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Abstract Large perturbations in chlorophyll (Chl) are observed to coexist at interannual and tropical instability wave (TIW)
scales in the tropical Pacific; at present, their combined effects on El Nifio-Southern Oscillation (ENSO) through ocean biology-
induced heating (OBH) feedbacks are not understood well. Here, a hybrid coupled model (HCM) for the atmosphere and ocean
physics-biogeochemistry (AOPB) in the tropical Pacific is adopted to quantify how ENSO can be modulated by Chl pertur-
bations at interannual and TIW scales, individually or collectively, respectively. The HCM-based sensitivity experiments
demonstrate a counteracting effect on ENSO: the bio-climate feedback due to large-scale Chl interannual variability acts to damp
ENSO through its impact on upper-ocean stratification and vertical mixing, whereas that due to TIW-scale Chl perturbations
tends to amplify ENSO. Because ENSO simulations are sensitively dependent on the ways Chl effects are represented at these
different scales, it is necessary to adequately take into account these related differential Chl effects in climate modeling. A bias
source for ENSO simulations is illustrated that is related with the Chl effects in the tropical Pacific, adding in a new insight into
interactions between the climate system and ocean ecosystem on different scales in the region. These results reveal a level of
complexity of ENSO modulations resulting from Chl effects at interannual and TIW scales, which are associated with ocean
biogeochemical processes and their interactions with physical processes in the tropical Pacific.
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The El Nifio-Southern Oscillation (ENSO) phenomenon
exhibits a varying amplitude. Despite previous intensive and
extensive studies, the mechanisms for ENSO diversity and
complexity are still not understood well (e.g., Zhang et al.,
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2015). Previously, a focus has been intensively placed on
physical aspects (Zhu et al., 2014; Hu et al., 2017; Kang et
al., 2017; Lian et al., 2017). In the past two decades, ocean
biogeochemistry in the tropical Pacific has also been de-
monstrated to play a role in ENSO modulations (e.g., Mur-
tugudde et al., 2002; Timmermann and Jin, 2002; Miller et
al., 2003; Wetzel et al., 2006; Gnanadesikan and Anderson,
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2009; Zhang et al., 2009; Jochum et al., 2010; Park et al.,
2014; Kang et al., 2017; Shi et al., 2023). Indeed, as a bio-
logical signature clearly evident from available satellite ob-
servations, ocean chlorophyll (Chl) field exhibits large
perturbations at different space-time scales in the tropical
Pacific.

At interannual time scales associated with ENSO cycles,
Chl undergoes large-scale variations in the equatorial Pa-
cific, which not only represents a response to ENSO, but also
induces a feedback onto ENSO (e.g., Zhang et al., 2009,
2019a). A negative feedback onto ENSO has been illustrated
due to interannually varying Chl effects in the tropical Pa-
cific (Zhang, 2015). Furthermore, it has been illustrated that
the ocean biology-induced feedback is realized mainly by its
indirect effects on the upper ocean dynamics through redis-
tribution of penetrative solar radiation; the induced vertical
differential heating and density field in the mixed layer (ML)
and subsurface layers act to modulate the stratification and
vertical mixing in the upper ocean, which influences SST and
thus ENSO.

At intraseasonal scales, tropical instability waves (TIWs)
are small-scale phenomena that are pronouncedly seen in the
eastern tropical Pacific (e.g., Legeckis, 1977). As has been
long recognized for being an important component in the
tropical Pacific climate system, TIWs influence the oceanic
heat and momentum transports near the equator (e.g., Bryden
and Brady, 1989; Baturin and Niiler, 1997; Kessler et al.,
1998; Zhang, 2014). Satellite data indicate that TIWs are
accompanied with large perturbations not only in physical
fields, but also in ocean biogeochemistry (Chavez et al.,
1999; Strutton et al., 2001; Legeckis et al., 2004; Gorgues et
al., 2005). A positive feedback onto ENSO has been recently
demonstrated through TIW-induced Chl perturbations (Tian
etal., 2018, 2019), acting to perturb density field in the upper
ocean, which affects the exchange between eddy potential
energy (EPE) and eddy kinetic energy (EKE). These pro-
cesses in turn tend to modulate TIWs themselves, which
further affect the meridional heat transport onto the equator
in the eastern tropical Pacific, leading to an SST change in
the cold tongue and thus impacts on ENSO.

ENSO and TIWs are two prominent phenomena involving
air-sea coupling in the tropical Pacific. Accompanied with
them, large Chl perturbations are observed to coexist at these
different scales in the region; correspondingly, their effects
on the mean climate and interannual variability are expected
in the tropical Pacific. For example, interannual Chl effects
have been examined using coupled ocean-atmosphere mod-
els, including highly idealized concept models (e.g., Tim-
mermann and Jin, 2002), HCMs (Marzeion et al., 2005;
Zhang et al., 2009), and coupled general circulation models
(e.g., Wetzel et al., 2006; Lengaigne et al., 2007; Gnanade-
sikan and Anderson, 2009; Jochum et al., 2010; Park et al.,
2014). Results indicate that the induced bio-effects on the

climate simulations are strongly model dependent, with
significant intermodel differences. At TIW scales, physical
aspects of TIW-induced effects on the climate in the tropical
Pacific have been understood quite well (e.g., Menkes, 2002;
Zhang, 2014; Holmes et al., 2019); but their biological as-
pects and corresponding roles in ENSO modulations through
the ocean ecosystem are still poorly understood (Tian et al.,
2018). In particular, TIW-induced bio-effects on ENSO and
their interactions with interannually varying Chl feedback
remain elusive. At present, large uncertainties exist in re-
presenting and understanding Chl effects at interannual and
TIW scales in the tropical Pacific. Due to the roles played by
TIWs in the climate system and ocean ecosystem in the
tropical Pacific, it is important to understand TIW-scale Chl
effects and their interactions with physical processes at in-
terannual scales.

Previously, we have illustrated the Chl-related feedback
effects on ENSO using a coupled model of the atmosphere
and ocean physics-biogeochemistry (AOPB), in which pro-
nounced TIW and interannual Chl signals are captured in
simulations (Tian et al., 2018, 2019; Zhang et al., 2018,
2019a). Clear interactions are seen between physical and
biogeochemistry processes at different scales. Because Chl
perturbations at interannual and TIW scales are collectively
represented in the coupled modeling system, it is difficult to
unambiguously separate the TIW-induced Chl roles in ENSO
modulations in the presence of interannually varying Chl
feedback effects.

In this study, the HCM AOPB is used to perform sensi-
tivity experiments to quantify individual and collective ef-
fects on ENSO due to TIW-induced Chl perturbations
(Chlyy) and Chl interannual variability (Chl,,,), respec-
tively. Since the ocean ecosystem model can explicitly si-
mulate Chl fields (including TIW and interannually varying
signals), their corresponding TIW and interannual Chl effects
on upper-ocean temperature calculations associated with the
penetrative solar radiation can be alternatively considered or
not, allowing their effects on ENSO to be quantified in a
clear way.

