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Abstract
Phytoplankton biomass substantially influences the Arctic climate via biogeophysical feedback, i.e., an increase in the mean 
chlorophyll concentration absorbs more shortwave radiation in the surface ocean layer, which leads to Arctic surface warm-
ing. Here, we identified that in addition to the effect of the mean chlorophyll change, an interannual chlorophyll variability 
substantially influences the Arctic mean climate state, even though the mean chlorophyll remains the same. We found that two 
nonlinear rectifications of chlorophyll variability induced Arctic cooling. One was due to the effect of a nonlinear shortwave 
heating term, which was induced by the positive ice–phytoplankton covariability in the boreal summer. The other was due 
to a cooling effect by rectification of a nonlinear function of the shortwave absorption rate, which reduced the shortwave 
absorption rate by interannually varying chlorophyll. In the Coupled Model Intercomparison Project, earth system models 
that included biogeophysical feedback simulated a colder Arctic condition than models without a biogeophysical feedback. 
This result suggests a possible mechanism in understanding how chlorophyll variability interacts with the Arctic climate 
system and its impact on the Arctic mean climate state.

Keywords  Ocean biogeochemical model · Arctic climate · Chlorophyll feedback · Bio-geophysical feedback

1  Introduction

Phytoplankton pigments in the ocean absorb and use vis-
ible wavelengths of solar irradiance for photosynthesis. The 
solar radiation that reaches the ocean surface is exponen-
tially absorbed by the ocean column following the e-folding 
depth of Beer’s law (Jerlove 1968; Paulson and Simpson 
1977). Phytoplankton biomass, i.e., chlorophyll, in the green 
ocean enhances the attenuation of solar radiation within 
the ocean column (Morel 1988; Morel and Antoine 1994). 
Therefore, the presence of chlorophyll in the green ocean 
induces a relatively warmer ocean surface than the absence 
of chlorophyll in the ocean column lacking phytoplankton 

(Timmermann and Jin 2002; Manizza et al. 2005; Marzeion 
et al. 2005). This oceanic biogeophysical feedback, the inter-
action between biology and ocean physics, has been investi-
gated by a number of researchers in observations (Sathyen-
dranath and Platt 1991; Strutton and Chavez 2004).

Biogeophysical feedback has received attention as a new 
parameter of the air–sea–bio interaction in climate mod-
els (Manizza et al. 2005; Marzeion et al. 2005; Lengaigne 
et al. 2007; Vichi et al. 2007). Earth system models (ESMs), 
which are interactive biogeochemical models embedded in 
climate models, provide several pieces of evidence of a 
biogeophysical effect and feedback on the global climate. 
Based on ESM experiments, many studies have suggested 
the distinctive biogeophysical impact on the global climate 
states (Murtugudde et al. 2002; Manizza et al. 2005; Leng-
aigne et al. 2007; Patara et al. 2012; Mignot et al. 2013), the 
El Niño–Southern Oscillation (Timmermann and Jin 2002; 
Marzeion et al. 2005; Lee et al. 2014; Park et al. 2014a, b; 
Yeh et al. 2014; Kang et al. 2017), and the Indian Ocean 
Dipole (Park and Kug 2013). Most of the previous studies 
have agreed that biogeophysical feedback affects the mean 
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climate states and climate variability via modulation of the 
shortwave heating rate on the ocean surface.

A fully coupled model study on biogeochemical pro-
cesses has suggested the significant impact of biogeophysi-
cal feedback in the Arctic region (Lengaigne et al. 2009; 
Park et al. 2015), stating that the presence of chlorophyll 
induces Arctic warming (Lengaigne et al. 2009), whereas 
an ocean-only model study has suggested almost no impact 
(Manizza et al. 2005). The Arctic climate system has several 
positive feedbacks, such as the ice–albedo feedback (Per-
ovich et al. 2007; Holland et al. 2010), longwave radiation 
by atmospheric inversion (Bintanja et al. 2011; Ding et al. 
2017), and the turbulent heat flux feedback (Serreze and 
Francis 2006; Yim et al. 2016). Thus, the impact of biogeo-
physical feedback can only be understood within the coupled 
atmosphere–ocean context. Lengaigne et al. (2009) have 
suggested that the presence of Arctic chlorophyll traps the 
shortwave heat flux at the surface, which induces sea surface 
warming and reduces the sea ice concentration (SIC) and 
thickness. These reductions enhance a positive ice–albedo 
feedback to melt the sea ice.

It is suggested that under greenhouse warming, Arctic 
amplification due to ice–albedo feedback is enhanced by the 
biogeophysical feedback (Park et al. 2015). The increasing 
downward longwave radiation due to increased carbon diox-
ide melts the Arctic sea ice, allowing more solar radiation to 
penetrate the Arctic Ocean surface. This increase in short-
wave flux enhances the positive trend of the surface phyto-
plankton in spring that warms the ocean surface, and future 
projections indicate that this will result in a faster melting 
of the sea ice. Thus, Arctic amplification under greenhouse 
warming can increase the mean chlorophyll content in the 
Arctic. Previous studies have provided robust results from 
the ESMs that the presence of chlorophyll or an increase in 
the mean chlorophyll concentration induces Arctic warming 
(Lengaigne et al. 2009; Park et al. 2015). The majority of 
ESMs suggested the importance of the mean chlorophyll 
concentration. However, the effect of interactive chloro-
phyll variability on the Arctic climate is not yet understood, 
although the biological variables are highly related to physi-
cal variables on an interannual time scale.

