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Abstract Biological conditions in the tropical Pacific Ocean (e.g., phytoplankton biomass) are strongly
regulated by physical changes that are associated with the El Ni~no-Southern Oscillation (ENSO). The exis-
tence and variation of phytoplankton biomass act to modulate the vertical penetration of the incoming sun-
light into the upper ocean, which causes an ocean-biology-induced heating (OBH) effect on the climate
system. Previously, the penetration depth of solar radiation in the upper ocean (Hp) has been defined to
describe the related bioclimate connections. An empirical model for interannual Hp variability that is para-
meterized in terms of its relationship with the sea surface temperature (SST) in the tropical Pacific was
derived from remotely sensed ocean color data and is incorporated into a hybrid coupled model (HCM) to
represent the OBH effects. In this paper, several HCM experiments are performed to demonstrate the bio-
feedback onto the ENSO, including a climatological Hp run (in which Hp is prescribed as only seasonally
varying), interannual Hp runs (with different intensities of the interannually varying OBH effects), and a run
in which the sign of the OBH effect is reversed. Significant modulating impacts on the interannual variability
are found in the HCM and are characterized by a negative feedback between the ocean biology and the cli-
mate system in the tropical Pacific; stronger the OBH feedback, weaker the interannual variability. The proc-
esses that are involved in the feedback are analyzed. The SST is modulated indirectly by dynamic ocean
processes that are induced by OBH. The significance and implication of the OBH effects are discussed in
terms of their roles in ENSO variability and the model biases in the tropical Pacific.

1. Introduction

The ENSO is the most important interannual variability mode in the tropical Pacific Ocean and is attributed
to air-sea interactions between the sea surface temperature (SST), wind, and the thermocline [e.g., Bjerknes,
1969; Zebiak and Cane 1987; Jin and An, 1999]. Atmospheric wind is a primary driving force that is responsi-
ble for ENSO-induced changes in ocean circulation, including upwelling and mixing in the upper ocean. For
example, during the development of El Ni~no events, upwelling and vertical mixing weaken significantly in
the central and eastern equatorial Pacific, with an eastward shift of the warm waters along the equator. La
Ni~na conditions exhibit an opposite pattern of changes in the upwelling and mixing in the equatorial
Pacific.

The ocean biological conditions in the equatorial Pacific are strongly affected by these physical changes
because they are sensitive to variations in the upwelling and mixing. For example, ocean biological condi-
tions (e.g., phytoplankton biomass, nutrients, and primary productivity) exhibit clear responses to the physi-
cal changes that are associated with the ENSO. During La Ni~na, there is an increase in biological production
in nutrient-rich waters that is clearly reflected in the chlorophyll content. Unusual changes in the physical
conditions take place during the transition from La Ni~na to El Ni~no with the marine ecosystems in the tropi-
cal Pacific shifting from the highly productive conditions to those with greatly reduced productivity. During
El Ni~no, the opposite situation occurs with decreased biological production in the nutrient-rich waters of
the equatorial Pacific.

The ocean-biology-induced changes can also have effects on physical processes. The incoming solar irradi-
ance attenuates with depth in the upper ocean; some light can penetrate through the mixed layer and
directly heat the subsurface layers. The way in which incident solar radiation is absorbed within the mixed
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layer can be significantly impacted by the total phytoplankton biomass and its vertical distribution. For
example, when biological activities are strong during La Nina, the incoming solar irradiance is strongly verti-
cally attenuated with more heat being trapped in the mixed layer. When biological activities become weak,
the incoming solar irradiance penetrates deeper and can directly heat subsurface layers at the expense of a
reduction of the heat uptake within the mixed layer. Ocean-biology-mediated heat uptake has been dem-
onstrated to be an important contributor to the heat budget near the equator in the tropical Pacific [e.g.,
Lewis et al., 1990; Chavez et al., 1999, 1998; Strutton and Chavez, 2004]. By affecting the temperature fields in
the upper ocean, these changes in the heat uptake lead to differential heating between the mixed layer
and the subsurface layers, which modify the stratification stability in the upper ocean, and further induces
changes in the dynamic ocean processes (e.g., vertical mixing) that modulate SSTs. Thus, there can be a
feedback from ocean biology to physical processes. The penetration depth (Hp) of solar radiation in the
upper ocean can be introduced to quantify the OBH; it links the marine ecosystem with the climate system.

The advance of space-based observations from satellite has provided with an unprecedented basin-wide
coverage of physical and biological fields over the ocean. Current high-quality satellite data can resolve bio-
logical signals in the ocean and provide an opportunity to describe interannual variability in ocean biology.
For example, recent satellite-based high-resolution measurements have shown clear evidence for biological
and physical interactions that are associated with ENSO in the tropical Pacific. A coherent covariability pat-
tern between ocean biological and physical fields has been identified [Chavez et al., 1999, 1998; Strutton
and Chavez, 2004]. These data have greatly advanced the understanding of the OBH effects and climate
modeling. For example, satellite ocean color data are available and can be used to derive the Hp fields to
describe biological variability and parameterize OBH in ocean and coupled ocean-atmosphere modeling. In
particular, using these satellite data, Zhang et al. [2011] derived an empirical model for the interannual Hp

variability to simply represent the effect of ocean-biology-induced heating on the penetration of solar radia-
tion in the upper ocean and the related bioclimate feedback.

Coupled ocean-atmosphere models have been used to examine bioclimate feedback. Previous studies have
demonstrated that ocean-biology-induced feedbacks can affect the mean physical conditions and ENSO
behaviors in the climate system of the tropical Pacific [e.g., Timmermann and Jin, 2002; Zhang et al., 2009];
large sensitivities of ocean and coupled simulations to Hp specifications have been found to represent the
penetrative effects on solar radiation. For example, SST simulations in a coupled model were improved sig-
nificantly if the ocean biology is allowed to influence the penetration of solar radiation in the upper ocean
[e.g., Schneider and Zhu, 1998]. When spatially varying Hp fields are derived from satellite data for use in
models, a pronounced effect is found on ocean simulations [e.g., Nakamoto et al., 2001; Murtugudde et al.,
2002]. Because Hp exhibits notable seasonal variations in the equatorial Pacific [e.g., Ballabrera-Poy et al.,
2007], a seasonally varying Hp representation of the OBH effect leads to better model simulations in hybrid
coupled models (HCMs) of the tropical Pacific [Ballabrera-Poy et al., 2007].

On interannual time scales, the Hp variability exhibits a clear spatial-temporal structure across the tropical
Pacific basin during ENSO cycles. In fact, the range of interannual Hp variability that is induced by El Ni~no
and La Ni~na events is larger than that of the seasonal variability over the tropical Pacific [Ballabrera-Poy
et al., 2007]. Satellite-based data and model simulations indicate that interannual Hp anomalies represent
not only a response of ocean biology to ENSO but also a feedback onto the ENSO through its effect on the
vertical penetration of solar radiation.

The current understanding of the related ocean processes and mechanisms that are involved with the OBH
effect on ENSO are still limited. Large uncertainties exist about the ways the OBH process is represented in
coupled modeling and its effects on simulations remain elusive in the tropical Pacific. For example, model
simulations are sensitively dependent on the way that Hp is specified to represent the OBH effects (e.g., Hp

can be prescribed as an annual mean and seasonally varying, or can be calculated as varying with the physi-
cal conditions). Significant differences exist in the induced OBH effects on the mean and variability in
coupled ocean-atmosphere models of the tropical Pacific [e.g., Nakamoto et al., 2001; Murtugudde et al.,
2002; Marzeion et al., 2005; Wetzel et al., 2006; Manizza et al., 2005; Ballabrera-Poy et al., 2007; Lengaigne
et al., 2007; Anderson et al., 2007]. The reasons for the striking model dependence or even the conflicting
results that are induced by the biological effects in the tropical Pacific are still not well understood. Further-
more, several explanations for the OBH effects have been offered but have proposed different dominant
processes. For example, the OBH has been suggested to modulate the SSTs in two ways. The first is where
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the ocean biology provides a direct
heating/cooling source for SST changes
that arise from its modulation of solar
radiation that is absorbed within the
mixed layer [Timmermann and Jin,
2002]. Another is an indirect process
(through the induced dynamic ocean
processes) in which the ocean biology
acts to modulate differential heating in
the mixed layer and subsurface layers,
which modifies the stratification stabil-
ity and vertical mixing in the upper
ocean [Zhang et al., 2009; Zhang, 2015].
In the latter case, the effect is proposed
to occur through a modulation of the
penetrative solar radiation flux through
the bottom of the mixed layer (Qpen).
Note that these pathways through
which the SST can be affected by the
OBH have been derived from simplified
coupled model simulations in the tropi-
cal Pacific [e.g., Timmermann and Jin,
2002; Zhang et al., 2009]. Which process
dominates climate models is still not
known [e.g., Wetzel et al., 2006; Manizza
et al., 2005; Lengaigne et al., 2007;
Anderson et al., 2007]. These issues are
critically important to understanding
how the ENSO is modulated by the

OBH feedback in terms of short-term ENSO forecasts and long-term projections of ENSO changes due to
global warming context [Collins et al., 2010; Zhang et al., 2013].

