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to modulate the thermal stratification, the stability, vertical 
mixing and entrainment in the upper ocean. These induced 
ocean processes further affect sea surface temperatures in 
the equatorial Pacific.
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1 Introduction

The sun is the original energy source for the Earth’s 
ocean, atmosphere, land and biosphere. Solar radiation 
passes through the atmosphere relatively unimpeded and 
reaches the Earth’s surface, about 70 % of which is cov-
ered by the ocean. The incoming solar radiation is distrib-
uted in the upper ocean; most of it is absorbed within the 
surface mixed layer (ML); some fraction penetrates out of 
the ML, which directly heats the subsurface layers below. 
The partitioning of solar heating between the ML and the 
upper thermocline is influenced by both physical and bio-
logical factors. From a physical point of view, the strength 
of winds and density stratification determines the depth of 
the ML. But biological activity helps determine the length 
scale over which solar radiation is absorbed in the upper 
ocean.

In the tropical Pacific, the way in which incident solar 
radiation is absorbed within the ML can be impacted signifi-
cantly by total phytoplankton biomass and its vertical distri-
bution (e.g., Lewis et al. 1990; Siegel et al. 1995; Ohlmann 
et al. 1998; Chavez et al. 1998, 1999; Strutton and Chavez 
2004). When biological activity is strong in the upper ocean, 
the incoming solar irradiance is rapidly attenuated in the 
vertical, being trapped more in the ML and penetrating 

Abstract Recent modeling studies have demonstrated 
that ocean biology plays a significant role in modulating 
the climate over the tropical Pacific through its effect on the 
vertical distribution of sunlight in the upper ocean, which 
can be simply represented by penetration depth (Hp). Previ-
ously, remotely sensed ocean color data have been used to 
derive an empirical model to depict interannual Hp variabil-
ity (H′p) in the region. The derived H′p model is then incor-
porated into a hybrid coupled model (HCM) of the tropi-
cal Pacific to parameterize ocean biology-induced heating 
(OBH) effects. In this paper, outputs from the HCM simu-
lations are diagnosed to reveal the structure and variability 
of OBH terms that are directly influenced by Hp and the 
depth (Hm) of the mixed layer (ML), including the penetra-
tive solar radiation flux out of the ML (Qpen), the fraction 
absorbed within the ML (Qabs), and the related time rate of 
change of the ML temperature (Rsr). Coherent relationships 
are found among interannual variations in Hp, Hm, Qpen, 
Qabs and Rsr, with geographical dependence. It is found 
that Hp tends to have largest interannual variations over the 
western-central equatorial Pacific where its effects on Qpen 
are out of phase with those of Hm during ENSO cycles. It is 
further demonstrated that Qpen is a field whose interannual 
variability is significantly enhanced by H′p in the western-
central equatorial region; the resultant differential heating 
in the vertical between the ML and subsurface layers acts 
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less into the upper thermocline. When biological activity 
becomes weak, more of the incoming irradiance penetrates 
out of the ML, with less absorbed within the ML. By affect-
ing the penetrative solar radiation, thus, ocean biology-
related chlorophyll (Chl) concentrations induce a differen-
tial heating between the ML and subsurface layers in the 
vertical, acting to perturb temperature structure and affect 
the thermal stratification and thus the stability of the upper 
ocean. The ocean biology-induced heating (OBH) effects 
in the upper ocean can be simply represented by penetra-
tion depth (Hp), a field exerting an influence on the vertical 
distribution of solar radiation and thus serving as a linkage 
between ocean biology and physics (e.g., Murtugudde et al. 
2002; Ballabrera-Poy et al. 2007).

Over the past decades, remote sensing has led to sig-
nificant advances in physical understanding, interpretation 
and modeling efforts of ocean biology-related effects in the 
climate system (e.g., McClain et al. 1998). For example, 
ocean color data have been used to characterize basin-scale 
variability pattern of ocean biology and to quantify its rela-
tionships with physical parameters. In particular, Hp can 
be derived using Chl content product that has been avail-
able from satellite imagery of ocean color since 1997 (e.g., 
McClain et al. 1998). As previously demonstrated using 
satellite data, Hp exhibits pronounced seasonal and interan-
nual variations, with its clear space–time structure across 
the equatorial Pacific (e.g., Ballabrera-Poy et al. 2007; 
Zhang et al. 2011).

There has been an increased interest in the OBH effects 
on the climate in the tropical Pacific due to the potential 
for modulating the El Niño-Southern Oscillation (ENSO) 
(e.g., Timmermann and Jin 2002; Zhang et al. 2009). For 
instance, Lewis et al. (1990) identified an important influ-
ence of phytoplankton on the heat balance of the ML in the 
equatorial Pacific. More recently, basin-wide satellite data 
have revealed clear relationships between interannual varia-
tions in ocean biology and physics over the tropical Pacific. 
For example, changes in physical conditions during ENSO 
evolutions are seen to induce biological responses that are 
almost simultaneous (e.g., Chavez et al. 1998, 1999; Strut-
ton and Chavez 2004). As estimated from satellite data, 
dramatic fluctuations in Chl content occur during ENSO 
cycles, with the magnitude changing by a factor of 5 during 
El Niño and La Niña events, respectively. As a result, inter-
annual changes in OBH induced by ENSO events can be 
20–30 % as large as its mean in magnitude. In addition, the 
direct OBH effects can further induce dynamic responses 
and feedbacks within the coupled climate system (e.g., 
Schneider and Zhu 1998; Miller et al. 2003; Timmermann 
and Jin 2002).

The effects of ocean biology-induced feedback on the 
tropical Pacific climate system have been previously eval-
uated using ocean and coupled ocean–atmosphere models 

(e.g., Schneider and Zhu 1998; Nakamoto et al. 2001; 
Rochford et al. 2001; Timmermann and Jin 2002; Mur-
tugudde et al. 2002; Marzeion et al. 2005; Sweeney et al. 
2005; Wetzel et al. 2006; Manizza et al. 2005; Ballabrera-
Poy et al. 2007; Lengaigne et al. 2007; Anderson et al. 
2007, 2009; Zhang et al. 2009). It is found that ocean and 
coupled ocean–atmosphere simulations are sensitive to 
ways the penetrative solar radiation is represented in the 
upper ocean. For example, a number of papers have looked 
at whether and why changes in shortwave radiation affect 
ENSO. These models typically indicate that the gross 
impact of representing ocean color on climate simulations 
is significant (i.e. Anderson et al. 2007), but that the total 
effect of climatologically or interannually varying ocean 
color on ENSO is small. For instance, both the NCAR and 
GFDL earth system models (ESMs) show that the ENSO 
simulations are very similar when using interactively cal-
culated or climatologically fixed Chl fields (Wittenberg 
2009; Jochum et al. 2010; Dunne et al. 2012). In terms 
of feedbacks involved with OBH, the way ocean color is 
affecting ENSO can be broken down into three categories. 
The first is through impacts on the mean temperature strat-
ification, with weaker stratification resulting in less cou-
pling to the atmosphere (essentially changing the impact 
of winds on the thermocline depth); the second is through 
impact on the pattern of sea surface temperature (SSTs) 
which induces the response of the atmosphere (Anderson 
et al. 2009); and the third is through changes in the feed-
backs between surface fluxes and SST. At this point, the 
mechanism by which ENSOs can be biologically modu-
lated are still not clear. Note that these different effects 
may work in opposite directions, and it is thus necessary to 
adequately take into account the interannual OBH effects 
in climate models.