Arctic chlorophyll is controlled by light-limited condi-
tions in spring (Arrigo et al. 2008; Wassmann and Reigstad 
2011; Popova et  al. 2012). The Arctic spring bloom is 
strongly dependent on the retreat of the sea ice as the Arctic 
sea ice plays a significant role in controlling the amount 
of solar radiation in the euphotic zone. The nutrient inven-
tory in this zone is relatively sufficient for the Arctic spring 
bloom. Arctic sea ice growth during the boreal winter drives 
density-driven vertical mixing via brine rejection and an 
unstable vertical profile via thermodynamic cooling in the 
upper ocean. This vertical mixing replenishes the nutrients 

in the upper ocean that are preserved until spring because of 
few consumers during the polar night.

Arctic chlorophyll is controlled by nutrient-limited con-
ditions in summer (Wassmann and Reigstad 2011; Arrigo 
et al. 2012; Popova et al. 2012). Light availability over the 
Arctic Ocean is relatively sufficient in summer due to the 
seasonal depletion of the sea ice, although nutrient availabil-
ity is relatively insufficient due to the seasonal depletion of 
nutrients by early consumers in spring and seasonal stratifi-
cation under the ice-free ocean. Thus, the summer bloom is 
determined by nutrient replenishment in the euphotic zone 
(Ardyna et al. 2014).

Variations in the Arctic sea ice is one of the dominant 
factors that determine the mixing of ocean layers (Peralta-
Ferriz and Woodgate 2015). A high SIC enhances sunlight 
reflection and salinity of surface water due to brine rejection 
of the formation of sea ice. Thus, the seasonal stratification 
of the upper ocean can be reduced by the positive anomaly 
of the sea ice. Arrigo et al. (2012) surprisingly observed 
massive phytoplankton blooms beneath thick first-year sea 
ice in the Chukchi Sea in July, which was in contrast to 
a lower phytoplankton biomass in the open ocean due to 
nutrient depletion. This is because thinner first-year sea ice 
and melt ponds are increased in the boreal summer, which 
permits more light penetration than thicker older sea ice 
(Arrigo et al. 2014). These results clearly indicate that SIC 
is closely related to ocean stratification, which can control 
the phytoplankton blooms in the Arctic Ocean. Given the 
variability in light penetration through the sea ice, a high 
SIC might result in a high chlorophyll concentration in the 
Arctic summer due to larger nutrient concentration (Was-
smann and Reigstad 2011; Bhatt et al. 2014).

Thus, the seasonal dependency of relationship between 
chlorophyll and sea ice is determined by seasonal limiting 
conditions. This study aimed to examine the interactions 
between chlorophyll and the Arctic climate system on an 
interannual time scale and to determine the impact of bio-
geophysical feedback of interactive chlorophyll variabil-
ity on the present-day climate. To examine the impact of 
interactive chlorophyll variability, a pair of idealized model 
experiments, which were set to have the same monthly cli-
matology of chlorophyll concentration using a Geophysi-
cal Fluid Dynamics Laboratory (GFDL)-CM2.1, were used 
to assess Arctic climate sensitivity. Section  2 provides 
a detailed description of the model experiments, and the 
results are presented in Sect. 3. Section 3.1 shows the gen-
eral responses of the model experiments. Section 3.2 shows 
the impact of two nonlinear rectifications of chlorophyll var-
iability on the Arctic mean climate state. Section 3.3 shows 
the relationship between the Arctic sea ice and phytoplank-
ton in the present experiment. Lastly, Sect. 4 presents the 
summary and discussion.
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2 � Twin ESM experiments

In this study, we used a fully coupled model (version 
CM2.1) with the biogeochemical (BGC) model Tracers 
of Phytoplankton with Allometric Zooplankton version 2 
(TOPAZv2) developed by GFDL (Griffies 2012; Dunne 
et al. 2013). This model used open source code provided 
by the National Oceanic and Atmospheric Administration 
(https​://www.gfdl.noaa.gov/), which has a similar model 
configuration to that of Lim et al. (2017). Two different 
experiments were conducted using this model: (1) in the 
case of BGC.on, CM2.1 was integrated by turning on the 
BGC model for 250 years after a 550-year spin-up. Thus, 
chlorophyll has an interannual variability in BGC.on; (2) 
in the case of BGC.off, CM2.1 was integrated by turn-
ing off the BGC model for 250 years, and instead, three 
dimensions (longitude, latitude, and depth) for monthly 
climatology of chlorophyll were obtained from BGC.on 
and were applied to the model. Thus, chlorophyll does not 
have interannual variability in BGC.off. In both experi-
ments, the atmospheric CO2 concentration was fixed at 
the concentration in 1990 (353 ppm) and the mean chlo-
rophyll concentrations were the same. Both experiments 
were implemented based on the same initial condition after 
a 550-year spin-up to avoid a long-term drift of Arctic 
chlorophyll and SIC. Experiment summaries are shown in 
Table 1. The idea behind this experimental design is that 
the difference between BGC.on and BGC.off demonstrates 
the impact of interactive chlorophyll variability by exclud-
ing the effect of mean chlorophyll change.

