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ABSTRACT

The mixed layer is deep in January—April in the Kuroshio Bsten region. This paper investigates the response in this
region of mixed layer depth (MLD) and the spring bloom irtiba to global warming using the output of 15 models from
CMIP5. The models indicate that in the late 21st century theadhlayer will shoal, and the MLD reduction will be most
pronounced in spring at about 38 on the southern edge of the present deep-MLD region. Thectidwn of temperature
change in the upper 100 m by the mean eastward flow explairsp#iil pattern of MLD shoaling in the models. Associated
with the shoaling mixed layer, the onset of spring bloom i is projected to advance due to the strengthenedfitaditon
in the warming climate.
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1. Introduction Kraus and Turner (1967) and studied the heat balance of the
mixed layer over the KE. They showed that the variability of
e heat flux drives the seasonal cycle of MLD. The model
ges an assumption that the MLD can be estimated by the
eat flux, freshwater flux, and wind stress at the air-sea in-

forcing (i.e., freshwater and heat flux), and ocean ciraufat ¥e|rface, b_u t n:agltlec_ts r;wonzontal advection. Cfcean d.yrh’:.imlc
changes (Kraus and Businger, 1967). MLD is one of the mdge> 8 critical ro ein the KE system (Wu et al., 2003; Qiu et
' ) ﬁ 2007; Taguchi et al., 2007; Xu et al., 2014). The western

important quantities of the upper ocean, crucial to the sub- o
X . oundary currents carry warm water to the midlatitudes, re-

stance exchange across the air-sea interface (e.g., heat flu__. : .
} . : easing a great quantity of heat and moisture there to heat th

surface wave propagation, and ocean biological processe

Variability in oceanic uptake of atmospheric génd SST is at osphere (Wu et al.,, 2012). In the KE there is warm tem-

influenced by the mixed layer changes (Kraus and Busin g?rature advection throughout the year. Since the warm ad-
y y 9 , gve’ction makes the ocean lose heat to the atmosphere, itcause

"Re surface density to increase and deepen the MLD. In the
heat budget of the mixed layer, ocean heat Ekman transport

. AN i and geostrophic advection plays a prominentrole (Yim et al.
ological productivity in the ocean (Sverdrup, 1953; Yehtsc2013). As the ocean circulation changes under global warm-

1990). . . ing, it most likely impacts the spatial distributions of SST
Much attention has been given to the seasonal cycle 0 . . . :
. nd MLD, especially in the Kuroshio current and its exten-
MLD. Kara et al. (2003) described the general features of the .
L .slon (Sakamoto et al., 2005; Sato et al., 2006).
seasonal variation of MLD over the world. In the Kuroshio ; :
MLD change also affects ocean biological process.

extension (KE) region, MLD is deep from January to April. . S .
shoals in summer, and deepens again in winter. Qiu and Ke!ﬁgrlng bloom refers to the rapid increase in phytoplankton

The ocean mixed layer is a surface layer of verticall
uniform temperature, salinity, and density, as a resultiof
rect interaction with the atmosphere. The mixed layer depﬁ
(MLD) is determined by wind stirring, surface buoyanc

tion of light and utilization of nutrients, two importantda
tors affecting phytoplankton dynamics, and consequelitly,

(1993) used a three-dimensional bulk mixed layer model 3 unc_zlance t_hat cqmmonly occurs in the early spring. Dur-
Ing winter, wind-driven turbulence and surface coolingall

vertical mixing to replenish nutrients from depth to the edx

* Corresponding author: Shang-Ping XIE layer. Phytoplankton uses these nutrients for photosgighe