Currently, comprehensive ocean biogeochemical mod-
els, which are very expensive to run, still have consider-
able difficulty in accurately capturing interannual Hp vari-
ability in the tropical Pacific (e.g., Wang et al. 2005, 2006). 
Alternatively, a statistical modeling approach can be taken 
to representing interannual Hp variability over the tropical 
Pacific. For example, satellite ocean color data have been 
previously used to construct an empirical model for inter-
annual Hp anomalies in the tropical Pacific (Zhang et al. 
2011). Taking this approach, interannually varying OBH 
effect and bio-climate coupling can be explicitly repre-
sented in climate modeling without a need to use a com-
prehensive biogeochemical model. This empirical model 
has been incorporated into a hybrid coupled model (HCM) 
of the tropical Pacific. Using the HCM enables to isolate 
the impacts of OBH without changing the pattern of atmos-
pheric response, allowing for evaluation of changes using 
shorter runs with deterministic effects identified. Prelimi-
nary results indicate that the bio-feedback onto the climate 
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plays a role in the modulation of ENSO (Zhang et al. 
2009). However, processes responsible for the ocean biol-
ogy-induced modulating effects on ENSO are still poorly 
understood.

This paper aims to improve physical understanding 
of OBH effects on interannual variability in the tropi-
cal Pacific. Several heating terms in the upper ocean are 
directly influenced by Hp, including the penetrative solar 
radiation flux across the base of the mixed layer (Qpen), the 
fraction of solar radiation absorbed within the ML (Qabs), 
and the related time rate of change of the ML temperature 
(Rsr). Note that these terms are also influenced by the ML 
depth (Hm), a field that is determined by physical con-
ditions in the climate system. As Hm and Hp both exhibit 
clear space–time structure across the tropical Pacific, their 
effects on these heating terms are expected to be geograph-
ically dependent, which need to be examined in details.

To better understand the OBH effects and related bio-
climate feedback, the relationships among these fields 
(Hm, Hp, Qpen, Qabs, and Rsr) are analyzed using outputs 
from HCM simulations, in which the empirical H′p model 
derived from historical ocean color data (Zhang et al. 2011) 
is used to parameterize the OBH in the upper ocean. The 
following specific questions will be addressed. Which OBH 
term is mostly affected by interannual Hp variability during 
ENSO cycles? Which region is important for interannual 
bio-physical coupling over the tropical Pacific? To what 
extent can interannual Hp variability (a biological factor) 
exert a significant influence on these OBH terms relative to 
that of Hm (a dominant physical factor)?

The paper is organized as follows. Section 2 describes 
the way in which the Hp field is estimated using remotely 
sensed ocean color data, the construction of the empiri-
cal model for H′p, and the HCM used. Section 3 presents 
HCM simulations in which interannually varying Hp effect 
is interactively taken into account to depict its interannual 
effects, followed by Sect. 4 in which the OBH terms are 
analyzed to reveal their spatial structure and variability 
in association with Hp and Hm. The paper is concluded in 
Sect. 5.

2  Representing OBH effects using ocean color data  
in a hybrid coupled model

Satellite-based ocean color data and associated products 
have revolutionized how impacts of climate variability and 
change on ocean biology are described and understood both 
globally and regionally (McClain et al. 1998). For example, 
the ocean color data have been used to characterize basin-
scale variability pattern of ocean biology and to quantify 
its relationships with physical parameters. In particular, 
an empirical model for H′p has been previously developed 

(Zhang et al. 2011), which is incorporated into the HCM 
of the tropical Pacific to depict its interannal variability 
(Zhang et al. 2009). This approach offers a simple and yet 
an effective way to interactively represent bio-physical 
feedback and bio-climate coupling in the tropical Pacific, 
without a need to use a comprehensive ocean biogeochemi-
cal model, which is computationally expensive to run.

2.1  The penetration depth (Hp) estimated from satellite 
ocean color data

Mathematically, the attenuation of incoming solar radia-
tion with depth follows an exponential decline in the upper 
ocean (e.g., Lewis et al. 1990). Below the ocean surface, 
the absorption and penetration of solar radiation are wave-
length (λ)-dependent, which is attributed to pure water 
and biogenic effects. Correspondingly, the related absorp-
tion coefficients can be expressed as Kw(λ) and KBio(λ), 
where λ is wavelength. As in Murtugudde et al. (2002), a 
single absorption coefficient in the ocean is used to account 
for the average attenuation over the visible band (380–
700 nm), written as Qsr(z) = γ · exp (−Kp · z), where γ is 
the fraction of the radiation available to penetrate to depths 
beyond the first centimeters below the sea surface. The 
inverse of the attenuation coefficient Kp is defined as Hp 
(Qsr(z) = γ · exp (−z/Hp)), representing a penetration depth 
of solar radiation in the upper ocean. Following Murtu-
gudde et al. (2002) and Ballabrera-Poy et al. (2007), Hp can 
be calculated from Chl concentrations using the following 
empirical relationship: Kp(x, y) = Kw + a · Chl(x, y)b, with 
γ = 0.33, Kw = 0.027 m−1, a = 0.0518 m−1/(mg m−3)b, and 
b = 0.428, respectively. Figures 1 and 2 present examples 
for the horizontal distributions of total Chl concentrations 
that are available from NASA ocean color measurements. 
These Chl data are used to estimate the Hp field. Interan-
nual Hp anomalies are derived using remotely sensed ocean 
color data during the period September 1997–April 2007 
(Murtugudde et al. 2002; Ballabrera-Poy et al. 2007).

Figure 3 displays the horizontal distributions of annual-
mean Hp field and its seasonal variations along the equator, 
showing a well-defined structure across the tropical Pacific 
basin. For example, Hp exhibits a low value in the eastern 
equatorial region (a shallow penetration depth of less than 
19 m), featuring regions of elevated biological activity 
associated with the equatorial upwelling. A region of high 
Hp values (>25 m) is located around the oligotrophic sub-
tropical gyres, indicating a deep penetration of solar radia-
tion. Seasonally, Hp is seen to have pronounced variations 
over the western-central equatorial Pacific (Ballabrera-Poy 
et al. 2007).

On interannual time scales, coherent physical and biologi-
cal co-variability patterns are seen in the tropical Pacific. Fig-
ures 1 and 2 illustrate the horizontal distributions of related 
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fields during El Niño in Oct. 1997 and during La Niña in 
Oct. 1998, respectively. As represented by Hp, ocean biologi-
cal conditions in the tropical Pacific are strongly regulated 
by physical changes during ENSO cycles. During El Niño 
when the equatorial upwelling is weakened and SSTs become 
warm in the central and eastern tropical Pacific, there is a 
reduction in phytoplankton biomass, accompanied with an 
increase in Hp over the central equatorial region (a positive 
Hp anomaly indicating a deep penetration of solar radiation in 
the vertical). In particular, during the 1997–1998 El Niño, Hp 
increased dramatically over a very broad region of the equa-
torial Pacific, with a maximum of about 4 m near 160 ºW 
(Fig. 1c). During La Niña, cold SST anomalies are accom-
panied by an increase in the upwelling and vertical mixing 

in the upper ocean. Correspondingly, there is an increase in 
phytoplankton biomass, with a negative Hp anomaly that is 
mostly prominent over the western-central equatorial Pacific 
(an indication of a shallow penetration of solar radiation in 
the vertical).