To investigate the biogeophysical feedback, both exper-
iments used the same shortwave heating scheme (Manizza 
et al. 2005). This scheme considers the attenuation coeffi-
cients modulated by the chlorophyll concentration in hori-
zontal and vertical grids. In detail, the fraction of the total 
surface irradiance between the infrared and visible wave-
length bands was determined by the surface condition in 
an atmospheric model. Approximately 99.9% of the infra-
red wavelength of the total surface irradiance is absorbed 
in the surface 2 m of the ocean (Morel and Antoine 1994). 
By contrast, the visible bands of the shortwave solar radia-
tion, partitioned between red and blue/green bands, pen-
etrate ocean waters down to the cutoff depth (200 m in 
this study). In this case, the attenuation coefficients of 
visible bands can be determined by the vertical profile of 

a simulated or prescribed chlorophyll concentration. This 
scheme considers the self-shading effect, i.e., the short-
wave heating of the deeper ocean layer is affected by the 
chlorophyll concentration in the upper layer that absorbs 
the shortwave radiation first. This scheme allows for the 
computation of the biogeophysical feedback in every inte-
gration time and at the global scale in CM2.1.

We evaluated the simulated chlorophyll concentration in 
BGC.on by comparing it to climate observations from 1998 
to 2004 of the European Space Agency Ocean Colour Cli-
mate Change Initiative project (ESA-CCI, version 3), which 
is available online at http://www.esa-ocean​colou​r-cci.org/ 
(Müller et al. 2015). Based on the satellite-retrieved data, the 
simulated chlorophyll concentrations in BGC.on averaged 
from 20 m to the surface, showing a pattern similar to that in 
the tropics (high) and subtropics (low) (Fig. 1a, b), which is 
consistent with the GFDL ESM2M results (Dunne et al. 2013). 
TOPAZv2, the marine biogeochemical model used for this 
study, is a good model with the highest global spatial correla-
tion skill score of 0.72 and a relatively low global mean bias of 
0.04 mg/m3 among the biogeochemical models embedded in 
the fifth phase of the Coupled Model Intercomparison Project 
(CMIP5) (Laufkötter et al. 2015). In the Arctic, the pattern of 
a high chlorophyll concentration in the Bering Strait, Chukchi 
Sea, and the Barents Sea and a low concentration in the center 
of the Arctic is also similar to the satellite-retrieved data. How-
ever, the simulated chlorophyll has a lower mean concentra-
tion in the boreal summer than in the satellite observation. 
Nevertheless, BGC.on simulates a realistic seasonal cycle of 
Arctic chlorophyll concentrations in ice-free conditions, i.e., 
it shows double peaks (Wassmann and Reigstad 2011; Ardyna 
et al. 2014) (Fig. 1c). Therefore, GFDL-CM2.1 is useful to 
investigate the coupling process of air–sea–bio interactions 
and its impact on the Arctic climate.

3 � Results

3.1 � Impact of interactive chlorophyll variability

In general, interactive chlorophyll variability leads to cool-
ing in the Arctic mean climate states. Figure 2 shows the 
difference in the mean states between BGC.on and BGC.off 
experiments. Figure 2a shows the significant difference of sea 
surface temperature (SST), SIC, and surface temperature in 
the Arctic region. The SST in BGC.on averaged from May 
to October and is cooler overall about − 0.11 °C than that in 

Table 1   Summary of the 
experiments used in this study

Exp. Model Chlorophyll concentration Simulated period

BGC.on CM2.1 + TOPAZ2 Simulated chlorophyll 250 years after 550-year spin-up
BGC.off CM2.1 Monthly climatology of chloro-

phyll in BGC.on on global scale
250 years after 550-year spin-up
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BGC.off in the Arctic Ocean. The SIC in BGC.on averaged 
from May to October is also higher about 1.25% than that in 
BGC.off in the Arctic Ocean. In particular, the SIC differences 

are distinctive near Laptev, Kara, and the Barents Sea (hereaf-
ter referred to as the Eurasian Basin, 80°–160°E, 78°–88°N). 
Furthermore, a higher SIC enhances the downward reflection 

Fig. 1   Mean annual surface 
chlorophyll concentration in 
a ESA-CCI-v3 and b BGC.on 
(> 20 m). c Seasonal cycle of 
Arctic chlorophyll concentra-
tion (> 65°N) over the ice-free 
condition [< 15% SIC based on 
HadISST (Rayner et al. 2003) 
and < 15% SIC based on BGC.
on]

Fig. 2   The colder conditions of the Arctic in BGC.on induced by 
chlorophyll interannual variability than that in BGC.off. a The upper 
panels show the difference between BGC.on and BGC.off (95% sta-
tistically significant; hatched area) of sea surface temperature (SST) 
and sea ice concentration (SIC) from May to October and surface 

temperature (T_sfc) from November to February. b The bottom pan-
els show the same information as a but is seasonal differences aver-
aged in the Arctic region (> 65°N; bars) and is the index area of the 
Eurasian Basin (blue line)
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of the shortwave radiation due to a high albedo, which in turn 
leads to a decrease in the surface temperature during winter 
(November–February) about − 0.48 °C over pan-Arctic. This 
indicates that the interactive chlorophyll variability plays a 
role in increasing the sea ice and decreasing the temperature. 
These cold conditions in BGC.on over the pan-Arctic (aver-
aged > 65°N) are clear for whole months (Fig. 2b). The maxi-
mum SIC response (approximately + 8%) in the Eurasian Basin 
appeared in August (blue line in Fig. 2b).

The colder condition in BGC.on than those in BGC.off is 
related to a decrease in the shortwave heating on the Arctic 
Ocean surface. The difference in the shortwave heating in the 
upper ocean (0–30 m) between the two experiments shows a 
negative pattern in the pan-Arctic (Fig. 3a). In particular, the 
shortwave heating in August was distinctively decreased by 
an average of approximately 13% (− 5.58 W/m2) in the Eura-
sian Basin (Fig. 3b) where the SIC changes are the largest. 
Compared to the prescribed chlorophyll simulation (BGC.
off), the interactive chlorophyll simulation (BGC.on) shows 
significantly less shortwave heating. This less heating will 
induce decrease in SST and increase in Sea ice. Although the 
cooling effect of the Arctic Ocean by the interactive chloro-
phyll variability might be initially small, it can be amplified 
by a strong positive sea ice–albedo feedback, which induces 
significant differences in SST and sea ice as shown in Fig. 2. 
Hence, the interannual chlorophyll variability significantly 
influences the cold Arctic condition eventually.

