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Abstract
Phytoplankton pigments (e.g., chlorophyll-a) absorb solar radiation in the upper ocean and induce a pronounced radiant 
heating effect (chlorophyll effect) on the climate. However, the ocean chlorophyll-induced heating effect on the mean climate 
state in the tropical Pacific has not been understood well. Here, a hybrid coupled model (HCM) of the atmosphere, ocean 
physics and biogeochemistry is used to investigate the chlorophyll effect on sea surface temperature (SST) in the eastern 
equatorial Pacific; a tunable coefficient, α, is introduced to represent the coupling intensity between the atmosphere and 
ocean in the HCM. The modeling results show that the chlorophyll effect on the mean-state SST is sensitively dependent 
on α (the coupling intensity). At weakly represented coupling intensity (0 ≤ α < 1.01), the chlorophyll effect tends to induce 
an SST cooling in the eastern equatorial Pacific, whereas an SST warming emerges at the strongly represented coupling 
intensity (α ≥ 1.01). Thus, a threshold exists for the coupling intensity (about α = 1.01) at which the sign of SST responses 
can change. Mechanisms and processes are illustrated to understand the different SST responses. In the weak coupling cases, 
indirect dynamical cooling processes (the adjustment of ocean circulation, enhanced vertical mixing, and upwelling) tend 
to dominate the SST cooling. In the strong coupling cases, the persistent warming induced by chlorophyll in the southern 
subtropical Pacific tends to induce cross-equatorial northerly winds, which shifts to anomalous westerly winds in the eastern 
equatorial Pacific, consequently reducing the evaporative cooling and weakening indirect dynamical cooling; eventually, SST 
warming maintains in the eastern equatorial Pacific. These results provide new insights into the biogeochemical feedback 
on the climate and bio-physical interactions in the tropical Pacific.

1 Introduction

The variations of sea surface temperature (SST) in the tropi-
cal Pacific strongly influence the global climate change 
(Kosaka and Xie 2013; England et al. 2014; Forget and 
Ferreira 2019). Yet there exist large, systematic biases in 
simulated SST fields in the tropical Pacific as indicated 
in the state-of-the-art climate models participating in the 
Coupled Model Intercomparison Project phase 5 (CMIP5) 
and more recently in CMIP6 (e.g., Wang et al. 2014; Zhu 
et al. 2020), including an excessive westward extension of 
the cold tongue. These systematic biases can significantly 
affect future climate projection (Li et al., 2016; Seager et al. 
2019). Large efforts have been made to improve the SST 
simulations in the tropical Pacific, through modifying the 
vertical mixing parameterization (e.g., Zhu and Zhang 2018, 
2019), air–sea coupling processes (Luo et al. 2005), the 
effect of the Galápagos Islands (Karnauskas et al. 2007), and 
so on. In addition, ocean chlorophyll-induced SST change 
is shown to contribute to improvement of the annual mean 
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SST simulation in the tropical Pacific (e.g. Murtugudde et al. 
2002; Lim et al. 2018).

Ocean chlorophyll absorbs downwelling shortwave radia-
tion penetrating the sea surface, which alters the vertical dis-
tribution of radiant heating in the upper ocean, consequently 
affecting the heat budget in the mixed layer (Paulson and 
Simpson 1977; Lewis et al. 1990; Morel and Antoine 1994; 
Siegel et al. 1995; Ohlmann et al. 2000). In the equatorial 
Pacific, however, the influence of chlorophyll on annual 
mean SST is still subject to debate, i.e. whether chlorophyll 
induces a cooling or warming effect on SST in the ocean and 
coupled ocean–atmosphere models. In terms of the cooling 
effect, the processes are involved as follows. Chlorophyll 
acts to absorb more solar radiation within the mixed layer 
and further enhances oceanic stratification. The shoaling of 
the mixed layer (ML) can lead to a stronger Ekman diver-
gence (e.g. Sweeney et al. 2005; Park et al. 2014a, b; Lim 
et al. 2018; Löptien et al. 2009; Gnanadesikan and Ander-
son 2009), which generates anomalous westward geostrophic 
currents north and south of the equator (Nakamoto et al. 
2001; Lin et al. 2007, 2008, 2011; Löptien et al. 2009). 
These processes induce a stronger upwelling, which further 
induces the upper ocean cooling. The cold SST anomalies 
induced by the presence of chlorophyll can be further ampli-
fied through large-scale ocean–atmosphere interaction (e.g. 
Park et al. 2014a; Lim et al. 2018), i.e. Bjerknes feedback 
(Bjerknes 1969). In terms of the warming effect, on the other 
hand, the vertical distribution of chlorophyll (e.g., deep 
chlorophyll maximum, DCM) acts to trap more solar radia-
tion in the subsurface and leads to a subsurface warming, 
which tends to trigger a deepening of the ML and results in 
a weakening of the westward surface currents; consequently 
inducing a warming effect in the eastern equatorial Pacific 
(Murtugudde et al. 2002; Marzeion et al. 2005). Lengaigne 
et al. (2007) also found that the direct heating in the upper 
ocean induced by chlorophyll tends to suppress the indirectly 
dynamical cooling that arises from the change in meridional 
circulation cell as suggested above, eventually leading to an 
SST warming in the eastern equatorial Pacific.

The controversial effects on the SST (warming or cool-
ing) in the eastern tropical Pacific presented above are par-
tially attributed to the way to represent chlorophyll effects 
in the model, the differences in the configuration of con-
trol simulations, and differences in representing coupling 
processes between the ocean and atmosphere with various 
models adopted. Some discussions of these factors can be 
expressed as follow. (1) In terms of the way to represent the 
chlorophyll effects in the model, through imposing spatially 
variable chlorophyll from ocean color remote sensors on 
the ocean general circulation model (OGCM), the experi-
ments for chlorophyll-induced effects on the tropical Pacific 
climate have been widely performed (Nakamoto et al. 2001; 
Anderson et al. 2007, 2009; Lin et al. 2007, 2008, 2011; 

Ballabrera-Poy et al. 2007; Gnanadesikan and Anderson 
2009). Also, the Earth System Models (ESMs) including 
ocean biogeochemical components are utilized to study the 
interactive effect between the chlorophyll and climate, with 
focusing on the change in mean-state SST and ENSO (Wet-
zel et al. 2006; Lengaigne et al. 2007; Löptien et al. 2009; 
Jochum et al. 2010; Patara et al. 2012; Park et al. 2014b, a; 
Lim et al. 2018). (2) To isolate the net effects of spatially 
varying or interactively varying chlorophyll, the penetration 
depth of solar radiation in the ocean  (Hp) is set to be vary-
ing from 11 to 43 m in the control experiments (e.g., Wetzel 
et al. 2006; Gnanadesikan and Anderson 2009). Thus, the 
resultant effects are only qualitatively comparable with each 
other. (3) Not only the control simulation design is various, 
but also the model adopted is different. For example, the 
earlier studies tend to utilize OGCM without considering 
atmospheric feedback to investigate the effect of chlorophyll 
on the ocean (Nakamoto et al. 2001; Murtugudde et al. 2002; 
Sweeney et al. 2005; Löptien et al. 2009). When the cou-
pled climate models are introduced to examine this effect, 
the chlorophyll-induced SST change in the eastern equato-
rial Pacific also exhibits diverse response under different 
coupling intensity, i.e., SST warming (e.g., Lengaigne et al. 
2007; Patara et al. 2012) or cooling (e.g., Gnanadesikan and 
Anderson 2009; Park et al. 2014a).