2.2  An empirical model for interannual Hp variability

As illustrated by Chavez et al. (1998, 1999) and above, 
close relationships exist between interannual variations 
in ocean physics and biology during ENSO cycles. For 
example, interannual variations in Hp follow those in SST 
very closely, indicating that SST fields can be chosen to 
serve as a predictor to statistically determine interannual  

(a)

(b)

(c)

Fig. 1  Horizontal distributions in Oct. 1997 for a total chlorophyll 
(Chl) concentrations from ocean color data, b total Hp field and c its 
interannual anomaly. The contour interval is 0.1 mg m−3 in (a) with 

color shading at 0.05, 0.1, 0.15, 0.2, 0.25, and 0.4; the contour inter-
val is 1 m in (b) and 0.5 m in (c)
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Hp variability. As detailed in Zhang et al. (2011), an 
empirical model for interanual Hp variability has been 
derived from historical data to capture a Hp response to 
changes in SST. Correspondingly, the total Hp field can be 
written as Hp = Hp + αHp · H ′

p = Hp + αHp · F(SSTinter), 
in which Hp is a seasonally varying climatological part 
(determined from multi-year ocean color data during 
the period September 1997–April 2007); F represents a 
statistical relationship determined between interannual 
variations in Hp and SST using a singular value decom-
position (SVD) analysis; αHp is a rescaling parameter 
introduced to represent the amplitude of interannual Hp 
variability. As indicated in the SVD analysis by Zhang 
et al. (2011), the first five SVD modes contain about 
65 % of the covariance between interannual variations in 

Hp and SST. As such, the Hp amplitude simulated using 
this empirical Hp model can be significantly underesti-
mated when limited number of SVD modes are retained. 
The rescaling parameter, αHp, can be used to adjust the 
amplitude simulated from the SVD-based statistical 
model. Reconstruction experiments indicate that the 
empirical Hp model taking αHp = 2 can have the simu-
lated interannual Hp variability whose structure and 
amplitude are in good agreement with satellite observa-
tions. This SVD-based Hp model is incorporated into a 
coupled ocean–atmosphere model (HCM) of the tropi-
cal Pacific to explicitly depict interannually varying Hp 
anomaly, whose effects on the penetration of solar radi-
ation in the upper ocean and the OBH are interactively 
represented.

(a)

(b)

(c)

Fig. 2  The same as in Fig. 1 but for Oct. 1998
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2.3  A hybrid coupled model

Figure 4 illustrates a HCM used to examine the structure 
and variability of the OBH effects; its details have been 
described in Zhang and Busalacchi (2009) and Zhang 
et al. (2006, 2009). Briefly, its ocean model is based on 
the reduced gravity, primitive equation, sigma coordinate 
model of Gent and Cane (1989) which is developed spe-
cifically for studying the coupling between the dynam-
ics and the thermodynamics of upper tropical ocean. The 
vertical structure of the ocean model consists of a ML and 
a number of layers below that are specified according to a 
sigma coordinate; a bulk ML model is explicitly incorpo-
rated into the OGCM to prognostically determine its depth 
(Chen et al. 1994). The OGCM domain covers the tropical 
Pacific basin from 25°S to 25°N and from 124°E to 76°W, 
with horizontal resolution of 1° in longitude and 0.5° in 
latitude, and with 31 layers in the vertical. Sponge lay-
ers are introduced for temperature and salinity fields near 

the model southern and northern boundaries (poleward of 
20°S/N). The OGCM, initiated from the World Ocean Atlas 
(WOA01) temperature and salinity fields (Levitus et al. 
2005), is integrated for 20 years using atmospheric climato-
logical forcing fields (the ocean spinup run).

Three atmospheric forcing fields to the ocean are 
included: wind stress (τ), freshwater flux (FWF) and heat 
flux (HF). In the context of a hybrid coupled modeling, 
the total wind stress (τ) is separated into its climatologi-
cal part (τclim) and interannual anomaly part (τinter), written 
as τ = τclim + ατ·τinter. The total FWF, represented by pre-
cipitation (P) minus evaporation (E), (P − E), is also sepa-
rated into its prescribed climatological part ((P − E)clim) 
and interannual anomaly part (FWFinter), written as FWF =  
(P − E)clim + αFWF · FWFinter. The heat flux (HF) is inter-
actively calculated using an advective atmospheric mixed 
layer (AML) model (Seager et al. 1995). To represent the 
OBH effects in the climate system, the total Hp field is also 
separated into its climatological part (Hp) and interannual 

Fig. 3  Horizontal distributions 
of a annual-mean Hp field in the 
tropical Pacific, and seasonal 
variations along the equator for 
b the total Hp field and c the 
deviation (relative to its annual 
mean), estimated from satellite 
ocean color data during the 
period Sep. 1997–Apr. 2007. 
The contour interval is 1 m in a, 
0.5 m in b, and 0.3 m in c

(a)

(b) (c)
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anomaly part (H′p), written as Hp = Hp + αHp · H ′
p. Some 

scalar coefficients (ατ, αFWF, and αHp) are introduced to 
represent the strength of the corresponding feedbacks. 
Within this simplified hybrid coupled ocean–atmosphere 
modeling context, climatological fields (τclim, (P − E)clim, 
and Hp) are prescribed to be seasonally varying; interan-
nual anomaly parts (τinter, FWFinter and H′p) are diagnos-
tically determined from their corresponding empirical 
submodels constructed from historical data using SVD 
analysis techniques. To represent the related feedbacks with 
their reasonable intensities, the rescaling parameters are 
taken as follows: ατ = 1.2, αFWF = 1.0, and αHp = 2.0; see 
details in Zhang et al. (2006, 2009), and Zhang and Busa-
lacchi (2009), respectively.

Note that in our previous HCM modeling studies (Zhang 
et al. 2006; Ballabrera-Poy et al. 2007), Hp was prescribed 
as an annual-mean or a seasonally varying field (i.e., with-
out taking into account its interannual effects). In a later 
modeling study by Zhang et al. (2009), the empirical Hp 
model is incorporated into the HCM to explicitly depict 
interannual Hp variability, with the bio-feedback and 

bio-climate coupling being interactively taken into account. 
In a recent modeling study, Zhang and Busalacchi (2009) 
have further demonstrated a significant role played by the 
FWF forcing in modulating ENSO. As OBH and FWF 
effects were separately examined in these previous cou-
pled modeling studies, in this work, these two climatically 
important processes (OBH and FWF forcing) are combined 
together in the HCM of the tropical Pacific climate system. 
It turns out that when these two feedback effects are taken 
together, more realistic simulations emerge in the mean 
state and interannual variability associated with ENSO. 
In this paper, we continue to investigate the OBH effects 
in more details using these HCM-based modeling experi-
ments, with interannually varying FWF forcing and OBH 
both represented in a coherent way.

2.4  Model experiments

The coupled experiments are started from the long-term 
OGCM spinup run, with an imposed westerly wind anom-
aly for 8 months (Zhang et al. 2006). Thereafter, the evo-
lution of the coupled ocean–atmosphere system is deter-
mined solely by itself. The coupled model is integrated 
for 30 years; the end of this 30-year coupled simulation is 
arbitrarily denoted as year 2024. As shown in Zhang et al. 
(2009), the model can very well depict an interannual oscil-
lation associated with ENSO, with about 4-year oscilla-
tion period. To illustrate the OBH effects associated with 
interannual Hp variability, an interannual Hp feedback run 
(denoted as Hp_inter run) is performed, in which interan-
nual Hp anomalies are interactively taken into account in 
the HCM (Fig. 4); the HCM is started from the end of the 
same 30-year coupled simulation (the year 2024) and is 
integrated to year 2070.

