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Abstract

It has been shown that the interaction between marine phytoplankton and climate systems may intensify Arctic warming in
the future via shortwave heating associated with increased spring chlorophyll bloom. However, the changes of chlorophyll
variability and its impact on the Arctic future climate are uncomprehended. Lim et al. (Clim Dyn. https://doi.org/10.1007/
s00382-018-4450-6, 2018a) (Part I) suggested that two nonlinear rectifications of chlorophyll variability play cooling role
in present-day climate. In this study, we suggest that the decreased interannual chlorophyll variability may amplify Arctic
surface warming (+ 10% in both regions) and sea ice melting (— 13% and — 10%) in Kara-Barents Seas and East Siberian-
Chukchi Seas in boreal winter, respectively. Projections of earth system models show a future decrease in chlorophyll both
mean concentration and interannual variability via sea ice melting and intensified surface-water stratification in summer.
We found that suggested two nonlinear processes in Part I will be reduced by about 31% and 20% in the future, respectively,
because the sea ice and chlorophyll variabilities, which control the amplitudes of nonlinear rectifications, are projected to
decrease in the future climate. The Arctic warming is consequently enhanced by the weakening of the cooling effects of the
nonlinear rectifications. Thus, this additional biological warming will contribute to future Arctic warming. This study sug-
gests that effects of the mean chlorophyll and its variability should be considered to the sensitivity of Arctic warming via
biogeophysical feedback processes in future projections using earth system models.

Keywords Chlorophyll variability - Arctic amplification - Bio-optical effect - Biogeochemical model - Biogeophysical
feedback - Ice—phytoplankton coupling

1 Introduction

The body of existing research has clearly shown that global
warming reduces the extent and thickness of sea ice based on
satellite observations in the Arctic (Comiso 2003; Maslanik
et al. 2007; Serreze et al. 2007; Min et al. 2015) and future
projections by climate models (Boé et al. 2009; Stroeve et al.
2012; Liu et al. 2013; Overland and Wang 2013). Under
current conditions, Arctic warming is amplified by positive
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ice—albedo feedback (Perovich et al. 2007; Holland et al.
2010; Kashiwase et al. 2017), where transmission of surface
shortwave flux on the Arctic Ocean surface is increased with
shrinking sea ice, which contributes to the warming of the
Arctic ocean (Perovich et al. 2011; Nicolaus et al. 2012;
Arrigo et al. 2014).

The increased penetration of shortwave flux through the
shrinking sea ice induces changes in the Arctic ecosystem
(Wassmann and Reigstad 2011; Doney et al. 2012; Winder
and Sommer 2012). The timing of phytoplankton spring
bloom in a future climate becomes earlier due to earlier
melting of sea ice than that in the present climate (Was-
smann and Reigstad 2011; Arrigo et al. 2012; Ardyna et al.
2014; Frey et al. 2015). In the long term, the stratification
of surface ocean water is intensified globally by greenhouse
warming (Sarmiento et al. 2004; Behrenfeld et al. 2006;
Bopp et al. 2013), but particularly in the Arctic Ocean (Van-
coppenolle et al. 2013; Lawrence et al. 2015; Peralta-Ferriz
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and Woodgate 2015; Dunstan et al. 2018). The stratification
by greenhouse warming contributes to the decreasing trend
in the nutrient inventory and phytoplankton biomass in the
Arctic Ocean (Boyce et al. 2010; Cabré et al. 2015).

It has been suggested that Arctic phytoplankton may play
a role in controlling Arctic climate sensitivity to anthropo-
genic greenhouse warming (Park et al. 2015). The chloro-
phyll, which is indicative of phytoplankton biomass, absorbs
shortwave radiation on the ocean surface and modulates the
oceanic vertical thermal structure. This process allows for
the two-way interaction between physics and biogeochem-
istry, or so-called biogeophysical feedback (Morel 1988;
Morel and Antoine 1994; Manizza et al. 2005; Lengaigne
et al. 2007). Earth system model (ESM) experiments simu-
lating these biogeophysical feedbacks have suggested that
biogeophysical feedback has a warming effect in terms of the
mean chlorophyll concentration (Lengaigne et al. 2009; Park
et al. 2015). Using a IPSL-CM4 model, Lengaigne et al.
(2009) demonstrated that greater mean chlorophyll concen-
tration leads to warmer sea surface temperature and reduc-
tion of ice concentration in the present climate because of
more shortwave flux absorption in the surface layer. Under
greenhouse warming conditions, Park et al. (2015), using
GFDL-CM2.1 and MPI-ESM models, demonstrated that
increased mean chlorophyll concentrations in spring asso-
ciated with early sea ice melting absorbs more shortwave
flux and amplifies Arctic warming.

While Lengaigne et al. (2009) and Park et al. (2015)
highlighted the impact of mean chlorophyll concentration
on Arctic present and future climate, Lim et al. (2018a)
(hereinafter Part I) pointed out that the presence of interan-
nual interactive chlorophyll variability also has a distinctive
impact on the Arctic climate, where interactive chlorophyll
means that chlorophyll is computed in a biogeochemical
model coupled with physical variables, and it gives a feed-
back to physical variables by altering shortwave absorption.

The first of these mechanisms is the cooling effect asso-
ciated with nonlinear term of shortwave heating (NT,,). In
boreal summer, higher sea ice concentration, reflecting the
shortwave radiation and increasing the salinity via brine
rejection, enhances the ocean mixing. Subsequently, surface
nitrate is enriched via enhanced ocean mixing. Therefore,
the increased nitrate grows well the chlorophyll on the ocean
surface in a condition of the higher sea ice concentration
compared to the lower sea ice concentration in summer. As
the higher sea ice concentration reflects more shortwave
radiation, relationship between shortwave flux and chlo-
rophyll variabilities is negative in summer, introduced as
ice—phytoplankton coupling in Part I. Meanwhile, the short-
wave absorption rate (o) is positively proportional to chlo-
rophyll concentration (Manizza et al. 2005). Consequently,
positive ice—phytoplankton coupling is associated with
the negative covariability between shortwave flux and o,
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variabilities, which leads to nonlinear cooling represented
by the term NT,, (a! X swflx’).