Although previous studies have examined the effects of 
chlorophyll on the ocean (e.g., ocean dynamical processes), 
the roles of the atmosphere or ocean–atmosphere interaction 
in the effect of chlorophyll have not been investigated well. 
Ocean chlorophyll-induced local SST change can be ampli-
fied or damped through the coupling between the ocean and 
atmosphere (Gildor 2003; Shell 2003; Liang and Wu 2013). 
Currently, the way to represent coupling intensity can be 
varying among different coupled models due to the differ-
ences in the parameterizations of the atmospheric boundary 
layer, convective processes, or coupling technique (Guil-
yardi 2006; Bellenger et al. 2014). Physically, the coupling 
intensity indicates how strongly the atmospheric wind stress 
responds to the SST anomalies (Guilyardi 2006). The cou-
pling intensity is considered to be relatively constant in each 
model without considering the contributions from internal 
variability and external forcing. According to the estima-
tion of coupling intensity (regression of Niño4 wind stress 
over Niño3 SST, or positive Bjerknes feedback) from Bel-
lenger et al. (2014), most models underestimate the coupling 
intensity by 20–50%, and the intermodel spread for cou-
pling intensity is also huge. Consequently, the large inter-
model differences in coupling intensity may further modify 
the surface warming initially induced by chlorophyll in the 
eastern equatorial Pacific, and subsequently change the 
ocean–atmosphere coupling process like Bjerknes feedback 
(Bjerknes 1969) and wind-evaporation-SST (WES) feedback 
(Xie and Philander 1994). Furthermore, the differences in 
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coupling intensity may hinder the intercomparison of results 
among climate models in terms of chlorophyll-induced SST 
change in the tropical Pacific.

To figure out the impact of chlorophyll on the tropi-
cal Pacific SST under the ocean–atmosphere coupling 
condition and identify the sensitivity of this impact to the 
varying coupling intensity, a series of experiments are per-
formed using a hybrid coupled model of the atmosphere, 
ocean physics and biogeochemistry (HCM-AOPB) (Zhang 
et al. 2020). In this HCM-AOPB, the coupling intensity 
can be explicitly tunable through a coefficient (α), which 
is not explicitly attainable in the current fully coupled cli-
mate models. By adjusting it, we can illustrate the poten-
tial influence of the coupling intensity between ocean 
and atmosphere on the SST change in the presence of 
chlorophyll-induced effect. We are particularly interested 
in whether there exists a threshold for coupling intensity 
at which SST states can make transition from a cooling 
(warming) condition to a warming (cooling) condition 
in the presence of the chlorophyll effect. Then, we try to 
understand which physical processes (indirect dynamical 
or direct thermodynamical processes) are responsible for 
determining such transitions between warming and cool-
ing. Note that on the physical side, the role of coupling 
ocean–atmosphere intensity in modulating SST of the trop-
ical Pacific has been intensively investigated (Zhang et al. 
2013; Gao and Zhang 2017), but on the ocean biological 
side, it has not been clearly demonstrated.

The paper is organized as follows. Section 2 is con-
cerned with the model description, data source, and 
experimental design. Section 3 describes the results for 
the effect of chlorophyll-induced SST change under two 
extreme cases (uncoupled (α = 0.0) and strongly coupled 
(α = 1.15)), with the related mechanisms being inves-
tigated in detail; a series of experiments with gradually 
increasing coupling intensities were performed, in which 
a threshold for the coupling intensities is found, at which 
the effect of chlorophyll-induced change on the SST in 
the eastern equatorial Pacific can reverse from cooling to 
warming, and the characteristic of SST evolution due to 
chlorophyll effect is clearly identified. Section 4 presents 
a conclusion and discussion.

2  Model, experiments, and data used

2.1  Model description

The numerical experiments are performed using a hybrid 
coupled model (HCM), which consists of the atmosphere, 
ocean physics, and biogeochemistry (AOPB). A brief 
description is presented in the following section and a 

detailed description can be found in Zhang et al. (2018a, 
2020).

2.1.1  An ocean general circulation model (OGCM)

The OGCM used is a reduced-gravity, primitive equa-
tion, and sigma coordinate model, specially developed 
for the tropical ocean (Gent and Cane 1989). The model 
domain covers the entire tropical Pacific (120º E–76º W, 
30º S–30º N). The horizontal resolution is 0.3º–0.6º near the 
equator. The model has 20 vertical layers, with an explicit 
bulk mixed layer in the uppermost layer (Chen et al. 1994); 
mixed layer depth (MLD) is determined by a hybrid vertical 
mixing scheme, which consists of three major mechanisms 
of vertical turbulent mixing (wind stirring, shear instability, 
and convective overturning) (Kraus and Turner 1967; Price 
et al. 1986). An advective atmosphere mixed layer model 
(AML) is embedded into the ocean model to determine the 
sea surface heat flux (Seager et al. 1995; Murtugudde et al. 
1996). Within the AML model, air temperature and humid-
ity are determined by several factors such as the surface heat 
fluxes, horizontal advection induced by winds, entrainment 
from above the mixed layer, horizontal diffusion, and radia-
tive cooling. Thus, atmospheric advection and eddy trans-
ports are considered to alter the relative humidity, which 
further affects the SST (Murtugudde et al. 1996).

2.1.2  A hybrid coupled ocean–atmosphere model

A statistical atmospheric model is used to determine interan-
nual anomalies of wind stress (Syu et al. 1995; Chang et al. 
2001; Zhang and Busalacchi 2009). The coupling between 
the OGCM and the statistical atmosphere model forms a 
hybrid-coupled model (HCM; Zhang et al. 2020). Within 
the HCM context, the total wind stress is separated into a 
climatological part (τclim) and an interannual anomaly part 
(τinter): τ = τclim + τinter. τinter is determined by interannual 
anomalies of SST  (SSTinter) according to its empirical model, 
i.e. τinter = α∙F(SSTinter). Note that α is a dimensionless quan-
tity, which is introduced to represent the coupling intensity 
between SST and wind stress at large scale, and F(SSTinter) 
is constructed from a singular value decomposition (SVD) 
analysis derived from the historical data (Zhang et al. 2005). 
Because interannual wind responses to SST anomalies are 
sensitively dependent on seasonality during the ENSO cycle, 
the seasonality of the wind response to SST anomalies has 
been taken into account through separately performing the 
SVD analyses for each calendar month (Zhang et al. 2019a, 
b). Next, interannual wind stress anomalies (τinter) are added 
onto τclim to force the ocean model at each model step to 
represent atmospheric wind stress effect on the ocean. It is 
noted that, in this hybrid coupled model, coupling intensity 
only refers to the coupling between wind stress and SST, 
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and other negative feedbacks from like shortwave feedback 
are not considered into this model, which are included in the 
state-of-the-art coupled climate model.

Testing indicates that using α = 1.15 leads to HCM simu-
lations that have reasonable interannual SST variations, 
with a quasi-4-year oscillation. The coupled model is then 
integrated for 100 years and continually integrated forward 
(Zhang et al. 2018a).

2.1.3  Coupling between the ocean physics 
and biogeochemistry

Furthermore, the atmosphere–ocean coupled model is com-
bined with an ocean biogeochemical model (Christian et al. 
2001; Wang et al. 2008), which consists of 12 components 
(e.g. nitrate, iron, phytoplankton, zooplankton, and so on). 
Chlorophyll is estimated using a ratio between phytoplank-
ton biomass and chlorophyll, called the C: Chl ratio (Wang 
et al. 2009a). More details can be found in previous studies 
(Zhang et al. 2018b; Tian et al. 2018). Then, chlorophyll is 
introduced into a bio-optical model to represent its effect 
on the penetrative solar radiation (Wang et al. 2009a). This 
bio-optical model is calculated as follows:

where KA is the total attenuation coefficient for shortwave 
radiation, KW = 0.028 m−1 is the seawater attenuation coef-
ficient, KC = 0.058 m−1 (mg  m−3)−1 is the attenuation coef-
ficient for chlorophyll. Chl (k) is the concentration for chlo-
rophyll at each model layer; k denotes the number of the 
model layer. Next, the reciprocal of KA denotes the penetra-
tion depth  (Hp), which is embedded into the ocean general 
circulation model to parameterize the effect of chlorophyll 
on the penetrative solar radiation.