3  A HCM simulation with interannually varying OBH 
effect represented

Figures 5, 6 and 7 show the longitude-time sections of 
simulated fields along the equator. The overall time scales 
of the simulated interannual variability, its space–time 
evolution and coherent phase relationships among differ-
ent atmospheric and oceanic anomalies are consistent with 
observations, which have been extensively described before 
(e.g., Zhang and Levitus 1997; Zhang and Rothstein 1998). 
For example, SSTs undergo warming and cooling in the 
eastern and central equatorial Pacific during ENSO cycles 
(Fig. 5a). Sea surface salinity (SSS) fields indicate a front 
near the date line (Fig. 5b), separating the fresh waters in 
the far western equatorial Pacific and saline waters in the 
central basin. On interannual time scales, the warm/fresh 

Physical model
(OGCM)

SSTinter=SST-SSTclim

Solar 
radiation

pp p H pH H Hα ′= + ⋅

Ocean 
color data

= clim+          inter

Heat Flux (HF)

(P-E)clim+  

Freshwater Flux (FWF)
(P-E)inter

Fig. 4  A schematic diagram illustrating a hybrid coupled model 
(HCM), consisting of an OGCM and a simplified atmospheric 
model, whose three forcing fields to the ocean include wind stress 
(τ), freshwater flux (FWF) and heat flux (HF). The total wind stress 
(τ) is separated into its climatological (τclim) and interannual anom-
aly (τinter) parts, written as: τ = τclim + ατ·τinter. The total freshwater 
flux (FWF), represented by precipitation minus evaporation, (P − E), 
is also separated into its climatological ((P − E)clim) and interan-
nual anomaly ((P − E)inter) parts, written as: FWF = (P − E)clim +  
αFWF·(P − E)inter. The heat flux (HF) is calculated using an advec-
tive atmospheric mixed layer (AML) model. In addition, OBH effects 
are simply represented by the attenuation depth of solar radiation in 
the upper ocean (Hp); similarly, the total Hp field is separated into its 
climatological (Hp) and interannual anomaly (H′p) parts, written as: 
Hp = Hp + αHp · H ′

p. Some scalar coefficients (ατ, αFWF, and αHp) 
are introduced to represent the strength of the corresponding feed-
backs. In this simplified hybrid coupled system, climatological fields 
(SSTclim, (P − E)clim, and Hp) are prescribed to be seasonally vary-
ing; interannual anomaly fields (τinter, (P − E)inter and H′p) are diag-
nostically determined from their corresponding empirical submodels 
which are constructed from historical data
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pool in the west and the cold tongue in the east exhibit 
large longitudinal displacements (Fig. 5).

Note that when the effects of interannually vary-
ing FWF forcing and OBH are both taken into account, 
more realistic simulations emerge, as compared with 
those in Zhang et al. (2006, 2009), and Zhang and Busa-
lacchi (2009). For example, the inclusion of FWF acts to 
enhance interannual SSS variability in the western-central 
equatorial Pacific. Due to the interannually varying OBH 
effect, variations in subsurface thermal stratification in 
the western-central equatorial basin tend to be increased 
significantly during ENSO cycles (see analyses below). 
Through the feedback effects of the both, interannual SST 

variability is also enhanced over the eastern equatorial 
Pacific, making the coupled system more easily to sustain 
ENSO cycles.

The ML depth (Hm) also exhibits pronounced interan-
nual variations as shown in Fig. 7a and analyzed in detail 
by Zhang and Busalacchi (2009). In particular, Hm is seen 
to have a clear seesaw spatial pattern zonally along the 
equator during ENSO cycles, with the zero line crossing 
around 150°W. During El Niño (La Niña), the ML is anom-
alously deep (shallow) east of about 150°W, but shallow 
(deep) to the west. Note that Hm is a prognostic variable in 
the HCM, which is explicitly computed using a bulk ML 
model embedded into the OGCM (Chen et al. 1994).

(a) (b)

Fig. 5  Time-longitude sections of a SST and b SSS fields along the equator simulated from the HCM. The contour interval is 1 °C in (a) and 
0.1 psu in (b)
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In addition to these physical fields, Hp also exhib-
its ENSO-dominated variations over the tropical Pacific 
(Fig. 7b), with the range of interannual variability exceed-
ing that of seasonal variations. For example, during El 
Niño, interannual Hp anomaly is positive in the western-
central basin but negative in the far western basin; an oppo-
site spatial pattern is seen during La Niña. Note that the 
empirical Hp model taking αHp = 2.0 can well depict inter-
annual Hp anomalies, as compared with satellite measure-
ments. For example, the standard deviation of interannual 
Hp variability estimated from the ocean color data is 1.14 
and 0.76 m in the Niño4 and Niño 3 regions; that simulated 
from the HCM simulation is 1.13 and 0.62 m, respectively.

Furthermore, the simulated interannual variations in 
Hm and Hp indicate clear phase differences during ENSO 
cycles over the equatorial Pacific (Fig. 7). For example, 
interannual variations in Hm and Hp tend to be out of phase 
with each other over the western-central equatorial regions, 
but they are in phase to the east. While the large interannual 
variability center of Hm is located in the eastern region, that 
of Hp is located in the western-central regions near the date 
line. In addition, the amplitude of interannual variability of 
Hp is much smaller than that of Hm in the eastern equatorial 

Pacific (east of 150°W), but it can be more or less compara-
ble with Hm in the western-central domains. Given the dif-
ferences in the structure and amplitude of interannual vari-
ability for Hm and Hp over the tropical Pacific, their effects 
on the penetration of solar radiation in the upper ocean can 
be geographically dependent.

4  An analysis of ocean biology‑induced heating (OBH) 
effects

The attenuation of incoming solar radiation in the upper 
ocean is related with Hp, which influences some heat-
ing terms directly (Fig. 8), including the penetrative solar 
radiation flux out of the ML (Qpen), which can be explicitly 
written as

where Qsr is the incoming solar radiation flux at the sea sur-
face, Hm is the ML depth, Hp is the penetration depth, γ is a 
constant (=0.33) denoting the fraction of the radiation that 
is available to penetrate to depths beyond the first centime-
ters below the sea surface. The differences between Qsr and 

(1)Qpen

(

Hm, Hp

)

= Qsr

[

γ exp
(

−Hm/Hp

)]

(a) (b) (c)

Fig. 6  Time-longitude sections of interannual anomalies along the equator simulated from the HCM: a SST, b zonal wind stress, and c SSS. 
The contour interval is 0.5 °C in (a), 0.1 dyn cm−2 in (b), and 0.1 psu in (c)
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Qpen give rise to the portion that is absorbed within the ML 
(Qabs), which directly influences the time rate of tempera-
ture change within the ML (Rsr), written respectively as

where Cp is the heat capacity of sea water, ρ0 is the den-
sity of sea water. As explicitly expressed above, these 
heating terms are functions of Hp and Hm. For example, 
Qpen exponentially decreases with Hm, but increases with 
Hp. Besides the exponential dependence on Hm and Hp, 
Rsr is inversely proportional to Hm (i.e., Hm appears addi-
tionally in the denominator). Note that these heating terms 
are related with each other and are not independent. For 
example, Qabs is the net difference between Qsr and Qpen; 
correspondingly, an increase in Qpen is accompanied with 
a decrease in Qabs; also, Rsr is proportional to Qabs and 
is additionally modulated by Hm. Figure 9 illustrates the 
space–time evolution of the total Qpen and Rsr fields from 

(2)

Qabs

(

Hm, Hp

)

= Qsr − Qpen = Qsr

[

1 − γ exp
(

−Hm/Hp

)]

(3)

Rsr

(

Hm, Hp

)

= Qabs/
(

ρ0cpHm

)

= Qsr

[

1 − γ exp
(

−Hm/Hp

)]/(

ρ0cpHm

)

the Hp_inter run. As seen, these terms undergo pronounced 
interannual variations during ENSO cycles. Note that in 
this simulation, Qsr is prescribed as a seasonally varying 
climatological field without interannual anomalies; so, 
interannual variations of these heating terms are attributed 
to those of Hm and Hp.