2. Model descriptions and experimental designs

In this work, a hybrid coupled model (HCM AOPB) is
formed to represent the bio-climate interactions in the tro-
pical Pacific (Figure 1): an ocean ecosystem model is further
incorporated into an atmosphere-ocean coupled model (re-
presenting the climate system). For example, the total wind
stress (7) is separated into its climatological part (z.y), in-
terannual anomalies (7,,) and TIW-induced wind stress
perturbations (zypy), written as =tqjmta, TiertTriw- A Sta-
tistical model for 7., is constructed using a singular value
decomposition (SVD) analysis technique between inter-
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Figure 1 A schematic diagram illustrating a hybrid coupled model (HCM) used to represent the interactions among the atmosphere, ocean physics and
biogeochemistry (AOPB) in the tropical Pacific. The HCM AOPB consists of statistical atmospheric models for wind stress, an OGCM and an ocean

biogeochemistry model.

annual anomalies of SST and 7, in which a, is a scalar
coefficient introduced to represent the strength of the cor-
responding wind forcing; a statistical model for 71y is also
constructed using SVD analysis technique between TIW-
induced perturbations of SST and 7 derived from satellite
observations. Furthermore, the climate system is coupled
with an ocean biology model that determines chlorophyll
(Chl), which affects the penetration of solar radiation in the
upper ocean. Correspondingly, the total Chl can be also se-
parated into its climatological part (Chlg,), interannual
anomalies (Chl,,) and TIW-induced perturbations (Chlyy),
written as Chl=Chl;,,+Chl;,,+Chly. In this simplified
coupled system, some climatological fields are prescribed to
be seasonally varying (e. g., 7, and SST;,,) and interannual
anomalies are determined by departures from their corre-
sponding climatological fields (e. g., SST;pe=SST—SST sjims
in which SST;, is climatological SST). Interactions be-
tween the ocean and atmosphere are realized by relationships
between SST and wind stress/heat flux/freshwater flux; those
between the ocean physics and biology are represented by
the related heating terms that are modulated by Chl. Also,
TIW-induced wind and Chl feedbacks onto the ocean are
represented so that TIW-scale interactions between SSTy
and zpy and between Chlyy and SSTqyy are taken into ac-
count. The model is briefly described in this section; a more
detailed description for the various model components is
presented in Zhang et al. (2018, 2020).

2.1 The model used

The oceanic model is an oceanic general circulation model
(OGCM), which is the primitive equation, sigma-coordinate
model originally developed by Gent and Cane (1989); this
model has been extensively used for tropical ocean-atmo-
sphere modeling (e.g., Murtugudde et al., 2002; Wang et al.,

2009; Zhang et al., 2012; Gao et al., 2020). The atmospheric
fields used to force the OGCM consists of surface wind
stress (7), freshwater flux (FWF) and heat flux; here, FWF at
the atmosphere-ocean interface is defined as the difference
between precipitation (P) and evaporation (E), with net FWF
into the ocean being defined to be positive. The coupling of
the OGCM with the simplified atmospheric model forms a
hybrid coupled model for the climate system of the tropical
Pacific (e.g., Zhang et al., 2012). In such an HCM, the total
wind stress field can be separated into three parts, which are
written as =tgim T, Tine Triw- HETe, Toim 1S @ prescribed
seasonally-varying climatological wind stress field, 7., is
large-scale interannual wind stress anomalies, and 7y is
TIW-scale wind stress perturbations (Zhang and Busalacchi,
2009a). In a similar way, the total FWF can be written as
FWF=FWF_;,,tFWF;,, in which FWF ;. is a climatological
part and FWF,,., is an interannual anomaly part; the FWF
effect at TIW scales is not considered here because its signal
is not coherent and systematic, with its effect being supposed
to be not strong. The corresponding climatological parts (zg;p,
and FWF ;) are prescribed using their long-term seasonally
varying fields from observations; the corresponding z;,., and
FWF, .. parts (interannual anomalies) are associated with
interannual SST anomalies (SST;,..), whose relationships are
determined using their statistical models constructed by
singular value decomposition (SVD) analysis techniques
from historical data (Zhang and Gao, 2016; Zhang and Bu-
salacchi, 2009b). The total heat flux forcing the OGCM at
the atmosphere-ocean interface is determined by an ad-
vective atmospheric mixed layer (AML) model which in-
teractively calculates the heat flux from SST and other
atmospheric fields; its details are described in Murtugudde et
al. (2002).

In this study, TIWs-induced effects are taken into account
in the HCM AOPB. Here, TIW signals are represented in
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terms of space-scale perturbations rather than time-scale
variations; that is, TIW-scale signals actually stand for a
spatial perturbation as has been characterized by previous
studies (Chelton et al., 2001; Hashizume et al., 2001; Xie,
2004). To this end, TIW-induced signals in the ocean (e.g.,
SSTrw for SST and Chlyy for Chl) can be extracted spa-
tially from their original total fields using a zonal high-pas-
sed filter in two steps (Hashizume et al., 2001). First, a large-
scale background field is formed by performing a 12° zonal
moving average (12° longitudes) of the original field; then, a
TIW-scale perturbation field is obtained by subtracting the
large-scale background field from its original field. On the
atmospheric side, TIW-induced surface wind stress pertur-
bations (zrrw) are also referred to spatially small scale, in-
stead of temporally high frequency; a surface wind stress
model for TIW scale (zrrw) is constructed using a SVD
analysis from satellite data for the eastern tropical Pacific
(Zhang, 2014). In this way, TIW-scale surface wind-SST
feedback can be represented in the HCM AOPB over the
eastern tropical Pacific, involving interactions between the
ocean and atmosphere on TIW scales. For example, TIW-
induced SST perturbations (SSTry) in the OGCM can be
obtained using the zonal high-pass filter that is applied to
daily total SST fields. Then, given an SSTy field simulated
from the OGCM, the 7y fields are obtained using the
constructed empirical trw model, which are then combined
with 7, and 7, to form the total 7 field to force the ocean,
with the zry effect thus being explicitly included in the
context of the HCM modeling.

Moreover, an ocean ecosystem model (representing bio-
geochemistry processes) is incorporated into the climate
system (the HCM) to represent bio-climate interactions
(HCM AOPB; Zhang et al., 2018). As shown in Figure 1, an
ocean ecosystem model is mainly composed of two parts
(Wang et al., 2015, 2009): one for biological part, and the
other for nutrient part. The former consists of six biological
components (large and small sizes of phytoplankton (P, and
Pg), large and small sizes of zooplankton (Z; and Zg), and
large and small sizes of detritus (D, and Dy)); the letter
consists of six nutrients (nitrate, silicon, ammonium, dis-
solved inorganic carbon (DIC), dissolved oxygen, and dis-
solved iron, respectively). In addition, the ecosystem model
includes some diagnostic variables. For example, phyto-
plankton carbon biomass (mol N m73) is converted into mol
Cm” according to the Redfield ratio (C:N=6.625). Corre-
spondingly, the ratio between phytoplankton biomass and
chlorophyll, which is called the C:Chl ratio, is used to cal-
culate chlorophyll concentrations (Wang et al., 2009, 2015).
The ratio between phytoplankton biomass and chlorophyll
(C:Chl) depends on light, temperature and nutrients (nitrate
and iron), whose fields are calculated from the ecosystem
model. So, the ocean ecosystem model produces Chl con-
centration, which is then used to calculate a penetration

depth (H,; Zhang, 2015), representing the Chl effect on the
incoming solar radiation in the upper ocean, which exerts a
direct influence on the thermodynamics in the upper ocean,
which then induces an indirect effect on the dynamics
(Zhang et al., 2019b). On the TIW side, TIW-induced Chl
signals can also be extracted using the zonal high-passed
filter as used in deriving SSTyy signals. Similarly, Chl can
be also explicitly separated into three parts, written as: Chl=
Chl;,+Chl;,+Chlyy , in which Chly, is its seasonally-
varying climatological field, Chl,, is interannual anomalies,
and Chlyy is TIW-scale perturbations, respectively. The Chl
effects on ocean simulations can be taken into account or not
in the model experiment. For instance, the Chl effects in-
duced by Chly,,, or Chlyy can be purposely excluded in
sensitivity experiments when accounting for their contribu-
tions to bio-heating in the temperature equation of the ocean
model. As such, the Chl;,., or Chly effects can be quanti-
fied from sensitivity experiments using the HCM AOPB.