The second mechanism is the cooling effect due to the
nonlinear function of the shortwave absorption rate (NF,).
The chlorophyll variability itself reduces time mean of
the shortwave absorption rate (a,,). Because, increasing
amount of a,, increased by chlorophyll, is followed by the
e-folding depth of shortwave attenuation (1 — exp™ ™)), In
other words, the change in decaying slope of o, is nonlinear
against increasing chlorophyll. Thus, given that the chloro-
phyll concentration is fixed, the @, in the case of existing
chlorophyll variability is always smaller than a,,, in the case
of fixed chlorophyll concentration. It always generates nega-
tive Aa,,, in the presence of interannual chlorophyll variabil-
ity. This implies that the cooling effect of the rectification by
NF, is due to temporal variation in chlorophyll. These two
nonlinear rectification effects of NT,, and NF play impor-
tant roles in the modulation of the Arctic climate mean state.

The suggested nonlinear rectification effects of interac-
tive chlorophyll variability in the present-day climate may
change in the future. For instance, the loss of summer sea ice
in the future may reduce oceanic mixing due to the thermo-
dynamic effect and freshwater flux related to sea ice melting
(Cabré et al. 2015). These changes can affect the ice—phyto-
plankton coupling and in turn chlorophyll variability itself,
which eventually may modulate Arctic climate sensitivity
according to effects of NT,, and NF,. In this study, we high-
light the seasonal dependency of mean chlorophyll changes,
ice—phytoplankton coupling changes, and their climate
effects in the future. The purpose of this work (Part II) is
to revisit the previous work (i.e., Park et al. 2015, hereinaf-
ter, P15), and further investigate the detailed mechanism of
Arctic warming amplified by the interactive chlorophyll in
a future climate, while Part I focused on understanding the
feedback in the present-day climate.

2 Model experiments

This study used a fully coupled model (version CM2.1) with
an oceanic biogeochemical (BGC) model (Tracers of Phyto-
plankton with Allometric Zooplankton version 2, TOPAZv2)
developed by the Geophysical Fluid Dynamics Laboratory
(GFDL) (Griffies 2012; Dunne et al. 2013). This model was
based on the open source code provided by the National
Oceanic and Atmospheric Administration (NOAA, https://
www.gfdl.noaa.gov/), which is a similar model configuration
reported in Lim et al. (Lim et al. 2018a, b).

Four different experiments were conducted using this
model. Under present-day climate conditions (i.e., fixed CO,
concentrations at 1990 levels of 353 ppm), the CM2.1 was
integrated by running the BGC model for 450 years after
a 550-year spin-up (BGC.on.1XCO,). This bio-climate
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fully-coupled experiment simulates interactive chlorophyll
variability via interaction between biogeochemical and cli-
mate model. In addition, the model was modified by turn-
ing off the BGC model for 250 years, and instead, three
dimensions (longitude, latitude, and depth) for chlorophyll
monthly climatology obtained from BGC.on were used for
the model (BGC.off.1xCO,). Therefore, in this experiment
(BGC.off.1xCO,), chlorophyll does not have interannual
variability. These two experiments were also used in inves-
tigating the impact of interactive chlorophyll variability in
Part I.

Under greenhouse warming conditions (i.e., CO, concen-
tration increased by 1% per year to double from 353 ppm),
the CM2.1 coupled with the BGC model is integrated for
200 years (BGC.on.2xCO,). To obtain robust results, three
ensemble members were integrated from three initial con-
ditions after 550-, 800-, and 1000-year spin-ups of BGC.
on.1xXCO,. Also, the model was integrated by turning off
the BGC model for 200 years from the same three initial
conditions of BGC.on.2xCO, (BGC.off.2xXCO,). The three-
dimensional chlorophyll concentration was prescribed from
monthly climatology of BGC.on.1xCO,.

This study (i.e., Part IT) re-examines the Arctic warming
amplified by interactive chlorophyll. These four experimen-
tal designs were similar to the model configuration used in
P15, but the updated version of the model (from MOM4
to MOMS5) and oceanic BGC model (from TOPAZv1 to
TOPAZv?2) were used, and it has been further adjusted by
about 100 years more integrations for the future climate than
P15. All results were evaluated during the last 100 years to
investigate Arctic climate sensitivity at an equilibrium state
for CO,. A summary of the four experiments is presented in
Table 1. The changes of chlorophyll and shortwave heating
terms are calculated in 30-m depth like as P15 to represent
changes of upper ocean layer.

To investigate biogeophysical feedback, all experiments
used the same shortwave heating scheme (Manizza et al.
2005). This scheme considers the attenuation coefficients
modulated by the chlorophyll concentration in horizontal
and vertical grids. The visible bands of the shortwave flux,
partitioned between red and blue/green bands, were assumed

to penetrate ocean waters down to the cutoff depth (200-m)
to cover euphotic zone. In this case, the attenuation coeffi-
cients of the visible bands can be determined by the vertical
profile of a simulated or prescribed chlorophyll concentra-
tion. This scheme allows for the computation of the biogeo-
physical feedback in every integration time and at a global
scale in CM2.1.