The heat budget in the ML is influenced by a variety 
of processes, including these ocean biology-affected heat-
ing terms, and oceanic advection and mixing terms. As 
a change in Hp directly affects these OBH terms and can 
further induce changes to oceanic processes, the way SSTs 
are modulated can be direct or indirect. On one hand, Hp 
can make direct contribution to Qabs, serving as a heating/
cooling source for the heat budget in the ML and leading 
to a change to Rsr; this is a direct way in which SSTs can 
be modulated. On the other hand, Hp can exert an influence 
on the Qpen and Qabs terms which further modulate oceanic 
processes (e.g., vertical mixing) and thus affect SSTs; this 
is viewed as an indirect effect. For instance, a positive Hp 
anomaly tends to induce an increase in the solar radiation 
portion penetrated out of the ML (a positive Qpen perturba-
tion), accompanied with a decrease in that absorbed within 
the ML (a negative Qabs perturbation). The increased Qpen 

(a) (b)

Fig. 7  Time-longitude sections of interannual anomalies along the equator simulated from the HCM: a Hm and b Hp. The contour interval is 4 m 
in (a), and 0.5 m in (b)
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in the subsurface layers and decreased Qabs within the ML 
induce a differential heating in the vertical, which acts to 
modulate the thermal stratification in the vertical, the sta-
bility and vertical mixing in the upper ocean. Through these 
changes in oceanic processes induced by Hp, SSTs can be 
affected in an indirect way. At present, the mechanisms by 
which OBH exerts an influence on interannual SST vari-
ability in the tropical Pacific are still poorly understood.

In this section, we will examine the structure and varia-
tions of these heating terms and their relationships with Hp 
and Hm. The following specific questions will be addressed. 
Which OBH terms are mostly affected by interannual Hp 
variability? To what extent can the effect of interannual var-
iability of Hp be significant on these terms, relative to that 
of Hm? How are the effects of Hm and Hp on these heating 
terms geographically dependent over the tropical Pacific? 
What are dominant mechanisms by which interannual Hp 
variability can influence SSTs, through the Qpen term (indi-
rectly), the Rsr term (directly), or both?

4.1  The mean structure and seasonal variations

The horizontal distributions of annual-mean fields for Hm, 
Qpen, Qabs, Rsr are displayed in Fig. 10; those for Hp are pre-
sented in Fig. 3. These fields exhibit distinguished spatial 
patterns in the tropical Pacific. Qabs (Fig. 10c) has an order 
of 200 W m−2 over the tropical Pacific, with a minimum 

in the far eastern equatorial Pacific and a maximum in the 
southern tropical Pacific around 120°W; Qpen (Fig. 10b) 
exhibits a low value in the equatorial Pacific around 140°W, 
but a high value in the eastern equatorial Pacific around 
110°W, where the solar radiation tends to penetrate more 
out of the ML. Relative to Qabs, Qpen accounts for only a 
small portion of Qsr (<6 %), indicating that the majority 
of incoming solar radiation (Qsr) is absorbed within the 
ML. Corresponding to Qabs, Rsr exhibits a high value in 
the eastern equatorial Pacific and a low value to the west 
(Fig. 10d).

The spatial patterns of these fields exhibit a clear signa-
ture of Hm (Fig. 10a), indicating that Hm is a major factor 
determining the mean structure of these terms (Fig. 10b–d). 
For example, in the western-central regions where the ML 
is deep, Qabs has a corresponding large value (the solar radi-
ation is absorbed mostly within the ML), accompanied with 
a small value for Qpen (penetrated less across the base of 
the ML). In the eastern basin (east of about 120°W) where 
the ML is shallow, the radiation is penetrated more out of 
the ML (about 20 % down into the subsurface layers).

Figure 11b, c present the seasonal cycles of these OBH-
related terms along the equator. Their variations bear a 
strong resemble to those in Hm (Fig. 11a), indicating again 
that Hm is a major factor determining their seasonal fluc-
tuations. For example, in the eastern basin, Qpen has a 
corresponding high value in spring when the ML is shal-
low; Qpen has a low value in fall and winter when the ML 
becomes relatively deeper. Also, Qabs exhibits pronounced 
seasonal variations which are located in the east (the figure 
not shown), with the amount absorbed within the ML being 
smaller in the spring when the ML is shallow. Similarly, 
seasonal variations in Rsr exhibit a clear signature of Hm 
(Fig. 11c), with its high value in the eastern basin where 
the ML is shallow in spring, and low value when the ML 
becomes deep in fall, respectively.

There is a correspondence between the spatial structure 
of Hp (Fig. 3) and that of these heating terms (Figs. 10 and 
11). As shown in Fig. 3a, Hp exhibits a uniform decrease 
along the equator from west to east. From a biological 
point of view, the solar radiation penetrates less down into 
the subsurface layers over the western-central equatorial 
Pacific and is trapped more within the ML; the solar radia-
tion penetrates more in the eastern equatorial Pacific (a 
large Qpen value), indicating more direct heating in the sub-
surface layers. On seasonal scales, variations in Hp are rela-
tively small (Fig. 3b) compared with Hm (Fig. 11a). Thus, 
Hp does not seem to play a significant role in seasonal vari-
ations of these heating terms. This may be a reason why 
interactive Chl seems to make so little difference in fully 
coupled GCMs (e.g., Jochum et al. 2010).

Some typical values are given in Table 1, which are 
estimated using outputs from the Hp_inter run. Spatially 

srQ
M

ix
ed

 la
ye

r
Su

bs
ur

fa
ce

la
ye

rs

[ exp( / )]pen sr m pQ Q H Hγ= −

[1 exp( / )]abs sr m pQ Q H Hγ= − −

[1 exp( / )]sr m p
sr

Bio o p m

Q H HT
R

t C H

γ
ρ

− −∂
= =
∂

The biological heating  Rate  in the mixed layer

absorbed solar radiation  in the mixed layer

pentrative solar radiation at the base of the mixed layer

Fig. 8  Ocean biology-related heating terms in the upper ocean that 
are expressed as a function of Hp and Hm, the penetration depth and 
mixed layer depth. Qsr is the incoming solar radiation flux at the sea 
surface; Qpen is the penetrative solar radiation flux out of the bottom 
of the ML; Qabs is the part absorbed in the ML; Rsr is the time rate of 
change of the ML temperature due to Qabs; Cp is the heat capacity; 
ρ0 is density of sea water; and γ is a constant indicating the fraction 
of the radiation available to penetrate to depths beyond the very first 
centimeters of the sea surface. As expressed, the incoming solar radi-
ation flux is attenuated in the upper ocean due to pure water and bio-
genic effects, which follows an exponential decline with depth [here a 
single absorption coefficient is used to account for the average attenu-
ation over the visible band (mainly 380–700 nm)]
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averaged over the western-central equatorial region 
(180°–160°W, 2S°–2°N), the annual-mean values of Hp, 
Hm, Qpen, Qabs and Rsr are 19.3 m, 46.4 m, 12.2 W m−2, 
236.4 W m−2, and 3.2 °C month−1; averaged over the east-
ern equatorial region (120°–100°W, 2S°–2°N), they are 
18.8 m, 34.4 m, 19.0 W m−2, 234.2 W m−2, and 5.2 °C 
month−1, respectively. Seasonally, Table 1 also lists a few 
values for these fields averaged over the western-central 
and eastern equatorial regions in March and October, 
respectively. As Qpen is only a small portion of Qsr com-
pared to Qabs over the western-central basin, the majority 
of the incoming solar radiation is absorbed within the ML. 
For example, about 95 % of the incoming solar radiation is 
absorbed within the ML.