2.2  Experimental design and data used

We perform two types of experiments to separate the effect 
of chlorophyll on the mean state in the tropical Pacific. In a 
control simulation (a case to treat the ocean as pure water), 
named PURE, the biogeochemical model is not activated 
in the HCM and the chlorophyll concentration is set to zero 
everywhere; thus, the chlorophyll-induced effect on SST 
is not considered in the model. In the second simulation, 
named CHL, the biogeochemical model is activated in the 
model and the simulated chlorophyll can directly affect 
the penetration of solar radiation in the ocean. Differences 
between CHL and PURE are used to represent the effect of 
total chlorophyll on the ocean. This experimental design has 
been widely adopted to examine the total effect of chloro-
phyll on the climate under the condition with the uncoupled 
(ocean-only) models or coupled models (Gnanadesikan and 

(1)KA(k) = Kw + KCChl(k)

Anderson 2009; Park et al. 2014a, b). Previously, interan-
nually and intraseasonally varying (e.g., tropical instability 
waves) chlorophyll effects have been demonstrated to pro-
duce a substantial change in the mean state and variability 
of the tropical Pacific climate (Zhang et al. 2009; Tian et al. 
2018, 2019); these multi-scale chlorophyll effects on the 
tropical Pacific climate are included in this modelling study 
as a whole.

We perform a series of experiments using HCM, in which 
different coupling intensities can be explicitly adjustable, 
ranging from uncoupled (α = 0.0) to coupled (α > 0.0) condi-
tions; it is quite difficult to perform such experiments using 
current fully coupled models. The coupling intensities (α) 
are set to be 0.0, 0.5, 0.8, 1.0, 1.1, and 1.15 to represent 
different intensities of the ocean–atmosphere coupling. The 
case with α = 0.0 represents an ocean-only case, without any 
large-scale feedback from the atmosphere. It is noted that 
different from the traditional ocean-only simulation with 
prescribed surface heat fluxes (ocean-only case), a non-local 
atmospheric mixed-layer parameterization, as described in 
the previous section, is introduced into the HCM to reason-
ably simulate seasonal SST variability (Murtugudde et al. 
1996). Therefore, the case with α = 0.0 would not mean that 
the HCM is a pure ocean-only model. The case with α = 1.15 
represents a strong coupling with atmospheric wind feed-
back onto the ocean, and its ENSO amplitude (measured by 
the standard deviation of Niño3.4 SST anomalies) is 1.03℃, 
which is larger than that in the observation (≈ 0.87 ℃). By 
performing these experiments, the effects of chlorophyll on 
SST in the eastern tropical Pacific can be illustrated; a strik-
ing feature emerges: the mean-state SST conditions in the 
eastern equatorial Pacific can be reversed from cooling to 
warming when α is taken from α = 1.0 to 1.1. To understand 
more details of the effects, we further perform experiments 
with α intervals being set to 0.01 from 1.0 to 1.1, so that the 
potential threshold can be detected. The model is integrated 
for 60 years in all experiments, and the results from the last 
40 years of each run are used for analyses.

The observed sea surface chlorophyll data from the Glob-
Colour project during the period of 1998–2016 are used to 
validate the simulation (Fig. 1a and c) (Maritorena et al. 
2010). The observed chlorophyll data with the original grid 
being 0.25º × 0.25º are binned into the model grid.

3  Results

3.1  Validation of modelled chlorophyll

The modelled annual mean surface chlorophyll in the CHL 
experiment with α = 1.15 is firstly compared to the merged 
observed surface chlorophyll field from the GlobColor pro-
ject (Maritorena et al. 2010), spanning the period from 
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1998 to 2016 (Fig. 1a and b). The coupled model can well 
simulate the major spatial distribution of surface chloro-
phyll, with elevated chlorophyll in the eastern equatorial 
Pacific, but low chlorophyll in the western equatorial and 
subtropical Pacific. The interannual variation of chloro-
phyll near the equator is large, which has been basically 
reproduced by the biogeochemical model in the central 
equatorial Pacific, but underestimated in the eastern equa-
torial region and north of the equator (Fig. 1c and d). It is 
noteworthy that the annual mean and interannual variations 
of modelled chlorophyll tend to be overestimated in the 

central-eastern equatorial region, which may be attributed 
to the stronger-than-observed equatorial upwelling and 
possible bias in the C:Chl ratio (Wang et al. 2009b). In 
addition, due to the inadequate representation of coastal 
processes such as land runoff and coarse resolution in the 
current ocean model, the modelled chlorophyll and its 
interannual variability tend to be underestimated in some 
coastal regions like the North and South America, where 
the chlorophyll concentration is high exceeding 1 mg m−3 
(Fig.  1). Figure 1e and f show that the comparison of 
annual mean oxygen concentration at 150 m (as a proxy 

(a) Annual mean surface chlorophyll (b) Annual mean surface chlorophyll

(c) Standard deviation of surface chlorophyll (d) Standard deviation of surface chlorophyll

(e) Annual mean Oxygen (150m) (f) Annual mean Oxygen (150m)

Observation HCM simulation

[mg/m3]

[mg/m3]

[µmol/L]

Fig. 1  Horizontal distribution of observed annual mean sea surface 
chlorophyll (a), standard deviations of interannual surface chlorophyll 
anomalies (b), and oxygen concentrations at 150 m  (O2, μmol  L−1) as 

a proxy for oxygen minimum zones (c); d–f are same as a–c but from 
the HCM simulation at α = 1.15



3780 F. Tian et al.

1 3

for oxygen minimum zones (OMZs)) from WOA18 (Boyer 
et al. 2018) and model simulations. The model can basi-
cally reproduce the characteristic of OMZ in the eastern 
tropical Pacific. Overly, the focus of this study is on the 
sensitivity of chlorophyll-induced SST change in the open 
ocean. Thus, the good performances of the biogeochemi-
cal model in the open ocean waters are encouraging and 
adequate for this modelling study.

3.2  Influence of chlorophyll on the ocean mean 
state in the uncoupled (α = 0.0) and strongly 
coupled simulations (α = 1.15)

In this section, the effects of chlorophyll on the tropical 
Pacific mean-state SST under the condition without (α = 0.0) 
and with strong ocean–atmosphere coupling (α = 1.15) 
are examined. So, we can clearly investigate the role of 
ocean–atmosphere coupling in chlorophyll-induced SST 
change.

3.2.1  Uncoupled simulation (α = 0.0)

The presence of chlorophyll acts to absorb more solar radia-
tion within the ML, with less radiation penetrating out of 
the bottom of the ML. We firstly adopt a diagnostic analysis 
developed by Zhang (2015) to examine the spatial distribu-
tion of annual mean chlorophyll-induced heating, including 
the absorbed solar radiation within the ML  (Qabs), and the 
related chlorophyll-induced direct heating rate on the ML 
 (Rsr), and the penetrative solar radiation out of the bottom 
of the ML  (Qpen). These three terms can be calculated as 
follows:

where Qsr denotes the solar radiation arriving on the sea sur-
face; γ = 0.33 denotes the fraction of solar radiation penetrat-
ing the sea surface by several centimeters, i.e., blue–green 
band (with wavelengths less than 550 nm). ρ0 is the density 
of seawater, and cp is the heat capacity. Thus, these three 
terms are determined by Hm (i.e., MLD) and penetration 
depth (Hp). In this study, the Qsr is prescribed as its clima-
tological field to emphasize the chlorophyll-induced solar 
radiation heating on the ocean.

