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. The El Nifio-Southern oscillation (ENSO) simulated in the Community Earth System Model of the

. National Center for Atmospheric Research (NCAR CESM) is much stronger than in reality. Here, satellite
data are used to derive a statistical relationship between interannual variations in oceanic chlorophyll
(CHL) and sea surface temperature (SST), which is then incorporated into the CESM to represent

. oceanic chlorophyll -induced climate feedback in the tropical Pacific. Numerical runs with and without

the feedback (referred to as feedback and non-feedback runs) are performed and compared with

. each other. The ENSO amplitude simulated in the feedback run is more accurate than that in the non-

. feedback run; quantitatively, the Nifio3 SST index is reduced by 35% when the feedback is included.

. The underlying processes are analyzed and the results show that interannual CHL anomalies exert
a systematic modulating effect on the solar radiation penetrating into the subsurface layers, which
induces differential heating in the upper ocean that affects vertical mixing and thus SST. The statistical
modeling approach proposed in this work offers an effective and economical way for improving climate
simulations.

. Substantial biases still exist in climate models used to simulate the El Nifio-Southern oscillation (ENSO) in the
. tropical Pacific'?, which is the strongest interannual signals in the climate system?-. Recent studies indicate
© that interannual chlorophyll (CHL) anomalies (CHLAs) can have significant modulating effects on ENSO in
* the tropical Pacific!’-*’. However, large uncertainties exist in the way the CHL-induced feedback is represented
in climate simulations, and this affects the models used to depict ENSO in the tropical Pacific?. In the cur-
. rent NCAR CESM, for instance, oceanic biology-induced heating effects may not be adequately represented'.
© Although the ocean model itself in the CESM includes a biogeochemical component that can be used to describe
. interactions between the biological and physical systems in the ocean, the model is not accurate enough for its
: practical use and must be improved adequately'. Additionally, the CESM with an interactive biogeochemical
component is extremely time-consuming and thus impractical to run extensively. Thus, CHL is commonly pre-
scribed as seasonally varying climatology derived from satellite data. As such, interannually varying effects of
oceanic biology-induced heating on the physical system are not adequately taken into account. As a result, the
. CESM without an interannually varying bio-feedback tends to simulate a stronger ENSO than in reality. As the
© NCAR CESM is widely used by scientists all over the world*"??, an effective way to reduce biases in its ENSO
: simulations is urgently needed.
Here, we aim to improve ENSO simulations in the CESM by considering the oceanic biology-induced heating
effects'”. As more satellite data become available, CHL variations are used to represent oceanic biology-induced
. climate feedback effects®. In the tropical Pacific, oceanic physical changes are the dominant driving force that
: produces interannual CHL anomalies (CHLAs), while oceanic biological fields represent a response’. Based
. on satellite data, a close relationship exists between the interannual variations in CHL and SST, which provide a
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Figure 1. A schematic diagram illustrating the inclusion of the CHL-induced bio-feedback using the NCAR
CESM, consisting of the original atmosphere model (CAMS5) and the OGCM (POP2), and an embedded
statistical representation for interannual CHL variability developed in this work. The total CHL field is
separated into its climatological component (CHL,y;,,) and interannual anomaly component (CHL, ), written
as CHL = CHL;,, + CHL,,, which directly affect the vertical distribution of the incoming solar radiation in the
upper ocean. The statistical relationships between the interannual variations in SST and CHL are derived from
satellite observations and used to explicitly calculate CHLAs in the CESM to represent CHL-induced heating
effects.

CHLgim, Climatological CHL Years 151-200
Climatological CHL + CHLA
CHLiner from the statistical model Years 151-200
CHL;,-EN Climatological CHL El Nifio case for years 153-154
CHL,,.-EN ggﬁiﬁ’i‘;ﬂfﬁﬁgh *(;f:fLA El Nifio case for years 153-154

Table 1. Experiments performed to demonstrate the CHL-induced heating effects using the CESM. CHL;,, is
a climatological run that uses CHL as its seasonally varying climatology prescribed from satellite observations.
CHL,,, is an interannual run that considers the interannually varying CHL effects (interannual CHL anomalies
calculated from the SST anomalies by using the statistical CHL model). In addition, an El Nifio case in the
model years 153 and 154 is selected for two more experiments that use the CESM designed to illustrate direct
effects of CHLAs on SST differences and the underlying processes responsible for the differences in two

runs; CHL;,,—EN is a run that uses CHL as its seasonally varying climatology, and CHL;,—EN is a run that
considers the interannually varying CHL effects. These two runs are restarted from the same initial state at
model year 153 and are time integrated for 2 years. The results from these two runs are compared with each
other to identify the effects on the detailed evolution of some related fields.

physical basis to derive CHLAs from SSTAs. A statistical model for interannual CHL variations can be derived
from satellite data (the details are given in the Supplementary section); the derived CHLA model is then imple-
mented into the NCAR CESM to represent oceanic biology-induced feedbacks (Fig. 1). Furthermore, the NCAR
CESM-based experiments are conducted to examine the bio-effect on and the underlying processes of ENSO
simulations (Table 1 and see Methods in details).