In this paper, we continue to examine the influences of OBH on interannual variability using an improved
hybrid coupled model (HCM) that consists of an ocean general circulation model (OGCM) and a simplified
atmospheric representation [Zhang et al., 2006; Zhang and Busalacchi, 2009]. Our previous studies per-
formed diagnostic analyses to describe a negative feedback based on the interrelationships between the
related interannual anomaly fields [Zhang, 2015]. Comprehensive supporting modeling evidence is still lack-
ing. To confirm the negative feedback effects, several sensitivity experiments are conducted with varying
OBH feedback intensities in this paper. Note that in our previous modeling efforts, Hp was specified as being
uncoupled from the physical parameters [e.g., Ballabrera-Poy et al., 2007]; so, there was no feedback from
the ocean biology to physical processes. In this paper, the interannual variability of Hp is taken as an SST-
dependent variable that allows for a feedback from ocean biology to the climate system during ENSO
cycles. Additionally, the use of a HCM enables interannually varying OBH feedback to be taken into account,
which allows the climatologically or interannually varying Hp effects on the ENSO to be examined in detail.

The paper is organized as follows. Section 2 describes the model and some of the data that were used. Sec-
tion 3 addresses the experimental design. The results from four experiments are presented in section 4 to
illustrate the effects of the varying intensity of OBH feedbacks on interannual variability simulations of the
tropical Pacific. The conclusions are given in section 5.

2. Model Descriptions

The OBH effects on interannual variability in the tropical Pacific are examined using a hybrid coupled
ocean-atmosphere model of the tropical Pacific (HCM) [Zhang et al., 2006]. Figure 1 shows a schematic dia-
gram of the various components that are represented. The HCM consists of a physical ocean model and a

Figure 1. Schematic diagram of a hybrid coupled model (HCM) for the tropical
Pacific ocean-atmosphere system that consists of an OGCM and a simplified
atmospheric model (see Zhang and Busalacchi [2009] for additional details). The
total wind stress (s) consists of a prescribed climatological part (sclim) from
observations and an interannual part (sinter) that is associated with large-scale
SST anomalies (SSTinter). The penetration depth of solar radiation (Hp) is also
separated into a prescribed climatological part (Hp ) and an interannual part (H0p)
and is written as Hp5Hp 1aHp • H0p . The former is estimated from multiyear ocean
color data, and the latter can be determined by an empirical H0p model that is
constructed from historical data. A scalar parameter, aHp, is introduced to
represent the strength of the ocean biology-induced heating (OBH) effect.
Empirical models for sinter and H0p are constructed using a singular value
decomposition (SVD) analysis of their corresponding historical data. The
climatological SST (SSTclim) fields are specified from a spin-up run of the OGCM
that is forced by the observed climatological atmospheric fields. Several
sensitivity experiments are performed to illustrate the OBH effects.
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simplified atmospheric representation of three forcing fields to the ocean, including the two empirical sub-
models for the interannual variabilities of wind stress and freshwater flux (FWF). In addition, an empirical
model for the interannual variability of Hp is included to represent the biological effect in the climate sys-
tem. These are briefly described in this section.

Various observational and model-based data are used to construct the empirical models. The observed SST
anomaly fields are from Reynolds et al. [2002]. The data of wind stress, evaporation, and precipitation that
are used to construct the empirical models are from the ensemble mean of a 24 member ECHAM4.5 atmos-
pheric general circulation model (AGCM) simulations of the period 1950–1999 that is forced by the
observed SST anomalies (the ECHAM4.5 AGCM was developed by the Max Planck Institute for Meteorology
(MPI) and the European Center for Medium-Range Weather Forecasts; see Roeckner et al. [1996] for details).
The ensemble mean data are used to enhance the SST-forced signal by reducing atmospheric noise. Basin-
scale ocean color data are now routinely available from NASA ocean color data [McClain et al., 1998], which
are used to describe the ocean biology-related variability and to extract the inherent relationship between
the biological and physical fields [Zhang et al., 2011]. The ocean color data that were used in this work cover
the period from September 1997 to April 2007.

2.1. An Ocean General Circulation Model (OGCM)
The ocean GCM of Gent and Cane [1989] which was developed specifically for studying ocean processes in
the upper ocean with the reduced gravity, primitive equation, was used. A sigma coordinate system is taken
in the vertical direction, which is composed of a mixed layer and several underlying layers. The mixed layer
depth and the thickness of the last sigma layer are computed prognostically; for the remaining layers, the
ratio of each sigma layer to the total depth below the mixed layer is held to its prescribed constant value.

Several related efforts have substantially improved this ocean model, including embedding a hybrid mixed
layer model into the OGCM [Chen et al., 1994], the coupling of the OGCM to an advective atmospheric
mixed layer (AML) model to calculate the sea surface heat fluxes [Seager et al., 1995; Murtugudde et al.,
1996], and the inclusion of the effect of penetrative radiation on the upper ocean with seasonally varying
attenuation depths that are derived from remotely sensed ocean color data [Murtugudde et al., 2002]. The
OGCM has several applications to modeling the mean ocean state and its variability, including subduction
pathways in the Pacific [e.g., Rothstein et al., 1998; Luo et al., 2005], and the coupled response of the tropical
Pacific climate system to the seasonal cycle of the ocean color [Ballabrera-Poy et al., 2007]. Additional advan-
ces in using the OGCM include freshwater flux-induced feedback [Zhang and Busalacchi, 2009] and ocean-
biology-induced climate feedback [Zhang et al., 2009].

The details of the OGCM that was used in this study are described in Zhang et al. [2006]. The OGCM domain
covers the tropical Pacific basin from 1248E to 768W and from 258S to 258N at horizontal resolution of 18 in
longitude and 0.58 in latitude and includes 31 layers in the vertical direction. Near the model’s northern and
southern boundaries (poleward of 208N/S), sponge layers are introduced in which a Newtonian term is
added to the temperature and salinity equations to relax the model solution back to the observed tempera-
ture and salinity fields from the World Database 2001 (http://www.nodc.noaa.gov/OC5/WOA01/pr_woa01.
html) [Levitus et al., 2001].

In the formulation of the OGCM, a bulk mixed layer model is embedded into the OGCM [Chen et al., 1994]
to directly calculate the depth of the mixed layer (Hm). Additionally, the penetration depth (Hp) is explicitly
introduced in the HCM to represent the biological effect on the vertical distribution of solar radiation in the
upper ocean. Accordingly, several ocean biology-related heating terms are explicitly associated with Hp and
Hm, including the penetrative solar radiation flux out of the bottom of the mixed layer (Qpen) and the
absorbed part in the mixed layer (Qabs), which are, respectively, written as

Qpen ðHm;HpÞ5Qsr ½c exp ð2Hm=HpÞ�

Qabs ðHm;HpÞ5Qsr ½12c exp ð2Hm=HpÞ�

where Qsr is the incoming sea surface solar radiation flux; Hm is the depth of the mixed layer; Hp is the pene-
tration depth; c is a constant (50.33) that denotes the fraction of the radiation that is available to penetrate
to depths beyond the first few centimeters of the sea surface. The net differences between Qsr and Qpen

determine the temporal rate of change of the mixed layer temperature (Rsr), which is written as
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RsrðHm;HpÞ5Qsr ½12c exp ð2Hm=HpÞ�=ðq0cpHmÞ

where Cp is the heat capacity, and q0 is the density of seawater. As expressed here, Qpen is a function of
both Hm and Hp; Qpen decreases exponentially with Hm but increases exponentially with Hp. The effect of Hp

on Qpen tends to be opposite of that of Hm: a decrease (increase) in Hp reduces (increases) the value of
Qpen. Because these heating terms are influenced directly by Hp, they can be explicitly estimated from the
OGCM. Thus, the relationships between these related fields from the HCM outputs can be analyzed to
understand the processes that are involved in the OBH effects on interannual variability.