The coupling among these different components in the
HCM AOPB is schematically illustrated in Figure 1. For
example, atmospheric statistical models are used to calculate
interannual anomalies of T and FWF (i. e., Ty, and FWF;,.,)
from SST,,., and the 7y part from SSTry, respectively.
These interannual anomalies are then added onto their pre-
scribed corresponding climatological fields to force the
OGCM. The total Chl field is calculated from the ocean
ecosystem model; its interannual anomaly part (Chli,,) is
depicted relative to its climatological part (Chl,). On the
TIW side, the zonal high-pass filter is applied to daily total
SST and Chl fields to explicitly extract TIW signals in the
ocean. The SSTy field is then used to calculate the TIW-
induced surface wind stress perturbations (zqy) from the
constructed empirical 7w model, with the SSTw-trw in-
teraction being explicitly included in the HCM AOPB. Using
anomaly coupling method, the atmosphere and ocean are
coupled to each other. The empirical response models are
used to determine the 7, and zrw parts, which are com-
bined with 7, to force the OGCM, which, in turn, gives rise
to total SST fields; then, SST;,, and SSTw can be obtained
correspondingly. The 7., 7rw and SSTyy fields are up-
dated every day in coupled modeling using the SST fields
from the OGCM.

The model spin-up and time integration procedures are
described in Zhang et al. (2019a). For example, the World
Ocean Atlas (WOAO1) temperature and salinity fields are
used to initiate the OGCM, which is integrated for 20 years
using prescribed atmospheric climatological forcing fields;
the outcome of this OGCM spinup integration serves as in-
itial conditions in the control and sensitivity experiments for
bio-climate coupling studies, respectively. A control ex-
periment is then run for 30 years using the coupled model, in
which the evolution is determined solely by the coupled in-
teractions in the system. As shown in Zhang et al. (2018,
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2019a), this HCM AOPB can well depict interannual varia-
tions associated with ENSO. The end of this 30-year coupled
run is arbitrarily denoted as model year 2301. Started from
the end of the 30-year control run, the Chl effect-related
sensitivity experiments using the HCM AOPB are performed
from model year 2301 to model year 2338.

2.2 Experimental design

The HCM AOPB is adopted to represent bio-climate cou-
pling in the tropical Pacific. It turns out that this HCM is able
to depict interannual variability associated with ENSO and
TIWs quite well (Tian et al., 2018; Zhang et al., 2018). As a
model variable estimated from the ocean ecosystem model,
for example, Chl exhibits pronounced interannual and TIW
signals in the tropical Pacific, which can be explicitly cal-
culated from the HCM AOPB. Explicitly, Chl can be sepa-
rated into three parts, written as: Chl=Chl;,+Chl;;,+Chlypy-
Correspondingly, the Chl-SST feedback at TIW scales can be
separately and explicitly included or not in sensitivity ex-
periments.

We perform sensitivity experiments using the HCM AOPB
(Figure 2) to illustrate individual or collective effects on
ENSO induced by Chl perturbations at interannual and TIW
scales (i.e., Chly,,, and Chlyy). The Chly,,, and Chlyy ef-
fects on the penetrative solar radiation can be purposely
turned on or off in sensitivity experiments. In the control run,
which is denoted as Chlg;,+Chly,.+Chlyy, Chly,., and
Chlqyy effects both are fully represented in the HCM AOPB,
whereas in sensitivity runs, their corresponding effects, in-
dividually or collectively, can be alternatively included at
interannual and TIW scales, respectively. For example,
Chlg;,+Chly,, is denoted as a run, in which the Chlpyy, signal
is explicitly extracted from daily Chl field and its effect on
penetrative solar radiation is purposely removed at each time
steps in the model integration. Chl;,,+Chlyy is denoted as a
run, in which the Chly effect is retained but the Chl,.,
effect is not taken into account. Chl;,, is denoted as a run, in
which both the Chlyy and Chl,,, effects are removed. A
comparison between the control run and Chl;,,+Chlyy al-
lows to characterize the modulating effect on ENSO induced
by Chl;,, (i.e. interannual Chl feedback); a comparison be-
tween Chl;,,+Chl; ... +Chlry and Chly;, +Chl,,., reveals the
modulating effect on ENSO induced by Chlyy (i.e. TIW Chl
feedback). Also, a comparison between Chl;,,+Chlry and
Chlg;,, can reveal the Chlyy effect on ENSO (i.e. TIW Chl
feedback); similarly, a comparison between Chl;,+Chl,,
and Chl,, indicates the Chl,,, effect on ENSO (i.e. inter-
annual Chl feedback). Comparisons among all these control
and sensitivity experiments can be made to reveal the Chl
effects on ENSO at interannual and TIW scales, respectively.
As such, the individual or combined effects induced by Chl
can be assessed in a clean way using the unified modeling

Control run (a fully coupled run)

Interannual effects removed

Chlgy

Figure 2 A diagram showing experiments performed in this study. A
control run (denoted as Chl,,+Chly,+Chlyy) is performed, in which
ocean chlorophyll (Chl) is fully represented in the coupled model. The
simulated total Chl field can be separated into three parts, written as
Chl=Chl_;;,+Chl;+Chlpy, in which Chlg;, is its climatological field de-
termined from the long-term run, Chly,, is the corresponding interannual
anomalies, and Chlyy, is TIW-induced Chl perturbations (which can be
extracted from daily Chl field using a zonal-high-passed filter). Various
sensitivity experiments are performed, in which the Chl,, and Chlyy
effects can be turned off based on the control run when accounting for the
Chl effects on penetrative solar radiation in the upper ocean.

Chl,,, effects removed

framework, which represents the interactions between phy-
sical and biogeochemical processes at large and TIW scales,
respectively.

2.3 Observational and reanalysis data used

We use various observed and reanalysis datasets to specify
climatological fields and to construct the statistical models
for e, FWFiyer, and orpy, respectively. Also, some related
observations are extensively used to validate model simu-
lations. These data include monthly mean fields of SST from
Reynolds et al. (2002), wind stress from the NCEP-NCAR
reanalysis, precipitation (P) from the Global Precipitation
and Climatology Project (GPCP; Adler et al., 2003), and
evaporation (E) from the Objectively Analyzed Air-Sea
Fluxes (OAFlux; Yu and Weller, 2007), respectively. Then,
FWF fields are derived from P and E data over the period
1979-2008 (the FWF field is positive when there is a net
FWF flux from the atmosphere into the ocean). In addition,
surface chlorophyll datasets from 1998 to 2016 are available
from the GlobColour project, offering a merged level-3
ocean color product by including the SeaWIFS, MODIS,
MERIS and VIIRS sensors, respectively (Maritorena and
Siegel, 2005). In addition, daily satellite data are used to
construct the zrw model over the eastern tropical Pacific
(Zhang and Busalacchi, 2009a).