Email: sxie@ucsd.edu Yet vertical mixing also causes high phytoplankton losses
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when phytoplankton’s respiration exceeds primary produt the surface is reduced.
tion below the euphotic zone. For this reason, reducedilum The rest of the paper is arranged as follows: Section 2
nation during winter limits phytoplankton’s growth ratda. describes the data and methods. Section 3 investigates the
the spring, more light becomes available and stratificatfon MLD changes under global warming, while section 4 diag-
the water column strengthens. As a result, vertical mixeng moses which variable is more important for the MLD change.
suppressed and phytoplankton and nutrients are kept reearSbction 5 discusses the relationship between the mixed laye
surface, which promotes primary production. The definitioathange and the spring bloom. Section 6 is a summary with
and mechanism of spring bloom are discussed in Mann agidcussion.
Lazier (2005). The increasing primary production causes a
strong growth of phytoplankton in spring. Sverdrup (1953
showed that there must exist a critical depth that bloomi Data and methods
can only occur if the depth of mixed layer is less than t 1 Data
critical value. The critical depth was defined as a hypothet-"
ical surface mixing depth at which the integrated net growth This paper uses the output from 15 CMIP5 coupled cli-
rate over the water column becomes zero. Recently, studigte models (Table 1), which offer a multimodel perspec-
(Behrenfeld, 2010; Boss and Behrenfeld, 2010; Taylor afide of simulated climate change and variability (Taylor et
Ferrari, 2011; Chiswell et al., 2015) have called this dtass?l., 2012). Both the historical (20th century with all forg)
work into question, as the spring bloom is not solely causétmulation and the RCP4.5 scenario run (radiative forcihg o
by the shoaling mixed layer. Chiswell (2011) stated tharSve~4.5 W nT2 by the year 2100, relative to preindustrial con-
drup’s assumption of an evenly mixed phytoplankton |ay§|iti0n8) are used. The model output was obtained from the
was not applicable in most cases. Huisman et al. (1999) us¥@MDI at the Lawrence Livermore national laboratory.
observational data to put forward a critical turbulencedtiip The resolution of atmospheric and oceanic variables is
esis that phytoplankton can bloom near the surface withirflferent within the same model and varies between models.
deep mixed layer if vertical mixing is low enough. ChiswelWVe interpolated them on & k 1° grid. Both the ensemble
(2011) proposed an onset of stratification hypothesis treat tmean and the differences among models are investigated in
spring bloom develops in weakly stratified layers. The initthe paper. We focus on the MLD variability and oceanic dy-
ation of spring bloom will be examined with observations iRamics. The present-day climatology is based on the time
the context of these hypotheses. average from 1951 to 2000 in the historical run, while the
Under global warming, ocean and atmospheric circulflture mean state is calculated from 2051 to 2100 in the
tions are projected to change significantly (Vecchi and SBCP4.5 run. A 50-year period is believed to be long enough
den, 2007; Xie et al., 2010). MLD would also change bdo filter out the interannual variability. The change due to
cause of circulation changes and increased thermal stragfobal warming is defined as the future mean state (RCP4.5
cation. The winter MLD is generally projected to decreagén, 2051-2100) minus the present-day climatology (histor
(Luo et al., 2009). The MLD shoals as the anthropogerigal run, 1951-2000). We only examine one member run of
warming is surface intensified, affecting mode waters in tie&ch model. The average of all models is defined as the en-
North Pacific Ocean (Luo et al., 2009; Xu et al., 2012). Xigemble mean. For example, we first calculate the MLD in
et al. (2010) showed that the circulation change due to we&ach model, and then average for 15 models. The methods
ened mode water formation is more important than local atsed here to process the data are the same as those employed
mospheric heat flux for SST variations in the subtropicaégyby Xu et al. (2012).
of the North Pacific. For studying the spring bloom, we use the MODIS ocean
GCMs are an important tool to investigate the changéglor data (available from http://oceancolor.gsfc.ngsa),
of MLD and the impact on biological processes under globticluding the daily chlorophyll-a and the photosynthetica
warming. Most previous results were based on only one sictive radiation, mapped at a resolution of 9 km, from 2004
gle coupled model and need to be verified in other modet8.2009. The daily net heat flux data from 2004 to 2009 is
Here, we take a multi-model approach to address the félerived from the WHOI's OAFlux project (Yu et al., 2006).
lowing questions: How does the MLD change under glob&dhe weekly temperature and salinity data were downloaded
warming? How do the CMIP5 results compare with prevfrom the China Argo real-time data center (http://www.argo
ous studies? Besides a general shoaling under global wagfg.cn/). All the observational results presented in tiaisgy
ing, does the seasonal cycle of MLD also change? Does &€ the mean state from 2004 to 2009. Only four models
inception of spring bloom start earlier? We will show thafCanESM2, GFDL-ESM2M, IPSL-CM5A-LR, MPI-ESM-
under global warming, MLD shoals and changes its seasoh&) out of the 15 have both chlorophyll-a data and daily data
cycle. This study considers both atmospheric and oceaffdVILD and radiation. We use these four models in the study
variables in the KE and examines the dominant mechanis@ighe spring bloom.
forthe MLD changes. We diagnose the start time of the sprin
bloom in the KE and investigate how it changes in respong - Methods
to global warming. As the mixed layer shoals under global There are various methods for determining MLD. Here,
warming, the ability of the ocean to draw nutrient-rich wateve regard both salinity and temperature as having effects on
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Table 1. The 15 models from CMIP5 analyzed in this study.