Figure 2 shows the annual mean differences in these three 
heating terms between CHL and PURE with the uncoupled 

(2)Qabs

(

Hm,Hp

)

= Qsr

[

1 − � exp(−Hm∕Hp

)

]

(3)

Rsr

(

Hm,Hp

)

= Qsr

[

1 − � exp(−Hm∕Hp

)

]∕
(

�0cpHm

)

= Qabs∕(�0cpHm)

(4)Qpen

(

Hm,Hp

)

= Qsr

[

� exp(−Hm∕Hp

)

]

simulation (α = 0.0). As expected, the presence of chloro-
phyll tends to absorb more solar radiation within the ML 
(i.e., an increase in  Qabs), especially in the eastern equatorial 
Pacific, where the  Qabs difference induced by chlorophyll 
reaches + 5 W m−2 near the equator (Fig. 2a). Accordingly, 
the solar radiation penetrating out of the bottom of the ML 
 (Qpen) is decreased by − 5 W m−2 near the equator (Fig. 2c). 
The presence of chlorophyll tends to directly heat the ML 
and enhance the ocean stratification by modifying the rela-
tive distribution between  Qabs and  Qpen.

An increase in  Qabs leads to an increase in  Rsr by more 
than 1 °C  month−1 near the equator from 150° W to 100° W 
(Fig. 2b). It is anticipated that an increase in  Rsr directly 
induces a warming effect on the ML and leads to an 
increase in SST by modifying the ML heat budget. How-
ever, as shown in Fig. 3a, under the condition without the 
ocean–atmosphere coupling (α = 0.0), the SST difference 
between CHL and PURE in the eastern equatorial Pacific is 
negative, indicating that the presence of chlorophyll acts to 
induce a cooling effect in the cold tongue. This result is simi-
lar to the previous study using ocean-only models (Naka-
moto et al. 2001; Anderson et al. 2007; Park et al. 2014b; 
Lim et al. 2018). In addition, a slightly persistent warming 
emerges in the southern subtropical Pacific, whereas cold 
SST anomalies are maintained north of the equator in the 
range from 170° W to 140° W (Fig. 3a).

The increase in  Qabs tends to increase the surface buoy-
ancy flux, leading to a shoaling of the ML (Fig. 4c). At 
α = 0.0, the ocean model is actually forced by prescribed 
climatological wind stress, and the shoaling of ML leads to 
a stronger Ekman divergence near the equator (Fig. 5c) as 
suggested by Sweeney et al. (2005) and Lim et al. (2018). 
The enhanced Ekman divergence further leads to a stronger 
upwelling and thus colder SST in the eastern equatorial 
Pacific (Fig. 3a). The SST cooling in the upper ocean is 
also associated with the shoaling of the thermocline (Fig. 5e, 
black and red lines), negative anomalies of sea level (Fig. 5c, 
color shaded). Therefore, direct heating effect induced by 
chlorophyll (Fig. 2) is ultimately overwhelmed by the indi-
rectly induced dynamical cooling effect (Fig. 5c and e). 
Furthermore, an ML heat budget analysis is performed as 
follows.

where �T
�t

 is the tendency of the ML temperature; the first 
three terms on the right-hand side of Eq.  (5) are zonal 
(uadv), meridional (vadv), and vertical advection (wadv), 
respectively; Qmix represents the vertical entrainment and 
diffusion at the base of the ML, calculated based on a mixed 
layer model (Chen et al. 1994), which combines three major 
mechanisms of vertical turbulent mixing in the upper ocean 

(5)
�T

�t
= −u

�T

�x
− v

�T

�y
− w

�T

�z
+ Qmix + Qnet
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(wind stirring, shear instability, and convective overturning) 
(Kraus and Turner 1967; Price et al. 1986). To simplify the 
analysis, the sum of Qmix and vertical advection is shown; 
Qnet is the net surface heat flux. In this ocean model, the 
surface heat flux is determined by an advective mixed layer 
model (Seager et al. 1995; Murtugudde et al. 1996), in which 
longwave radiation, latent and sensible heat flux are com-
puted by wind, cloud cover and the ocean modeled SST. 
Note that in the ocean-only experiment (α = 0.0), the wind 
stress is prescribed to be a climatological field in PURE 
and CHL, so that the change in surface heat flux is solely 
attributed to the SST change without considering the effect 
due to change from the surface wind.

In the western equatorial Pacific, the concentration 
of chlorophyll is relatively low (Fig.  1a). A decrease 

in penetration depth  (Hp) induced by low chlorophyll 
(Fig. 4a) is compensated for by the ML shoaling (Fig. 4c), 
which leads to an small change in  Qabs as suggested in 
Eq. 2 (Fig. 2a), and nearly no change in net surface heat 
flux (< 1 W m−2) (blue bars in Fig. 6a and c). Therefore, 
the SST in the western equatorial Pacific remains nearly 
no change at α = 0.0 when the chlorophyll-induced effect 
is included (Fig. 3a).

In the eastern equatorial Pacific, the concentration of 
chlorophyll is relatively elevated due to the strong equato-
rial upwelling (Fig. 1a). High chlorophyll reduces the  Hp 
by more than 10 m near the equator (Fig. 4a) and further 
leads to an increase in  Qabs by 4–6 W m−2 (Fig. 2a). The 
net surface heat flux increases by 8 W m−2 (blue bar in 
Fig. 6d), accounting for about 20% of the annual mean net 

Fig. 2  Annual mean differ-
ences between CHL and PURE 
experiments for  Qabs (a),  Rsr (b) 
and  Qpen (c).  Qabs indicates the 
absorbed solar radiation within 
the mixed layer;  Rsr indicates 
the direct heating rate in the 
mixed layer induced by  Qabs; 
 Qpen indicates the penetra-
tive solar radiation out of the 
bottom of the mixed layer. The 
contour intervals are 1 W m−2 
in a, 0.2 ºC  month−1 in b and 
1 W m−2 in c, respectively

 

（a) Qabs change induced by chlorophyll

（b) Rsr change induced by chlorophyll

（c) Qpen change induced by chlorophyll
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surface heat flux. Correspondingly, the SST tendency can 
be increased by 0.4 °C  month−1. Simultaneously, cooling 
effects induced by meridional advection and vertical mixing 
are enhanced due to the intensification of Ekman divergence 
(Fig. 5c), which in turn overwhelms the increase in net sur-
face heat flux (Fig. 6b), and consequently induces an SST 
cooling in the eastern equatorial Pacific.

It is noteworthy that the change in the latent heat flux 
tends to be positive and contributes significantly to the 
increase in net surface heat flux (Fig. 6d), which can be 
attributed to the negative feedback between the latent heat 
flux (LHF) and SST due to the exponential dependence of 

LHF on SST derived from the Clausius–Clapeyron relation-
ship. However, due to the absence of the ocean–atmosphere 
coupling, the strengthened ocean dynamical cooling effect 
dominates the ultimate SST change in the eastern equatorial 
Pacific at α = 0.0.

3.2.2  The strongly coupled condition (α = 1.15)

As shown in Fig. 3a, the presence of chlorophyll acts to 
induce an SST cooling in the eastern equatorial Pacific 
when taking α = 0.0 (i.e. no ocean–atmosphere coupling). 
Thus, this cooling effect is expected to be amplified when 

 

(a) SST difference: CHL-PURE (α=0.0） (b) SST Difference: CHL-PURE (α=1.15）

(c) Annual mean surface wind : PURE (α=1.15） (d) Surface wind difference: CHL-PURE (α=1.15）

[℃]

[dyn/cm2] [dyn/cm2]