Results

It is evident that the model can well depict the mean ocean climatology and its variability in the tropical Pacific
compared with observations. In this paper, our focus is on the effects on interannual variability. Figure 2 shows
the interannual SST anomalies along the equator simulated from the non-feedback (CHL,;,,) and feedback
(CHLy,,) runs. The interannual variability exhibits irregular oscillations that are characterized by ENSO events.
Compared with observations, the amplitude of the SST variability is significantly overestimated in the CHL ;,,
run. When the interannually varying CHL-induced feedback is included, the ENSO amplitude is significantly
reduced, as indicated by the SST anomalies. To further demonstrate the effect of CHLAs on SSTAs, the area
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Figure 2. Longitude-time sections along the equator for interannual anomalies of SST simulated from the
(a) CHL;,, and (b) CHL, ., runs. The anomalies are derived from subtracting monthly modeling SST by the
monthly mean climatology (based on 151-200 modeling years). The contour interval is 1.0 °C.
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Figure 3. The Nino-3 index for the CHLy., (red) and CHL;,, (black) runs.

averaged SST index is shown in Fig. 3. The amplitude of ENSO in the CHL;,, run is substantially smaller than
that in the CHL;,,, run, especially during the first several decades of the 50-year integration period. The damping
effect of CHLAs on ENSO occurs not only during El Nifio events but also during La Nifia events. The commonly
used Nifi03.4 SST series are used to quantify the dominant time scales of ENSO (Fig. 4). The interannual varia-
bility has a sharp peak at 4 years in the CHL;., run compared with 5 years in the reference CHL ;,,, run, with a
difference of approximately 12 months in the oscillation periods.

Quantitatively, Fig. 5 shows the standard deviation of the SSTA for the observations and the CHL;,,, and
CHL,, experiments. The standard deviation can be used as a metric for measuring ENSO amplitude. The strong-
est interannual variability of the observed SSTA appears in the eastern equatorial Pacific, which has a standard
deviation exceeding 1.0 °C (Fig. 5a). In the CHLy;,, run, the model well captures the spatial distribution of the SST
variability; however, the amplitude of the variability is significantly overestimated, with the maximum standard
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Figure 4. The power spectra for the Nifio3 SST anomalies estimated for the observations (black), the CHL,
run (red), and the CHL ;,, (red dash) run. The dot-dashed line is the 95% significance level for these runs,
assuming a white noise process.
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Figure 5. The standard deviation of SSTAs for (a) observations, (b) the CHL,y;,, run and (c) the CHL;,, run.
The contour interval is 0.25 °C. The figure is created by the authors using the Grid Analysis and Display System
(GrADS) which is available at http://www.iges.org/grads/grads.html.

deviation being over 1.5°C (Fig. 5b). This bias is a long-standing problem for the CESM, and it can be attributed to
many factors"?. When considering the interannually varying effect of CHLAs in the CHL,,, run, the SST ampli-
tude bias can be effectively reduced, with the maximum standard deviation being reduced to 1.25°C (Fig. 5¢).
The area averaged standard deviation of SSTAs in the Nifio3 and Nifio4 regions is summarized in Table 2. In the
Nifio4 region, the standard deviation is 1.03 for the CHL;, run and 1.22 for the CHL ;,,, run, whereas it is 0.71
for the corresponding observation. Thus, the inclusion of the interannual varying CHL effect leads to a damped
ENSO amplitude. A similar reduction in the SST variability also occurs in the Nifio3 region, where the standard
deviation of SSTAs is 1.17 for the CHL, ., run and 1.46 for the CHL;;,,, run, and the standard deviation is 0.93 for
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Niiio 4 Niio 3
OBS 0.71 0.93
CHLg;,, 1.22 1.46
CHL; er 1.03 1.17

Table 2. The standard deviations of SST anomalies in the Niflo4 and Nifio3 regions from the CHL ;,,, and
CHL,, runs.

the corresponding observation. These values represent decreases of approximately 34 and 43% for the Nifo3 and
Nifo4 SST variabilities in the feedback run compared to the non-feedback run.