3.2 � Two nonlinear rectifications of chlorophyll 
variability on the Arctic mean climate state

We showed that the interactive chlorophyll variability has a 
significant cooling effect on the Arctic mean climate state 
because the shortwave flux is less absorbed when chloro-
phyll varies in interannual timescale. Here, we offer sug-
gestions as to why a reduced absorption of the shortwave 
flux occurs when chlorophyll varies compared with when 
it does not.

To address the effect of chlorophyll variability, we first 
need to define the shortwave absorption rate (αsw). Short-
wave heating is controlled by the multiplication of the short-
wave flux (swflx) reaching the ocean and its absorption rate 
in the ocean interior. Therefore, αsw can be simply calcu-
lated by the shortwave heating divided by the shortwave flux. 
Then, αsw variability is a function of chlorophyll variability 
that is positively correlated (by approximately 0.82–0.95) 
over most seasons when solar radiation is available. To quan-
tify the surface shortwave heating, αsw and the shortwave 
heating were integrated over 30 m.

The shortwave heating difference between BGC.on and 
BGC.off (Fig. 3) can be represented by the difference in the 
time mean of shortwave heating (MSH) as �sw × swflx . The 
difference in MSH (i.e., �sw × swflx ) between BGC.on and 

BGC.off shows strong cooling in the Eurasian Basin (blue in 
Fig. 3b) due to the combined result of the impact of the inter-
active chlorophyll variability and the responses to increased 
SIC (blue in Fig. 2b) via the positive feedbacks. Thus, further 
division of the MSH is essential to understand how the inter-
active chlorophyll variability initially rectifies the cold Arctic 
condition.

The �sw can be divided by the mean term �sw , the monthly 
�sw mean, and the interannual variability term �′

sw
 , the monthly 

�sw anomaly. The shortwave flux can also be divided by the 
mean term swflx , the monthly shortwave flux mean, and the 
interannual variability term swflx′ , the monthly shortwave flux 
anomaly. Thus, the MSH can be divided into two terms as 
follows:

�sw × swflx = �sw × swflx + �
�
sw

× swflx�

Fig. 3   The less shortwave heating in BGC.on is induced by chloro-
phyll interannual variability than that in BGC.off. a The shortwave 
heating (SW_heating) difference between BGC.on and BGC.off 
(shading) and the climatological mean shortwave flux into the ocean 
of BGC.on (SWFLX, contour) averaged from May to October in the 
upper 30  m of the ocean. b The Eurasian Basin (80°–160°E, 78°–
88°N) climate monthly mean shortwave heating in BGC.on (black 
bar) and the difference in the shortwave heating between BGC.on and 
BGC.off (blue line)
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where �sw × swflx is the mean of MSH (MMSH) and 
�
�
sw

× swflx� is the mean of the nonlinear shortwave heating 
(MNSH).

When using the MMSH and MNSH terms, we found 
two nonlinear rectifications of the interactive chlorophyll 
variability. First, we investigated the MNSH term and 
noted that it was almost zero in BGC.off because αsw did 
not vary temporally due to the prescribed chlorophyll con-
centration. We computed the MNSH in the upper ocean to 
up to 30 m using BGC.on output. This term clearly shows 
an overall negative pattern in August over the pan-Arctic 
(Fig. 4a), indicating the summer shortwave cooling effect. 
In the Eurasian Basin, this cooling signal is strongest in 
July and August (Fig. 4b).

In BGC.on, the summer cooling effect of the MNSH can 
be simply determined by the covariance between the anoma-
lous shortwave flux and chlorophyll concentration because 
chlorophyll variability controls �′

sw
 . Figure 5a shows the 

strong negative covariance coefficient between chlorophyll 
concentration and shortwave flux in summer that is similar 
to the MNSH in the Eurasian Basin (Fig. 4b). Shortwave flux 
is mostly determined by the surface condition, and in the 
Arctic, shortwave flux reflectivity is controlled by the SIC 
variability due to the high albedo of the sea ice. Hence, the 
covariance between the SIC and the shortwave flux has an 
opposite but similar pattern to the covariance between the 
SIC and chlorophyll (Fig. 5b).

The summer shortwave cooling effect by the MNSH can 
be explained by the physical interaction between the SIC and 
the chlorophyll variabilities. The summer chlorophyll con-
centration is determined by nutrient availability (Carmack 
et al. 2006; Arrigo et al. 2008; Wassmann and Reigstad 

Fig. 4   Two nonlinear rectification effects induce the summer short-
wave cooling. a August output of the mean nonlinear shortwave heat-
ing term (MNSH) ��

sw
× swflx� up to 30 m in BGC.on. The climato-

logical sea ice edge (15%) in BGC.on in August (red dashed line) and 
index area of the Eurasian Basin (80°–160°E, 78°–88°N; black sec-
tor). b The Eurasian Basin monthly MNSH ��

sw
× swflx� in the BGC.