4.2  Interannual variations

Next, we examine interannual variations in these heating 
terms and their relationships with those in Hm and Hp. Note 
that Hm is treated as a prognostic field in the OGCM, which 
is computed using a bulk ML model (Chen et al. 1994). 
This model configuration allows to depict changes in Hm 
even with a few meters. Also, Hp is explicitly determined 
in the HCM. Thus, the interannual effects on these heating 
terms induced by Hm and Hp are interactively represented 
in the HCM simulation.

Examples for interannual variations in Qpen and Rsr 
along the equator are illustrated in Figs. 9 and 12; those for 
Hm and Hp are displayed in Fig. 7. Further, Figs. 13 and 14 

(a) (b)

Fig. 9  Time-longitude sections of the total a Qpen and b Rsr fields along the equator simulated from the HCM. For better visibility, only the first 
10-year model results are displayed. The contour interval is 4 W m−2 in (a), and 1 °C month−1 in (b)
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illustrate the spatial patterns of the related terms during El 
Niño and La Niña conditions. Note that interannual vari-
ability of Qabs is exactly out of phase with that of Qpen as 
expressed in Eqs. (1–3). So, the analyses in the following 
will be shown for Qpen and Rsr only; those for Qabs are not 
shown, but can be directly inferred from Qpen with opposite 
sign.

Coherent relationships exist among these fields on inter-
annual time scales. For example, interannual variations 

in Qpen follow those in Hm very closely over the tropical 
Pacific, with a decrease (an increase) in Qpen corresponding 
to an increase (a decrease) in Hm, respectively. In particu-
lar, similar to interannual variations in Hm (Fig. 7a), those 
in Qpen (Fig. 12a) also show a pronounced see-saw pattern 
zonally along the equator in the western-central and eastern 
equatorial regions, with zero crossing line around 150°W. 
During El Niño (Fig. 13), Hm exhibits a positive anomaly 
(a deepening of the ML) over the eastern equatorial Pacific 

(a)

(b)

(c)

(d)

Fig. 10  Horizontal distributions of annual-mean fields simulated from the HCM: a Hm, b Qpen, c Qabs, and d Rsr. The contour interval is 5 m in 
(a), 4 W m−2 in (b), 10 W m−2 in (c), and 1 °C month−1 in (d)
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(Fig. 13b); correspondingly, Qpen is negative (Fig. 13d), 
indicating a reduction in the penetrative solar radiation 
out of the ML and an increase in the fraction absorbed 
within the ML [Qabs is positive (the figure not shown)]. 
Over the western-central equatorial Pacific, a negative Hm 
anomaly (a shoaling of the ML) corresponds to a positive 
Qpen perturbation (Fig. 13d), indicating an increase in the 

penetrative portion out of the ML but a decrease in the 
absorbed portion within the ML (Qabs is negative). During 
La Niña (Fig. 14), the interannually varying anomaly pat-
terns are similar to the El Niño conditions, but with oppo-
site sign.

As shown in Fig. 7b, Hp exhibits a coherent response 
during ENSO cycles, with its large interannual variation 

(a) (b) (c)

Fig. 11  Seasonal variations of long-term climatological fields along the equator simulated from the HCM for a Hm, b Qpen, and c Rsr. The con-
tour interval is 5 m in (a), 4 W m−2 in (b), and 1 °C month−1 in (c)

Table 1  Values of Hp, Hm, Qpen, Qabs, and Rsr calculated from the HCM simulation with interannual Hp effect explicitly included (in the Hp_inter 
run) for the western-central (180°–160°W, 2°N–2°S) and eastern (120°–100°W, 2°N–2°S) equatorial Pacific regions

Results are given for annual mean, monthly values in March and October, and for the standard deviation (Std) of their interannual variabilities. 
The Std values for the Qpen, Qabs, and Rsr fields are also estimated diagnostically when climatological Hp field is taken (Hp_clim). The unit is 
meter for Hp and Hm, W m−2 for Qpen and Qabs, and is  °C month−1 for Rsr, respectively

(180°–160°W, 2°N–2°S) (120°–100°W, 2°N–2°S)

Hp Hm Qpen Qabs Rsr Hp Hm Qpen Qabs Rsr

Annual mean 19.3 46.4 12.2 236.4 3.2 18.8 34.4 19.0 234.2 5.2

March 19.2 47.9 11.8 241.6 3.2 18.9 20.6 32.1 227.0 7.6

October 19.4 44.1 13.9 252.3 3.6 18.7 31.0 21.0 234.5 5.6

Std-Hp_Inter 1.5 7.8 4.5 4.5 0.44 0.6 8.9 7.1 7.1 1.51

Std-Hp_clim 2.7 2.7 0.47 7.6 7.6 1.51
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over the western-central domain. The space–time rela-
tionships among these fields indicate that interannual Hp 
anomaly can have a significant modulating effect on Qpen 
(Fig. 12a) and Qabs over the western-central region where 
the Hp amplitude is relatively comparable with that of Hm 
(Fig. 7). A change in Hp induces a perturbation to Qpen and 
Qabs (thus a modulation to the amount of the irradiance 
absorbed within the ML and penetrated out of the ML), 
resulting in a differential heating in the vertical. In addi-
tion, Hp can directly affect Rsr which is proportional to Qabs 
and additionally, is inversely proportional to Hm.

To more clearly illustrate the interannual Hp effect, 
Qpen and other terms can be diagnostically calculated by 
two ways using outputs from the HCM simulation, one 
with the prescribed climatological Hp field being used, 
denoted as Qpen(Hm, H̄p), and another with the interannu-
ally varying Hp field being used, denoted as Qpen(Hm, Hp), 
where Hp = Hp + αHp · H ′

p. Figure 12a, b display a com-
parison for the calculated Qpen fields along the equator; 
Figs. 13d, e and 14d, e show the spatial distributions of 
these interannual anomaly fields during El Niño and La 

Niña, respectively. Further, Fig. 15 illustrates the differ-
ences calculated for the total Qpen and Rsr fields, which can 
be compared with the interannual anomaly fields shown in 
Figs. 12 and 13. Note again that interannual anomaly field 
for Qabs is exactly opposite to Qpen, and so is not shown in 
these figures.

4.2.1  The Qpen and Qabs terms

As shown in Fig. 7, interannual variations in Hm and 
Hp exhibit pronounced differences in the spatial struc-
ture and amplitude across the tropical Pacific. As a result, 
their effects on these heating terms are geographically 
dependent.

4.2.1.1  In the western‑central equatorial Pacific As evi-
dent in Figs. 7b, 12, 13 and 14, Hp is seen to exert a 
significant influence on interannual Qpen variations 
over the western-central equatorial Pacific dur-
ing ENSO cycles. This is attributed to a few fac-
tors. Large interannual variability in Hp is located 

(a) (b) (c)

Fig. 12  Time-longitude sections of interannual anomalies along the 
equator from the HCM: a Qpen estimated with the interannual Hp 
effect explicitly included, b Qpen estimated without the interannual Hp 

effect, and c the differences between the Qpen fields estimated with 
and without interannual Hp effect. The contour interval is 2 W m−2 in 
(a) and (b), and 0.5 W m−2 in (c)
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over the western-central equatorial Pacific where its 
amplitude tends to be more or less comparable to 
that of Hm (Fig. 7). Additionally, interannual vari-
ations of Hp in this region tend to be out of phase 
with those of Hm; thus, a change induced by Hp to 
Qpen (the biological factor) is of the same sign as 
that by Hm (the physical factor). During El Niño 
(Fig. 13), for example, interannual Hm anomaly is 
negative in the western-central regions (Fig. 13b), 
accompanied with a Qpen anomaly that is positive 
(Fig. 13d). Represented as a biological response to 
El Nino, interannual Hp anomaly tends to be posi-
tive (Fig. 13c), leading to an increase in Qpen (i.e., 
more positive Qpen anomaly; Fig. 13d). This can 
be more clearly seen by comparing the differences 
between Qpen(Hm, Hp) and Qpen(Hm, H̄p) in Fig. 13f. 
As evident, the positive Qpen amplitude is signifi-
cantly enhanced by the effect resulting from the 

positive Hp anomaly over the western-central equa-
torial Pacific (Fig. 15). During La Niña (Fig. 14), 
Hm become positive in the western-central region 
(Fig. 14b), accompanied with a Qpen anomaly that is 
negative (Fig. 14d). At this time, Hp is correspond-
ingly negative (Fig. 14c), which acts to enhance the 
negative Qpen anomaly (Fig. 14d) significantly.