]s/m[]s/m[

Fig. 3  Annual mean SST differences between CHL and PURE 
experiments with coupling intensity (α) for 0.0 (a), 1.15 (b); c is 
for the annual mean surface wind speed (shaded) and wind stress in 
PURE at α = 1.15; d is similar to c but for the difference between 
CHL and PURE at α = 1.15. Note that α = 0.0 indicates the ocean-
only experiment forced by prescribed wind stress. The contour 

intervals are 0.1 ºC in a and b. The red boxes represent the western 
Pacific (5º  S–5º  N, 155º  E–175º  E), the eastern Pacific (5º  S–5º  N, 
150º W–90º W), the northern tropical Pacific (0º–10º N, 180º–90º W) 
and the southern subtropical Pacific (15º  S–5º  S, 160º  W–100º  W), 
respectively
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the large-scale ocean–atmosphere coupling is represented 
through the positive Bjerknes feedback, which has been 
found in a simulation using the GFDL-CM 2.1(e.g., Park 
et al. 2014a). However, in our HCM simulation, by tak-
ing α = 1.15, the presence of chlorophyll actually induces 
an SST warming in the eastern equatorial Pacific when 
the ocean–atmosphere coupling is explicitly taken into 
account (Fig. 3b), characterized by an El Niño-like pattern. 
Furthermore, SST warming induces anomalous westerly 
winds in the central equatorial Pacific, with wind speed 
decreasing by 0.6 m s−1 south of the equator (Fig. 3d). Cor-
respondingly, an anomalous SST cooling emerges in the 
western equatorial Pacific and north of the equator in asso-
ciation with anomalously easterly winds and an increase 
in wind speed (Fig. 3b and d), which may be attributed 
to the cyclonic wind curl associated with Rossby-wave 
response to SST warming in the central-eastern Pacific 
(170° W–140° W). Also, the western equatorial Pacific 

(155° W–170° W) cooling also maintains and can generate 
anomalous easterly winds according to Gill-type pattern 
(Gill 1980). In the southern subtropical Pacific, a persis-
tent warming also emerges in this coupled case (α = 1.15), 
while cold SST anomalies are maintained north of the 
equator in the range from 170° W to 140° W (Fig. 3b). 
The north–south difference in SST further induces cross-
equatorial northerly winds in the central Pacific and winds 
to shift eastward south of the equator due to the Coriolis 
effect (Fig. 3d). Furthermore, the slow-down of the trade 
winds in the southern subtropical Pacific leads to a reduc-
tion in the evaporative cooling, thereby strengthening the 
warming in the off-equatorial eastern Pacific. Therefore, 
the eastern tropical Pacific SST warming can be strength-
ened by the wind-evaporation-SST mechanism as sug-
gested by Xie and Philander (1994).

In terms of the persistent warming in the southern tropi-
cal Pacific, it is well known that the mixed layer (ML) is 

(a) Hp difference (α (ecnereffidpH)b()0.0= α=1.15)

(c) MLD difference (α=0.0) (d) MLD difference (α=1.15)
[m]

[m]

Fig. 4  Annual mean differences in  Hp for a, b, MLD for c, d between CHL and PURE experiments at α = 0.0 (left panels) and α = 1.15 (right 
panels). The contour intervals are 4 m in a–d 
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relatively deep in the southern tropical Pacific associated 
with the formation of high salinity water mass. The deep 
mixed layer inhibits the solar radiation penetrating out of 
its bottom, thus the chlorophyll-induced change in the pen-
etrative solar radiation  (Qpen) is tiny and most of the solar 

radiation is absorbed within the entire mixed layer  (Qabs). 
Therefore, the chlorophyll acts to induce a warming effect 
in the southern subtropical Pacific. For the SST cooling in 
the northern tropical Pacific as shown in Fig. 3, we speculate 
some reasons as follows. The presence of chlorophyll acts to 

(c) Diff (α=0.0）SL& Surface currents (d) Diff (α=1.15）SL& Surface currents

(e) Diff (α=0.0）Temperature (Equator) (f) Diff (α=1.15）Temperature (Equator)
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20 20
20de
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h 

(m
)
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h 
(m

)

(a) PURE (α=0.0）SL& Surface currents (b) PURE (1.15）SL& Surface currents

[cm/s] [cm/s]

[cm]

]s/mc[]s/mc[

[cm]

[℃]

Fig. 5  Annual mean surface current (vectors) and sea levels (SL, 
shaded) in CHL at α = 0.0 (a) and α = 1.15 (b); the corresponding 
differences between CHL and PURE experiments at α = 0.0 (c) and 

α = 1.15 (d); e and f are similar to c and d but for the temperature dif-
ference along the equator. The red and black line in e, f denotes the 
20 ºC isotherm in PURE and CHL experiments, respectively
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enhance the shortwave-induced heating within the ML and 
leads to a shoaling of the ML. As described in the Introduc-
tion, the shoaling of the ML indirectly strengthen the sub-
tropical-tropical cell and further leads to an enhanced south 
equatorial current (SEC), which can result in the cooling 
north of the equator. Meanwhile, due to the strengthening 
of the SEC, the current shear also can be enhanced, which 
in turn leads to an enhanced tropical instability wave (TIWs) 
(Löptien et al. 2009). Enhanced TIWs tend to transport more 
cold waters northward and induces a cooling effect in the 
northern tropical Pacific (Jochum et al. 2007; Graham 2014). 
Note that the related mechanism in terms of persistent cool-
ing (warming) in the northern (southern) tropical Pacific still 
needs to be investigated in the future.

Figure 4b shows that the spatial difference in  Hp between 
CHL and PURE in the coupled condition (α = 1.15) is iden-
tical to that at α = 0.0, indicating that  Hp exhibits nearly no 
change between uncoupled and coupled cases (Fig. 4a, b). In 
other words, the atmospheric feedback cannot significantly 

affect the biological response (i.e., the chlorophyll change), 
which further makes little contribution to the change in  Hp. 
The difference in MLD is also similar to that at α = 0.0 in 
the equatorial Pacific, and leads to a similar change in  Qabs 
(Eq. 2; figure not shown). The change in MLD is tiny in 
the eastern equatorial Pacific in the coupled and uncoupled 
condition attributed to the adjustment of ocean circulation 
(Fig. 5). Thus, the presence of chlorophyll actually leads to 
an increase in  Qabs and a decrease in  Qpen. Certainly, the cou-
pling between dynamical process and biological processes 
within the mixed layer needs to be investigated in detail. For 
example, using a 1-D coupled model between physics and 
biology may clearly identify the specific processes, which is 
still a fundamental question for bio-physical coupling.

In the western tropical Pacific, ocean currents exhibit 
remarkable change, with an anomalously eastward surface 
current near the equator in association with a negative sea 
level anomaly (Fig. 5d). The anomalously eastward surface 
current leads to an enhanced zonal temperature advection, 

Fig. 6  The differences in the mixed layer heat budget between CHL 
and PURE experiments with α = 0.0 (uncoupled, blue bars) and 
α = 1.15 (coupled, yellow bars), averaged over the western equatorial 
Pacific (155º E–175º E, 5º S–5º N) in a, the eastern equatorial Pacific 
(150º W–90º W, 5º S–5º N) in b; c and d are for the decomposition 
analysis of surface heat fluxes (net surface heat flux  (Qnet), absorbed 

shortwave radiation flux within the mixed layer (swf), longwave 
radiation flux (lwf), latent heat flux (lhf), sensible heat flux (shf) and 
penetrative solar radiation out of bottom of the mixed layer  (Qpen)) 
over the western region and eastern region, respectively. Note that the 
shortwave radiation here denotes the absorbed part within the mixed 
layer (i.e.,  Qabs)
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which contributes to the warming of SST in the central 
Pacific. In the western tropical Pacific, anomalous easter-
lies winds tend to induce an enhanced Ekman divergence 
and upwelling. Thus, the subsurface cool water is easily 
upwelled into the surface layer (Fig. 5f), which conse-
quently leads to a decrease in SST. As shown in Fig. 6a, 
intensified vertical mixing dominates the ML tempera-
ture budget, which leads to the SST cooling, while the net 
surface heat flux and zonal temperature advection tend to 
warm the mixed layer in the western equatorial Pacific. It 
is noteworthy that the change in the net surface heat flux 
is positive, reaching 8 W m−2 (Fig. 6c). Due to the small 
change in the  Qabs, the change in the net surface heat flux is 
mainly attributed to the increase in the latent, sensible heat 
fluxes and longwave radiation, while the latent heat flux 
(LHF) feedback plays a key role in determining the change 
of the net surface heat flux in the western Pacific (Fig. 6c). 
In total, the cooling effect induced by the enhanced ver-
tical mixing overwhelms the warming effect due to the 
increase in the net surface heat flux, subsequently leading 
to an SST cooling in the western equatorial Pacific.