2.2. Atmospheric Empirical Models for Interannual Variability
As illustrated in Figure 1, three atmospheric forcing components to the ocean are highlighted in the HCM
that is used in this study, including the empirical submodels for the interannual variabilities of the wind
stress (s) and freshwater flux (FWF) and the AML model for the heat flux, respectively. In the context of a
HCM, the total wind stress field that forces the ocean can be separated into its climatological part (sclim) and
its interannual anomaly part (sinter), which is written as s 5 sclim 1 as • sinter. Similarly, the total FWF exchange
between the atmosphere and ocean, which is represented by precipitation (P) minus evaporation (E), is sep-
arated into its climatological part and its interannual anomaly part: FWF 5 (P 2 E)clim 1 aFWF • (P 2 E)inter,
and Hp is written as Hp5Hp 1aHp • H0p. The climatological parts (sclim, (P 2 E)clim, and Hp ) are all prescribed
using their long-term seasonally varying fields from observations, while the interannual anomaly parts (sinter,
(P 2 E)inter, and H0p) are calculated using their corresponding empirical submodels that are derived from his-
torical data. These models are briefly described in this subsection.
2.2.1. A Wind Stress (s) Anomaly Model
The atmospheric wind stress anomaly model that was adopted in this work is statistical; specifically it relates
the interannual variability of the wind stress (sinter) to large-scale SST anomalies (SSTinter). The sinter model is
constructed from a singular value decomposition (SVD) method that is calculated from time series of the
monthly mean SST and wind stress fields. In this work, a combined SVD analysis is performed for the covari-
ance between the anomalies of the SST and the zonal and meridional wind stress fields [e.g., Zhang and
Zebiak, 2002; Zhang and Busalacchi, 2005]. Seasonally dependent models are constructed for sinter, and the
SVD analyses are performed separately for each calendar month, so the sinter model is composed of 12 dif-
ferent submodels (one for each calendar month). To achieve a reasonable amplitude, the first five SVD
modes are retained in estimating the sinter fields from the interannual SST anomalies. This wind stress inter-
annual anomaly model has been used for coupled ocean-atmosphere modeling studies in the tropical
Pacific by Zhang et al. [2003], Zhang and Busalacchi [2005], and Zhang et al. [2006].
2.2.2. A Freshwater Flux (FWF) Anomaly Model
An empirical model for the interannual anomalies of the freshwater flux (P minus E, (P 2 E)inter), is also con-
structed statistically to relate the interannually varying FWF anomalies to the interannual SST anomalies
[Zhang and Busalacchi, 2009]. To determine statistically optimized empirical modes of the interannual varia-
tions between FWF and SST, a SVD analysis is performed for these two fields for the period 1963–1996 (34
years of data) using observed SST data and FWF anomaly fields that are estimated from the ECHAM4.5
ensemble simulations. An empirical FWF model is then constructed using the derived spatial patterns of the
SVD modes [e.g., Zhang et al., 2006]. Additionally, the first five SVD modes are retained in estimating the
(P 2 E)inter fields from the interannual SST anomalies.
2.2.3. Heat Flux
The sea surface heat flux in the HCM is calculated using an advective atmospheric mixed layer (AML) model
that was developed by Seager et al. [1995]. This heat flux parameterization allows a nonlocal effect on the
SST that is induced by the atmospheric boundary layer to be taken into account, which realistically repre-
sents the feedbacks between the depth of the mixed layer, the SSTs, and the heat fluxes [e.g., Murtugudde
et al., 1996].
2.2.4. An Empirical Feedback Model for Interannual Hp Variability
Observations indicate that the interannual variations of SST and Hp are well correlated over the tropical
Pacific; the latter closely follows the former during ENSO evolution. This means that the interannual Hp var-
iations are dominantly produced by the physical changes that are associated with the ENSO, which provides
a physical basis for constructing a feedback model for interannual Hp variability as a response to SST
anomalies. Using a SVD analysis, an empirical model for interannual Hp anomalies was derived empirically
from the ocean color data to relate the interannual Hp variability to the SST anomalies [Zhang et al., 2011].
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Additionally, the first five SVD modes are retained. Thus, given a SST anomaly, the interannual Hp variability
can be calculated from the empirical model. This simple empirical model for Hp is SST dependent and can
be used in the HCM to represent its effect on the penetration of solar radiation into the upper ocean; there-
fore, it allows for a feedback from ocean biology to the climate system and their active interactions during
ENSO cycles.

Reconstruction experiments indicate that the Hp model can accurately capture the large-scale interannual
variability that is associated with ENSO evolution [Zhang et al., 2011]. However, the amplitude of the recon-
structed Hp anomalies is systematically underestimated (approximately half of the variance) compared with
the original field, because the first five SVD modes can only explain approximately 65% of the covariance.
The induced parameter, aHp, can be used to rescale the amplitude of the interannual Hp variability in the
empirical model calculation.

3. Coupling Procedure and Experimental Design

As shown in Figure 1, the OGCM adopts an anomaly coupling procedure. In the context of the HCM, the
atmospheric climatological forcing fields to the OGCM are prescribed from observations, including the wind
stress (sclim), Pclim, Hp , solar radiation, cloud, and wind speed. The climatological E field (Eclim) is estimated
using the AML model from the simulated climatological SST of the OGCM (SSTclim). The interannual anomaly
fields of wind stress (P 2 E) and Hp are determined using their corresponding empirical submodels while
the sea surface heat fluxes are estimated using an advective atmospheric mixed layer (AML) model [Seager
et al., 1995; Murtugudde et al., 1996].

The coupling between the components in the HCM is performed as follows. At each time step, the OGCM
calculates the SSTs, which are averaged from each time step to obtain the daily mean fields. The corre-
sponding interannual SST anomalies (SSTinter) are obtained relative to the SSTclim fields that are predeter-
mined from the spin-up OGCM run that is forced by the observed sclim fields. The three interannual
anomaly fields (sinter, (P 2 E)inter, and H0p) are calculated using their empirical submodels from the SST
anomalies. The sinter, (P 2 E)inter, and H0p fields are added to the corresponding prescribed sclim, (P 2 E)clim,
and Hp fields to force the OGCM. The H0p, (P 2 E)inter, and sinter fields are updated every day from the corre-
sponding large-scale SSTinter fields. Additionally, the heat flux that is calculated using the AML model from
the OGCM SST is updated every time step.

As a spin-up, the OGCM, which is initiated from the World Ocean Atlas (WOA01) temperature and salinity
fields, is integrated for 20 years using atmospheric climatology forcing fields. The coupled experiment is
started from the OGCM spin-up run with an imposed westerly wind anomaly for 8 months. Thereafter, the
evolution of anomalous conditions is depicted by coupled interactions in the system, and the coupled
model is integrated for 30 years from the end of the OGCM spin-up run (arbitrarily denoted as model year
24). As shown in Zhang et al. [2006], the HCM can well depict the interannual oscillations that are associated
with the ENSO.