Model Institution

ACCESS1.3 CSIRO (Commonwealth Scientific and IndustrigeRech Organisation, Australia), and BOM (Bureau of Maikor
ogy, Australia)
BCC-CSM1.1 Beijing Climate Center, China Meteorologicalministration

CanESM2 Canadian Centre for Climate Modelling and Analysis
CCsM4 National Center for Atmospheric Research
CMCC-CM Centro Euro-Mediterraneo per | Cambiamenti Cliiciat

CSIRO-Mk3-6-0 Commonwealth Scientific and Industrial Resh Organisation in collaboration with the Queenslanth&te Change
Centre of Excellence

GFDL-CM3 Geophysical Fluid Dynamics Laboratory

GFDL-ESM2M  Geophysical Fluid Dynamics Laboratory

HadGEM2-CC Met Office Hadley Centre (additional HadGEM2+E8lizations contributed by Instituto Nacional de PesapiiSs-

paciais)
IPSL-CM5A-LR Institut Pierre-Simon Laplace
MIROC5 Atmosphere and Ocean Research Institute (The Wsityesf Tokyo), National Institute for Environmental Stedj

and Japan Agency for Marine-Earth Science and Technology

MIROC-ESM Japan Agency for Marine-Earth Science and Teldyyp Atmosphere and Ocean Research Institute (The Uiitiyers
of Tokyo), and National Institute for Environmental Stuglie

MPI-ESM-LR Max Planck Institute for Meteorology (MPI-M)