3 Results

3.1 Seasonal variation of chlorophyll response
in the future climate

Prior to examining the impact of interactive chlorophyll,
we first checked the seasonal chlorophyll response under
greenhouse warming conditions compared to present-day
climate. Figure 1 shows the difference between seasonal
mean chlorophyll concentrations in BGC.on.2xCO, and
BGC.on.1xCO,. In the Arctic Ocean, the change in chloro-
phyll concentrations under greenhouse warming is greater
during boreal spring [March—-May (MAM)] and summer
[June—August (JJA)], while chlorophyll response is rela-
tively weaker in boreal autumn [September—November
(SON)] and winter [December—February (DJF)]. Interest-
ingly, strong seasonal dependency in chlorophyll response
was observed, increasing in MAM and decreasing in JJA.
The magnitude of chlorophyll response in JJA (— 0.16 mg/
m?) was larger than in MAM (4 0.07 mg/m?) in the Arc-
tic Ocean (65°-90°N, all longitudes). Since the summer
response was greater than the spring response, the annual
mean Arctic chlorophyll was reduced by about 0.03 mg/m?
in the future Arctic climate compared to the present-day.
Annual mean chlorophyll decrease was also simulated in the
mean of multi-model ensemble of ESM simulations from the
recent Coupled Model Intercomparison Project (CMIP5) in
future projections (Cabré et al. 2015).

In P15, it was argued that spring chlorophyll will increase
due to sea ice reduction, which will enhance the availabil-
ity of light. In Part I, this relationship was demonstrated
by the negative correlation coefficient between sea ice and

Table 1 Summary of

. L Exp. Model
experiments used in this study

Chlorophyll concentration Simulated period

BGC.on.1xCO,
BGC.on.2xCO,

BGC.off.1xCO, CM2.1

BGC.off.2xCO,

CM2.1+TOPAZ2

Simulated 450 years after 550 year spin-up

200 years X 3 after 550, 800,
1000 year spin-up of BGC.
on.1xCO,

Global monthly climatology 250 years after 550 year spin-up

of BGC.on.1xCO,

” 200 years x 3 after 551, 800,
1000 year spin-up of BGC.
on.1xCO,
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CHL [BGC.on.2xC0,—BGC.on.1xCO0,]
DJF MAM

T

—02 -0.16 -0.1Z —0.08 —0.04 004 008 012 016 02
(Cont: Sea—ice edge < 15%) [mg/m?]

Fig.1 Mean seasonal differences in the simulated chlorophyll con-
centration between the present-day (BGC.on.1XCO,) and future cli-
mate (BGC.on.2xCO,) averaged up to 30-m depth of the ocean. Con-
tour lines denote the sea ice edge (defined as the location where sea
ice fraction reaches 15%). Solid and dashed lines correspond to the
present-day and future climates, respectively. MAM March-May, JJA
June—August, SON September—November, DJF December—February

chlorophyll concentration anomalies in spring. Thus, sea ice
melting under greenhouse warming conditions induces an
increase in chlorophyll in spring. In these experiments, the
sea ice edge (< 15% of sea ice concentration) is shrunk 14%
from the present-day climate (16.9 Million km?; straight
green line in Fig. 1) to the future climate (14.5 Million km?;
dashed green line in Fig. 1) in MAM. Under these condi-
tions, spring chlorophyll levels, which are primarily con-
trolled by shortwave flux, can be increased (Arrigo et al.
2008; Wassmann and Reigstad 2011; Popova et al. 2012).
This increasing chlorophyll response is stronger in the East
Siberian-Chukchi Seas (160°E-160°W, 65°-80°N) and Bar-
ents-Kara Seas (30°-70°E, 70°-80°N), which matches well
with the increased chlorophyll pattern in P15.

In contrast to the spring case, the summer chlorophyll
decreases under greenhouse warming conditions, which is
also consistent with P15. This decreasing chlorophyll is also
related to sea ice reduction. This relationship was demon-
strated in Part I by the strong positive correlation coefficient
between sea ice and chlorophyll concentration anomalies in

@ Springer

summer. Because sea ice reflects shortwave radiation and in
turn reduces the shortwave heating on the ocean surface, the
presence of sea ice reduces the stratification of surface ocean
water. Under greenhouse warming conditions, the surface
of the Arctic Ocean will be stratified by melting sea ice,
which will enhance nutrient depletion, leading to a decrease
in chlorophyll levels. In the present experiments, the sea ice
edge was shrunk 45% from present-day climate (8.19 Mil-
lion km?) to the future climate (4.52 Million km?) in JJA. In
this condition, summer chlorophyll will decrease because it
is primarily controlled by nitrate concentrations (Tremblay
and Gagnon 2009; Vancoppenolle et al. 2013).

To further investigate the chlorophyll response mecha-
nism in future projections, the vertical structures of den-
sity, temperature, salinity, nitrate, and chlorophyll in Arctic
Ocean are shown in Fig. 2. In present-day climate, the cli-
matologies of pycnocline, thermocline, and halocline closely
affect nutrient entrainment from the subsurface to the sur-
face (contours in Fig. 2a—c). Since the seasonal cycle of sea
ice is at a minimum in summer, the low density and warm
conditions of the surface ocean water are at their highest
in summer due to the relatively larger input of fresh water
and shortwave radiation. The surface salinity was also at its
lowest in summer due to the largest fresh water flux asso-
ciated with the thawing season. These seasonal cycles in
summer induce the steepest stratification in summer, which
prevents vertical mixing in the upper ocean layer. The nutri-
ent entrainment from the sufficient nutrient inventory in the
subsurface to the surface ocean decreases in summer. Thus,
the nutricline (contour in Fig. 2d) will generally follow the
deepening of the pycnocline, thermocline, and halocline.
The depth of the subsurface chlorophyll maximum in spring
moves to the deeper ocean in summer following the deepen-
ing of the nutricline (contour in Fig. 2e).