In addition, several scalar parameters (as , aFWF, and aHp) are introduced to represent the related feedback
strength; see details in Zhang et al. [2006, 2009] and Zhang and Busalacchi [2009]. For example, as deter-
mined previously by numerous studies [e.g., Barnett et al., 1993; Syu et al., 1995], the coupled behavior of
the interannual variability in the tropical Pacific depends on the so-called relative coupling coefficient (as),
i.e., the wind stress anomalies that are calculated using the empirical s model from the SSTinter anomalies
can be rescaled by a scalar parameter (as) before being added to the climatological wind stress (sclim) fields
to drive the OGCM. Several tuning experiments have been performed with different values of as to examine
its effects on the coupled interannual variability. As shown in Zhang et al. [2006], the HCM with as 5 1.2 pro-
duces a sustained interannual variability with an oscillation period of 4 years. Similarly, interannual anoma-
lies of Hp and FWF that are calculated using their empirical models can also be rescaled using aHp and aFWF

to represent the strength of the OBH and FWF-related feedbacks. Reconstruction experiments indicate that
the empirical Hp model with aHp 5 2.0 produces interannual Hp variability in the tropical Pacific with reason-
able amplitude. Additionally, taking aFWF 5 1.0 can well represent the freshwater flux-induced climate feed-
back in the HCM. Considering these together, a reference run is performed with as 5 1.2, aFWF 5 1.0, and
aHp 5 2.0, which produces a good simulation of the mean ocean state and interannual variability.
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We then perform HCM simulations with different specifications of the interannually varying OBH (using dif-
ferent values of aHp to represent its feedback intensities). All of the sensitivity experiments for this work start
from the same initial conditions which are chosen from the coupled run (arbitrarily denoted as model year
24). All of the OBH-related sensitivity experiments, which start from the end of the 30 year coupled run, are
performed from model year 24 to year 54. The use of an HCM allows the interannually varying Hp effects to
be quantified simply. Convincing evidence for negative OBH feedbacks is presented using the HCM-based
sensitivity simulations with varying intensities of the OBH feedbacks. The involved processes are analyzed
to understand the effects of the OBH-related feedback on ENSO variability.

4. Results

Sensitivity experiments are performed using the same HCM with different intensities of the interannually
varying OBH effects as represented by aHp. In this section, the results from these HCM simulations are com-
pared to each other to illustrate the OBH effects on ENSO.

4.1. A Simulation With a Prescribed Climatological Hp Field (aHp 5 0)
A simulation is performed in which Hp is taken as seasonally varying in the HCM (aHp 5 0). When the effect
of the interannual Hp variations is excluded, there is no interactive feedback from the ocean biology to
physics in the coupled ocean-atmosphere system. This run is referred to as an Hp_clim run, which is com-
mon in many currently used climate models in which seasonally varying chlorophyll (Chl) climatology is pre-
scribed in their long-term time integrations.

The HCM without the OBH effect (aHp 5 0) exhibits pronounced interannual oscillations with a period of
approximately 4 year. The total SST field and its interannual variation along the equator from this simulation
are shown in Figures 2 and 3. The climatological features in the region include the warm pool in the west
and the cold tongue in the east (Figure 2). Seasonally, large variations in SST are observed in the eastern
equatorial Pacific; a warming occurs during the spring and a cooling takes place during the fall. The interan-
nual variability is dominated by ENSO events, which are primarily determined by the coupling between the
SST, winds, and the thermocline within the tropical Pacific climate system. Large zonal displacements are
observed with the warm pool in the west and the cold tongue in the east (Figure 2). For instance, during El
Ni~no, the warm waters in the west extend eastward along the equator, and the cold tongue shrinks in the
east; the 268C isotherm of SST is located east of 1308W. During La Ni~na, the warm pool retreats to the west,
and the cold tongue in the east develops anomalously strong and expands westward along the equator
with the 258C isotherm of SST being located west of 1508W. The simulated SST anomalies from this HCM
indicate a standing pattern during ENSO evolution. The commonly used Ni~no3.4 SST series are used to
quantify the dominant time scales of the ENSO. A wavelet analysis (Figure 4) shows that the interannual var-
iability has a sharp peak at 4.84 years in the Hp_clim run. Figure 5 presents the corresponding ML depth (Hm)
field and its interannual variation along the equator. The ML is deep in the west but is shallow in the east,
with the deepest region located in the central basin. Hm exhibits interannual variations in association with
ENSO cycles, with large variability regions located in the central and eastern equatorial Pacific (Figure 5b). A
seesaw pattern is clearly observed in the zonal direction on the equator during ENSO evolution, with a zero
crossing line at approximately 1508W. During El Ni~no (La Ni~na), the ML is anomalously deep (shallow) east
of approximately 1508W but shallow (deep) to the west. Quantitative estimates of several related fields are
presented in Table 1. For example, the standard deviations of the Ni~no3 and Ni~no4 SST anomalies are
1.128C and 1.118C, respectively, in the Hp_clim run.

As formulated above, Hm directly determines the vertical partitions of solar radiation in the ML and the
underlying subsurface layers; the related terms that are considered here include the penetrative solar radia-
tion throughout the bottom of the mixed layer (Qpen), the absorbed solar radiation within the mixed layer
(Qabs), and the time rate of SST change (Rsr). Figures 6 and 7 show the total fields of Qpen, Rsr, and Qabs along
the equator from the Hp_clim run. Because solar radiation decays very sharply with depth in the upper
ocean, Hm is a major factor that determines the vertical partitioning of solar radiation in the ML and subsur-
face layers. Most of the solar radiation is absorbed within the ML (as indicated by Qabs; Figure 7a); some can
penetrate through the bottom of the ML (as indicated by Qpen; Figure 6a). Note that the Qabs and Qpen fields
tend to be compensated for by each other; that is, when the mixed layer is deep, solar radiation is absorbed
mainly within the mixed layer (a large Qabs portion), and less penetrates into the subsurface layers (a smaller

Journal of Geophysical Research: Oceans 10.1002/2015JC011305

ZHANG OCEAN-BIOLOGY-INDUCED FEEDBACK ON ENSO 7



Qpen portion). When the mixed layer is shallow, more solar radiation penetrates through the bottom of the
ML (a larger Qpen portion) at the expense of a reduction of the heat uptake within the mixed layer (a smaller
Qabs portion).

The corresponding interannual variations in Figures 6 and 7 indicate that the structure and variability of
Qpen, Rsr, and Qabs are approximately mirrored by those of Hm, which illustrates that Hm is a dominant factor
that affects their interannual variabilities. During La Ni~na, for example, the mixed layer in the western-
central equatorial Pacific becomes anomalously deep (Figure 5), more solar radiation is absorbed within the
ML (a positive Qabs anomaly), and less penetrates through the bottom of the ML (a negative Qpen anomaly).
During El Nino, the mixed layer in the western-central region becomes anomalously shallow (Figure 5b),
less solar radiation is absorbed within the ML (a negative Qabs anomaly), and more penetrates through the
bottom of the ML (a positive Qpen anomaly). The effect on Rsr (Figure 6d) is more complicated because Rsr is
not only in proportional to the absorbed part (Qabs, which decreases exponentially with Hm) but is also

Figure 2. Total SST fields along the equator simulated from the HCM with (a) climatological Hp field prescribed and (b) the interannually
varying Hp effect included. The contour interval is 1.08C.
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inversely related to Hm. Thus, a change in the ML depth itself can lead to an alternation of Rsr. For example,
a shoaling (deepening) of the ML tends to increase (decrease) Rsr because the Qabs field acts over a shallow
(deep) ML.

These terms can affect the thermal structure in the upper ocean. For instance, the absorbed part (Qabs)
heats the ML directly and serves as a heating source that affects Rsr (Figure 6b) and thus change the SST.
Similarly, the penetrated part (Qpen) directly heats the subsurface layers and serves as a subsurface heating
source to perturb the subsurface thermal structure and stability. Thus, the Qabs and Qpen perturbations can
induce differential heating in the ML and subsurface layers and lead to vertical thermal contrast and density
differences; these can affect vertical mixing in the upper ocean, which is a dominant process that deter-
mines the SSTs in the equatorial Pacific. In this Hp_clim run, Hp is prescribed as seasonally varying; so, the
interannual variations in these heating terms are solely determined by those in Hm. As a result, there is no
biofeedback in the coupled system.