MRI-CGCM3 Meteorological Research Institute

NorESM1-M Norwegian Climate Centre

stratification. We use a fixed density criterion to calcula{@35°—175E) MLD for the present-day climatology and its
MLD. The MLD is defined as the depth where the increase ahange under global warming. The seasonal cycle of MLD in
density from the surface value equals 0.03 kgfr(Xu et al., present-day climatology is obvious: the mixed layer is deep
2012). The vertical structure of the upper ocean in the Kie January—April, and the deepest MLD (about 250 m) is lo-
was examined by 30 randomly selected profiles (not showated at about 38!; the MLD shoals after April, to less than
here), and it was found that this density criterion of 0.03 K80 m, and then deepens again in November—-December.
m~2 is suitable for defining the MLD. The MLD change under global warming shows seasonal
The net heat flux is the sum of longwave radiation, shortariability. The biggest change, almoes#i0 m, takes place in
wave radiation, latent heat flux, and sensible heat flux at tAgril. The maximum change of MLD under global warming
surface. The temperature advectia(@T /dx) +v(dT/dy), is collocated with the maximum MLD in the present-day cli-
in the mixed layer is calculated as the temperature adwectimatology in April at 33N. The MLD change in March is less
at a depth of 50 m. In this formulay v are the horizontal than thatin April. The pattern of the MLD change is different
velocity componentsT is the SSTg/dx+ d/dy is the hori- between March and April: the MLD change in March peaks
zontal gradient operators. near the northeast-slanted MLD front of the present-day cli
matology, while the April change is flatter (Figs. 1c and d).
While the ensemble mean results show a clear seasonality in
3. Seasonal change of MLD MLD change in response to global warming, different mod-
els may have different characteristics. Figure 2 shows the
This section studies changes in the seasonal cycleimter-model standard deviation of winter mean MLD among
MLD in response to global warming. The analysis region e 15 models. Large inter-model bias25 m) appears be-
(25°-45°N, 131E-160W). Figure 1a shows the present-dayween 25N and 30N, to the south of the winter deep mixed
winter (January—March) climatological MLD (1951-2000)ayer front. But the difference is relatively smak {5 m)
The MLD in the KE is deep and its maximum exceeds 200 rim the deep mixed layer region, where it shows a significant
According to Xu et al. (2014), the deep mixed layer near tleeasonal change of MLD>3E0 m).
KE shows significant differences between observations and All of the 15 models show a shoaling MLD in response
current climate models. In observations, there are two MLID global warming. Ten models (BCCSM1.1, CanESM2,
maxima deeper than 150 m to the north and south of the KECSM4, HadGEM2-CC, MIROC5, MIROC-ESM, MPI-
respectively. Sandwiched between is a shallower mixed laygSM-LR, CMCC-CM, CSIRO Mk3.6.0, NorESM1-M) have
along the KE jet. By contrast, CMIP5 models do not captusgmilar results as the ensemble mean, but the other five
this feature, with one single broad pool of deep MLD and @CCESS1.3, GFDL-CM3, GFDL-ESM2M, IPSL-CM5A-
sharp MLD front to the south that slants northeastward. Th&®, MRI-CGCM3) do not show similar MLD changes. In
present study will only focus on the deep MLD changes adtlzese five models, the maximum change of MLD under
whole, ignoring its detailed structures. global warming is collocated with the maximum MLD in the
Figure 1b shows the seasonal cycle of the zonal mearresent-day climatology in both March and April. The MLD
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Fig. 1. (a) Present-day winter (January—March) climatology (328R0D0) of MLD (colored scale bar; units: m). (b) Seasonaleyc
of the MLD for present-day climatology (1951-2000) and harge [RCP4.5 run (2051-2100) minus historical run (196063.
The zonal mean (135175 E) MLD is shown by black contours in intervals of 50 m, and thel/change is shown by the coloring
in units of m. (c, d) Historical mean MLD (1951-2000; colosaghle bar) and 21st century mean MLD (2051-2100; blue cositou
in (c) March and (d) April [MLD change is superimposed (blattkted contours at 10 m intervals)].

4.1. Atmospheric variablesand MLD
45N

Figure 3 shows the changes of MLD and heat flux in
March and April in response to global warming, with posi-
tive meaning the ocean is absorbing more heat. The heat flux
change varies from-15 W m 2 to 15 W n12. In March, the
ocean tends to release more heat in most of the area, but it ab-
sorbs more heat in a long and narrow strip betweémiN2thd
3C°N (Fig. 3a). In April, the ocean absorbs more heat from
the atmosphere, and the area of negative heat flux becomes
smaller (Fig. 3b). The ocean absorbing more heat from the at-
mosphere in April than March explains why the MLD shoals
more in April under global warming. However, the heat flux
change under global warming in March and April cannot ex-
plain the spatial pattern of the MLD change.

25N
131E 150E 170E 170W

4.2. Oceanic variablesand MLD
Fig. 2. Inter-model standard deviation (colored scale bar; units:

m) of the winter mean MLD for January—March, Inthe KE, ocean currents are strong and play an important

role in the formation of the deep mixed layer (Wu et al., 2012;

) . ) . Yim et al., 2013). The western boundary currents carry warm
change in March is more than that in April. The reason Whyaser 15 the midlatitudes. The warm advection makes the

these five models do not have the same characteristics n n lose a large quantity of heat to the atmosphere, caus-
further research but will not be discqssed in this_ paper. % a deep MLD. Figure 4 shows the change of temperature
focus on the ensemble mean results in the following sectio§ action in the mixed layer in March and April in response

to global warming. The shoaling MLD seems spatially well

4. Atmospheric and oceanic effects on MLD correlated with the warm advection in the mixed layer both in

change March and April. Awarm r_'nixed layer tempg_ratu_re advection
shoals the MLD because it enhances stratification.