Figure 3 presents an example for SST and ocean Chl from
satellite observations in the tropical Pacific. TIW signals are
clearly evident in the eastern tropical Pacific, with a well-
defined trough-ridge structure for SST and Chl. For con-
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venience, we refer to a warm SST zone as a TIW ridge, which
is accompanied with low Chl concentration. In contrast, a
cold SST zone is referred to as a TIW trough, which is ac-
companied with high Chl concentration. As demonstrated
before (e.g., Kessler et al., 1998), TIWs play an important
role in the heat balance in the eastern equatorial Pacific. For
example, the TIW ridge presents an effective way to transport
warm waters from the off-equatorial warm pool region onto
the equator, whereas the TIW trough acts to transport cold
equatorial waters out of the cold tongue. So, the stronger the
TIWs, the more warm waters are transported into the equator,
leading to a weakening of the cold tongue in the eastern
equatorial Pacific. As such, if TIW intensity is reduced for
some reasons, SST in the cold tongue becomes lower.

A schematic diagram is shown in Figure 4 for the structure
of TIW-induced SST and Chl fields and their effects on the
heat transport in the tropical Pacific. TIWs act to induce a
well-defined wavy pattern of SST and Chl: a falling Chl
concentration zone is associated with a warm SST pertur-
bation in the TIW ridge region, whereas a rising Chl con-
centration zone is associated with a cold SST perturbation in
the TIW trough region. TIW-scale Chl perturbations can
induce bio-heating effects on SSTs in the cold tongue (Tian
etal., 2018). In the low Chl region, for example, the negative
Chlyy perturbation causes a deeper penetration of solar ra-

Sci China Earth Sci
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diation, with a less direct bio-heating in the ML (i. e., a
corresponding colder SST), which causes a positive density
perturbation in the ML. The increased density in the ML
(dcn_priw"™0; here we denote the Chlyy-induced difference
in prw’ as dcn_priw’> Which is differentiated from the TIW-
induced total perturbation to density that is denoted as pypw’)
and decreased one at subsurface de-stabilize the stratification
in the upper ocean; this acts to enhance vertical mixing and
the entrainment of subsurface cold waters into the ML
(Och_Wriw™0; here we denote the Chlpy-induced difference
in Wrw' as dcn_Wrrw', Which is differentiated from the TIW-
induced total perturbation to vertical velocity (w') that is
denoted as wrpy'). Thus, the Chlpyw-induced density pertur-
bations (Jcp_priw’) and the entrainment perturbations
(O Wriw') in the low Chl region are positively correlated.
As such, the conversion from the eddy potential energy to
kinetic energy (EKE) is reduced (that is, —dcy_priw'>
Ocn. Wrw'<0; Tian et al., 2018) and TIW intensity is thus
decreased.

In the TIW trough region, on the other hand, a rising Chl
perturbation leads to a less penetration of solar radiation in
the ML, with a more bio-heating and a negative density
perturbation (dcy_prw'<0), which acts to stabilize the upper
ocean, leading to weakened vertical mixing and less en-
trainment of subsurface cold waters into the ML (Ocp Wriw'
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Figure 4 A schematic diagram showing the ridge-trough structure of SST
and Chl associated with TIWs in the eastern tropical Pacific. Corre-
spondingly, TIWs play an important role in the heat balance in the cold
tongue through the transports of off-equatorial warm waters to the equator.

<0). The conversion from the eddy potential energy to EKE
is also decreased (—Jcn_priw*0cn_Wriw'<0) and TIW in-
tensity is still reduced as in the TIW ridge region. Note that a
striking feature emerges in the both TIW ridge and trough
regions: the Chl-induced bio-heating effects cause a weak-
ening of TIWs themselves. Correspondingly, the weakened
TIWs lead to a reduced equatorward transport of the warm
waters from the off-equatorial region onto the equator,
causing a less warming effect on the cold tongue in the
eastern equatorial Pacific. These Chlyy—induced ocean
processes exert an influence on SST in such a way that the
SST in the cold tongue is decreased. Therefore, the Chlyy,
effects can have a feedback onto SST and thus ENSO. These
effects will be tested using sensitivity experiments based on
the HCM AOPB as follows.

3. The modulating effects on ENSO

We analyze results from the HCM AOPB-based simulations
with different representations of Chl,,, and Chlyy effects.
Figures 5-8 illustrate some outcomes of interest from the
control run and various sensitivity experiments, including
SST fields along the equator (Figure 5), the commonly used
Nifio3.4 SST index to quantify the major time scales of
ENSO events (Figure 6). The effects are quantitatively
compared with each other in Table 1 in terms of the standard
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deviations of the Nino3.4 SST index, which are intended to
represent the amplitude of interannual variability associated
with ENSO events; large values in Table 1 are interpreted as
amplified ENSO cycles. There are noticeable changes in the
amplitude of ENSO associated with the Chl effects at in-
terannual and TIW scales. As demonstrated from our pre-
vious HCM AOPB-based modeling studies (e.g., Zhang,
2015) and the comparisons with corresponding observations,
this model can adequately depict the mean ocean physical
and biogeochemical states in the tropical Pacific. Also, the
model can capture ENSO cycles quite well, indicating that
the main coupled ocean-atmosphere processes should be
adequately represented in a balanced way. For example, the
HCM AOPB can produce pronounced ENSO events, with an
approximate four-year interannual oscillation period (Figure
6).

3.1 The total Chl effects in the control run

We refer to the Chly;,tChl,+Chlry experiment as a
control run, in which the Chl effects are fully represented on
ocean simulations. An example for simulated Chl field in the
control run is shown in Figures 7 and 8. Chl exhibits clear
variations at interannual and TIW scales. At interannual
scales, anomaly fields of SST (Figure 5a) and Chl (Figure
7b) exhibit well-defined patterns, with their coherent re-
lationships. For instance, a warm SST anomaly is seen in the
central-eastern equatorial Pacific during El Nifo (Figure
5a), which is accompanied with a low Chl concentration in
the western-central equatorial region (Figures 7a, 7b). At
TIW scales, TIW-induced perturbations are evident in the
eastern tropical Pacific. Examples for daily total fields of
SST and Chl are shown in Figure 8; their wavy patterns can
be clearly seen in the eastern equatorial Pacific (Figure 8). In
the TIW ridge region, for example, a warm SST zone is
accompanied with low Chl concentration (Figure 8a, 8c). In
a TIW trough region, in contrast, a cold SST zone is ac-
companied with high Chl concentration. To highlight TIW-
scale signals of SST and Chl, we apply a zonal high-passed

Table 1 The standard deviation (STD; unit: °C) and period of the Niflo3.4 index (unit: year) simulated in the related sensitivity experiments &

Experiments

Nifio3.4 SSTA STD (the relative change ratio)

Oscillation periods (year)

Chlc]im+Chlinter+CthIW

(the control run) 4.24
Chljipy+Chliper 0.62 (—21%) 4.14
Chljip+Chlppy 1.06 (+31%) 4.14