Figure 3. The same as in Figure 2 but for the interannual SST anomalies. The contour interval is 0.58C.
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4.2. A Reference Simulation That
Includes the Interannually Varying
Hp Effect Included (aHp 5 2.0)
When the interannual variations in Hp

that are estimated using its empirical
model are taken into account in the
HCM, the interannually varying biology-
induced feedback is explicitly repre-
sented. The simulation with aHp 5 2 is
referred to as the reference run
(Hp_inter). Including the OBH effect in
the HCM clearly affects the interannual
variability, which is shown by compar-
ing the reference run (aFWF 5 2) to the
Hp_clim run (aHp 5 0) (Figures 2–4). Evi-
dently, the inclusion of OBH effects
causes the simulated interannual SST
variability to become weaker; it is less
pronounced in the zonal displacements
of the warm pool in the west and the
cold tongue in the east (Figures 2

and 3). The commonly used Ni~no3.4 SST series are used to quantify the effects on the dominant time scales
of the ENSO. As shown in Figure 4 from a wavelet analysis, the interannual variability has a sharp peak at
4.53 years in the Hp_inter run compared with 4.84 years in the reference Hp_clim run, with a difference of
approximately 4 months in the oscillation periods. Thus, the OBH effects lead to a decreased amplitude of
the ENSO and a shorter oscillation period. The effects are further quantified in Table 1. For example, the
standard deviations of the Ni~no3 and Ni~no4 SST anomalies are 0.878C and 1.008C, respectively, in the refer-
ence run, but 1.128C and 1.118C, respectively, in the Hp_clim run; these values represent decreases of

Figure 4. Wavelet power spectra for the Ni~no3.4 SST anomalies estimated in the
HCM simulations with different intensities of the OBH effects (aHp 5 0; aHp 5 2;
aHp 5 3; aHp 5 21). The dot-dashed line is the 95% significance level for these
runs, assuming a white noise process.

Figure 5. Mixed layer depth (Hm) along the equator from the HCM simulation with the climatological Hp field: (a) its total field and (b) its
interannual anomalies. The contour interval is 5 m in Figure 5a and 4 m in Figure 5b.
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approximately 22% and 9% for the Ni~no3 and Ni~no4 SST variabilities, respectively, in the reference run com-
pared to the Hp_clim run. Additionally, the standard deviations of the zonal wind stress and SSS in the Ni~no4
region are 0.022 N m22 and 0.21 psu, respectively, in the reference run, whereas they are 0.027 N m22 and
0.22 psu, respectively, in the Hp_clim run; these are decreases of 19% and 5%, respectively, in the reference
run compared to the Hp_clim run.

To gain further insight into these effects, Figure 8a shows the interannual Hp variations along the equator
from the Hp_inter run. As examined in Zhang et al. [2011], the interannual variations in Hp correlate well with
the SSTs over the tropical Pacific, with the former closely following the latter during ENSO evolution; thus,
physical changes act to produce perturbations in the ocean biology as represented by Hp. Pronounced
interannual Hp anomalies are observed across the tropical Pacific in association with ENSO cycles, with areas
of large variability being located in the western-central regions. For example, La Ni~na is accompanied by a
negative Hp anomaly in the western-central and eastern equatorial Pacific and a positive Hp anomaly in the
far western region. An opposite anomaly pattern is observed during El Ni~no. Note that the structure and
amplitude of the interannual Hp variability that is simulated in the reference run are consistent with those
observed in satellite-based estimates [e.g., Zhang et al., 2011]. For example, when aHp 5 2.0 is used in the
HCM to account for the OBH effect, the amplitudes of the interannual Hp variations simulated are compara-
ble with satellite data. The calculated standard deviations of interannual Hp variability are 1.15 and 0.49 m
in the Ni~no 4 and Ni~no 3 regions, respectively, in the HCM, whereas they are 1.14 and 0.76 m, respectively,
from satellite-based estimates.

Figures 9a and 9b illustrate the total fields of Hm and Hp along the equator from the reference run; their
interannually varying patterns are shown in Figures 8a and 8b. Interestingly, the interannual variations in Hp

and Hm tend to be out of phase in the western-central equatorial Pacific during ENSO cycles. During El
Nino, the ML is shallow in the western-central regions, which is accompanied by an increase in Hp; during
La Nina, the ML is deep in the western-central equatorial Pacific, which accompanied by small Hp values.
Furthermore, the amplitudes of the interannual Hp variations in the western-central basin are generally
comparable to those of Hm during ENSO cycles. The relatively large variability of Hp in the western-central
equatorial Pacific is expected to affect the OBH terms.

The structure and evolution of these heating terms can be more clearly visualized by their interannual
anomaly fields (Figures 8 and 9). These fields exhibit a well-defined spatial-temporal relationship during
ENSO cycles. For example, Qpen has low values in the western-central regions during El Nino and a high
value during La Nina. The similarity of these heating terms with Hm indicates that Hm is a primary factor that
determines their spatial structure and variability. A comparison of these heating terms in the reference run
to those in the Hp_clim run also indicates that they can be modulated by Hp. In particular, because the mag-
nitudes of the interannual Hm and Hp variabilities are comparable in the western-central basin, their anoma-
lies can both contribute to the interannual Qpen variability.

The combined effects of Hm and Hp on the partitioning of solar radiation in the ML and subsurface layers
are discussed below to understand the effects of the interannual Hp variability. Several specific questions
will be addressed. Which terms are most affected by Hp? Where do they change most? How are the
effects of the interannual Hm variability on these heating terms (a major physical factor) modulated by
Hp?

Table 1. The Standard Deviations of Selected Anomaly Fields From the HCM Simulations With the Different Intensities of OBF for the
Climatological Hp Run ( aHp 5 0.0 ), the Weakly Represented Feedback Run (aHp 5 1.0), the Reference Feedback Run (aHp 5 2.0 ),
Enhanced (aHp 5 3.0) Interannual OBH Runs, and a Run With aHp 5 21.0a

SST Ni~no1 1 2 SST Ni~no3 SST Ni~no4 SSS Ni~no4 sx Ni~no4 MLD Ni~no4 Hp Ni~no4

aHp 5 21 0.78 1.19 1.18 0.23 0.29 10.2 0.71
aHp 5 0 0.74 1.12 1.11 0.22 0.27 8.60 0.0
aHp 5 1 0.67 1.01 1.09 0.22 0.26 8.20 0.64
aHp 5 2 0.59 0.87 1.00 0.21 0.22 6.70 1.13
aHp 5 3 0.49 0.69 0.87 0.19 0.18 5.40 1.40

aThe SSS, SST, MLD, zonal wind stress (sx), and Hp are shown at the Nino4 region, and the first two rows are for the SST at the Nino12
and Nino3 sites. The standard deviation of the interannual Hp variability estimated from satellite ocean color data is 1.14 in the Nino4
region and 0.76 in the Nino3 region. The units are psu for SSS, 8C for SST, m for MLD and Hp, and dyn cm22 for sx.
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The effects of the interannual Hp variability are term dependent and geographically sensitive. For example,
in the eastern equatorial region, the amplitudes of the Hp variations (Figure 8a) are relatively small com-
pared with those of Hm (Figure 8b); the modulating effects of the Hp variability on these OBH terms are neg-
ligible in the east. Additionally, the Qpen and Qabs fields (as defined above) tend to compensate for each
other; their structure and variabilities are out of phase. The analyses in the following section will focus on
the Qpen and Rsr fields (i.e., those for Qabs are not shown) in the western-central regions.

Figure 6. The Qpen and Rsr fields (the penetrative solar radiation flux through the bottom of the ML and the time rate of change of the ML
temperature, respectively) along the equator from the HCM simulation with the climatological Hp field: (a and b) total fields, and (c and d)
interannual anomalies. The contour interval is 4 W m22 in Figure 6a and 4 W m22 in Figure 6c, 48C month21 in Figure 6b and 0.58C
month21 in Figure 6d.
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4.2.1. Modulations of the OBH Terms by Hp in Association With Hm

Figure 8c shows the interannual Qpen anomalies along the equator from the reference run. Large interan-
nual Qpen variabilities that are located in the western-central and eastern equatorial regions and have coher-
ent relationships with ENSO events. The interannual Qpen variability that is simulated in the Hp_inter run is
considerably larger in the western-central regions than in the Hp_clim run. Because all of the model parame-
ters are the same, the stronger interannual Qpen variability is induced by the interannual Hp anomalies. As
noted above, the interannual variability of Qpen is mirrored by that of Hm, which indicates that Hm is a major
factor that determines its structure and variability. However, the relationships between the interannual var-
iations in Hm, Hp, and Qpen indicate that the Qpen field can also be significantly modulated by Hp in the
western-central regions.