Since the interannual variability in the tropical Pacific has a strong interaction with the mean states in the
region, the effects on mean states and seasonal cycles are presented in the Supplementary section. It is evident that
there is little change in the mean thermocline and seasonal cycle of SST in the equatorial Pacific due to the feed-
back of CHL and SST. For example, the seasonal cycle of SST in the eastern Pacific has been changed about 0.2K
when the CHL-induced feedback on SST is taken into account, with slight amplification of seasonal cycle of SST
in the feedback (CHL;,,) run (a warming in the spring and a cooling in the fall) compared with the non-feedback
(CHL_;y,)- Previous studies have suggested that an enhanced seasonal cycle tends to reduce interannual variability
in the tropical Pacific'® It is unlikely that such a slight increase in the seasonal cycle in the feedback (CHL, ) run
can be responsible for the reduction in the interannual variation of SST as seen in the two runs.

The processes responsible for the reduced ENSO amplitude as seen in the CHL,,, run are examined (the
details are presented in the Supplementary section, including a calculation of the SST budget). CHL in the ocean
affects the penetration of the incoming downward shortwave flux (SWDN) at the sea surface, and two heating
terms are directly related with the bio-effects in the upper ocean. One is the SWDN component that is absorbed
within the first layer (Q,,,) and another is the SWDN component that penetrates into the subsurface layers
through the bottom of the first layer (Q,,y,). It is found that the Q,, and Q,, fields are two terms that are directly
modulated by interannual anomalies of CHL'. Therefore, the relationships among these related fields can be
analyzed to understand the effects of the CHL-related feedback and the involved processes. As detailed in the
Supplementary section, two pathways are possible for the variations in CHL that can affect SST in the equatorial
Pacific, depending on the relative dominance of which term is modulated most pronouncedly, systematically, and
coherently. On one hand, if a change in CHL induces a coherent and systematic change to Q,, a direct heating
effect on SST can be a dominant process that causes a corresponding change to SST; this is referred to as a direct
effect. Then, it follows that the differences in CHL and Q,,, between the two runs should be well matched with
each other. On the other hand, if a change in CHL causes a systematic and significant modulation of Q,,, dif-
ferential heating can be then induced vertically between the first layer (Q,) and subsurface layers (Q,.,). These
processes can further modify the stratification and vertical mixing in the upper ocean and thus affect SST; this
is referred to as an indirect effect on SST. Therefore, the extent to which these two heating terms are affected by
interannual CHL anomalies implies that different dominant processes are involved in the bio-effects. How Q,y,
and/or Q,., are affected by interannual CHL anomalies can be a good indicator of which influence pathways
are taken and the underlying processes operating in association with the CHL-induced heating feedback in the
NCAR CESM.

To identify the effect of the reduced CHL concentration on the total SWDN reaching the ocean surface, Qq,
and Q,,, are analyzed during the El Nifio evolution in the feedback and non-feedback runs (the Supplementary
section). Interannual CHL anomalies can have a direct effect on the total SWDN reaching the ocean surface and
the vertical penetration in the upper ocean. It turns out that the total SWDN is not systematically and coherently
affected by CHLAs. Similarly, the difference fields in Q,,; do not show coherent and systematic relationships with
CHLAs. Indeed, the differences in Q,;, and SST between the two runs do not well match each other. As a result,
the direct heating effects within the first layer induced by CHLAs (Q,,) cannot be a dominant process that causes
the systematic differences in the SST simulations between these runs. In fact, the differences in Q,, are negatively
correlated with those in SST. This is consistent with the understanding that on interannual time scales associated
with ENSO, heat flux and related direct solar radiation heating/cooling play a damping role on SST warming dur-
ing E1 Nifo evolution. As the SST difference between the two runs is spatially well defined, with consistent cooling
(warming) in the eastern (western-central) equatorial Pacific (the Supplementary section), oceanic dynamical
processes must play a dominant role in regulating SST variability in the tropical Pacific.

Indeed, it is found that although the difference in the total SWDN between the feedback and non-feedback
runs is not systematic, the difference in Q,, exhibits a well-defined and coherent pattern that is well matched
with CHLAs (the Supplementary section). For example, a consistent increase in Q,., is seen during El Nifio
events in the feedback run, which is accompanied with a low CHL concentration. The negative CHLAs increase
penetration into the subsurface later throughout the bottom of the first layer (Q,.,) and reduce the component
that is absorbed within the first layer (Qy). So, the increased Q,,., field warms the temperature of the subsurface
layers. Such vertical redistribution of the absorbed SWDN (i.e., warming in subsurface layers but cooling in the
first layer) acts to enhance the vertical mixing and further decrease the SST. As a result, the direct effect of SWDN
absorbed in the first layer is unlikely to be a major contributor to the SST differences; instead, the indirect effect
of the differential heating induced by Q,., and Q,, resulting from interannual anomalies of CHL can be a major
contributor. As seen, relative to the non-feedback run, the warm SST anomalies in the feedback run are weakened
due to the inclusion of CHLAs in the ocean, leading to a damping effect on the El Nifio event.