Chlyim 0.98 (+19%) 4.18

a) Also shown are the STD change ratio in the three sensitivity experiments relative to the control run. In addition, the Chlyy, effect can be quantatively
assessed in two way: one is the change in the STD from the Chl;,+Chl;,, run to the Chl;,+Chl;,+Chlpy run (here the Chlyy effect causes an increase by
27%); the other is the change from the Chl;,, run to the Chl;,+Chly run (an increase by 8%). Also, the Chl,-induced effect can be assessed in two way:
one is the change from the Chl;,+Chlypy run to the Chlg;,+Chl;,+Chlpy run (a decrease by 25%); the other is the change from the Chl;, run to the Chl;,

+Chl;,, run (a decrease by 37%), respectively.
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Figure S Interannual SST anomalies along the equator simulated in Chl;,+Chl . +Chlyy (a), Chly, (b), Chly;,+Chli, (c), and Chly;,+Chlyy (d),

respectively. The contour interval is 0.5 °C.

filter to their daily fields: a 12° zonal moving average is first
performed to obtain a corresponding large-scale background
field, which is then subtracted from the original field to
extract TIW perturbation fields. More clear details are
shown in Figure 9 for TIW-scale perturbations simulated
from the control run (Chlg,+Chl,.+Chly), including
SST, surface Chl, and vertical velocity at the base of the ML
(denoted as wypy'). As shown in Figure 9a and Figure 9b, the
TIW-scale warm (cold) SST perturbations in the ridge
(trough) regions of the eastern tropical Pacific are accom-
panied with low (high) Chl concentration. In addition, ne-
gative vertical velocity perturbations (wry') near (120°W,
1°N) at the base of the ML are seen in Figure 9c, an area
where large warm SST perturbations and negative Chl
perturbations are located.

Thus, there coexist Chl perturbations at interannual and
TIW scales in the tropical Pacific during ENSO cycles. An
example is showed in Figure 10 for the total Chl field which
is separated into its climatological, interannual and TIW
components, respectively. The relationships between SST
and Chl at interannual and TIW scales (indicating their in-
tensities) are illustrated in Figure 11; the SST and Chl fields
referred to here are defined in different regions because these
fields exhibit their strongest interannual signals in the cor-
responding regions. At interannual and TIW scales, SST and
Chl perturbations are negatively correlated with each other.
As has been previously demonstrated, the Chly,, and Chlyy
perturbations can individually modulate ENSO (Tian et al.,
2019; Zhang et al., 2019a). Here, as a whole, the Chl effects
can be seen by comparing simulations in the control run
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Figure 6 Wavelet power spectra for the Nifio3.4 SST anomalies calcu-
lated from the Chl;,+Chli,+Chlyy (blue line), Chly,+Chl,., (orange
line), Chl;, +Chlyy (black line) and Chl;, (red line), as well as from SST
observations. The dot-dashed line is the 95% significance level for these
simulations, assuming a white noise process.

(Figure 5a) with those in the Chlg;, run (Figure 5b). It is
evident that interannual SST anomalies and ENSO amplitude
in the control run are obviously reduced compared with those
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in the Chlg, run, in which both interannual and TIW Chl
effects are not represented. A quantitative comparison be-
tween the SST simulations is given in Table 1. The standard
deviation of the Nifio3.4 SST anomalies is 0.79 °C in the
control run and is 0.98 °C in the Chl, run; in terms of the
Nifio3.4 SST variability, these values represent a decrease of
approximately 19% in the control run relative to the Chly;,
run. As demonstrated in our previous modeling studies (e.g.,
Zhang et al., 2012; Zhang, 2015; Tian et al., 2018), Chl-
induced heating acts to have dynamic effects on ocean
density, stratification and vertical mixing in the upper ocean;
these processes then exert an influence on SST, a field that
directly forces changes in the atmosphere, which can affect
large-scale ocean-atmosphere interactions and thus ENSO.
Note that obvious biases exist in the simulated ENSO from
the control run as compared to observations. For example,
the simulated ENSO is quite regular, which can be attributed
to the fact that atmospheric stochastic forcing is not included
in the HCM AOPB. In addition, the spatial pattern of SST
interannual variability simulated from the HCM looks like
the central Pacific (CP) type of El Nifo (Yu and Kim, 2010),
whereas the observed SST variability shows the diversity of
El Niflo events. So, the spatial patterns of SST interannual

(b) Chl anomalies
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Figure 7 Longitude-time sections along the equator for total Chl field (a) and its interannual anomalies (b) simulated from the control run. The contour

interval is 0.05 mg m.
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variability in the model simulations are somehow distinct
from what is observed.

Because interannual and TIW-scale Chl perturbations co-
exist in the control run with their effects being mixed to-
gether in the simulations, it is difficult to reveal their
individual roles played in the ENSO modulations. More
sensitivity experiments are thus performed in the following
subsections, in which Chl,., and Chlyy effects can be al-
ternatively taken into account or not in modeling experi-
ments so that their individual effects on ENSO can be
illustrated and quantified in a clear way.

3.2 The Chl,,,, effect

Referring to the Chl;,, run, the Chl;,,+Chl.. run is a run in

which the Chl,., effect is included; their comparisons can
illustrate the Chl,,,, effect. Also, referring to the Chlg,
+Chlypy run, the control run (Chl;,,+Chl, +Chlyy) is a run
in which the Chl,,,, effect is included; their comparisons can
illustrate the Chl,,,, effect as well. Examples for SST inter-
annual anomalies simulated in these runs are shown in Fig-
ures 5 and 6. As seen in the Chly;,,+Chl;,., run and the
control run, interannual Chl variability can be well depicted
during ENSO cycles (e. g., Figure 7), which can thus induce
feedback effects onto ENSO.

Figure 12 illustrates interannual anomalies in January 2310
during an El Nifio event, which is derived from the Chl,
+Chl; e, +Chlypy run (the control run) and the Chl;,+Chlyy
run for SST, surface density (py,s) and their differences. The
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processes involved in the Chl,,, feedback have been illu-
strated previously in Zhang et al. (2019a); a corresponding
negative feedback loop can be traced in association with the
Chl,,, effects on the penetrative solar radiation in the upper
ocean (Figure 13). During El Nifio events, for example,
warm SST anomalies in the central-eastern equatorial Pacific
are accompanied with a drop in Chl concentration in the
western-central equatorial Pacific, which causes a deeper
penetration of sunlight in the upper ocean, with bio-heating
less in the ML but more at subsurface. This correspondingly
gives rise to a vertical differential heating between the ML
and subsurface layers, which acts to destabilize the upper
ocean, with the enhanced vertical mixing and entrainment of
subsurface waters into the ML. Thus, the negative Chl
anomalies during El Nifio act to modulate ocean processes in
such a way that El Nifio events are reduced by the indirectly
induced dynamical influence on SST. The processes and
effects induced during La Nifia are opposite to those during
El Nifio, but with opposite sense. During La Nifa events, for
instance, a rise in Chl concentration is accompanied with
cold SST anomalies; the rising Chl concentration in the
western-central equatorial Pacific causes the incoming solar
radiation to be trapped more within the ML but penetrated
less throughout the bottom of the ML (less bio-heating in the
subsurface layers), which stabilizes the stratification and

weakens vertical mixing in the upper ocean. These processes
act to warm up the sea surface and increase SST so that La
Nifa is weakened. Therefore, the interannually varying Chl
effects give rise to a negative feedback onto ENSO, acting to
reduce amplitude of El Niflo and La Nifia events, respec-
tively.