The horizontal structure of several related interannual anomaly fields for La Nina and El Nino conditions are
shown in Figures 10 and 11. Coherent relationships exist between these interannual fields during ENSO evo-
lution. During ENSO cycles, the interannual variations in Hp and Hm tend to be out of phase in the western-

Figure 7. The total Qabs field and its interannual variations along the equator from the HCM simulation with the climatological Hp field.
The contour interval is 10 W m22 in Figure 7a and 2 W m22 in Figure 7b.
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central region, and their effects on Qpen are in phase. During La Ni~na (Figure 10), a cold SST anomaly
emerges in the central and eastern equatorial Pacific; the ML is anomalously deep in the western-central
basin (Figure 10b), which leads to less solar radiation penetrating through the ML (a negative Qpen anomaly;
Figure 10d). At this time, the Hp anomaly is negative in the western-central region (Figure 10c), which also
allows less solar radiation to penetrate through the bottom of the ML (a negative Qpen anomaly). Thus, the
effect of the negative Hp anomaly on Qpen tends to be in the same direction as that of the positive Hm

anomaly, and their combined effects produce a more negative Qpen anomaly. During El Nino (Figure 11), a
warm SST anomaly is observed in the central and eastern equatorial Pacific; the ML is anomalously shallow
in the western-central basin (Figure 11b), which allows more solar radiation to penetrate through the ML (a
positive Qpen anomaly; Figure 11d). At this time, the Hp anomaly is positive, which also allows more solar
radiation to penetrate through the ML; their combined effects produce a more positive Qpen anomaly. As a
result, the Hp contribution leads to an enhanced interannual Qpen variability (being more negative during
La Nina and more positive during El Nino). This explains why the interannual Qpen variability is significantly
stronger in the reference run than in the climatological Hp run. Quantitatively, the amplitude of the

Figure 8. Interannual anomalies along the equator simulated from the HCM including the interannually varying Hp effect: (a) Hp, (b) Hm, and (c) Qpen. The contour interval is 0.5 m in Fig-
ure 8a, 4 m in Figure 8b, and 4 W m22 in Figure 8c.
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interannual Hp variability in the western-central basin can be more than 30% of that of Hm; correspondingly,
the amplitude of the interannual Qpen variability can be modulated by more than 60% in the region. Thus,
the combined (net) effects of the interannual variations in both Hp and Hm on Qpen need to be considered
in the western-central equatorial Pacific.

Although the interannual Hp variability has a large modulating effect on Qpen and Qabs in the western-
central regions, a clear effect on Rsr is not observed. This is because Rsr is both proportional to Qabs (note
that the Qabs field decreases exponentially with Hm) and inversely related to Hm. During El Ni~no, a positive

Figure 9. Interannual variations along the equator simulated from the HCM including the interannual Hp effect: (a) Hm, (b) Hp, (c) Qpen, and
(d) Rsr. The contour interval is 5 m in Figure 9a, 1 m in Figure 9b, 4 W m22 in Figure 9c, and 18C month21 in Figure 9d.
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Hp anomaly leads to a decrease in Qabs in the western-central regions; at this time, the ML tends to be shal-
low (a negative Hm anomaly). Because the decreased Qabs field acts on the shallow ML, the effect of the
reduced Qabs on Rsr (induced by the positive Hp anomaly) is compensated for by the effect of the shoaling
ML. Thus, Rsr is not significantly modulated by the positive Hp anomaly. Similarly, during La Ni~na, a negative
Hp anomaly leads to an increase in Qabs; at this time, the ML becomes deep (a positive Hm anomaly). The
effect of the increased Qabs on Rsr due to the negative Hp anomaly is compensated for by the effect of the
deepening ML. No significant modulating effect is seen on Rsr.

While a significant effect of Hp is observed in the western-central basin, it is not evident in the eastern
region. This can be attributed to several factors. The range of the interannual variability in Hp in the east is
approximately 1 order magnitude smaller than that of Hm. Furthermore, the interannual variations in Hp

and Hm are in phase in the eastern basin (east of 1508W), and their effects on Qpen are out of phase. Thus,
the effects of the negative Hm anomaly and the positive Hp anomaly on Qpen in the east have opposite
signs; the Hp field leads to a small reduction of Qpen (a small offset). In the eastern basin, Hm is a predomi-
nant factor that determines the structure and variability of Qpen, and the modulating effect of Hp is
negligible.
4.2.2. A Negative Feedback Induced by the Hp Effect on Vertical Differential Heating
Interannual variations in Hp represent a response of ocean biology to ENSO-induced physical changes, and
they simultaneously provide a feedback onto the ENSO. By modulating these heating terms, the biological

Figure 10. Horizontal patterns of interannual anomalies for La Ni~na conditions in August 2033 simulated from the HCM including the interannual Hp effect: (a) SST, (b) Hm, (c) Hp, and (d)
Qpen. The contour interval is 0.58C in Figure 10a, 5 m in Figure 10b, 0.5 m in Figure 10c, and 2 W m22 in Figure 10d.
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conditions (as represented by the interannual Hp variability) can affect the interannual variability of the cli-
mate system in the tropical Pacific. Hp can play a significant role in modulating these terms in the western-
central region. As demonstrated by the HCM simulations, large modulations of the amplitude and time
scales of ENSO are observed when the interannually varying Hp anomalies are taken into account. The
phase relationships between these anomaly fields indicate that Hp can modulate the vertical partitioning of
solar radiation in the mixed layer and the subsurface layers (the Qabs and Qpen fields), which induces tem-
perature perturbations and vertical differential heating, and causes further changes to the oceanic density
field, the stability and vertical mixing in the upper ocean. These ocean processes modulate the SSTs in the
equatorial Pacific, which affects the atmosphere and in turn feeds back to the ocean. During El Ni~no, for
example, the Hm anomaly is negative and the Qpen anomaly is positive in the western-central equatorial
Pacific; at this time, the Hp anomaly is positive, which induces direct warming at subsurface depths (a more
positive Qpen anomaly) and cooling in the ML (a more negative Qabs anomaly). This reduces the vertical con-
trast of the thermal field, which acts to destabilize the upper ocean and enhance the mixing in the upper
ocean. Furthermore, these OBH-induced SST changes exert an influence on the wind variability and large-
scale air-sea interactions as represented by the Bjerknes feedbacks, which lead to a modulation of the
ENSO. The positive Hp anomaly induced effects act to weaken the warm SST anomalies during El Nino. Simi-
lar but opposite processes operate during La Ni~na.

As a result, the oceanic processes that are induced by anomalous Hp perturbations act in such a way that
the interannual variability is weakened in the coupled ocean-atmosphere system of the tropical Pacific.
Thus, by inducing a biological source of heating or cooling in the upper ocean, the OBH effects act as a

Figure 11. The same as in Figure 10 but for El Ni~no conditions in August 2031.
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negative feedback on the coupled system. Clearly, interannual Hp variability leads to not only a feedback of
ocean biology on ocean physics but also a modulation of ocean-atmosphere interactions. These simulations
illustrate an ocean biological factor that modulates ENSO. This explains why the interannual variability that
is observed in the Hp_inter run is reduced relative to the Hp_clim run.