Thus, during ENSO cycles, the interannual Hp effects 
act to significantly enhance interannual Qpen variability 
over the western-central equatorial Pacific (Figs. 13, 14), 
making it more positive during El Niño (Fig. 13f) and 
more negative during La Niña (Fig. 14f), respectively. 
Similarly, the amplitude of interannual Qabs variability is 
significantly enhanced by that of Hp in this region (figures 
not shown).

Some typical values are quantitatively estimated in 
Table 1. Averaged over the western-central equatorial 
region (180°–160°W, 2°S–2°N), the standard deviations for 

(a) (d)

(b) (e)

(c) (f)

Fig. 13  Horizontal patterns of interannual anomaly fields for an El 
Niño condition in August 2031: a SST, b Hm, c Hp, d Qpen estimated 
with the interannual Hp effect included, e Qpen estimated without the 

interannual Hp effect, and f their differences. The contour interval is 
0.5 °C in (a), 5 m in (b), 0.5 m in (c), 2 W m−2 in (d) and (e), and 
1 W m−2 in (f)
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(a)

(b)

(c)

(d)

(e)

(f)

Fig. 14  The same as in Fig. 13 but for an La Niña condition in August 2033

(a) (b)

Fig. 15  Time-longitude sections along the equator for the differences calculated using the total fields: a Qpen(Hm, Hp) − Qpen(Hm, H̄p) and b 
Rsr(Hm, Hp) − Rsr(Hm, H̄p). The contour interval is 1 W m−2 in (a) and 0.1 °C month−1 in (b)
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interannual variability of Hp and Hm are 1.47 and 7.80 m; 
those of Qpen are 4.49 and 2.73 W m−2 when Qpen is calcu-
lated with the interannual Hp effect included or not, respec-
tively. Thus, the level of interannual Qpen variability over 
the western-central equatorial Pacific is increased by about 
64 % when the interannual Hp effect is taken into account 
explicitly.

4.2.1.2  In the eastern equatorial Pacific East of about 
150°W, interannual variations in Hp and Hm tend 
to be in phase with each other during ENSO cycle 
(Fig. 7), with their effects on Qpen being out of 
phase (Fig. 12a). As the amplitude of interannual 
variations of Hm is much larger than that of Hp in 
this region (Fig. 7), Hm exerts a dominant influence 
on Qpen relative to Hp (Fig. 12). So, interannual Hp 
variations do not significantly modulate Qpen and 
Qabs (Fig. 12c). During El Niño (Fig. 13), for exam-
ple, the ML becomes deeper in the east (Fig. 13b), 
Qpen exhibits an anomaly that is negative (Fig. 13d; 
the penetrative solar radiation across the base of the 
ML is reduced, with more direct heating within the 
ML). Represented as a biological response to El 
Niño, a positive Hp anomaly is seen in the region 
(Fig. 13c), contributing to a small reduction in Qpen 
(thus penetrated less out of the ML due to the bio-
logical effect; Figs. 13f, 12c). Indeed, as seen by 
comparing Fig. 13d, e calculated with the interan-
nual Hp effect included or not, the induced differ-
ences in Qpen are small over the eastern equato-
rial Pacific (Fig. 13f), only making Qpen slightly 
less negative. During La Niña (Fig. 14), the ML 
becomes anomalously shallow in the east (Fig. 14b) 
and correspondingly Qpen exhibits an anomaly that 
is positive (Fig. 14d; the incoming solar radiation 
absorbed less within the ML, but penetrated more 
into the subsurface layers). At this time, the interan-
nual Hp anomaly is negative in the region (Fig. 14c), 
giving rise to a small increase in Qpen (i.e., more 
penetrated out of the ML; Fig. 14f). So, Qpen is not 
significantly modulated by interannual Hp variabil-
ity in the eastern equatorial Pacific.

Some typical values are estimated in Table 1. Spatially 
averaged over the eastern equatorial region (120°–100°W, 
2°S–2°N), the standard deviations for interannual varia-
tions of Hp and Hm are 0.61 and 8.89 m; those for Qpen are 
7.10 and 7.57 W m−2 respectively when Qpen is calculated 
with the interannual Hp effect being taken into account or 
not. These values indicate that the interannual Qpen vari-
ability increases only by about 6 % in this region when the 
interannual Hp variability is taken into account.

4.2.2  The Rsr term

Examples for interannual Rsr variations along the equa-
tor are illustrated in Fig. 9b; the differences in Rsr calcu-
lated with and without interannual Hp effects are shown in 
Fig. 15b. Similar to Qpen and Qabs, interannual variations 
in Rsr follow those in Hm closely during ENSO cycles 
(Figs. 7a, 9b); its anomalies in the western-central equa-
torial regions are out-of-phase with those in the east. This 
indicates that Hm is a dominant factor determining interan-
nual variations in Rsr. Strikingly different from Qpen (e.g., 
Fig. 15a), it is interesting to note that interannual variations 
in Hp do not exert a significant influence on Rsr even over 
the western-central equatorial region (Fig. 15b). Why?

As expressed in Eqs. (1–3), Rsr is proportional to Qabs 
(as indicated by its exponential relationship with Hm and 
Hp), and also is additionally having an inverse relationship 
with Hm. Different from Qabs, thus, the way Rsr is affected 
by Hp (the biological factor) during ENSO cycles can be 
additionally modulated by Hm whose interannual variations 
exhibit clear patterns across the tropical Pacific (Fig. 7a). 
During La Niña (Fig. 14), for example, a negative Hp 
anomaly is seen over the western-central region (Fig. 14c), 
leading to an increase in Qabs (i.e., more solar radiation 
absorbed within the ML). At this time, however, the ML is 
deep in the region (Fig. 14b). As the increased Qabs field is 
now applied to the ML that is deeper, a perceivable change 
in Rsr is not seen over the western-central equatorial Pacific 
where large perturbations of Qabs and Qpen are induced by 
the negative Hp anomaly. So, interannual Hp variability 
does not significantly have a direct modulating effect on Rsr 
(but it does on Qabs and Qpen as indicated in Fig. 14d, e). 
Similarly, during El Niño (Fig. 13), interannual Hp anomaly 
is positive in the western-central region (Fig. 13c), leading 
to a decrease in Qabs (i.e., the solar radiation absorbed less 
within the ML). At this time, however, the ML becomes 
shallower (Fig. 13b). As the decreased Qabs field acts on the 
ML that is shallow, the resultant changes in Rsr from the 
positive Hp anomaly are not significant.