Quantitatively, compared with the Chl;,+Chlyy run in
Figure 5d (the standard deviation is 1.06 °C), the ENSO
amplitude is reduced in the control run (the standard devia-
tion is 0.79 °C), indicating a reduction in the standard de-
viation by approximately 34%. So, the interannual Chl effect
is characterized by a negative feedback onto ENSO. Also,
relative the Chlg;, run (Figure 5b), ENSO amplitude is re-
duced in the Chlg,+Chl;,., run (Figure 5c) when inter-
annually varying Chl feedback is included; the standard
deviation of the Nifio3.4 SST anomalies is 0.98 °C in the
Chlg;,, run and is reduced to 0.62 °C in the Chl;,,+Chl;, .,
run (Table 1), indicating a reduction by 30%.

3.3 The Chlyyy effect

Next, move onto the Chl effect at TIW scales. Referring to
the Chl;,, run (Figure 5b), the Chl;,,+Chlpy run is a run in
which the Chlryy, effect is taken into account (Figure 5d);
their comparisons can illustrate the Chlyy effect. Also, re-
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ferring to the Chl;,,+Chl,., run (Figure 5c), the Chlyy ef-
fect is retained in the control run (Chl;,+Chl,.tChly);
their comparisons (Figure Sc and Figure 5a) can illustrate the
Chlyy effect as well. TIW signals are seen in daily SST and
Chl fields simulated in these model experiments, with a
warm (cold) SST perturbation in the TIW ridge (trough)
region being accompanied with a falling (rising) Chl con-
centration (Figure 8), respectively. The 12° zonal high-pas-

sed filter is applied to daily fields of SST and Chl to extract
the SST+w and Chlpyy signals (e. g., Figure 8). TIW-induced
negative (positive) Chl perturbations are seen in the TIW
ridge (trough) region, which can have effects on ENSO (Tian
et al, 2018). Examples of simulated interannual SST
anomalies are shown in Figure 5 and Figure 6 in the related
model sensitivity simulations, with the effects being quan-
tified in Table 1. Relative to the Chl;, run (Figure 5b), for
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Figure 13 A schematic diagram illustrating processes involved in a negative feedback onto ENSO due to interannual chlorophyll (Chl;,,) effect. During La
Nina, for example, a cold SST anomaly prevails in the eastern tropical Pacific, accompanied with a positive Chl anomaly in the western-central equatorial
Pacific. The positive Chl anomaly leads to solar radiation absorbed more within the mixed layer (an increase in Q,y,), and penetrated less out of the bottom of
the mixed layer (a decrease in Q,.,). The differential heating vertically in the mixed layer and subsurface layers acts to stabilize the stratification and weaken
the vertical mixing, which weakens the cold SST anomalies during La Nifia. The situation during El Niflo is similar to La Nifia situation but with opposite
sense. Thus, a negative feedback emerges that is induced by the Chl,,, effect in the bio-climate system of the tropical Pacific.

instance, the ENSO amplitude is increased in the Chlg,
+Chly run (Figure 5d) when the Chlyy, feedback is in-
cluded; their standard deviations of the Nifo3.4 SST
anomalies are respectively 0.98 °C and 1.06 °C, which re-
presents an increase by 8%. Compared to the Chl;,,+Chlj..
run (Figure 5c) which has the standard deviation of 0.62 °C,
the ENSO amplitude in the control run is increased (Figure
Sa; the standard deviation is 0.79 °C), which represents an
increase by 27%. So, TIW-scale Chl perturbations exert an
influence on SSTs in the tropical Pacific, which is char-
acterized by an enhancing effect on ENSO.

Figure 14 further illustrates the processes involved in the
Chlypy effects on ENSO (Tian et al., 2018, 2019). TIWs
produce pronounced wavy patterns in SST (SSTy) and
chlorophyll (Chlypy), with their anticorrelation in the eastern
tropical Pacific (Figure 9), accompanied with upwelling and
downwelling, respectively. A corresponding positive feed-
back loop can be traced in association with the Chlpy, effect.
In the eastern tropical Pacific, a warm (cold) SSTyyw per-
turbation is accompanied with a falling (rising) Chlyy per-
turbation in the TIW ridge (trough) regions. In the TIW ridge
region with a warm SSTyy-low Chlyy configuration, for
example, solar radiation is absorbed less within the ML
(Qaps) but penetrates more into the subsurface layer (Q,.,) in
the TIW ridge regions. Consequently, the Chlyy, effects
cause a positive density perturbation in the ML (i. e.,
Ocn_priw>0; here we denote the Chlpy-induced difference

in prw’ as dcn_priw’s Which is differentiated from the total
TIW-induced perturbation to density that is denoted as pryw"),
with a negative one in the subsurface layers. Thus, the Chlyy
effects act to destabilize the stratification and enhance ver-
tical mixing in the upper ocean and the entrainment of sub-
surface waters into the ML (¢, Wrw'>0; here the Chlypy-
induced difference in pqy' is denoted as dcp,_ppiw', Which is
differentiated from the TIW-induced total perturbation to
density that is denoted as pry', being negative in the TIW
ridge region as shown in Figure 9¢). As such, the effect of the
low Chlpy perturbation directly causes a reduction in the
baroclinic conversion term (—d¢n_o1iw’ *Ocn. Wrrw'<0) from
the eddy potential energy into the eddy kinetic energy (EKE).
That is, the negative values of this term becomes more ne-
gative in the low Chlpy concentration ridge regions in the
control run compared with the Chlpy-filtered run. Thus,
there is a decrease in the EKE supply to TIWs due to the
Chlyy effect, leading to a weakening of TIWs. At the same
time, the intensity of the warm SSTqy perturbation is also
reduced due to the enhanced vertical mixing in the TIW ridge
region. The combined effects of these processes act to cause
a reduction in TIW intensity in the eastern tropical Pacific.
Similarly, in the TIW trough regions, a cold SSTry per-
turbation is accompanied with high Chly, concentration and
upwelling motion. Here, solar radiation is absorbed more
within the ML (Q,,) but penetrates less out of the bottom of
ML (Q,cn) in the TIW trough regions. The vertical differ-
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ential bio-heating in the ML and subsurface layers causes a
negative density perturbation in the ML (i. e., dcp_priw'<0)
but a positive one in the subsurface layers. Thus, the positive
Chlyy perturbations act to stabilize the stratification and
reduce the vertical mixing. Correspondingly, the entrainment
of subsurface waters into the ML is decreased (i.e., e Wriw'
<0). As such, the Chlyy effect with high Chl concentration
directly causes a reduction in the baroclinic conversion term
(—Och_priw'*0cn_Wriw'<0) from the eddy potential energy
into the EKE. That is, this term also becomes more negative
in the trough regions with high Chlyy concentration in the
control run relative to the Chlyy-filtered run. So, the EKE
supply to TIWs is decreased due to the high Chlyy con-
centration effect, leading to TIWs that are weakened. At the
same time, the intensity of the cold SSTry perturbation is
reduced due to the weakened vertical mixing in the TIW
trough region. The combined effects of these processes act to
modulate TIWs in such a way that TIW intensity is reduced.