In short, Q,., is the term that is systematically affected by interannual CHL anomalies, and it can be respon-
sible for the differences in the ENSO simulations seen in the feedback and non-feedback runs. Through the
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dynamic response induced by modulation of Q,., in the upper ocean, the SSTs are modulated. Therefore, the
SST difference between the two runs can be attributed to the effects of interannual CHL anomalies on Q,.,. This
is consistent with previous modeling studies that demonstrate that the CHL anomalies act to modulate ENSO
mainly through modulation of solar radiation penetration throughout the bottom of the oceanic mixed layer!”!.

Discussion

Recent studies indicate interactive coupling between ocean ecosystem and climate system on various
space-time scales**~?°, As a main focus in the tropical Pacific, ENSO has been extensively investigated; various
observations-based analyses have demonstrated significant feedbacks of the ocean biology-induced heating
on interannual variability?’~*!. Because interactions between ocean biology and physics are very complicated,
numerical models provide a powerful tool to study the related feedback and coupling®*-**. However, our current
understanding of the influences of oceanic biology-induced heating feedback on ENSO and of the related phys-
ical processes remains elusive in ocean and climate models. In particular, the relationships between the existing
ENSO biases in the NCAR CESM and how bio-feedback is represented are not well known. Previously, great
efforts have focused on the physical aspects, but with less attention to the oceanic biological attributions. In this
study, an SVD-based statistical model for interannual CHL anomalies is derived to identify its relationship with
SST%, which is then incorporated into the NCAR CESM. We show that such an SVD-based statistical model can
well reproduce the main characteristics of interannual CHL variability compared with observations. Numerical
runs with and without the interannually varying CHLA effects are performed using the CESM and compared to
each other. These results clearly demonstrate that climate biases in the current CESM can be greatly reduced by
considering the bio-feedback. Specifically, the CHLA has obvious damping effects on ENSO by shortening the
oscillation periods. To explain this, two more experiments are performed with a focus on one specific El Nifio
event. The difference fields between the two runs are analyzed to reveal dominant terms that are directly modu-
lated by interannual CHL anomalies and thus the underlying processes responsible for the differences in ENSO
simulations. The effects and related processes during the El Nifio evolution are clearly illustrated in association
with interannual CHL anomalies. Q,, (the absorbed component of the incoming solar radiation in the first layer)
and Q,., (the component penetrating into the subsurface layers through the bottom of the first layer) are two
terms that are directly affected by CHLAs. The differences in Q,,, between the two runs are not well matched
with CHLAs; Qg is not systematically modulated by CHLAs, so it is not a major factor directly responsible for
the SST difference. Instead, the Q,., field is systematically modulated by CHLAs. The differences in CHL and
Qe between the two runs are well matched with each other. As shown, the Q,,., field causes a dynamic response
in the upper ocean, leading to modulations of SSTs. During an El Nifio event, for instance, the negative CHLA
allows solar radiation to penetrate more into the subsurface layers throughout the bottom of the first layer and to
be absorbed less within the first layer. This directly leads to warming in the subsurface layers and cooling in the
first layer. Furthermore, the temperature decrease in the first ocean model layer and temperature increase in the
subsurface layers induce a vertical differential heating, which enhances vertical mixing and indirectly leads to
SST decrease and so, the El Nifio event is damped. As Q,,.,, is responsible for the damping effect on SST, the effects
indirectly induced by CHLAs play a more dominant role in the damping effect on ENSO.

At present, obvious large biases exist in many of the state-of-the-art fully coupled models that explicitly
include a biogeochemical component. For example, climatological CHL simulations still have large discrepancies
in the tropical Pacific. In this study, an anomaly approach is taken in which the CHL climatological field is pre-
scribed from observation, and its anomaly field is derived from SST anomalies. It is evident that the SVD-based
statistical model for CHLAs is very efficient computationally and can well reproduce the main characteristics
of the CHLAs compared to those of the observations. In this study, the feasibility and effectiveness of this sta-
tistical modeling approach are clearly justified by its success in improving ENSO simulations when this simple
model is implemented in the NCAR CESM. It is expected that this simple model for interannual CHL variability
can be used in other climate models to consider bio-feedback adequately, with climate simulations improved
significantly.

This paper is intended to illustrate ENSO modulations that are induced by ocean biology-induced feedbacks
within the tropical Pacific climate system. Numerical experiments are performed using the empirical model with
the parameter representing feedback intensity that is tunable. Thus, the results presented in this paper are prelim-
inary and need to be validated using more realistic and comprehensive models. For example, there is uncertainty/
sensitivity in the represented amplitude of the bio-feedback to SST changes as indicated by the feedback strength
factor a. In the current modeling study to reasonably represent the intensity of the OBH effects, « is doubled
(Note that when taking a:=2 in the feedback simulation, the standard deviations of interannual H,, variability are
well comparable to those from satellite-based estimates and thus, the OBH effect can be reasonably represented
in the model simulation. Sensitivity experiments testing the effects of varying o on ENSO simulations are per-
formed (Supplementary section). Indeed, within the statistical modeling context of H,,, the choice of this param-
eter is rather arbitrary, and the modeling results are sensitive to the related parameters used. Additionally, a long
term integration is also performed and the results are presented in Supplementary section.