on output (bar) and the ideal BGC.on (red line). The difference in the 
mean shortwave heating term (MSH) �sw × swflx between the ideal 
BGC.on and BGC.off (blue line). Δ�sw × swflx ( Δ is BGC.on minus 
BGC.off) plus the ideal MNSH of BGC.on (green line). The blue and 
green lines are perfectly overlapped

Fig. 5   Simultaneous covariance coefficients between a chlorophyll 
and the shortwave flux as well as b chlorophyll and sea ice concentra-
tion (SIC) in the Eurasian Basin (80°–160°E, 78°–88°N). The closed 
circles denote significance at 95%

Author's personal copy
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2011; Ardyna et al. 2014; Bhatt et al. 2014). The Arctic sea 
ice is one of the dominant factors that drive ocean mixing 
due to thermodynamic cooling on the ocean surface via the 
reflection of the shortwave radiation and dense sea water 
caused by brine rejection near sea ice formations (Cabré 
et  al. 2015; Peralta-Ferriz and Woodgate 2015). Thus, 
enhanced ocean mixing in high SIC conditions leads to 
chlorophyll growth in summer, which explains the positive 
relationship between the SIC and chlorophyll variabilities in 
summer. This positive ice–phytoplankton relationship leads 
to a negative covariance between the shortwave flux and 
chlorophyll in summer, and it is a key factor for the summer 
shortwave cooling by the MNSH. Section 3.3 provides a 
detailed analysis of nutrient and ocean mixing mechanisms 
related to the SIC and the chlorophyll variability.

The ideal MNSH term precisely supports the summer 
shortwave cooling effect (Fig. 4b). The shortwave heating 
scheme designed by Manizza et al. (2005) is a function of 
four variables: shortwave flux, chlorophyll concentration, 
visible fraction of the shortwave flux, and ocean thickness. 
To identify shortwave heating that is affected by chlorophyll 
variability alone, the ideal MNSH was calculated using the 
monthly mean chlorophyll and the shortwave flux in BGC.
on. However, in this calculation, other variables, such as the 
visible fraction of the shortwave flux and the ocean thick-
ness, were prescribed by a climatological value in BGC.
on. This recalculated MNSH shows shortwave cooling in 
summer (Fig. 4b), which is similar to the direct MNSH cal-
culation (Fig. 4b). Therefore, the summer shortwave cooling 
effect calculated by the MNSH can be mostly attributed to 
chlorophyll and the shortwave flux covariability. Hereafter, 
this summer cooling effect by the MNSH will be referred to 
as Arctic cooling by the rectification of a nonlinear term of 
shortwave heating (NTsw).

Although cooling by the rectification of NTsw consider-
ably explains the Arctic cooling effect, a sizable portion 
remains unexplained. The ideal MSH ( �sw × swflx ) for BGC.
on was estimated based on the monthly mean shortwave flux 
and the chlorophyll data in BGC.on, and it represents the net 
effect of interactive chlorophyll variability without a mean 
change in the shortwave flux via the increased sea ice and its 
positive feedback. The difference in the ideal MSH between 
BGC.on and BGC.off manifests as a cooling effect (Fig. 4b) 
that is cooler than the cooling effect by the rectification of 
NTsw (Fig. 4b). This suggests that another mechanism that 
induces the cooling effect exists in the MMSH ( �sw × swflx).

Second, we found that cooling by the rectification of the 
nonlinear function of the shortwave absorption rate (NFα) 
was in the shortwave heating equation itself. Following 
Beer’s law, the shortwave absorption rate is exponentially 
attenuated by an e-folding depth (Jerlove 1968; Paulson and 
Simpson 1977). Because the absorption rate (αsw) is approxi-
mately determined by an exponential function of chlorophyll 

(1 − exp−[chl], Eq. 5 in Manizza et al. 2005), the change in 
αsw corresponding to the changing chlorophyll is nonlinear 
(Fig. 6), which represents a decaying slope of αsw against 
the increasing chlorophyll. This αsw nonlinearity indicates 
that the absorption rate response to a positive chlorophyll 
anomaly is smaller than the responses to a negative chloro-
phyll anomaly. Given that the chlorophyll concentration is 
fixed in BGC.off, the mean time of the absorption rate �sw 
in BGC.on is always smaller than that in BGC.off. As such, 
Δ�sw (i.e., the difference in �sw between BGC.on and BGC.
off) is always negative. This implies that the ocean surface 
absorbs less shortwave radiation due to the temporal varia-
tion in chlorophyll concentration.

Consequently, the cooling effect of the interactive chloro-
phyll variability and the difference in the ideal MSH between 
BGC.on and BGC.off can be mostly explained by adding 
the two terms Δ�sw × swflx and ��

sw
× swflx� in all months 

(Fig. 4b), i.e., these two rectifications of NTsw and NFα are 
essential to induce a colder Arctic condition by the interac-
tive chlorophyll variability in BGC.on.

3.3 � Relationship between the Arctic sea ice 
and phytoplankton

In the previous section, we showed that the interactive chlo-
rophyll variability leads to cooling over the Arctic by two 
nonlinear rectification effects. One is associated with the 

Fig. 6   Scatter diagram of the idealized αsw in BGC.on with chloro-
phyll concentration based on the Eurasian Basin index in August. In 
this ideal case, calculation of αsw is based on chlorophyll interannual 
variability in BGC.on. The other factors, visible fraction in shortwave 
flux (0.59) and column thickness of the surface (9.14 m) and subsur-
face (10 m), were fixed as climatologies of BGC.on 
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rectification of NFα (i.e., a nonlinear function of the short-
wave absorption rate) based on the exponential decay func-
tion of Beer’s law. The other is associated with the rectifica-
tion of NTsw (i.e., a nonlinear term of shortwave heating), 
which is strongly associated with the covariability between 
chlorophyll and the shortwave flux. In this subsection, we 
will examine the dynamic processes of this covariability and 
its seasonal dependency.