In short summary, the Chlyy perturbations act to induce
bio-heating effects as follows. In the TIW ridge region with
low Chl concentration, for example, solar radiation is ab-
sorbed less within the mixed layer (a decrease in Q) but
penetrates more into the subsurface layer (an increase in
Qpen).- Consequently, a positive density perturbation is
produced in the mixed layer, with a negative one in the
subsurface layers; thus, the stratification is destabilized
with enhanced vertical mixing in the upper ocean, leading
to an increase in the entrainment of subsurface waters into
the mixed layer. As such, the effect with low Chlyy per-
turbation directly causes a reduction in the baroclinic con-
version term from the eddy potential energy into the eddy
kinetic energy (EKE). Thus, the EKE supply to TIWs is
reduced due to the effect of low Chlyy concentration,
consequently reducing TIW intensity in the eastern tropical

Pacific. Similarly, in the TIW trough region where cold
SSTqw perturbation is accompanied with a rising Chlyy
perturbation, solar radiation is absorbed more within the
mixed layer (an increase in Q) but penetrates less out of
the bottom of ML (a decrease in Q,.,). The differential
heating in the mixed layer and subsurface layers causes a
negative density perturbation in the mixed layer but a po-
sitive one in the subsurface layers, which acts to stabilize
the stratification and reduce the vertical mixing. Corre-
spondingly, the entrainment of subsurface waters into the
mixed layer is decreased. As such, the effect with high
Chlyy perturbation directly causes a reduction in the bar-
oclinic conversion term from the eddy potential energy into
the eddy kinetic energy. So, the high Chlw concentration
effect in the TIW ridge region also leads to a decreased EKE
supply to TIWs. It is striking that the Chlyy-induced den-
sity and entrainment perturbation fields are positively cor-
related both in the TIW trough and ridge regions. As such,
the EKE and TIW intensities are reduced due to the Chlpyy
effects in the eastern tropical Pacific. The weakened TIWs
due to the Chlyy effect act to reduce the meridional heat
transport onto the equator and consequently cause a less
warming effect on the cold tongue in association with the
northern off-equatorial warm waters. As a result, the sur-
face layer cools down more in the eastern equatorial Pacific
due to the TIW-induced Chl effects.

It is interesting to note that the Chlyy, effects associated
with the warm SSTr-low Chlry and cold SSTrw-high
Chlyw configurations both cause a reduction in the energy
conversion term from the EPE to the EKE (—d¢y_prw’
X0cn Wrrw'<0) so that the Chlpy-induced effects on
Ocn_priw’ and Oy Wrw' fields are positively correlated in
regions with active TIWs. As such, the EKE and TIW in-
tensities are reduced due to the Chlyy, effects in the eastern
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tropical Pacific.

Climatologically, the northern off-equatorial region in the
northeastern tropical Pacific is occupied with the warm pool,
accompanied with the cold tongue on the equator. As has
been previously demonstrated by Kessler et al. (1998), TIWs
play an important role in the heat balance of the cold tongue
in the eastern equatorial Pacific; the off-equatorial warm
waters in the northeastern tropical Pacific are transported
equatorward onto the equator, thus warming up the cold
tongue.

As demonstrated by the HCM AOPB simulations above,
the Chlyyy effects tend to suppress the TIW intensity in the
eastern equatorial Pacific, which acts to reduce the mer-
idional heat transport onto the equator due to the weakened
transport of the off-equatorial warm waters, consequently
leading to a less warming effect on the cold tongue on the
equator. As a result, SST cools down more in the eastern
equatorial Pacific compared with a case in which the TIW-
scale Chl effect is not included. Moreover, note that TIWs
tend to be strong during cold seasons and La Nifia events, but
become weak or do not exist during warm seasons and El
Nifio events. Then, it is expected that cold SST anomalies
during La Nifia events are intensified due to the Chlyy effect
in the Chl;,+Chl;, . +Chlpw run compared with the Chlg;,
+Chly,, run. Further, the intensified cold SST anomalies in
the cold tongue due to the Chlyy effect become even larger
through large-scale ocean-atmosphere interactions, making
La Nifia events stronger. In this sense, the Chlyy, effect acts
to have a positive feedback on ENSO events, with the in-
creased ENSO amplitude in the HCM AOPB simulations
when the Chlyyy effect is represented.

Note that the ENSO variability is smaller in the control run
than in the observation and the Chl-induced impacts on the
ENSO period seem minor (Table 1 and Figure 6). In addition,
there exist nonlinear interplays among the Chl effects at in-
terannual and TIW scales. For example, the modulated ef-
fects on ENSO amplitude in the Chl;,, +Chl;.,+Chlpy run is
not equal to the combination of the Chl;,+Chl,,, run and
Chl;,+Chlypy run (Table 1). Also, in terms of the Chlyy
effect, the Chlpy-induced difference in the Chlg;,+Chli,e,
+Chlypy run and Chl;,,+Chl,,.. run is not equal to that in the
Chl;,+Chlypy run and the Chly, run. In terms of Chlj,,
effect, the Chl,~induced difference in the Chly;,+Chli,.,
+Chlypy run and Chl;,,+Chlpy run is not equal to that in the
Chl;,+Chl;,, run and the Chlg;, run, respectively. These
effects are also quantitatively assessed in Table 1.

4. Conclusions and discussions

Pronounced Chl perturbations are observed to coexist at in-
terannual and TIW scales in the tropical Pacific, acting to not
only indicate a response to ENSO but also induce a feedback

onto ENSO. In this work, we use a hybrid coupled model
(HCM) of the atmosphere and ocean physics-biogeochem-
istry (AOPB) to study the bio-climate interactions; the HCM
AOPB consists of an oceanic general circulation model, an
ocean ecosystem model, and statistical atmospheric models
for interannual anomalies of wind stress and FWF (z;,., and
FWF,,,), respectively. In addition, TIW-induced surface
wind feedback is also included in the HCM AOPB. The
model can well capture chlorophyll (Chl) in the tropical
Pacific, which can have a direct modulating effect on the
penetrative solar radiation in the upper ocean. Also, the
HCM AOPB can adequately depict TIWs and interannual
variability, including the Chlyy and Chl,,, signals in the
tropical Pacific. Then, the HCM AOPB is used to quantify
how ENSO is modulated by Chl-induced bio-effects both at
interannual and TIW scales, respectively. To this end, spe-
cific sensitivity experiments are performed using the HCM
AOQOPB, in which the Chl,,, and Chlyy effects are taken into
account or not, individually or collectively.

It is demonstrated that active bio-climate interactions co-
exist at interannual and TIW scales in the tropical Pacific.
The amplitudes of ENSO can be substantially affected by
interannual and TIW-related Chl effects. Individually, in-
terannual Chl anomalies can have a damping effect on
ENSO; a negative feedback associated with interannual Chl
variability acts to reduce ENSO amplitude and shorten its
time scales. In contrast, TIW-scale Chl feedback can have an
amplifying effect on ENSO; a positive feedback is associated
with TIW-induced Chl perturbations, acting to enhance
ENSO amplitude. When these two signals coexist in the
tropical Pacific, their collective effects emerge on the pe-
netrative solar radiation in the upper ocean. The damping
effects on ENSO due to interanual Chl variability tend to
counteract the TIW-induced amplifying effects, leading to
their combined net effects on ENSO that can differ from
those induced individually. Because there exist the com-
pensated effects of TIW and interannual Chl perturbations,
ENSO amplitude can be modulated to increase or decrease,
sensitively depending on the relative dominance of these two
effects represented in a model. It is the relative dominance of
the bio-effects induced by TIW or interannual Chl pertur-
bations that determines how ENSO is actually modulated in
model simulations.