Methods

The physical model used in this study is the Community Earth System Model version 1.0.5 (CESM1.0.5) devel-
oped at the National Center for Atmospheric Research (NCAR); see the Supplementary section for details*"?>,
It is notable that the oceanic model in the NCAR CESM already includes a biogeochemical component that can
be used to describe the biogeochemical processes and their interactions with the ocean physical system. Its per-
formance, however, is still not accurate enough for practical uses. Additionally, the CESM with an interactive and
explicit biogeochemical component included is extremely time consuming and impractical to run extensively.
Instead, CHL is commonly prescribed to represent seasonally varying climatology derived from satellite data; we
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use this CHL setting as our reference for the CESM simulation (CHL,), in which the oceanic biogeochemistry
model is not activated, so there is no interannual bio-coupling between the oceanic physical model (POP2) and
biogeochemical model. As such, the CHL;,, simulation does not include interannually varying CHL-induced
climate feedback and the interactions between the physical and biogeochemical systems. As shown in this work,
there are large biases in ENSO simulations when using this prescribed CHLy;, setting for the CESM.

Based on our previous work, we adopted a statistical modeling approach to represent the interannually var-
ying CHL-induced climate feedback. This is based on the fact that on interannual time scales, ENSO is a major
driver in the tropical Pacific, and interannual anomalies of CHL are represented as a response, which in turn
can have feedback effects on ENSO. In particular, observed changes in ocean biology (e.g., CHL) closely follow
physical changes (e.g., SST) during ENSO cycles. Based on the analysis conducted by Zhang et al.”, in this study,
we adopted a singular value decomposition (SVD) method to capture the co-variations between the historical
CHLA and SSTA during Sep. 1997-May 2016; a corresponding statistical model is then derived to relate the SSTA
to the CHLA. Then, given an SSTA, the statistical model is used to calculate CHLAs with the first 5 SVD modes
being retained, accounting for approximately 65% of the variance. This statistical model for CHLAs covers only
the tropical Pacific (25°S-25°N, 124°E-76°W).

The derived statistical model for CHLAs is then incorporated into the CESM to represent CHL-induced feed-
back (Fig. 1). The total CHL field in the CESM can be described as

chl = chly,, + chla = chly,, + o - f(ssta)

clim
where o is a scaling factor that is introduced to represent the amplitude of the derived CHLA, and fis a relation-
ship between the interannual variations in SST and CHL that is determined using SVD analysis. In this way, the
CHL in the CESM is composed of the seasonally varying climatological component (chl, ) and the interannually
varying component (chla). chl,,, is prescribed from the historical satellite-based observations, and chla is calcu-
lated at each ocean time step based on the instant SSTA through the SVD-based statistical model (Fig. 1). The
SSTA is calculated at each ocean time step by subtracting the SST climatology field (SST;,,) from the modeled
SST (the SST;, is derived from a long-term simulation with prescribed CHL climatology). As such, an anomaly
coupling is adopted for the physical (SST) and biological (CHL) systems with the climatological CHL field being
prescribed. When only the first five SVD modes are maintained in the statistical model, some variance is inevita-
bly lost because the SVD modes contain only approximately 65% of the variance. In this study, & =2.0 is taken so
that the amplitude of the CHLA simulated from the statistical model can be comparable to the observations (Fig. S1
in the supplementary section). Note that such an SVD-based statistical model is only applied to the tropical Pacific.

Using this statistical method, interannually varying CHL-induced climate feedback can be considered in the
NCAR CESM even though the ocean biogeochemical component is disabled. Thus, the net downward short-
wave flux at the ocean surface (SWDN) from the atmospheric model is attenuated in the upper ocean due to the
CHL field, which includes the interannual variation in the tropical Pacific. The vertically redistributed SWDN
in the upper ocean acts to affect the SST. Interactively, the changed SST can also influence the atmosphere and
the SWDN. Thus, the interactions between the CHLA and the physical system can be represented in the NCAR
CESM (Fig. 1).