To illustrate the interannual Hp effect more clearly, Rsr 
can also be estimated using the climatologically or inter-
annually varying Hp fields, denoted as Rsr(Hm, H̄p) and 
Rsr(Hm, Hp). The differences in Rsr induced by taking Hp 
and Hp fields (the biological effect) are indeed small (e.g., 
Fig. 15b). Quantitatively, as shown in Table 1, the standard 
deviation of interannual variability for Rsr(Hm, Hp) is 0.44 
and 1.51 °C month−1 in the western-central and eastern 
equatorial regions; that for Rsr(Hm, H̄p) is 0.47 and 1.51 °C 
month−1, respectively. Thus, the modulating effect on Rsr 
induced by interannual Hp variations is negligible com-
pared with that on Qabs and Qpen (Fig. 15).
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5  Conclusion and discussion

Satellite-based ocean color measurements have shown 
clear evidence for bio-physical interactions over the tropi-
cal Pacific Ocean in association with ENSO. Previously, a 
penetration depth (Hp) is introduced to explicitly represent 
the OBH effect on the penetration of solar radiation in the 
upper ocean. Analyses from satellite data indicate that Hp 
undergoes interannual variations associated with ENSO, 
having large variability over the western-central equato-
rial Pacific where ocean biology can mostly affect vertical 
partitioning of incoming solar radiation. Previously, satel-
lite data have been adopted to derive an empirical model 
for interannual Hp variability (H′p) in response to interan-
nual SST anomalies; the derived H′p model has been incor-
porated into a hybrid coupled ocean–atmosphere model of 
the tropical Pacific, in which interactive coupling is repre-
sented not only between the atmosphere and ocean, but also 
between ocean biology and physics. When interannual Hp 
variability is explicitly taken into account in the HCM sim-
ulations, large modulating effects are found on ENSO (e.g., 
Zhang et al. 2009).

As we trace the processes involved, it is found that Hm is 
a dominant factor affecting the partitioning of solar radia-
tion in the ML and below. Also, represented as a biologi-
cal factor, Hp can play a role, which seems to be dependent 
on geographical locations in the tropical Pacific. Several 
OBH-related terms (Qpen, Qabs, Rsr) are used to characterize 
the biogenic effect on the penetration.

Using outputs of the HCM simulation, this paper aims to 
examine the structure and variability of these OBH terms 
and their relationships with the Hp and Hm. It is found that 
these anomaly fields (Qpen, Qabs, Rsr, Hp and Hm) are related 
with each other, exhibiting large spatial and temporal varia-
tions on seasonal and interannual time scales. Represented 
as a physical factor, Hm is playing a dominant role in deter-
mining the vertical partition of solar radiation in the ML 
and subsurface layers.

Also, Hp exhibits clear interannual variability associated 
with ENSO, tending to be large over the western-central 
equatorial Pacific, where its amplitude can be compara-
ble with Hm. In addition, there exist coherent relationships 
between interannual variations in Hp and Hm during ENSO 
cycles, being out of phase with each other over the western-
central equatorial Pacific, but in phase in the eastern equa-
torial Pacific. Represented as a biological factor, it is found 
that Hp can play a role in modulating these heating terms 
with geographical dependence.

It is found that the western-central equatorial Pacific 
is a region where interannual Hp variations can have sig-
nificant effects on Qpen and Qabs during ENSO cycles. 
This can be attributed to a few factors. Large interannual 
Hp variability is located in this region, with its amplitude 

being comparable to Hm. Interannual variations in Hm and 
Hp tend to be out of phase with each other during ENSO 
cycles, leading to their effects on Qpen that are in phase. As 
a result, interannual variations in Hp tend to enhance those 
in Qpen and Qabs. During El Niño, for example, interannual 
Hm anomaly is negative over the western-central equatorial 
Pacific, accompanied with a positive Qpen anomaly and a 
negative Qabs anomaly, respectively. In addition, interan-
nual Hp anomaly is positive. The effects of the positive Hp 
anomaly lead to an increase in Qpen, but to a reduction in 
Qabs (making Qpen more positive and making Qabs more 
negative, respectively). The induced differential heating 
in the upper ocean acts to de-stabilize the thermal stratifi-
cation and to enhance vertical mixing and entrainment at 
the base of the ML. As a result, the positive Hp anomaly 
induces a cooling influence on SST during El Niño. Dur-
ing La Niña, the relationships among these fields are of an 
opposite sign with those during El Niño, with a negative Hp 
anomaly acting to exert a warming influence on SST. In the 
eastern region, interannual Hp variations are in phase with 
Hm during ENSO cycles, leading to their effects on Qpen 
and Qabs that are out of phase with each other. As Hm is a 
dominant factor, interannual Hp variability does not exert 
a significant influence on these heating terms. In terms of 
the effect on Rsr, interannual Hp variations do not exert a 
significant influence on Rsr even over the western-central 
equatorial region.

These results have important implications for under-
standing interannual temperature variability associated 
with the OBH effect in the tropical Pacific. From the bio-
logical point of view, there are two possible ways by which 
interannual variations in SSTs can be modulated in asso-
ciation with OBH. As analyzed here for some related OBH 
terms, Hp does not exhibit a significant influence on Rsr; so 
the related direct heating/cooling effects on SSTs are neg-
ligible. Instead, interannual Hp anomalies exhibit a signifi-
cant modulating effect on Qpen and Qabs over the western-
central equatorial Pacific. The differential heating induced 
in the vertical affects the thermal stratification, stability and 
mixing/entrainment in the upper ocean, thus modulating 
SSTs in an indirect way. For example, the interannual Hp 
effects make Qpen (Qabs) more positive (negative) during El 
Niño and make Qpen (Qabs) more negative (positive) during 
La Niña, respectively. As the OBH effect tends to make El 
Niño less warming and La Niña less cooling, it serves as a 
negative feedback onto ENSO (Zhang et al. 2009). Further, 
the modulating effects on Qpen are seen mostly significant 
over the western-central equatorial Pacific.

Based on analyses for the relationships between the 
OBH terms and Hp, in this paper, we suggest possible 
feedback mechanism by which ENSOs can be biologically 
modulated: interannual Hp effects tend to induce differen-
tial heating in the vertical (the Qpen and Qabs perturbations), 
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which acts to modulate physical processes (e.g., the strati-
fication, stability and vertical mixing) and then affect SSTs 
in a way that ENSOs are dampened. Another possibility 
also exists that the heat deposited below the mixed layer 
(Qpen) in the western-central equatorial Pacific can sim-
ply return to the surface in the eastern equatorial Pacific 
region. Thus, it could be the case that increasing penetra-
tion of radiation (Qpen) in the western-central Pacific dur-
ing El Niño would result in the heat injected into the ocean 
coming up in the east Pacific some time later (a nonlocal 
effect), thus acting to enhance ENSOs. These processes 
(local or nonlocal, direct or indirect) are related with each 
other in a complicated way. Clearly, more modeling studies 
are needed to isolate and uncover the details.

One obvious shortcoming with this paper is that the 
HCM simulation is performed only for 30 years, which 
may be not sufficient to draw a solid conclusion about how 
the OBH affects structure and amplitude of El Niño, given 
the relatively small levels of change shown here. Note that 
the atmospheric component of the HCM used is a feedback 
model responding to interannual SST anomalies, which is 
intended to represent a deterministic part for the tropical 
Pacific climate system. As a result, ENSO events simulated 
in the HCM are pretty regular and well-defined. So, the pat-
terns of these OBH terms and relationships with Hp and Hm 
identified from this analysis are robust and are not chang-
ing with the length of time integration. Nevertheless, as the 
real coupled climate system is a chaotic one, it is desirable 
to examine the OBH effect with the presence of stochas-
tic wind forcing which can also play an important role in 
modulating ENSO (Zhang et al. 2008).
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