In spring [March–May (MAM)], chlorophyll variability 
is strongly related to the shortwave flux variability, which 
is positively correlated (0.68–0.75) in the Eurasian Basin 
(Fig. 7). Light availability determines the spring chloro-
phyll variability because a rich nutrient inventory through 
the polar winter is preserved until the Arctic spring bloom. 
This explains the positive correlation between the shortwave 
flux and chlorophyll. The negative correlation of the SIC and 
chlorophyll (Fig. 7) (correlation coefficients from − 0.68 to 
− 0.72 in the Eurasian Basin) can be understood in the same 
context. The shortwave flux is associated with the surface 
albedo; a high SIC reflects more shortwave flux than a low 
SIC (Fig. 7). Thus, the chlorophyll variability is negatively 
correlated with SIC.

In summer [July–September (JAS)], the chlorophyll vari-
ability is also strongly related to the shortwave flux vari-
ability, although it is negatively correlated (from − 0.84 to 
− 0.91) in the Eurasian Basin (Fig. 7). In this season, nutri-
ent variability determines the chlorophyll variability. The 
sunlight is relatively sufficient for phytoplankton growth in 
summer when the SIC is at a minimum and the sun is at its 
highest zenith angle. However, a seasonally depleted nutri-
ent inventory by early consumers (i.e., spring chlorophyll) 

and a stabilized ocean due to the seasonal retreat of sea ice 
induce a nutrient-limited condition for chlorophyll. Under 
this condition, a chlorophyll bloom is dependent on the 
variability of nutrient supply in the euphotic zone that is 
determined by a sea ice variability. A high SIC anomaly 
reflects the anomalous shortwave flux input, which reduces 
the anomalous surface warming and the ocean stability. In 
addition, the anomalous positive SIC condition increases 
the density of surface seawater by freezing the fresh water, 
which reduces the ocean stability, that could enhance the 
vertical mixing of the Arctic ocean. Thus, the chlorophyll 
variability is positively correlated with SIC variability (cor-
relation coefficients of 0.75–0.89) in the Eurasian Basin. 
Therefore, the variations in chlorophyll and SIC are strongly 
linked during the Arctic spring and summer, and SIC con-
trols chlorophyll variability via dynamic processes (hereaf-
ter, ice–phytoplankton coupling).

An increasing SIC and a deeper mixed layer depth (MLD) 
affect chlorophyll variability in summer. We investigated 
the seasonal factors that affect the chlorophyll variability 
in summer. In the Eurasian Basin, lead–lag correlations of 
chlorophyll in JAS were calculated against a sliding average 
of the seasonal MLD, SIC, nitrate (NO3), and chlorophyll 
(Fig. 8). The chlorophyll in JAS was positively correlated 
with the SIC and NO3 in all seasons. This implies that a 
higher SIC supports a higher chlorophyll concentration in 
JAS. In addition, a higher NO3 results in a higher chloro-
phyll concentration, which indicates that the Arctic summer 
is associated with a nutrient-limited condition. The chloro-
phyll in JAS is also affected by the chlorophyll in MAM. 
Under a high SIC condition, less nutrient consumption by 
the decreased chlorophyll in spring facilitates chlorophyll 

Fig. 7   Simultaneous correlation coefficients in the Eurasian Basin 
(80°–160°E, 78°–88°N). Simultaneous monthly correlations between 
the shortwave flux into the ocean (SWFLX) and chlorophyll (CHL; 
red), between SWFLX and sea ice concentration (SIC; black), and 
between chlorophyll concentration (CHL) and SIC (blue). The closed 
circles denote significance at 95%

Fig. 8   Lead–lag correlation coefficients of the anomalous chloro-
phyll averaged from July to September (JAS) in the Eurasian Basin 
(80°–160°E, 78°–88°N) against a sliding average of the seasonal vari-
ables such as sea ice concentration (SIC; red), nitrate (NO3; orange), 
chlorophyll concentration (CHL; blue), and mixed layer depth (MLD; 
black). The closed circles denote significance at 95%
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growth in summer. The deeper MLD from May to July leads 
to an increase in the chlorophyll concentration in JAS.

After that, an increase in chlorophyll concentration in JAS 
leads to MLD shoaling 1 month later (i.e., from August to 
October). The increased chlorophyll can absorb more short-
wave flux on the ocean surface via biogeophysical feedback, 
and this process might contribute to the re-stratification of 
the ocean surface (Peralta-Ferriz and Woodgate 2015).

Ice–phytoplankton coupling is strongly dependent on 
season due to the different limiting conditions of light and 
nutrients. In summer, a positive correlation between chlo-
rophyll and SIC is explained by coupling between the sea 
ice formation and ocean mixing. This positive relationship 
leads to the seasonality of the shortwave flux and chloro-
phyll covariability. Note that the shortwave flux and chlo-
rophyll variabilities are stronger in summer than in spring 
(Table 2), leading to a stronger summer covariance coef-
ficients as shown in Fig. 5. Ice–phytoplankton coupling is 
key to explaining the physical process of the Arctic summer 
cooling by the rectification of NTSW.