To assess the bio-effects, numerical experiments are conducted using the NCAR CESM (Table 1). First, the
CESM with prescribed chl ;,, is conducted for 150 years as a spin-up; then, two runs continue for an additional
50-year run (years 151-200). The CHLy;,, run only includes the chl ;,, field, and the CHL,,., run includes both the
prescribed chl;;, and chla fields derived from the SVD-based model (Table 1). The results from the CHL;,, and
CHL,,, runs are analyzed and compared with each other. As the only differences in the two runs are interannual
CHL variability included or not in the tropical Pacific, the effects of CHLAs on ENSO can be isolated in a clear
way.

Additionally, two case studies are conducted to illustrate the detailed evolution of the related anomaly fields
and the physical processes by focusing on a specific El Nifio event that appears in the time integration during the
model years 156-157 (Table 1). CHL;,,~EN is a run in which CHL is used as its seasonally varying climatology;
CHL,,,~EN is a run in which interannually varying CHL effects are considered. These two runs are restarted
from the same initial state at model year 153 and are time integrated for 2 years only. Detailed analyses are pre-
sented in the Supplementary section.

References
1. Jochum, M., Yeager, S., Lindsay, K., Moore, K. & Murtugudde, R. Quantification of the Feedback between Phytoplankton and ENSO
in the Community Climate System Model. J. Clim. 23, 2916-2925, https://doi.org/10.1175/2010JCLI3254.1 (2010).
2. Kang, X., Huang, R., Wang, Z. & Zhang, R.-H. Sensitivity of ENSO variability to Pacific freshwater flux adjustment in the
Community Earth System Model. Adv. Atmospheric Sci. 31, 1009-1021, https://doi.org/10.1007/s00376-014-3232-2 (2014).
. Bjerknes, ]. Atmospheric teleconnections from the equatorial Pacific. Mon. Weather Rev. 97, 163-172 (1969).
4. Cane, M. A. & Zebiak, S. E. A Theory for El Nifio and the Southern Oscillation. Science 228, 1085-1087, https://doi.org/10.1126/
science.228.4703.1085 (1985).
5. Zhang, R.-H. & Levitus, S. Interannual variability of the coupled Tropical Pacific ocean-atmosphere system associated with the EI
Nino/Southern Oscillation. J. Climate 10, 1312-1330 (1997).
6. McPhaden, M. ], Zebiak, S. E. & Glantz, M. H. ENSO as an Integrating Concept in Earth Science. Science 314, 1740-1745, https://
doi.org/10.1126/science.1132588 (2006).
7. Lewis, M. R,, Carr, M.-E., Feldman, G. C., Esaias, W. & McClain, C. Influence of penetrating solar radiation on the heat budget of the
equatorial Pacific Ocean. Nature 347, 543-545, https://doi.org/10.1038/347543a0 (1990).
8. Nakamoto, S. et al. Response of the equatorial Pacific to chlorophyll pigment in a mixed layer isopycnal ocean general circulation
model. Geophys. Res. Lett. 28(10), 2021-2024 (2001).
9. Murtugudde, R., Beauchamp, J., McClain, C. R,, Lewis, M. & Busalacchi, A. J. Effects of Penetrative Radiation on the Upper Tropical
Ocean Circulation. J. Clim. 15, 470-486, https://doi.org/10.1175/1520-0442 (2002).

w

SCIENTIFICREPORTS |7: 17123 | DOI:10.1038/541598-017-17390-2 7


http://dx.doi.org/10.1175/2010JCLI3254.1
http://dx.doi.org/10.1007/s00376-014-3232-2
http://dx.doi.org/10.1126/science.228.4703.1085
http://dx.doi.org/10.1126/science.228.4703.1085
http://dx.doi.org/10.1126/science.1132588
http://dx.doi.org/10.1126/science.1132588
http://dx.doi.org/10.1038/347543a0
http://dx.doi.org/10.1175/1520-0442

www.nature.com/scientificreports/

10. Timmermann, A. & Jin, F.-F. Phytoplankton influences on tropical climate. Geophys. Res. Lett. 29, 2104, https://doi.
0rg/10.1029/2002GL015434 (2002).

11. Manizza, M., Le Quéré, C., Watson, A. J. & Buitenhuis, E. T. Bio-optical feedbacks among phytoplankton, upper ocean physics and
sea-ice in a global model. Geophys. Res. Lett. 32, L05603, https://doi.org/10.1029/2004GL020778 (2005).

12. Marzeion, B., Timmermann, A., Murtugudde, R. & Jin, E-E Biophysical Feedbacks in the Tropical Pacific. J. Clim. 18, 58-70, https://
doi.org/10.1175/JCLI3261.1 (2005).

13. Wetzel, P. et al. Effects of Ocean Biology on the Penetrative Radiation in a Coupled Climate Model. J. Clim. 19, 3973-3987, https://
doi.org/10.1175/JCLI3828.1 (2006).