Under greenhouse warming conditions, the oceanic sta-
bility is increased, which is maximized in May (shading
in Fig. 2a). The reduction of sea ice concentrations allows
more input of shortwave flux, which enhances the ocean
surface warming and deepens thermocline depth (shading
in Fig. 2b). Furthermore, the sea ice melting releases fresh
water into the sea water, which reduces surface salinity and
deepens halocline depth in the upper ocean (shading in
Fig. 2c). These two physical processes, surface warming and
freshening, reduce surface-water density and induce stronger
oceanic stability, which inevitably leads to nutrient deple-
tion (shading in Fig. 2d). In addition, the nutrient deple-
tion is associated with biological process under greenhouse
warming. The increased chlorophyll concentration in spring,
which is maximized in May to a depth 30-m, will spend
more nutrient inventory. The depth of the subsurface chlo-
rophyll maximum is moved to deeper ocean due to reduced
nitrate concentration of Arctic ocean surface in summer.
Consequently, the summer chlorophyll up to 30-m depth
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Fig.2 Vertical structures of monthly climatologies of present-day
(BGC.on.1xCO,; contour) and differences between the present-day
and future climates (BGC.on.2xCO, minus BGC.on.1xCO,; shad-

will be reduced by nutrient depletion at the surface under
greenhouse warming conditions (shading in Fig. 2e). The
chlorophyll response displays strong seasonal dependency,
resulting in increased chlorophyll in MAM and decreased
chlorophyll in JJA, due to light limiting conditions in MAM
and nutrient-limiting conditions in JJA.

3.2 Impact of interactive chlorophyll on the Arctic
warming

In general, the concentration of chlorophyll determines the
shortwave attenuation coefficients with larger chlorophyll
concentrations enhancing the shortwave absorption rate in
the upper ocean. (Manizza et al. 2005). Thus, an increase in
spring chlorophyll concentrations can absorb more short-
wave radiation, while a decrease in summer chlorophyll
concentrations would absorb less shortwave radiation.
Given a decrease in annual mean chlorophyll, it is expected
that the biogeophysical feedback will reduce absorption of

JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC

008 012 016 0.2

[mg/m3]

-02 -0.16 -0.12 -0.08 -0.04 0.04

ing) of the simulated a density, b temperature, ¢ salinity, d nitrate,
and e chlorophyll in the Arctic Ocean (> 65°N)

shortwave flux, which attenuates Arctic amplification under
greenhouse warming conditions.

Surprisingly, however, Arctic warming is amplified by
interactive chlorophyll under greenhouse warming condi-
tions. Figure 3a shows the biologically-induced responses
of sea ice and surface temperature estimated by the dif-
ference between two sets of future (2xCO,) and present-
day (1xXCO,) climate runs [i.e., (BGC.on.2xCO, — BGC.
off.2xCO,) — (BGC.on.1xCO, — BGC.off.1xCO,)]. The
interactive chlorophyll and its biogeophysical feedback on
the Arctic induce the additional warming of surface tempera-
ture (contour in Fig. 3a). These warming patterns of interac-
tive chlorophyll runs (BGC.on.2xCO, — BGC.on.1xCO,)
were observed in all seasons compared to non-interactive
chlorophyll runs (BGC.off.2xXCO, — BGC.off.1xXCO,), while
weak cooling was observed over Greenland and Fram Strait.
The warming is strongest in the East Siberian-Chukchi Seas
(160°E-160°W, 65°-80°N) at about 0.9 °C (+ 10%) and the
Barents-Kara Seas (30°-70°E, 70°-80°N) at about 1.2 °C
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(a) CHL impact on SIC and T_sfc

(Shading: SIC [%], Contour: T sfc [K])

Fig.3 The chlorophyll impact on seasonal a sea ice concentra-
tion (SIC; shading) and surface temperature (T_sfc; contour), b sea
ice thickness (SIT; shading) and surface pressure (P_sfc; contour).
MAM March-May, JJA June—-August, SON September—November,

(+13%) in DJF and the strongest in the Laptev-Kara Seas
at about 0.6 °C (+13%) (50°-150°E, 70°-80°N) in SON.

In general, the biologically-induced Arctic sea ice con-
centration (shading in Fig. 3a) and thickness (shading in
Fig. 3b) represent additional reductions in all seasons.
While the sea ice thickness decreases in both the Eurasian
and Amerasian Basins of the Arctic Ocean (30°-160°W,
65°-90°N) by about —3.7 cm (— 15%) during months, the
reductions of sea ice concentration show seasonal depend-
ency along with marginal ice zone. The reduction in the
sea ice concentration is the highest in the East Siberian-
Chukchi Seas at about —3.0% (— 10%) and Barents-Kara
Seas at about —4.7% (— 13%) in DJF; highest in the Laptev-
Kara Seas at about —3.7% (— 15%) in SON. The biologi-
cally-induced reductions of sea ice concentration and sea ice
thickness enhance ice—albedo feedback (Perovich et al. 2007;
Holland et al. 2010; Kashiwase et al. 2017), which amplifies
the Arctic warming patterns.

In addition, the weak sea ice freezing patterns are
observed near East Greenland in DJF and North Greenland
in JJA. These freezing patterns are associated with the dipole
pattern of surface pressure (contour in Fig. 3b). The sea ice
melting in winter generates expansion of the open ocean,
which warms the cold air in winter. The surface pressure

@ Springer

(b) CHL impact on SIT and P_sfc

(Shading: SIT [em], Contour: P_sfc [Pa])

DJF December—February. Chlorophyll impact is estimated by a set of
future climate experiments [BGC.on.2xCO, minus BGC.off.2xCO,]
minus a set of present-day climate experiments [BGC.on.1xCO,
minus BGC.off.1xXCO,]

is then gradually reduced in surface temperature warming
regions, with the lowest observed in the East Siberian-
Chukchi Seas and Barents-Kara Seas in DJF, while surface
pressure is increased by about 35 Pa over West Greenland
and the Canadian Arctic Archipelago (90°-30°E, 65°-80°N)
in DJF (contour in Fig. 3b). This Arctic dipole pattern, a
negative anomaly in the Barents-Kara Seas and a positive
anomaly in the Arctic Archipelago, enhances the Transpolar
Drift Stream (Wang et al. 2009). This can move the thinned
sea ice, with an increased mobility and outflow via the Fram
Strait (Haas et al. 2008; Kwok and Rothrock 2009; Wang
et al. 2009), which may induce slight increases in the sea ice
over East Greenland (Comiso et al. 2008; Deser and Haiyan
2013).