4.3. An Enhanced OBH Simulation (aHp 5 3.0)
Next, we consider an enhanced OBH case by taking aHp 5 3.0. The effects on the interannual variability sim-
ulations are shown in Figures 4 and 12b. Consistent with our expectations, the interannual SST anomalies
with aHp 5 3.0 are weaker than the feedback runs with aHp 5 1.0 (Figure 12a), aHp 5 2.0 (the reference run;
Figure 3b), and aHp 5 0 (the climatological Hp run; Figure 3a). The periods become shorter when the OBH is
enhanced in the aHp 5 3.0 run, with a slight shift toward the higher-frequency band (Figure 4) compared to
the weak feedback cases (aFWF 5 1.0 and aFWF 5 2.0). The effects are further quantified in Table 1. A compar-
ison of the reference run (aHp 5 2.0) with the climatological Hp run (aHp 5 0.0) shows that the relationships
between several related anomaly fields are the same as those analyzed above. These results indicate that a
negative feedback is induced by the OBH effect.

Figure 12. Interannual SST anomalies along the equator simulated from the HCM with (a) aHp 5 1.0, (b) aHp 5 3.0, and (c) aHp 5 21.0. The contour interval is 0.58C.
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To illustrate the enhanced OBH effect on the ENSO, Figure 13 shows the simulated interannual variabilities
of Hp, Hm, and Qpen along the equator from the aHp 5 3.0 run. Compared to the reference run with aHp 5 2.0
(Figure 8a), the interannual variations of Hp are stronger in the aHp 5 3.0 run; those of Hm are weaker, and
those of Qpen are slightly stronger. When considering the effects on Qpen due to the enhanced OBH as indi-
cated in the aHp 5 3.0 run, two factors need to be taken into account, one directly and the other indirectly.
On one hand, the stronger interannual variability of Hp with aHp 5 3.0 (Figure 13a) acts to modulate the ver-
tical partitioning of solar radiation more, which leads to greater Qpen variability in the western-central
region, greater vertical differential heating, and a stronger weakening effect on SST variability. The
increased Hp variability and its effect on Qpen result in a weaker interannual variability associated with
ENSO. On the other hand, the reduced ENSO is accompanied by weaker interannual Hm variability, which
weakens the interannual Qpen variability. Thus, the contribution of the increased Hp variability to Qpen in the
aHp 5 3.0 run is compensated for by the contribution of the decreased Hm variability, which leads to only a
slight increase of the interannual Qpen variability compared with the aHp 5 2.0 run. Consequently, no signifi-
cant increase of Qpen due to the increased Hp variability is observed in the aHp 5 3.0 run.

Figure 13. Interannual anomalies along the equator simulated from the HCM with aHp 5 3.0: (a) Hp, (b) Hm, and (c) Qpen. The contour interval is 0.5 m in Figure 13a, 4 m in Figure 13b,
and 2 W m22 in Figure 13c.
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4.4. A Run With an Opposite Interannual Hp Effect on OBH (aHp 5 21.0)
What is the effect on ENSO if the sign of the interannual Hp anomaly that is estimated using its empirical
model is artificially reversed? To answer this question, we perform another run in which the sign of aHp is
artificially reversed in the HCM simulation (aHp 5 21.0), with the other model settings are the same as in
the reference run (aHp 5 2.0). Figure 12c shows the simulated interannual SST anomalies along the equator
from the aHp 5 21.0 run, as well as those from the aHp 5 1.0 run. As expected, the interannual variability of
SST increases significantly compared to the aHp 5 0.0 run and the other OBH-induced runs (e.g., Figure 3).
Although the change in sign of the interannual Hp anomalies is small, it causes a large increase in the ENSO
amplitude. The effects are further quantified in Table 1.

Further insight into the effects that are involved with the artificially reversed OBH are shown in Figure 14,
which presents the simulated interannual variabilities of Hp, Hm, and Qpen along the equator from the
aHp 5 21.0 run. Relative to the climatological run (aHp 5 0.0) and the reference run (aHp 5 2.0), the reversed
OBH (aHp 5 21.0) leads to a large increase in the variabilities of Hm and Qpen (Figures 14b and 14c),
although the amplitude of the interannual Hp variations is actually very small (Figure 14a). As noted above,
the interannual variations of Hm and Hp are out of phase in the western-central equatorial Pacific during

Figure 14. The same as in Figure 13 but for aHp 5 21.0.
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ENSO cycles, and their effects on Qpen are in phase (acting to enhance interannual Qpen variability). The
reversed sign of the interannual Hp anomaly causes its effect on Qpen to become out-of-phase with that of
Hm. During La Nina, for instance, the Hp anomaly should be negative in the western-central equatorial
regions in model years 33–34 (e.g., Figure 8a as indicated in the reference run). In the aHp 5 21.0 run, the
Hp anomaly in these regions is positive in model years 33–34 (Figure 14a), which leads to effects that oper-
ate opposite to the reference run as described above; that is, the artificial positive Hp anomaly causes a pos-
itive Qpen perturbation and a negative Qabs perturbation during La Nina (their perturbations have opposite
signs to the reference run as shown in Figure 8). The induced differential heating (direct cooling in the ML
and warming in the subsurface layers) destabilizes the upper ocean and enhance the mixing and entrain-
ment of subsurface waters. These oceanic processes tend to enhance the cold SST anomalies during La
Nina. La Nina is enhanced in the aHp 5 21.0 run through the Bjerknes feedback. Additionally, the interan-
nual Hm variability becomes stronger due to the increased ENSO, which in turn increases the interannual
Qpen variability during La Nina (more negative). The net effects of the reversed Hp anomaly are shown in
Figure 14c. Although the interannual Hp variability is small in the aHp 5 21.0 run, its effects lead to large
ENSO amplitudes. This experiment with the reversed sign of aHp indicates a significant sensitivity of the
ENSO simulations to the way that the interannual Hp variability is represented in the coupled ocean-
atmosphere models of the tropical Pacific. Large biases can be induced in ENSO simulations if the OBH
effect is not adequately represented in coupled models.

5. Summary and Discussion

ENSO has been observed to change significantly from one event to another. Many factors have been identi-
fied that can modulate ENSO properties. Most previous modeling studies have focused on the roles of phys-
ical factors (e.g., winds, and heat and freshwater fluxes); OBH and its related bioclimate interactions in
coupled climate variability have not received much attention. Remotely sensed ocean color data indicate
that ENSO induces a large ocean-biology response and can have a feedback effect onto ENSO. The biologi-
cal effects can be simply represented by the penetration depth (Hp). Interannual variations in Hp that are
estimated from remotely sensed ocean color data have been found to be coherently related to variations in
SSTs over the equatorial Pacific during ENSO cycles.

Previously, we utilized the feedback signature of ocean biology from satellite observations to develop an
empirical anomaly model for Hp that can be extracted using a singular value decomposition (SVD) analysis
of historical data. The related OBH effect in the coupled system of the tropical Pacific can then be explicitly
parameterized in terms of the relationship derived between the interannual variations in Hp and SST. The
results indicate that this empirical Hp model can realistically depict the Hp response to SST anomalies. This
submodel for the interannual Hp anomalies is then embedded into our previous HCM of the tropical Pacific
climate system [Zhang et al., 2006] to represent the OBH effect. Within the context of hybrid coupling, the
climatological part of Hp is prescribed, and the interannual anomaly part can be determined by its empirical
model. The anomaly part can be included or not in model simulations, which allows its effects to be exam-
ined clearly during ENSO cycles. The OBH was observed to induce oceanic processes that modulate the
SSTs, which in turn alter the atmosphere in the coupled ocean-atmosphere system of the tropical Pacific;
this indicates the potential for modulation of the ENSO. The phase relationships between the related anom-
aly fields and the underlying processes indicate a negative feedback between the OBH effect and ENSO in
the coupled system and Figure 15 shows a schematic diagram for the processes and negative feedback
involved in the biological effects on SST during a La Nina even. Supporting experiments are presented in
this study to demonstrate this negative feedback. Moreover, a detailed process analysis is performed to
trace the effect loop and gain in-depth insight into the processes that are involved. The results provide a
basis for understanding the uncertainties in ways that the OBH effects are represented in models and the
striking differences in modeling the OBH effects on ENSO variability.