14. Lengaigne, M. et al. Influence of the oceanic biology on the tropical Pacific climate in a coupled general circulation model. Clim.
Dyn. 28, 503-516, https://doi.org/10.1007/s00382-006-0200-2 (2007).

15. Anderson, W. G., Gnanadesikan, A., Hallberg, R., Dunne, J. & Samuels, B. L. Impact of ocean color on the maintenance of the Pacific
Cold Tongue. Geophys. Res. Lett. 34, L11609, https://doi.org/10.1029/2007GL030100 (2007).

16. Lin, P, Liu, H. & Zhang, X. Effect of chlorophyll-a spatial distribution on upper ocean temperature in the central and eastern
equatorial Pacific. Adv. Atmospheric Sci. 25, 585-596, https://doi.org/10.1007/s00376-008-0585-4 (2008).

17. Zhang, R.-H. et al. Role of ocean biology-induced climate feedback in the modulation of El Nifio-Southern Oscillation. Geophys.
Res. Lett., 36, https://doi.org/10.1029/2008 GL036568 (2009).

18. Park, J.-Y., Kug, J.-S., Park, J., Yeh, S.-W. & Jang, C. J. Variability of chlorophyll associated with El Nifo-Southern Oscillation and its
possible biological feedback in the equatorial Pacific. . Geophys. Res. Oceans 116, C10001, https://doi.org/10.1029/2011JC007056
(2011).

19. Zhang, R.-H. An ocean-biology-induced negative feedback on ENSO as derived from a hybrid coupled model of the tropical Pacific.
J. Geophys. Res. Oceans 120, 8052-8076, https://doi.org/10.1002/2015]C011305 (2015).

20. Zhang, R.-H. et al. ENSO Modulations due to Interannual Variability of Freshwater Forcing and Ocean Biology-induced Heating in
the Tropical Pacific. Sci. Rep. 5, 18506, https://doi.org/10.1038/srep18506 (2015).

21. Neale, R. B. & Coauthors. Description of the NCAR community atmosphere model (CAM 5.0). NCAR Tech Note NCARTN-486 STR
(2010).

22. Hurrell, J. W. & Coauthors. The Community Earth System Model: A Framework for CollaborativeResearch. Bull. Am. Meteorol. Soc.,
130; https://doi.org/10.1175/BAMS-D-12-00121 (2013).

23. Zhang, R.-H., Chen, D. & Wang, G. Using Satellite Ocean Color Data to Derive an Empirical Model for the Penetration Depth of Solar
Radiation (Hp) in the Tropical Pacific Ocean. J. Atmospheric Ocean. Technol. 28, 944-965, https://doi.org/10.1175/2011JTECHO797.1
(2011).

24. Miller, A. J. & Coauthors. Potential feedbacks between Pacific ocean ecosystems and internannual variations. Bull. Amer. Meteor. Soc.
84, 617-633 (2003).

25. Doney, S. C. & Coauthors. Climate change impacts on marine ecosystems. Annual Review of Marine Science. 4, 11-37, https://doi.
org/10.1146/annurev-marine-041911-111611 (2012).

26. Strutton, P. G., Ryan, J. P. & Chavez, F. P. Enhanced chlorophyll associated with tropical instability waves in the equatorial Pacific.
Geophys. Res. Lett. 28(10), 2005-2008, https://doi.org/10.1029/2000GL012166 (2001).

27. Siegel, D. A. & coauthors. Solar radiation, phytoplankton pigments and the radiant heating of the equatorial Pacific warm pool, J.
Geophys. Res. 100, 4885-4891 (1995).

28. Ohlmann, J. C,, Siegel, D. A. & Washburn, L. Radiant heating of the western equatorial Pacific during TOGA-COARE. J. Geophys.
Res. 103, 5379-5395, https://doi.org/10.1029/97]C03422 (1998).

29. Chavez, E. P. Biological and chemical response of the equatorial Pacific ocean to the 1997-98 El Nifio. Science 286, 2126-2131,
https://doi.org/10.1126/science.286.5447.2126 (1999).

30. Ohlmann, J. Ocean radiant heating in climate models. J. Climate 16, 1337-1351 (2003).

31. Strutton, P. G. & Chavez, E. P. Biological heating in the equatorial Pacific: Observed variability and potential for real-time calculation.
J. Climate 17, 1097-1109 (2004).

32. Schneider, E. K. & Zhu, Z. Sensitivity of the simulated annual cycle of sea surface temperature in the equatorial Pacific to sunlight
penetration. J. Climate 11, 1932-1950 (1998).

33. Rochford, P. A,, Kara, A. B., Wallcraft, A. ]. & Arnone, R. A. Importance of solar subsurface heating in ocean general circulation
models. J. Geophys. Res. 106, 30923-30938, https://doi.org/10.1029/2000JC000355 (2001).