In association with Chl,,. and Chlyy perturbations, cor-
responding bio-feedback effects can be illustrated on dyna-
mical ocean processes in the upper ocean. In terms of
interannual bio-feedback, for example, an increase in Chl
concentration during La Nifia over the western-central
equatorial Pacific causes a shallower penetration of solar
radiation, with more bio-heating within the ML but less in
the subsurface layers; the produced vertical differential
density field between the ML and subsurface layers enhances
the stratification with weakened vertical mixing. These
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processes act to reduce the negative SST anomalies during
La Nifia, indicating a negative feedback. In terms of TIW-
scale effects, the TIW ridge region with high SST is char-
acterized by a falling Chl concentration, which causes a
deeper penetration of solar radiation, with a less bio-heating
and a positive density perturbation in the ML. The negative
Chlyy perturbations act to increase water density in the ML
(=dcn_pmiw'™>0) and enhance the entrainment of subsurface
cold waters into the ML (d¢y_ Wrw™0), which reduces the
energy conversion from the eddy potential energy to the
kinetic energy (—0cn_priw’ Ocn. Wriw'<0), with TIW in-
tensity thus being decreased. The situation in the TIW trough
region with a rising Chl perturbation is similar. The con-
version from the eddy potential energy to the kinetic energy
due to the Chlyyy effects is also reduced, leading to TIW
intensity that is decreased as well. The weakened TIWs lead
to a reduced equatorward transport of the warm waters from
the off-equatorial warm pool region onto the equator, leading
to a less warming effect on the cold tongue in the eastern
equatorial Pacific. These Chlpw-induced ocean processes
exert an influence on SST in such a way that SST is reduced
in the cold tongue. That is, Chlyy perturbations in the
eastern tropical Pacific have amplifying effects on ENSO.

Thus, the ways Chl effects are represented in models can
be a clear source for model biases and uncertainties in ENSO
simulations. As demonstrated from this study, ENSO mod-
ulations are sensitively dependent on the ways Chl effects are
represented in the model, showing a scale-dependence at
interannual and TIW scales. As such, if the Chl effects are
not adequately represented, biases in ENSO simulations can
be produced. In large-scale climate models that do not re-
solve TIW-scale Chl effects, for example, overestimated
biases in ENSO amplitude can be produced (Zhang, 2015;
Kang et al., 2017). Thus, it is necessary to care about the
modulating effects on ENSO simulations induced both by
TIW and interannual Chl effects. In this study, Chl effects are
quantified at interannual and TIW scales, providing a new
insight into the complexity of ENSO modulations induced by
ocean biogeochemistry in the tropical Pacific.

TIWs are important small-scale phenomena in the eastern
tropical Pacific, impacting heat transport onto the equator in
the cold tongue. This modeling study indicates that TIWs
play a role not only through physical processes, but also
through ocean biogeochemistry processes. As demonstrated,
TIWs clearly impact the ocean ecosystem in the tropical
Pacific as indicated in Chl, which affects the penetration of
solar radiation at TIW scales. Chlpw-induced bio-heating
exerts effects on SST in the cold tongue of the tropical Pa-
cific. In particular, TIW-scale perturbations can also have
effects on ENSO, which is counteracting to those of inter-
annual Chl variability. Thus, there exist apparent interplays
that are involved between physical and biogeochemistry
processes due to Chl-induced effects at interannual and TTW
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scales. Individually, ENSO amplitude can be modulated to
decrease (increase) with the Chl,,,., (Chly)-induced effects;
collectively, whether ENSO amplitude can be modulated to
increase or decrease is determined by their combined net
effects. Furthermore, interactions between physical and
biogeochemistry processes exist at interannual and TIW
scales. For instance, TIWs undergo fluctuations on seasonal
and interannual scales in the tropical Pacific, which give rise
to complicated interplays between TIW and interannual Chl
effects. Right now, these complicated interplays and effects
on ENSO through the ocean ecosystems in the tropical Pa-
cific (as indicated by Chl concentration) at interannual and
TIW scales are still not clear and need to be addressed with
more focused modeling experiments. The developed HCM
APOB in this paper can be used to understand the influence
pathways due to the Chl-induced heating on ENSO. Further
studies are clearly needed to understand the interactions
between physical and biogeochemistry processes in the tro-
pical Pacific at interannual scales and TIW scales, respec-
tively.

Note that obvious biases exist in our modeling framework
adopted in this study. For example, one discrepancy in the
HCM simulations is that the ENSO-related variability is too
regular; in nature, clear asymmetries of ENSO events are
seen between their cold and warm phases, including in-
tensity, spatial patterns and period. This discrepancy can be
partly attributed to the fact that the atmospheric statistical
representations for interannual wind anomalies in our model
preclude the effects of stochastic wind forcing (Zhang et al.,
2008). In terms of SST variability, our HCM AOPB indeed
has systematic biases in simulating the spatial patterns of
ENSO compared with observations. For instance, the large
amplitude of simulated interannual SST anomalies takes
place in the central equatorial Pacific, whereas that of ob-
served strong SST variability during typical ENSO events
occurs in the eastern equatorial Pacific. So, the biases seen in
the simplified HCM AOPB simulations may modify con-
clusions qualitatively. These issues need to be analyzed in
the future.

Here, we demonstrate that Chl can have two-fold coun-
teracting effects on ENSO at interannual and TIW scales in
the tropical Pacfic. The amplitudes of ENSO can be modu-
lated to be reduced by the Chl,,,, perturbations, but to be
increased by Chlyy perturbations, respectively. Then, the net
effects induced by the combined Chl,,., and Chlyy, effects
can be different from those induced individually. Never-
theless, these results rely on only one-model simulations.
Indeed, different models indicate large uncertainties in the
represented amplitudes of bio-feedback onto SST. Due to the
highly model-dependence of the modulating effects on
ENSO by Chl, it is necessary to make validations using
different models; the approach presented in this modeling
study can be used in other modeling experiments. As de-
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monstrated in our previous studies (e.g., Kang et al., 2017),
for example, the SSTiw-Chlryw and SST;,-Chly,e re-
lationships can be constructed using statistical methods from
satellite data, and then their effects can be adequately re-
presented to take into account the Chlyy and Chly,,, influ-
ences in climate models even though ocean biogeochemistry
processes are not explicitly included. In addition, in this
study, we put our focus on the amplitude modulations of
ENSO; nevertheless, ENSO also exhibits other properties
that can be modulated by the related feedbacks. For example,
observed SST interannual variability exhibits strong asym-
metries during ENSO cycles, including amplitude and evo-
lution between El Nifio and La Nifia events. These issues
need to be carefully addressed due to the modulating effects
on ENSO associated with TIW-induced Chl feedback. In
addition, interactions of Chl effects with other processes,
such as freshwater flux forcing (Kang et al., 2017), also need
to be collectively taken into account when considering
modulating effects on ENSO.
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