In the central-eastern equatorial Pacific, anomalously 
westerly winds tend to reduce the zonal SST gradients, 
and in turn warm SST anomalies enhance the westerlies 
(Fig. 3b and d), which further exerts a positive feedback, 
i.e. Bjerknes feedback (Bjerknes 1969). In addition, the 
subsurface temperature exhibits no change in association 
with nearly zero change of the thermocline depth east of 
130°W, but some change in thermocline depth and sub-
surface warming in the central Pacific, when the effect 
of chlorophyll is included in CHL (Fig. 5f). The verti-
cal mixing and meridional advection are also decreased 
due to the weakened wind stress (Fig. 3d), indicating that 
ocean dynamical cooling effect induced by chlorophyll 
tends to be weakened. As shown in Fig. 6d, the difference 
in net surface heat flux is decreased to about 3 W m−2 at 
α = 1.15, which is less than a half of that when taking 
α = 0.0. Owing to unchanged value in  Qabs, the decrease in 
net surface heat flux is primarily attributed to the decrease 
in latent heat flux. As suggested in the previous section, 
latent heat flux is computed by an atmosphere mixed layer 
model, being interactively dependent on the change in the 
SST and wind speed. An increase in SST tends to decrease 
the latent heat flux due to negative relationship as sug-
gested in Haney (1971). In addition, the decrease in wind 
speed tends to amplify this negative latent flux anomalies 
and consequently leads to a decrease in the latent heat flux 
by − 1 W m−2. However, although the net surface heat flux 
is reduced, vertical mixing and upwelling weaken more, 
resulting in the net SST warming in the eastern equatorial 
Pacific.

In short summary, the SST change due to the existence of 
chlorophyll is highly dependent on the relative contribution 

from the direct warming effect due to net surface heat flux 
and indirect cooling effect due to ocean dynamics. In the 
uncoupled case (α = 0.0), the ocean dynamical cooling plays 
a dominant role in determining the change of SST in the 
eastern equatorial Pacific. In the coupled case (α = 1.15), 
the surface warming induced by direct heating associated 
with the presence of chlorophyll acts to suppress the ocean 
dynamical indirect cooling, with their net effects leading to 
the SST warming in the eastern equatorial Pacific. Addi-
tionally, we found that in the strong coupling condition 
(α = 1.15) without chlorophyll effect, an El Niño-like pat-
tern emerges in the tropical Pacific, with an SST cooling in 
the western equatorial Pacific and an SST warming in the 
eastern equatorial Pacific (figure not shown), as compared 
with that in uncoupled condition (α = 0.0). This pattern can 
be attributed to the residual effect due to ENSO asymmetry 
with larger positive SST anomalies during El Niño phase. 
Furthermore, the presence of chlorophyll tends to amplify 
this residual warming effect, which in turn indirectly demon-
strates the robustness of chlorophyll-induced heating under 
strongly coupling condition. At this stage, the reason why 
there is a remarkable change in SST response from cooling 
to warming has been discussed. However, whether is there a 
threshold at which SST in the tropical Pacific can have a sign 
change due to the presence of chlorophyll and ocean–atmos-
phere interaction? This question will be investigated in the 
next subsection utilizing more HCM-based experiments.

3.3  Chlorophyll‑induced effects on the SST 
that are dependent on the ocean–atmosphere 
coupling intensity (α)

In this section, the ocean–atmosphere coupling intensity is 
further tuned to illustrate the possible existence for thresh-
olds at which the effects of chlorophyll on the mean state 
SST can change the sign.

Figure 7 shows the SST differences between CHL and 
PURE at different coupling intensity with α ranging from 
0.5 to 1.10. During the weakly represented coupling case 
(α ≤ 1.0, Fig. 7a–c), the spatial patterns of SST differences 
are basically similar to those in the uncoupled case (α = 0.0, 
Fig. 3a), except for the smaller SST differences in the far 
eastern equatorial Pacific (east of 120ºW), where the SST 
cooling disappears (Fig. 7a–c). With the gradual increase 
in α, the negative SST differences alternatingly diminish 
westward along the equator (Fig. 7d–f). Meanwhile, the 
SST cooling gradually appears in the western equatorial 
Pacific. It is noted that the persistent warming (cooling) 
centers are still located in the south (north) of the equator, 
which is unaffected by the change in the increased coupling 
intensity. This asymmetric SST response further induces 
the cross-equatorial northerly winds in the central equato-
rial Pacific (Fig. 8). The SST warming south of the equator is 
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maintained by the decreased wind speed, and even is further 
amplified through the strengthened WES feedback (Xie and 
Philander 1994) (Fig. 8). Meanwhile, the SST cooling in 
the central equatorial Pacific acts to induce anomalous east-
erly winds, which results in an enhanced Ekman divergence 
and intensify the SST cooling effect west of the dateline. 
With the increase in the coupling intensity, the anomalous 
easterly wind gradually strengthens and further enhances 
the intensity of upwelling in the western equatorial Pacific. 
Subsequently, the difference in the zonal gradient of SST can 
be amplified through the Bjerknes feedback; the cross-equa-
torial northerly is also intensified due to the WES feedback.

As shown in Fig. 7, a transition state takes place from 
cooling to warming in the eastern equatorial Pacific when 
taking α = 1.0–1.1. Thus, we perform detailed sensitiv-
ity experiments by taking more values of α between 1.0 
and 1.1, with the intervals increased by 0.01. As shown in 
Fig. 9b, when the value of α is set to larger than 1.01, the 
SST difference begins to reverse from negative perturbations 
to positive perturbations in the eastern equatorial Pacific 

(represented by averaged SST over the Niño3 region). It is 
noted that the threshold of 1.01 may slightly depend on the 
selected area but the main characteristic of SST changes 
due to varying coupled intensity is still clear as shown in 
Figs. 3 and 7. Because the significant change in SST over 
the Niño3 region, we select this region as the eastern box. 
With the increase in the coupling intensity, the positive SST 
perturbations gradually intensify, reaching 0.1 °C when 
taking α = 1.15. In the western equatorial Pacific, the SST 
cooling emerges (α = 0.8) and is further amplified when tak-
ing α > 1.03 (Fig. 9a). Therefore, within the HCM system, 
thresholds for SST changes can be identified when the cou-
pling intensity attains to certain values (α = 1.01), at which 
the effect of chlorophyll on SST in the eastern equatorial 
Pacific can be reversed from cooling to warming.

Furthermore, detailed heat budget analyses for cases 
ranging from α = 0.0 to 1.15 are conducted in the east-
ern box (150° W–9° W, 5° S–5° N) and are illustrated in 
Fig. 10. With the increase in α, the change in net surface 
heat flux (blue line in Fig. 10a) between CHL and PURE 

[℃]

Fig. 7  Annual mean SST differences between CHL and PURE 
experiments with different coupling intensity; α = 0.5 (a), α = 0.8 (b), 
α = 1.0 (c), α = 1.05 (d), α = 1.08 (e) and α = 1.10 (f). The red boxes 
represent the western Pacific (5º S–5º N, 155º E–175º E), the eastern 

Pacific (5º S–5º N, 150º W–90º W), the northern tropical Pacific (0º–
10º N, 180º–90º W) and the southern subtropical Pacific (15º S–5º S, 
160º W–100º W), respectively
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tends to decrease from 0.45 ℃/month at α = 0.0 to 0.35 ℃/
month at α = 1.15, suggesting that the chlorophyll-induced 
direct heating gradually weakens in association with 
enhanced coupling intensity (Fig. 10a). Meanwhile, the 
vertical mixing and entrainment (red line in Fig. 10a) due 
to the adjustment of the ocean circulation and subsurface 
entrainment processes also decrease from − 0.4 ℃/month 
at α = 0.5 to − 0.25 ℃/month at α = 1.15, indicating the 
chlorophyll-induced indirect cooling is weakened more. 
Additionally, the meridional temperature advection also 
weakens from − 0.12 ℃/month at α = 0.0 to − 0.06 ℃/
month at α = 1.15 (pink line in Fig. 10b). Although the 
contribution from meridional temperature advection to 
the indirect cooling is small, its role in balancing the heat 
budget within the mixed layer in the eastern equatorial 
Pacific cannot be overlooked. With the increase in the 
coupling intensity, the decrease in meridional tempera-
ture advection further weakens the indirect cooling effect 
induced by chlorophyll. As for the zonal advection (black 
line in Fig. 10b), its contribution is diverse and relatively 
small (0.01 to 0.05 ℃/month) in the heat budget change, 

which may be attributed to the weakening of mean current 
and temporal variability.