34. Wang, X. J., Behrenfeld, M., Le Borgne, R., Murtugudde, R. & Boss, E. Regulation of phytoplankton carbon to chlorophyll ratio by
light, nutrients and temperature in the Equatorial Pacific Ocean: a basin-scale model. Biogeosciences 6, 391-404, https://doi.
org/10.5194/bg-6-391-2009 (2009).

35. Smith, R. D. & Coauthors. The parallel ocean program (POP) reference manual: ocean component of the community climate system
model (CCSM). Los Alamos Natl. Lab. LAUR-10-01853 (2010).

Acknowledgements

This research was supported by the National Natural Science Foundation of China (Grant Nos
41690122(41690120), 41475101, U1733203), the Chinese Academy of Sciences Strategic Priority Project, the
Western Pacific Ocean System (Grant Nos. XDA11010105 & XDA11020306), AoShan Talents Program Supported
by Qingdao National Laboratory for Marine Science Technology (Grant No. 2015ASTP), the Taishan Scholarship,
and the Transparent Ocean Project (Grant No. 2014GJJS0101).

Author Contributions

All coauthors contributed to extensive and intensive discussions over several years, leading to the central ideals
presented in the paper; X.K. and R.Z. contributed to the coupled modeling, and C.G. and J.Z. contributed to the
simulation analyses; X.K. and R.Z. wrote the paper; all authors reviewed the manuscript. All figures in the main
text and in the supplementary are created by the authors using the Grid Analysis and Display System (GrADS)
which is available at http://www.iges.org/grads/grads.html.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-017-17390-2.

Competing Interests: The authors declare that they have no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

SCIENTIFICREPORTS |7: 17123 | DOI:10.1038/541598-017-17390-2 8


http://dx.doi.org/10.1029/2002GL015434
http://dx.doi.org/10.1029/2002GL015434
http://dx.doi.org/10.1029/2004GL020778
http://dx.doi.org/10.1175/JCLI3261.1
http://dx.doi.org/10.1175/JCLI3261.1
http://dx.doi.org/10.1175/JCLI3828.1
http://dx.doi.org/10.1175/JCLI3828.1
http://dx.doi.org/10.1007/s00382-006-0200-2
http://dx.doi.org/10.1029/2007GL030100
http://dx.doi.org/10.1007/s00376-008-0585-4
http://dx.doi.org/10.1029/2008GL036568
http://dx.doi.org/10.1029/2011JC007056
http://dx.doi.org/10.1002/2015JC011305
http://dx.doi.org/10.1038/srep18506
http://dx.doi.org/10.1175/BAMS-D-12-00121
http://dx.doi.org/10.1175/2011JTECHO797.1
http://dx.doi.org/10.1146/annurev-marine-041911-111611
http://dx.doi.org/10.1146/annurev-marine-041911-111611
http://dx.doi.org/10.1029/2000GL012166
http://dx.doi.org/10.1029/97JC03422
http://dx.doi.org/10.1126/science.286.5447.2126
http://dx.doi.org/10.1029/2000JC000355
http://dx.doi.org/10.5194/bg-6-391-2009
http://dx.doi.org/10.5194/bg-6-391-2009
http://www.iges.org/grads/grads.html.
http://dx.doi.org/10.1038/s41598-017-17390-2

www.nature.com/scientificreports/

Open Access This article is licensed under a Creative Commons Attribution 4.0 International
CE | jcense, which permits use, sharing, adaptation, distribution and reproduction in any medium or

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2017

SCIENTIFICREPORTS|7: 17123 | DOI:10.1038/s41598-017-17390-2 9


http://creativecommons.org/licenses/by/4.0/

	An improved ENSO simulation by representing chlorophyll-induced climate feedback in the NCAR Community Earth System Model

	Results

	Discussion

	Methods

	Acknowledgements

	Figure 1 A schematic diagram illustrating the inclusion of the CHL-induced bio-feedback using the NCAR CESM, consisting of the original atmosphere model (CAM5) and the OGCM (POP2), and an embedded statistical representation for interannual CHL variability
	Figure 2 Longitude-time sections along the equator for interannual anomalies of SST simulated from the (a) CHLclim and (b) CHLinter runs.
	Figure 3 The Niño-3 index for the CHLinter (red) and CHLclim (black) runs.
	Figure 4 The power spectra for the Niño3 SST anomalies estimated for the observations (black), the CHLinter run (red), and the CHLclim (red dash) run.
	Figure 5 The standard deviation of SSTAs for (a) observations, (b) the CHLclim run and (c) the CHLinter run.
	Table 1 Experiments performed to demonstrate the CHL-induced heating effects using the CESM.
	Table 2 The standard deviations of SST anomalies in the Niño4 and Niño3 regions from the CHLclim and CHLinter runs.