In boreal winter and spring, sea ice reductions are gen-
erally manifested in the Chukchi and Barents Seas where
the spring mean chlorophyll concentration is increased.
This sea ice melting should be associated with increased
mean chlorophyll, which can absorb more shortwave radia-
tion. In boreal summer and fall, sea ice reductions are also
manifested in the Kara, Laptev and East Siberian Seas where
the summer mean chlorophyll concentration is decreased.
To understand how much interactive chlorophyll feedback
enhances solar energy, the biologically-induced shortwave
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Chlorophyll impact on SW_heating
MAM JJA

25

[W/m*]

Fig.4 The impact of interactive chlorophyll on shortwave heat-
ing from March to May (MAM,; left) and from June to August (JJA;
right) up to 30 m of the Arctic Ocean

heating is compared in the surface layer of the Arctic Ocean.
As shown in Fig. 4, both spring and summer shortwave heat-
ing responses increase. In spring, the biologically-induced
shortwave heating is strongest at about 2.4W/m? in the Bar-
ents Sea (30°-50°E, 70°-80°N) where the spring chloro-
phyll is significantly increased, while the autumn and winter
shortwave heating responses are virtually zero (not shown).
In summer, the biologically-induced shortwave heating is
strongest at about 2.1 W/m? in the Laptev-East and Siberian-
Chukchi Seas (70°E-160°W, 65°-75°N) where the summer
chlorophyll is reduced, while shortwave cooling is observed
along Greenland’s coasts due to increases in sea ice concen-
tration and thickness. The annual mean shortwave heating
in the pan-Arctic Ocean is increased by about 0.2W/m? by
biogeophysical feedback, which does not match well with
decreased annual mean Arctic chlorophyll, as mentioned
in Sect. 3.1. This mismatch between decreased mean chlo-
rophyll and increased shortwave heating suggests that the
existence of additional shortwave heating source of inter-
active chlorophyll, rather than associated mean chlorophyll
change, amplifies the Arctic warming under greenhouse
warming.

3.3 Suppression of nonlinear chlorophyll feedback
in the future climate

In previous sections, we showed that the interactive chlo-
rophyll has significant positive shortwave heating and
in turn the warming effect on the future Arctic climate
despite decreased mean chlorophyll concentration. In order
to understand the warming effect physically, it should be
addressed how the nonlinear chlorophyll feedback contrib-
utes to amplify the Arctic warming in a future climate.

To address this issue, we examine the partial shortwave
heating terms as shown in Part I. The shortwave heating
is controlled by the multiplication of a,, and the input of
shortwave flux (swflx) reaching on the ocean. The «,,, can
be divided by the climatological monthly mean (a,,,) and the
interannual monthly anomaly (a/, ). The shortwave flux can
also be divided by the climatological monthly mean (swflx),
and interannual monthly anomaly (swfix’). Thus, the differ-
ence in the time mean of shortwave heating as a,,, X swflx
can be divided by mean and nonlinear parts of shortwave
heating term as follows:

ag, X swflx = ag, X swlx +a! X swfx’

where, a,,, X m is the mean of mean shortwave heating
(MMSH) and & X swflx’ is the mean of the nonlinear short-
wave heating (MNSH).

Part I suggested that MMSH and MNSH terms give
significant cooling effects associated with two nonlinear
rectifications of interactive chlorophyll variability in the
present-day climate. One was NT,,, estimated by MNSH
term expressed as o/ X swflx’, where & is the monthly
anomaly of the shortwave absorption rate, defined as short-
wave heating divided by shortwave flux, and the swflx’ is
the monthly anomaly of shortwave flux. The & is strongly
controlled by the monthly chlorophyll anomaly. The MNSH
showed the summer shortwave cooling effect because the
covariance between chlorophyll and shortwave flux vari-
ability is strongly negative, while this covariance is weakly
positive in spring, which results in a net cooling effect by
NT,,. The cooling effect of NT,,, is induced by positive
ice—phytoplankton coupling in summer, resulting from the
covariability between sea ice and chlorophyll anomalies. For
the interannual high sea ice year, the mixing of the Arctic
Ocean increases relatively, which leads to a positive chloro-
phyll anomaly in the nutrient-limiting conditions in summer.
Meanwhile, the high sea ice conditions reflect the short-
wave flux, which leads to a negative shortwave flux anomaly.
Thus, two characteristics of the negative shortwave flux and
positive chlorophyll anomalies induce a negative MNSH in
summer.

However, the MNSH will be changed under the green-
house warming conditions. Figure 5 shows the patterns of
the MNSH of BGC.on.1xCO, and BGC.on.2XCO, in spring
(March and April) and summer (July and August). In spring
under present-day climate conditions (Fig. 5a), the MNSH
shows both shortwave cooling and heating patterns along
the edge of the sea ice near Barents Sea, Bering, and Fram
Strait. In summer under present-day climate conditions, the
MNSH shows the overall cooling pattern in Arctic Ocean,
which is in contrast to the patterns observed in spring.