With the increase in coupling intensity, the relatively 
smaller chlorophyll-induced change in direct heating and 
dynamical cooling may be involved in the interaction 
between biology and climate; i.e., with the increase in α 
(coupling intensity), the initial warming induced by chlo-
rophyll tends to induce anomalous westerly winds in the 
eastern equatorial Pacific. Anomalous westerly winds act 
to suppress the Ekman divergence in the eastern equatorial 
Pacific and further weakens the dynamical cooling effect. 
Meanwhile, the latent heat flux is reduced due to a decrease 
in wind speed. Therefore, as shown in Fig. 10, with the 
increase in α (coupled intensity), the chlorophyll-induced 
direct warming (change in net surface heat flux) and indirect 
cooling (advection and vertical mixing) both weaken, but 
the reduced amplitude of direct warming due to the changes 
in net surface heat flux is relatively small compared to the 
change in indirect dynamical cooling, and consequently 
leading to a dominant warming effect in the eastern tropical 
Pacific.

[dyn/cm2 mc/nyd[] 2]

[dyn/cm2] [dyn/cm2]

[m/s]

Fig. 8  The differences in annual mean wind speed (shaded) and wind stress (vectors) between CHL and PURE experiments with different cou-
pling intensity; α = 0.5 (a), α = 0.8 (b), α = 1.0 (c), α = 1.05 (d), α = 1.08 (e) and α = 1.10 (f)
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It is noted that the differences in SST due to the pres-
ence of chlorophyll are also dependent on the seasonality of 
ocean–atmosphere coupling. In the eastern tropical Pacific, 
the coupling intensity is large during boreal spring–sum-
mer and small during boreal fall-winter due to the inter-
actions among SST, winds, and the mixed layer dynamics 
(Xie 1994; Chang 1996). However, the seasonal variations 
of  Hp (or chlorophyll) are very weak as observed (Zhang 
et al. 2019b), with small positive chlorophyll anomalies 
(0.02 mg m−3) emerging during boreal spring-summer time 
(spring phytoplankton bloom), attributed to enhanced ver-
tical mixing and relative high SST. Previous studies sug-
gest that the penetration of solar radiation may contribute to 
the seasonal cycle of SST in the eastern equatorial Pacific 
(Schneider and Zhu 1998). Interestingly, the presence of 
chlorophyll tends to induce persistent cooling during an 
entire year in the case without ocean–atmosphere cou-
pling (α = 0.0) (Fig. 11a). Also, in the far eastern equatorial 
Pacific, during the boreal winter (December to February), 

the chlorophyll-induced direct heating may be offset by 
the indirect cooling as suggested previously (Fig. 11a). At 
α = 1.06 (Fig. 11b), with a moderate coupling intensity, the 
results show that the cooling is still maintained from April 
to August in the central equatorial Pacific, but the warming 
starts to emerge in the far eastern equatorial Pacific from 
January to March. At α = 1.15 (Fig. 11c), the chlorophyll-
induced direct heating is further amplified in the boreal win-
ter through the ocean–atmosphere coupling; from April to 
August, the direct heating induced by chlorophyll can still 
be compensated for by the indirect cooling which exhibits 
no change in the central-eastern equatorial Pacific (Fig. 11c). 
Thus, the change in the seasonal cycle of SST due to vary-
ing coupling intensity may further rectify the mean state of 
SST in the tropical Pacific. Additionally, the role of inter-
annual variability of chlorophyll is not investigated in this 
study (Zhang et al. 2018b), and the impacts of multi-scale 
chlorophyll variability on the tropical Pacific mean state are 
shown elsewhere.
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(b) Eastern box (150°W-90°W, 5°S-5°N)
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(c) Southern box (160°W-100°W, 15°S-5°S)
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(d) Northern box (180°-90°W, 0°N-10°N)
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Fig. 9  The SST differences in the selected regions with different cou-
pling intensity ranging from α = 0.0 to 1.15: a the western equatorial 
Pacific (155º E–175º E, 5º S–5º N); b the eastern equatorial Pacific 
(150º  W–90º  W, 5º  S–5º  N); c the South Pacific (160º  W–100º  W, 

15º S–5º S); d the North Pacific (180º W–9º W, 0º–10º N). The inter-
vals of α are 0.01 from 1.0 to 1.1 to detect the possible thresholds of 
SST change (α = 0.8 in a, α = 1.01 in b and α = 1.15 in d, respectively)
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Fig. 10  The differences in 
the mixed layer heat budget 
between CHL and PURE 
experiments averaged over the 
east region (150º W–90º W, 
5º S–5º N) with different 
coupling intensity ranging from 
α = 0.0 to 1.15, a net surface 
heat flux (blue curve) and verti-
cal mixing (red curve), b zonal 
(black curve) and meridional 
temperature advection (pink 
curve)
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4  Summary and discussion

4.1  Summary

In this study, we examined the effects of chlorophyll on the 
mean state in the tropical Pacific using a hybrid coupled 
model (HCM) of the atmosphere, ocean physics and bio-
geochemistry, in which the ocean–atmosphere coupling 
intensity is allowed to change as represented by α. In the 
case without ocean–atmosphere coupling (i.e. α = 0.0; the 
ocean-only experiment), the presence of chlorophyll tends 
to induce a cooling effect on SST in the eastern equatorial 
Pacific, which is consistent with previous studies (Nakamoto 

et al. 2001; Löptien et al. 2009; Park et al. 2014a). When the 
ocean–atmosphere coupling is taken into account (α > 0.0), 
the chlorophyll-induced SST cooling effect in the east-
ern Pacific is gradually diminished as the coupling inten-
sity increases. In the case with α > 1.01, an SST warming 
emerges instead in the eastern Pacific, accompanied by a 
cooling effect in the western equatorial Pacific; this El Niño-
like SST response in the presence of chlorophyll effect is 
further amplified through the Bjerknes feedback in associa-
tion with increasing α. Therefore, the chlorophyll effects on 
the tropical Pacific mean states are sensitively dependent on 
the coupling intensity between the ocean and atmosphere. 
Thresholds for coupling intensity can be detected nearly at 
α = 1.01, at which the corresponding chlorophyll effect on 

Fig. 12  A schematic of the 
SST change in response to the 
presence of chlorophyll under 
the condition without and 
with the ocean–atmosphere 
coupling. a In the case with no 
ocean–atmosphere coupling (i.e. 
α = 0.0), the presence of chloro-
phyll tends to induce a cooling 
effect in the eastern equatorial 
Pacific; indirectly dynami-
cal cooling processes (the 
adjustment of ocean circulation 
(blue arrow), enhanced vertical 
mixing and upwelling) tend to 
dominate the SST cooling. b In 
the strong coupling cases, the 
chlorophyll-induced direct heat-
ing within the mixed layer plays 
a key role in maintaining the 
SST warming. In the off-equa-
torial central Pacific, a persisted 
cooling condition north of the 
equator and a warming condi-
tion south of the equator act to 
induce cross-equatorial north-
erly winds (black dash arrow) 
due to the WES mechanism. 
This cross-equatorial northerly 
winds shift eastward and further 
weakens the trade winds; the 
decrease in wind speed sup-
presses the LHF feedback and 
further leads to an increase in 
SST south of the equator

Dynamical Cooling
Dyn

am
ic

al
 C

oo
lin

gNet Heat Flux

Direct heating< Dynamical Cooling

(a) Uncoupled Condition

WES Feedback

Net Heat Flux

Dynamical Cooling

Dyn
am

ic
al

 C
oo

lin
g

Direct heating> Dynamical Cooling
(b) Coupled Condition

[℃]

Increasing the
ocean-atmosphere
coupling intensity

Equatorial temperature change

Equatorial temperature change



3792 F. Tian et al.

1 3

the mean-state SST shifts from cooling to warming in the 
eastern equatorial Pacific.

