
TIWs activity. Given the climate mean TIWs variance
(i.e., TIWs amplitude) based on high-resolution reanaly-
sis or observation, our parameterization scheme can be
used to correct the biases of TIWs-induced NDH in cur-
rent climate models by employing their own ENSO low-
frequency information.

6 Conclusions and discussion

In this study, we propose a parameterization scheme of the
interannual TIWs-induced heat transport feedback on ENSO
in terms of the slowly-varying meridional temperature gra-
dient, a key factor governing the baroclinic energy conver-
sion from the EEP mean state to TIWs mesoscale activity.
Following the stochastic linear model of TIWs introduced
by Boucharel and Jin (2020), the analytical solution of one-
dimensional (temporal) TIWs-induced heat flux and NDH
is extended to three-dimensions, describing the spatial and
temporal features of TIWs. The parameterization scheme of
TIWs-induced heat flux can be delineated by the direct linear
ENSO effect, ENSO-cold tongue annual cycle combination
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Fig. 12 a-d Comparisons of mean states of TIWs-induced heat flux
within mixed layer (0-50 m) from GLORYS12, HYCOM, ECCO2,
and GODAS datasets, respectively; e-h Interannual parts of the three-
month running mean and area-averaged (0—6°N, 110-150°W) time

effect, and ENSO high-order nonlinearity effect. We further
demonstrated that our parameterization scheme can well
capture the TIWs-induced heat effect on ENSO via com-
parison with the traditional (band-pass filtering) method.
Four different global oceanic reanalysis datasets are also
used to test the sensitivity of this scheme to the horizontal
resolution. The newly-adopted parameterization scheme
reproduces the TIWs-induced thermal feedback on ENSO
more accurately in the high than low resolution oceanic data-
sets. Despite the sensitivity to the spatial resolutions, the
proposed quantification achieves a high degree of effective-
ness and universality in describing the TIWs-induced NDH.
This framework could therefore be a useful tool for assessing
the models’ performance in representing the TIWs-induced
heat transport and understanding the important role of
TIWs-induced NDH feedback in ENSO complexity.
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series of the observed (red line) and parameterized (blue line) TIWs-
induced heat fluxes (units: m°Cs™!) in the four datasets, respectively.
Correlations are included in the top right corner of each panel

Due to the fact that the TIWs mean variance (v’z) and
ENSO state in the parameterization scheme could not be
known a prior (i.e., calculated online), we should note that
this scheme could not be included in ocean climate models
to represent TIWs-induced eddy effects on the large-scale
mean flow and slow climate variability in non-eddy resolv-
ing climate models. However, this formalism could still eas-
ily be implemented in middle hierarchical ENSO models
such as the Zebiak and Cane model (ZC; Cane et al. 1986;
Zebiak and Cane 1987) since the ENSO is a state variable

in the ZC model and v'* could be inferred from observations
and imposed as a parameter. We are currently in the process
of incorporating the scheme into the ZC model to investi-
gate the TIWs’ impact on ENSO and potentially improve
performance in ENSO simulation and prediction. We will
particularly examine the TIWs-induced NDH feedback on
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the spatial structure of ENSO amplitude and asymmetry.
Beyond the expected insights gained into ENSO’s nonlin-
ear dynamics, we believe such applications could pave the
way for a long overdue revisit of the Gent and McWilliams
parameterization (Gent and Mcwilliams 1990; Gent et al.
1995). In particular, it was originally developed to improve
the representation by non-eddy resolving general circula-
tion models of the effects of mesoscale activity on mid- and
high-latitude flows that are characterized by very different
Rossby radii and eddy diffusivity coefficients than those of
equatorial regions where TIWSs are present.
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