Part I suggested that the summer shortwave cooling effect
overwhelms the spring shortwave heating effect, which was
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Fig.5 The time mean of nonlin-
ear shortwave heating (MNSH)
a! X swflx’ averaged up to
30-m depth in spring (March—
April in upper row) and summer
(July—August in below row)
under a present-day climate, b
future climate, and c difference
between future and present-day
climate

(a) 1xco,
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called rectification effect of NT,,,. Interestingly, the recti-
fication effect of NT,, is gradually reduced under future
climate conditions (Fig. 5b). In spring under future climate
conditions, the MNSH still shows both shortwave cooling
and heating patterns near marginal sea ice zones that are
shifted poleward due to retreat of the sea ice edge. The dif-
ference between shortwave heating under present-day and
future climate conditions shows the positive pattern being
shifted from the Bering Sea to the Chukchi Sea and from the
Barents Sea to the Barents-Kara Seas border (Fig. 5¢). In
summer under future climate conditions, the MNSH shows
an overall shortwave cooling pattern in the Arctic Ocean
(Fig. 5b). However, the magnitude of this negative pattern in
the MNSH is substantially weakened basin-wide in the Arc-
tic Ocean in summer (Fig. 5¢). Both warming patterns of the
MNSH differences in spring and summer indicates anoma-
lous shortwave heating, which can enhance Arctic amplifi-
cation. Thus, the warming impact of interactive chlorophyll
shown in Figs. 3 and 4 might be explained by a weakening
of the rectification effect of NT,, to a large extent.

Figure 6 shows the seasonal evolution of the MNSH
a/ X swflx’ in the Arctic Ocean. In the present-day climate,
it is clear that the amplitude of positive MNSH in spring is
relatively weak but the amplitude of negative MNSH in sum-
mer is relatively strong (black line in Fig. 6). The maximum
in spring and the minimum in summer appear one month
earlier under greenhouse warming conditions (red line in
Fig. 6). The stratified Arctic Ocean and sea ice melting due
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Fig.6 The MNSH « X swflx’ up to 30-m depth in the Arctic Ocean
(>65°N) in individual ensembles (dashed line) and ensemble mean
(straight line) of present-day climate (1XCO,; black line), future
climate (2xCO,; red line), and ensemble mean difference between
future and present-day climate (blue bar)

to greenhouse warming alters the timing of the two peaks
by changing limiting conditions of light and nutrients. The
light limiting condition in spring is relatively weakened by
decreased sea ice concentration and thickness. In addition,
the nutrient-limiting condition in early summer is relatively
intensified during May—June by nutrient depletion (Fig. 2),
which leads to faster oligotrophic onset. However, the strong
negative MNSH during July and August is gradually dimin-
ished. The coldest peak of the MNSH in July gradually
decreases from —0.12 W/m? to — 0.07 W/m? (- 43.6%).
The annual mean MNSH decreases from —0.016 W/m? to
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—0.011 W/m? (= 31.3%), which represents a weakening of
rectification effect of NT, in the future climate.

To examine the mechanism for change in the MNSH
during boreal summer (JJA), the sea ice and chlorophyll
variabilities in present-day and future climate are shown in
Fig. 7a, b. Under greenhouse warming conditions, the sea
ice variability gradually decreases from 11.4% in present-
day to 6.9% in the future climate (Fig. 7a). The weak-
ened sea ice variability can be linked to a weakening of
ice—phytoplankton coupling. The chlorophyll variability is
also gradually weakened by about 21% from 0.14 mg/m? in
present-day to 0.11 mg/m? in the future climate in the Arc-
tic Ocean (Fig. 7b). In addition to the weakened ice—phy-
toplankton coupling, the stabilized Arctic Ocean in the
future climate, lower efficiency of upwelling nutrient due
to lower nitrate concentration than present-day climate,
can partly contribute to the decreased chlorophyll variabil-
ity. Consequently, both weakening of chlorophyll and sea
ice variabilities reduce the covariance between chlorophyll
and sea ice concentration anomalies basin-wide in the Arc-
tic Ocean (Fig. 7c). Because the sea ice directly controls
the shortwave flux via high surface albedo, sea ice and
shortwave flux are negatively correlated. Provided that the
covariance between sea ice and chlorophyll variabilities is
reduced, we can expect that the covariance between short-
wave flux and chlorophyll, which determines the ampli-
tude of the MNSH, will be reduced. Thus, the reduced

Fig. 7 In the present-day (top)
and future climates (middle), a
sea ice concentration, b chlo-
rophyll variabilities (defined

as 1 standard deviation), and ¢
covariance coefficients between
sea ice concentration and chlo-
rophyll in JJA. The difference
between future and present-day
climates are shown in bottom
rows

(a) SIC

Diff. 2xC0,—1xCO,

covariance between sea ice and chlorophyll results in a
reduction of the MNSH in summer.

Interannual variability of chlorophyll is mostly reduced
in summer under greenhouse warming conditions (Fig. 8a),
with the chlorophyll variability in July being especially
weakened by about 30.3% from 0.041 mg/m? in present-day
t0 0.029 mg/m? in the future climate. The nutrient conditions
are lowest in summer as the seasonal cycle of nitrate repre-
sent a minimum. In this condition, the same amount of the
ocean mixing under greenhouse warming could have a low
efficiency to carry nitrate in subsurface out to the surface
compared to present-day climate. The sea ice reduction and
in turn nutrient depletion can effectively reduce chlorophyll
variability in this season due to enhanced oligotrophic con-
dition under greenhouse warming conditions. In March and
April, however, sea ice reduction enhances the chlorophyll
variability due to the light limiting condition released by
more shortwave flux input.

The covariance between chlorophyll and shortwave flux
anomalies is strongly suppressed in summer (Fig. 8b). Both
decreases of shortwave and chlorophyll variabilities lead to
a decrease in the MNSH (i.e., weakening of the summer
shortwave cooling). Consequently, the interactive chloro-
phyll variability in the future climate absorbs more short-
wave radiation than that in the present-day climate. This
reduces the cooling effect by rectification of NT,,, in the
future climate.