The sign of SST change induced by chlorophyll effect can 
be explained by two mechanisms (Fig. 12): (1) the warm-
ing effect mainly stems from the direct heating induced by 
chlorophyll within the mixed layer and subsurface warming; 
(2) the cooling effect can be attributed to indirect cooling 
induced by the adjustment of ocean circulation and enhanced 
vertical mixing (Fig. 12a). As shown in this study, the net 
effect of the direct heating and indirect cooling acts to deter-
mine the SST cooling or warming in the eastern equatorial 
Pacific; i.e., the relatively dominant roles of thermodynamic 
process or dynamic process (Fig. 12). With the increase in 
α (coupling intensity), the initial warming induced by chlo-
rophyll tends to induce anomalous westerly winds in the 
eastern equatorial Pacific. The anomalous westerly winds act 
to suppress the Ekman divergence in the eastern equatorial 
Pacific and further weakens the dynamical cooling effect. 
Meanwhile, the latent heat flux is reduced due to a decrease 
in wind speed (Fig. 12b). Therefore, the chlorophyll-induced 
direct warming and indirect cooling both weaken, but the 
weakened amplitude of direct warming due to the changes 
in net surface heat flux is relatively small compared to the 
change in indirect cooling, consequently leading to a net 
warming effect in the eastern tropical Pacific (Fig. 12b).

Except for previously identified direct heating and indi-
rect cooling mechanisms, we found remarkable differences 
in the meridional SST responses induced by chlorophyll 
effects in this modeling results (Fig. 12). In the off-equato-
rial central Pacific, a persistent cooling condition north of 
the equator and a warming condition south of the equator act 
to induce cross-equatorial northerly winds due to the WES 
mechanism. This cross-equatorial northerly wind shifts east-
ward and further weakens the trade winds; the decrease in 
wind speed suppresses the LHF feedback and further leads 
to an increase in SST south of the equator (Fig. 12b). When 
taking α > 1.0, the zonal SST difference induced by the 
presence of chlorophyll are gradually increased, leading to 
an intensified Bjerknes feedback along the equator. Mean-
while, chlorophyll-induced WES feedback intensifies under 
the weak coupling condition and maintains SST warming in 
the southern subtropical Pacific under strong coupling con-
dition. This warming is also seen in the recent GFDL-CM2.1 
simulations (e.g., Lim et al. 2018), indicating the potential 
chlorophyll effect from the southern subtropical Pacific on 
the equatorial Pacific should be investigated in the future.

4.2  Discussion

As demonstrated, the chlorophyll-induced SST change 
can be further modulated by coupled ocean–atmosphere 
interaction, which not only involves the zonal direction, 
but also the meridional direction, acting to determine 

the SST condition (cooling or warming) under different 
coupling intensity. As shown in Guilyardi (2006), inter-
model differences in coupling intensity exist widely in the 
CMIP models. The ocean–atmosphere coupling intensity 
(Bjerknes feedback) is often computed as the regression 
of Niño4 wind stress over Niño3 SST  (10–3 N m−2 °C−1) 
as illustrated in Bellenger et al. (2014). Using this method, 
the coupling intensity is about 12 × 10–3 N m−2 °C−1 in 
the present-day climate. However, in the CMIP5 historical 
simulations, most climate models underestimate the cou-
pling intensity from 2 to 10 × 10–3 N m−2 °C−1. Therefore, 
the underestimation of coupling intensity in the current 
climate models may further exert a pronounced influence 
on the chlorophyll-induced heating effect. For instance, 
as shown in Park et al. (2014a) using the GFDL-CM2.1 
simulation, the presence of chlorophyll tends to induce 
a cooling effect under the uncoupled and coupled condi-
tion. Actually, the coupling intensity in GFDL-CM2.1 is 
weaker than the observation as illustrated in Fig. 7 by Bel-
lenger et al. (2014). Meanwhile, as shown in this study, 
chlorophyll tends to induce a cooling effect on the east-
ern equatorial Pacific under the weakly coupled condition 
(α < 1.01). Thus, the chlorophyll-induced SST change may 
manifest diverse patterns (an SST warming or cooling) 
associated with varying coupling intensity. It is noted 
that the effects of chlorophyll in other basins (e.g., the 
Atlantic Ocean and the Indian Ocean) and the subtropical 
region have been considered by Park et al. (2014b), which 
may further affect the tropical Pacific climate through the 
atmosphere bridge, but has not been taken into account in 
our models.

In the Coupled Model Intercomparison Project phase 5 
and 6 (CMIP5/6), more ESMs with explicitly represented 
biogeochemical processes have been introduced to project 
the future climate change, and the way how interactions 
between physical and ocean biological processes tend to 
affect SST is not known (Séférian et al. 2020). Therefore, 
the related evaluation of bio-physical feedback should be 
addressed carefully.

Due to the pronounced effect of chlorophyll on the mean 
state SST, its related effects on the tropical climate from the 
decade timescale to long-term trends need to be examined in 
the future. Previous studies showed that global mean chlo-
rophyll concentration tends to be decreased in the twentieth 
century (Boyce et al. 2010, 2014; McQuatters-Gollop et al. 
2011). Because the decrease in chlorophyll acts to induce 
more solar radiation penetrating out of the ML and entering 
the deeper subsurface ocean, the heat may be advected to the 
equatorial ocean through the subtropical cells after several 
decades and further affect tropical Pacific climate variability, 
giving rise to the ENSO modulations (Gnanadesikan and 
Anderson 2009). It is noted that the presence of chlorophyll 
tends to affect interdecadal variability of SST in some cases 



3793Coupling ocean–atmosphere intensity determines ocean chlorophyll-induced SST change in the…

1 3

(e.g., α = 1.15 or 1.05; figure not shown), which needs to be 
investigated in the future.

The current study indicates several important caveats. 
The coupled model tends to overestimate the concentra-
tion of chlorophyll near the equator compared with satel-
lite observation (the bias≈0.1 mg m−3). Lim et al. (2018) 
found that the overestimated chlorophyll in the model acts 
to increase the cold SST bias in the Cold Tongue of the 
tropical Pacific; after correcting the chlorophyll bias, the 
SST cold bias tends to be largely removed in the GFDL 
model. Therefore, the model bias in the chlorophyll sim-
ulation should be taken into account for this study; such 
model bias may be further amplified through atmospheric 
feedback. In addition, the model we adopted is a simpli-
fied regional coupled model without considering the remote 
inter-basin effect from the Indian and the Atlantic Ocean, or 
the subtropical Pacific (Patara et al. 2012; Park et al. 2014a). 
Therefore, the chlorophyll effect on the tropical Pacific is not 
allowed to influence the subtropical Pacific or other basins, 
which in turn can further affect the tropical Pacific mean 
state itself; this process needs to be investigated in the future. 
Additionally, the effect from other scatter matters like color 
dissolved organic matters (CDOM) on the ocean has been 
considered into the ESM, and modelling results show that 
CDOM exhibits a significant impact on the global warming 
hiatus and extreme weather (Kim et al. 2018; Gnanadesikan 
et al. 2019). Therefore, the related effects of CDOM on the 
tropical Pacific climate should be considered in combination 
with chlorophyll in the future.
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