4 � Summary and discussion

Previous studies on the Arctic biogeophysical feedback 
using ESMs (Lengaigne et al. 2009; Park et al. 2015) have 
provided robust results that the presence of chlorophyll 
or increasing mean chlorophyll concentration induces 
Arctic warming. The majority of ESMs suggested mecha-
nisms that highlighted the impact of a mean chlorophyll 
state. However, the effect of the interactive chlorophyll 
variability, which is highly related to the physical vari-
ables on an interannual time scale, on the Arctic climate 
is firstly examined in this study. We examined the impact 
of the interactive chlorophyll variability based on GFDL-
CM2.1 in the present-day climate. The approach of sen-
sitivity experiments over long-term integrations showed 
that the interactive chlorophyll variability plays a role in 

cooling over the Arctic. Two nonlinear rectification effects 
and their mechanisms are suggested to explain the cooling 
effect of chlorophyll variability. Here, we summarize our 
major findings.

•	 The interactive chlorophyll experiment simulates the 
Arctic mean cooling state, i.e., it simulates significantly 
higher SIC over the pan-Arctic region, which is maxi-
mized about + 8% in the Eurasian Basin appeared in 
August, and lower surface temperature about − 0.48 °C 
over the pan-Arctic region in winter (November–Febru-
ary) than the non-interactive chlorophyll experiment.

•	 Mechanism 1 is the rectification of the NTsw: the MNSH 
term ��

sw
× swflx� is negative in summer. This is because 

chlorophyll variability controls �sw′ and the negative 
covariance between anomalous shortwave flux and 
chlorophyll in summer, which results in a cooling effect 
by the rectification of the NTsw. The process of the sea 
ice affecting chlorophyll variability explains the sum-
mer shortwave cooling effect of NTsw. Ocean mixing is 
enhanced by the sea ice due to thermodynamic cooling 
on the ocean surface due to the reflection of shortwave 
radiation and dense sea water caused by brine rejection 
near sea ice formation. The enhanced ocean mixing 
under a high SIC condition leads to chlorophyll growth 
in the nutrient-limited conditions of the Arctic summer. 
At the same time, a reduced shortwave flux under a high 
SIC condition corresponds to a negative covariability 
between the shortwave flux and chlorophyll. Thus, the 
SIC variability is key for explaining the mechanism of 
the summer shortwave cooling effect of NTsw.

•	 Mechanism 2 is the rectification of the NFα: the short-
wave absorption rate (αsw) against chlorophyll increase 
is followed by the e-folding depth of shortwave attenu-
ation (1 − exp−[chl]), i.e., the change in αsw is nonlinear, 
a decaying slope of αsw, against increasing chlorophyll. 
Given that the chlorophyll concentration is fixed, the 
mean time of the shortwave absorption rate ( �sw ) in the 
case of existing chlorophyll variability is always smaller 
than �sw in the case of fixed chlorophyll concentration. It 
generates Δ�sw in the presence of chlorophyll variability, 
i.e., it is always negative. This implies that the cooling 
effect of the rectification by NFα is due to temporal vari-
ation in chlorophyll.

This study is an initial assessment that attempted to quan-
tify the cooling effect of the interactive chlorophyll variabil-
ity based on single model results. Lengaigne et al. (2009) 
pioneered the idea of Arctic warming impact of interactive 
chlorophyll using the Institut Pierre Simon Laplace (IPSL)-
CM4 model and reported that the interpretation was limited 
to the major impact of the mean chlorophyll difference. This 
warming impact might be partly underestimated under SIC 

Table 2   Standard deviation in the mean chlorophyll concentration 
and shortwave flux in BGC.on in the Arctic over 65°N and the Eura-
sian Basin (80°–160°E, 78°–88°N)

Month Standard deviation of 
chlorophyll concentration 
(10−2 mg/m3)

Standard deviation of 
shortwave flux (W/m2)

Arctic Eurasian Basin Arctic Eurasian Basin

March 0.32 0.12 0.65 0.07
April 1.35 1.89 1.93 0.59
May 4.17 11.64 4.73 3.75
June 4.11 9.15 7.11 7.67
July 4.53 15.67 7.36 13.35
August 3.32 12.28 5.20 14.68
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reduction and SST warming due to the cooling impact of 
chlorophyll variability.

The suggested mechanisms of the shortwave cooling 
by the interactive chlorophyll variability may also work in 
the other models. To check this possibility, we analyzed 43 
climate simulations from CMIP5 archives. Among the 43 
simulations, seven models considered biogeochemical pro-
cesses, including chlorophyll-based shortwave penetration 
schemes, most of which were based on a chlorophyll-based 
parameterization of Morel (1988) and Beer’s law. To roughly 
examine the effect of interactive chlorophyll variation, we 
separated the seven models (turned on biogeophysical feed-
back; the BGP.on group) from the others (turned off biogeo-
physical feedback; the BGP.off group), as listed in Table 3.

Interestingly, the BGP.on group showed a strong nega-
tive covariance between chlorophyll and the shortwave flux 
(Fig. 9a). In addition, this group showed overall positive 
covariance coefficients between SIC and chlorophyll in 
summer (Fig. 9b). These covariabilities are similar to the 
results in this experiment (Fig. 5). Thus, it is suggested that 
ice–phytoplankton coupling and chlorophyll variability lead 

to cooling via rectification effects of NTsw and NTα in the 
Arctic and that the interactive chlorophyll variability in the 
BGP.on group may simulate a colder Arctic climate than 
BGP.off group.