We designed several experiments using the HCM with different strengths of the OBH. In a no biofeedback
simulation, the climatological Hp field is prescribed without its interannual effect (aHp 5 0.0). Other model
sensitivity experiments are then performed using the HCM in which the OBH feedback is taken into account
with different intensities (i.e., aHp 5 1.0, aHp 5 2.0 (the reference run), aHp 5 3.0 (an enhanced OBH run), and
aHp 5 21.0 (an artificially reversed OBH effect run)).
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The OBH terms and their relationships
with the interannual variations in Hp

and Hm are analyzed to illustrate their
relative contributions. Hm is a major fac-
tor that affects the penetration of solar
radiation in the upper ocean. While
ocean biological fields have no direct
and immediate influence on the atmos-
phere, the existence and variations of
biomasses in the upper ocean (as indi-
cated by Hp) can modulate the way that
solar radiation is distributed vertically
between the mixed layer and subsur-
face layers. The interannually varying
Hp variability has a large effect in the
HCM simulations. The processes that
are involved in the interannual OBH
effects are illustrated through the analy-
ses of the Hp effects on the related OBH
terms. Large Hp anomalies in the west-
ern and central equatorial Pacific exert
a direct influence on the heating terms
(Qpen and Qabs). The direct effects of the
interannual Hp variability on these heat-
ing terms then induce further indirect
influences with dynamic consequences
(ocean-atmosphere coupling through
the Bjerknes feedback), which amplifies
the OBH-induced effects. The induced
changes in the vertical thermal struc-
ture modify the density and stability of
the upper layer of the ocean, and fur-
ther vertical mixing in the equatorial
regions. These induced oceanic proc-

esses influence the SSTs, which in turn feedback onto the atmosphere. As a result, the inclusion of the OBH
into a coupled ocean-atmosphere model reduces the ENSO amplitude, which indicates a negative feedback
that acts to damp interannual variability (Figure 15). On the other hand, a small but artificially reversed OBH
effect (aHp 5 21.0) amplifies the interannual variability. Quantitatively, compared to the climatological Hp

run (Hp_clim), the standard deviation of the SST at the Nino3 site is reduced by approximately 12% in the ref-
erence OBH run, and the standard deviation of the SSS and zonal wind stress at the Nino4 site are reduced
by approximately 31% and 16%, respectively. Thus, the OBH effect can substantially modulate the interan-
nual variability.

These results are useful not only for the physical understanding of the ocean biology-induced effects on
ENSO but also for improvements in coupled models. For example, this negative feedback has not been
included in many coupled ocean-atmosphere models that are used for ENSO simulations and predictions,
which could be a potential source of bias. In this paper, we have constructed a simple empirical model to
relate the interannual Hp variations to the SST using a singular value decomposition (SVD) analysis of histor-
ical data. This simple parameterization can be applied to other coupled ocean-atmosphere models to take
the OBH effect into account. The inclusion of this biological heating component is expected to adequately
represent the OBH effect and improve SST simulations of the coupled system of the tropical Pacific. For
example, Wang et al. [2005] found that interannual SST variations that are simulated in the NOAA CFS (Cli-
mate Forecast System) tend to be overestimated; one possibility is that the climatology Chl is prescribed in
the current CFS, and thus the interannual damping biological effect on the ENSO is lacking. Kang et al.
[2014] also found that interannual SST variations are overestimated in simulations that use the NCAR

Figure 15. Schematic diagram showing the processes and negative feedback
involved in the biological effects on SST during a La Nina even. The interannual
variability in the climate system that is associated with La Nina induces a nega-
tive Hp perturbation and a negative Qpen anomaly in the western-central equato-
rial Pacific. The direct effect of the former on the latter lead to a larger negative
Qpen anomaly in the region, with vertical differential heating between the ML
and subsurface layers, which stabilizes the stratification and reduces the vertical
mixing and entrainment at the base of the ML. These induced ocean processes
further weaken the cold SST anomalies in the equatorial Pacific. Thus, when the
OBH is included, the induced Hp anomaly acts to reduce the cooling effect of the
vertical mixing and entrainment during La Ni~na, which makes La Nina less cool-
ing. This indicates that the inclusion of the OBH effects acts to counteract the
positive SST-wind-thermocline feedback, which leads to weak SST variability dur-
ing ENSO cycles.
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CESM1.0 (the Community Earth System Model) in which the climatology Chl is prescribed to represent only
seasonally varying OBH effects, and the interannually varying OBH effect is intentionally disabled. The
empirical model for Hp and its effect that was tested in this study can be used to parameterize the biofeed-
back in climate models.

The simplified HCM is used to examine the effects of the OBH on the interannual variability in the tropical
Pacific, and the results can be model dependent. Currently, significant differences exist in the biological effects
on coupled ocean-atmosphere modeling of the tropical Pacific and in their physical explanations. In this mod-
eling study, a negative feedback is clearly demonstrated, and new explanations for it are provided. Diagnostic
analyses indicate that the direct effect of the interannual Hp variability on Rsr (the time rate of change of the
mixed layer temperature) is negligible because Rsr is dominated by Hm. However, the induced perturbations
to Qpen and Qabs in the western-central equatorial Pacific are large and lead to vertical differential heating
between the mixed layer and subsurface layers, which modulates the ocean density and stability and alters
the vertical mixing and entrainment of subsurface water into the ML. These induced ocean processes affect
the SST in the equatorial Pacific. This explanation is different from that given by Timmermann and Jin [2002]
who indicated that SST modulations are realized through a direct OBH effect within the mixed layer (i.e., a
modulation of the Rsr term). Sweeney et al. [2005] demonstrated the impacts of shortwave penetration depths
on large-scale ocean heat transport due to off-equatorial increases in the mixed layer depths. In addition, pre-
vious studies have shown that interactively represented marine biology increases the ENSO period [Wetzel
et al., 2006; Heinemann et al., 2011]. The HCM-based simulation by Marzeion et al. [2005] exhibited a positive
feedback that was associated with the OBH effect; this differs from our HCM simulation, in which a negative
feedback emerges. Note that our ENSO simulations employing the SVD methodology for the estimation of
solar radiation penetration depth Hp embedded in the layer ocean model are dynamically equivalent with
and consistent with the numerical experiment of Nakamoto et al. [2001] who used an isopycnal Ocean GCM
(in terms of mixed layer and several layers below) embedded with the Morel’s empirical estimates of Hp.
Because ENSO variability is very sensitive to the ways the biological effects are represented in coupled models
of the tropical Pacific, a detailed comparison is clearly needed to understand the reasons for these intermodel
differences. This paper provides a demonstration of how to isolate the interrelated effects that are induced by
the interannual variations in OBH. These results obtained provide an explanation for the dominant important
processes that make the simulated OBH effects so model dependent.

The effects of ocean biology-induced heating on ENSO simulations in the tropical Pacific have been inferred
from process analyses and related sensitivity experiments. Clearly, the HCM used has some clear biases in
simulating ENSO compared with observations. For example, the ENSO variations simulated are too regular
and too symmetric (Figure 2), and the spectrum is too narrow around 4–5 years (Figure 4). Normally, ENSO
has double peaks in its spectrum, with its maximum SSTA amplitude being larger in El Nino than in La Nina
[e.g., Hoerling et al., 1997], and La Nina can last longer than El Nino [Hu et al., 2014]. Also, the model was not
tuned using updated data (section 2). Thus, further modeling studies are clearly needed to improve the
model and understand the related feedbacks. For example, numerous previous studies have identified the
roles of various feedbacks in climate variability of the tropical Pacific, including the wind-evaporation-SST
(WES) feedback [e.g., Xie et al., 2004], the SST-solar radiation feedback, and the tropical instability waves-
induced feedback [Zhang and Busalacchi, 2008]. In particular, freshwater flux forcing has been demon-
strated to be a positive feedback on interannual variability in the tropical Pacific [Zhang and Busalacchi,
2009]. In this paper, we showed that the OBH acts to damp the ENSO amplitude. Thus, there can be inter-
plays between these feedbacks; the changed SSTs that are induced by ocean biology-related heating can
modulate freshwater flux forcing effects. Thus, the effects of the combined feedbacks on the interannual
variability must be taken into account within the coupled ocean-atmosphere system. Additionally, we here
only demonstrate the biological effects on interannual variability simulations; the corresponding effects on
ENSO prediction need to be examined further.
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