(b) CHL (c) COV(SIC,CHL)
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Fig.8 The present-day climate (BGC.on.1xXCO,; black), future cli-
mate (BGC.on.2xCO,; red), and their difference (BGC.on.2xCO,
minus BGC.on.1XCO,; blue) for a chlorophyll variability (defined
as 1 standard deviation) and b covariance between chlorophyll and
shortwave flux in the Arctic Ocean (> 65°N)

In addition to NT,, effect, Part I suggested that chloro-
phyll variability itself contributes to the significant cooling
effects via the other nonlinear rectification in the present-
day climate (NF,). The time mean difference of a, (Aa,,)
between the cases of interactive chlorophyll variability
and non-varying chlorophyll was negative so MMSH term

expressed as a,,, X W had a cooling effect. Because the
0, 1s approximately determined by an exponential function
of chlorophyll (1 — exp™®!, Eq. 5 in Manizza et al. 2005),
the change in o, corresponding to the changing chlorophyll
is nonlinear. Note that most of chlorophyll-based shortwave
heating schemes including Manizza et al. (2005) and oth-
ers (Marzeion et al. 2005; Lengaigne et al. 2007; Vichi et al.
2007) are approximately determined by an exponential func-
tion based on Morel (1988) and Lambert-Beer’s Law. The o,
nonlinearity indicates that the magnitude of absorption rate
response to a positive chlorophyll anomaly is smaller than
that of the responses to a negative chlorophyll anomaly. Thus,
chlorophyll variability generates the negative Aw,,, compared
to non-varying chlorophyll, that significantly rectifies the cold
Arctic mean state via the cooling effect of the NF,.

We estimated the effect of Aw,,, in the present-day and
future climates (Fig. 9a). Both Aa,, were generally negative
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Fig.9 The ideal cases of a the time mean shortwave absorption
rate difference Aea,,, (A is BGC.on minus BGC.off) and b nonlinear
term of the shortwave absorption rate NF, estimated by idealized
Aa,, X swflx in the present-day (black) and future climate (red) in the
Arctic Ocean (> 65°N). The blue bar shows the difference of a ideal-
ized Aa,, and b idealized Aa, X swflx of the future climate minus
that of the present-day climate. In this ideal case, calculations of a,,
are based on the varying chlorophyll and climatological chlorophyll
in BGC.on and BGC.off. The other factors, shortwave flux, visible
fraction in shortwave flux, and column thickness of the ocean layer,
were fixed into ideal cases as BGC.on.1xCO,

in all months implying a lower absorption rate associated
with interactive chlorophyll variability regardless of cli-
mate state. Under greenhouse warming conditions, however,
the negative Aa,,, changes slightly. Less negative Aa,, is
observed when future chlorophyll variabilities are weak-
ened in May, July, and August, while more negative Aa,,, is
observed when future chlorophyll variabilities are enhanced
in March, April, and June, which is consistent with the result
of changes of chlorophyll variability presented in Fig. 8a.
The cooling impact of Aa,, (i.e., NF,) is strongest in July
and August due to the strong seasonal amplitude of short-
wave flux. In this regard, changes in the Aw,,, in summer
might be most effective.

We calculate the Aa,,, X swflx for the present-day and
future climates (Fig. 9b). Both Aa,, X swflx are generally
negative in all months, implying the cooling impact of the
NF, is dominant regardless of climate state. Under green-
house warming conditions, however, the cooling impact
is reduced from —0.11 to — 0.07 W/m? (- 38.0%) in July



Biogeophysical feedback of phytoplankton on Arctic climate. Part Il: Arctic warming amplified... 3177

and August due to a weakened Aa,,. The annual mean
Aa,, x swflx decreases from —0.038 to — 0.031 W/m?
(— 19.5%). This represents a weakening of the rectification
effect of the NF, in the future climate. The result of this
section implies that reductions of the nonlinear rectification
effects (i.e., NT,,, and NF_) can lead to additional shortwave
heating source in the future Arctic summer, which couldn’t
be explained by the linear process of decreased mean chlo-
rophyll and in turn the expected shortwave cooling.

4 Summary and discussion

Using a state-of-the-art ESM, this study shows that inter-
active chlorophyll variability plays a role in enhancing the
amplification of Arctic warming. The major finding in this
paper is that the cooling impact of two nonlinear rectifi-
cation effects of interactive chlorophyll variability in the
present-day climate will be weakened in the future climate.
Decreased sea ice variability directly affects the weakening
of rectification effect of NT,,, by a weakening of the covari-
ance between sea ice and chlorophyll anomalies. In addi-
tion, the decreased sea ice variability indirectly affects the
rectification effect of the NF, because sea ice partly controls
ocean mixing variability and in turn chlorophyll variability.
The weakening of sea ice variability reduces chlorophyll
variability, which affects the weakening of the rectification
effect of the NF,. In this study, the decreased interannual
chlorophyll variability amplifies Arctic surface warming
(+10% in both regions) and sea ice melting (— 13% and
—10%) in Kara-Barents Seas and the East Siberian-Chukchi
Seas in boreal winter, respectively. Thus, sea ice melting and
its interaction with chlorophyll can significantly amplify the
Arctic warming by the weakening of both nonlinear recti-
fication effects of interactive chlorophyll variability in the
future.

This study used long integrations of GFDL CM2.1 and
examined the impact of interactive chlorophyll at the equi-
librium state of a doubling in the atmospheric CO, concen-
trations in the future climate. This approach using sensitivity
experiments refined the robust result reported in P15 that
interactive chlorophyll enhances oceanic shortwave heating
and in turn Arctic warming. P15 suggested that interactive
chlorophyll amplifies the Arctic warming by increased mean
chlorophyll concentrations. However, Part I suggested that
the limiting factors of chlorophyll are light availability in
spring and nutrient availability in summer. This new insight
regarding the seasonal dependency of limiting factors for
chlorophyll led to a better understanding of chlorophyll
response by looking at the physical and biogeochemical
properties under greenhouse warming conditions. We found
that sea ice retreat leads to a positive chlorophyll response
in spring due to increased incoming solar radiation but a

negative chlorophyll response due to nutrient depletion in a
warmer Arctic climate and in turn a more stratified Arctic
Ocean. This consequently led to the conclusion that these
changes in chlorophyll levels and related physical properties
affect the impact of nonlinear rectification effects (i.e., NT,
and NF,). Therefore, the present study offers new insight
into Arctic climate sensitivity by biogeophysical feedback
which should not only be considered by the change in mean
chlorophyll concentration, but also by the change in interan-
nual chlorophyll variability and its interaction between the
other physical properties in the Arctic Ocean.