We analyzed the SIC bias averaged over JAS of the 
multi-model ensemble of the BGP.off group (Fig. 10). The 
ensemble mean of the BGC.off group tended to simulate 
less SIC compared with Hadley Center Sea Ice and Sea 
Surface Temperature (HadISST) (Rayner et al. 2003) sea 
ice observation data over the center of the Arctic region 
(Fig. 10a). Interestingly, although BGP.on group includes 
the presence of chlorophyll and chlorophyll interannual 
variability, ensemble mean of the BGP.on group tends to 
simulate a higher SIC in the Arctic than that of the BGC.off 
group (Fig. 10b). Figure 10c shows the Arctic sea ice evolu-
tion in individual models. The multi-model ensemble mean 
of all CMIP5 models tends to simulate the underestimated 
SIC in the Arctic, which is consistent to previous report of 
underestimated the summer sea ice in CMIP5 models (Stro-
eve et al. 2012). Although there is the strong diversity in 
simulating the Arctic sea ice, most of the BGC.on models 

Table 3   CMIP5 ESMs and CGCMs used in this study

The biogeophysical ESM scheme references are provided in parenthesis for the BGP.on group

Group of turning on biogeophysical feedback (BGP.on) in CMIP5 ESMs
1. GFDL-ESM2G (Manizza et al. 2005; Dunne et al. 2012; Griffies 2012)
2. GFDL-ESM2M (Manizza et al. 2005; Dunne et al. 2012; Griffies 2012)
3. IPSL-CM5A-LR (Lengaigne et al. 2007; Dufresne et al. 2013; Mignot et al. 2013)
4. IPSL-CM5A-MR (Lengaigne et al. 2007; Dufresne et al. 2013; Mignot et al. 2013)
5. IPSL-CM5B-LR (Lengaigne et al. 2007; Dufresne et al. 2013; Mignot et al. 2013)
6. CESM1-BGC (Ohlmann 2003; Jochum et al. 2010; Lindsay et al. 2014)
7. CMCC-CESM (Vichi et al. 2007; Patara et al. 2012)
Group of turning off biogeophysical feedback (BGP.off) in CMIP5 ESMs (bold) and CGCMs
8. CNRM-CM5 26. FGOALS-g2
9. MPI-ESM-LR 27. FIO-ESM
10. MPI-ESM-MR 28. GFDL-CM2p1
11. MRI-ESM1 29. GFDL-CM3
12. GISS-E2-H-CC 30. GISS-E2-H
13. CanESM2 31. GISS-E2-R
14. HadGEM2-CC 32. HadCM3
15. HadGEM2-ES 33. HadGEM2-AO
16. GISS-E2-R-CC 34. HadGEM2-CC
17. ACCESS1-0 35. HadGEM2-ES
18. ACCESS1-3 36. inmcm4
19. bcc-csm1-1 37. MIROC4h
20. CanCM4 38. MIROC5
21. CCSM4 39. MIROC-ESM-CHEM
22. CMCC-CM 40. MPI-ESM-P
23. CMCC-CMS 41. MRI-CGCM3
24. CSIRO-Mk3-6-0 42. NorESM1-ME
25. EC-EARTH 43. NorESM1-M
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simulate a higher SIC than the multi-model averages of the 
BGC.off models, except the IPSL-CM5A-MR model. This 
result suggests a possibility that allowing ice–phytoplankton 
coupling and biogeophysical feedback affect mean climate in 

the Arctic as suggested in this study. However, more careful 
analyses and modeling efforts will be necessary to quantify 
the role of the biological feedback in Arctic mean climate.

It was reported that a massive phytoplankton bloom 
occurs beneath the pack sea ice in summer at a concentration 
of almost 100% (Arrigo et al. 2012). This is because a thin-
ning sea ice and the increasing number of melt ponds allow 
shortwave penetration through the sea ice, which enhances 
light availability. The sub-ice ocean provides active den-
sity-driven vertical ocean mixing via brine rejection and an 
unstable vertical profile due to thermodynamic cooling in 
the upper ocean. Hence, the sub-ice ocean has a relatively 
sufficient nutrient inventory compared with that of the open 
ocean water. This sub-ice phytoplankton has been estimated 
to have increased over the last decade by nearly 30% from 
that observed 20 years ago (Horvat et al. 2017). In other 
words, the positive relationship of ice–phytoplankton cou-
pling in summer is amplified today. It should be assessed 
further to refine the summer shortwave cooling effect in 
the Arctic climate by adding the sea ice parameters of melt 
ponds and its radiative transmission.

Based on the long-term future projection, an ice-free con-
dition in September is predicted as likely to occur (Boé et al. 
2009). Corresponding to the decline in the sea ice, strong 
stratification and nutrient depletion are projected as likely in 
the Arctic under greenhouse warming (Vancoppenolle et al. 
2013; Cabré et al. 2015). Park et al. (2015) reported that 
the amplified Arctic warming by an increase in the mean 
chlorophyll under greenhouse warming results from assum-
ing the equal impacts of the chlorophyll variability in the 
present-day and future climate. Thus, it is expected that the 
ice–phytoplankton coupling will change according to the 
vanishing sea ice and nutrient inventory in the future cli-
mate. The change in ice–phytoplankton coupling provides 
a feedback for the climate mean state, which affects Arctic 
amplification under greenhouse warming. This feedback will 
be examined further in a future study.

Fig. 9   Simultaneous covariance coefficients of a net downward short-
wave radiation at the sea water surface (SWFLX) and b sea ice con-
centration (SIC) against the chlorophyll of a multi-model ensemble 
mean (MME) in BGP.on group of CMIP5 (dashed blue) and individ-
ual models in the Eurasian Basin (80°–160°E, 78°–88°N) from 1980 
to 2004. The closed circles denote significance at 95%. BGP.on group 
in CMIP5 is as described in Table 3
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