In addition, P15 estimated the impact of the future chlo-
rophyll during a 100-year run, which showed a similar
amplitude of positive chlorophyll response in spring and
a smaller amplitude of negative chlorophyll response in
summer. Thus, the results reported in P15 were primarily
associated with the major impact of the mean chlorophyll
difference. As stratification of the surface water progressed,
the present study, which was conducted with a 200-years
run, suggests the negative chlorophyll response in summer is
stronger than that reported in P15, which contributes to the
negative annual mean chlorophyll response. Nevertheless,
Arctic warming was amplified by biogeophysical feedback
under reduced biological activity. In this case, we should
consider the changes of nonlinear rectification effects of
chlorophyll variability to understand how interactive chlo-
rophyll enhances Arctic warming, as discussed in the present
study.

While this study pointed out the effect of interactive chlo-
rophyll variability on Arctic climate change, there are some
caveats to consider. First, the chlorophyll in the Arctic sea
ice zone is expected to suffer a reduction in mean concentra-
tion, but there is still strong inter-model diversity with wide
range from positive to negative chlorophyll responses (Cabré
et al. 2015). Thus, the sensitivity to an interactive chloro-
phyll could be diverse in the Arctic region. Also, it is hard to
clearly estimate the diversity of shortwave heating induced
by chlorophyll variability using CMIP5 models. Some ESMs
(e.g. HadGEM2-ES(CC), MIROC-ESM, MRI-ESM, MPI-
ESM, and CNRM-CM)5) either do not include or turn off
the shortwave heating scheme associated with interactive
chlorophyll so they are missing the biogeophysical feedback
in their simulations. These biogeophysical feedbacks can
only be evaluated in a few ESMs, which include these bio-
geophysical coupling in their simulations: GFDL-ESM2M,
GFDL-ESM2G, IPSL-CMS5A-LR, IPSL-CM5A-MR, and
IPSL-CMS5B-LR. Investigating the relationship between
chlorophyll and shortwave flux in both historical and Repre-
sentative Concentration Pathways 4.5 (RCP4.5) scenarios in
these CMIPS ESMs (Fig. 10a) indicate a decreased covari-
ance in summer. This decreased covariance between chloro-
phyll and shortwave flux may give an additional shortwave
heating source, as shown in the present study. Also, this
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Fig. 10 The covariance a between chlorophyll and sea ice, b between
chlorophyll and shortwave flux in the historical and RCP4.5 runs in
the five CMIP5 ESMs (e.g. GFDL-ESM2M, GFDL-ESM2G, IPSL-
CM5A-LR, IPSL-CM5A-MR, and IPSL-CM5B-LR). Historical run
and RCP4.5 scenarios are analyzed over 40 years during 1961-2000
and 2061-2100 years

decreasing covariance is closely related to the weakening
of ice—phytoplankton coupling in summer (Fig. 10b). This
result suggests a possibility of a warming impact from chlo-
rophyll variability in the other models, which supports our
findings. However, because it is based on just a few models,
with some of them being from the same modeling group,
further sensitivity tests with different models are needed to
quantify the contrasting impacts between the reduced warm-
ing role of mean chlorophyll levels and the reduced cooling
role of nonlinear rectification effects in RCP4.5.

Second, the interaction between climate variability
and biogeochemical processes such as riverine nutrient,
atmospheric deposition (Gruber and Galloway 2008), and
iron fluxes (Klunder et al. 2012) were excluded from our
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experimental set-up. The coupling processes of nutrients
can modulate not only mean chlorophyll, but also chloro-
phyll interannual variability. Then, the sensitivity of impact
of chlorophyll variability in the present-day and future cli-
mates could be different. The interaction between climate
variability and biogeochemical processes should be included
in the ESM to refine projections of the future Arctic climate
sensitivity.

The external forcing of nutrient fluxes prescribed by pre-
industrial fluxes of nitrogen and iron (Horowitz et al. 2003;
Green et al. 2004; Fan et al. 2006) are another caveat of
this study. Nutrient depletion via ocean stratification under
greenhouse warming conditions enhances oligotrophic con-
dition. The initial condition of nutrients and their fluxes will
determine decreasing trends of the chlorophyll and future
chlorophyll concentrations. The shortwave absorption rate is
obviously affected by chlorophyll concentrations. Therefore,
the impact of interactive chlorophyll by the anthropogenic
nutrient external forces should be evaluated.

The primary findings of Parts I and II are associated with
the two nonlinear rectification effects of chlorophyll vari-
ability on the Arctic climate mean state. This suggests that
previously reported impacts associated with biogeophysical
feedback and their mechanisms are not only driven by the
changes in mean chlorophyll concentrations, but are also
significantly driven by changes in interannual chlorophyll
variability. In long-term simulations of CMIP5 ESMs, the
chlorophyll variability and their biogeophysical feedbacks
can contribute to more realistic simulations such as improv-
ing the Arctic sea ice mean state (Part I) and decreasing
trend of sea ice in September (P15). The present study inves-
tigates the Arctic warming due to the interactive chlorophyll
and suggests detailed mechanism including nonlinear pro-
cesses associated with two nonlinear rectification effects. We
showed the CMIP5 ESMs represent the cooling effect of the
two nonlinear rectification effect in Part I, and their possible
future changes in the present study. However, our present
study has a clear limitation to analyze the detail processes
of the CMIP5 simulation due to the data availability issue,
so more detail analyses in the other models will be needed
in a further study.
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