This section investigates why MLD changes under global We further investigate which term dominates the temper-
warming. Following Qiu and Kelly (1993), we diagnose atature advection: changes in potential temperature, orrocea
mospheric and oceanic factors influencing MLD, includingurrents? By dividing velocity and potential temperature
the important role of the western boundary currents in thto climatology and anomalies,=tu+ U, v=v+V, and
KE. T =T+ T/, we decompose the temperature advection into



456

CHANGES IN MIXED LAYER DEPTH AND SPRING BLOOM

VOLUME 33

-7

170E

Fig. 3. Change in net heat flux (future flux minus present-day fluxpie scale bar; units:
W m~2), where positive means increased heat into the ocean, étdech and (b) April.
MLD change is superimposed (black dotted contours at 10 emials).
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Fig. 4. Future minus present-day change in temperature advecitoréd scale bar; units:
10-8 °C s1) in (a) March and (b) April. Negative values mean warm adeect MLD
change is superimposed (black dotted contours in 10 m el&rv
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whereT, U andv are potential temperature and the zonal and
meridional currents in the present-day climatology, respe
tively, andT’,u’ andV are their changes under global warm-
ing. One keeps potential temperature constant at the gresen
day climatology but changes currents, while the other holds
currents constant but allows potential temperature to gary
climate warms. Figure 5 shows the result in March. If we
) ., (1) hold the potential temperature unchanged, large changes in
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10

-10

Fig. 5. Temperature advection in March (colored scale bar; uniis® 2C s1) (a) by hold-
ing potential temperature constant in the present day aadgihg ocean currents under
global warming, and (b) by holding ocean currents constatité present day and changing
potential temperature under global warming. MLD changelesimposed (black contours
at 10 m intervals).

temperature advection take place off the Japanese coast.if@licators of spring bloom, we focus here on surface chloro-
the other hand, the advection of anomalous temperatureghyll, for which satellite data are readily available.
the mean current produces the spatial pattern of total ad- From autumn to winter, the ocean loses heat to the atmo-
vection. In March and April, both potential temperature argphere, and the mixed layer gradually deepens. Strong mix-
ocean currents are important for temperature advection ang happens throughout the whole depth of the mixed layer,
have impacts on the change of MLD under global warmingntraining new nutrients into the mixed layer and leading to
However, in the region of maximum MLD change on than increase in production. In winter, the MLD reaches its
southern flank of the deep mean-MLD region, the potentidéepest value & and the convective overturn is strong (Fig.
temperature change plays a dominant role in MLD change7a). At the end of winter, the slow convective overturn canno
Figure 6 shows the longitude-depth section of tempera-
ture advection change and potential temperature change ui
der global warming, averaged in 280°N in March. The
maximum warm advection is in the 100 m upper layer, with 45
a maximum from 15€E to 18C0E. The maximum increase
of potential temperature is in the 100 m upper layer, witha _ 9g
maximum near 15@. East of 150E, temperature warming £ - - - - - - L 1o
decreases gradually, but the eastward background curreng 215 _,,J; - P
cause a warm advection. At 178, where both the anoma- @

5 10

lous temperature gradient and mean currents are strong, tt 400_——;;\'/'4‘ Y =2
mixed layer shoals the most. The distribution of potential B — 2
temperature change below 100 m is small. 630 \—/\/05/ -6
s s : « 2 s
; ; 106 | =10
5. Spring bloomsunder global warming 131E 150E 170E 170W

The shoaling mixed layer under global warming has an

important influence on the ecosystem. Many variables, suclig 6. Longitude—depth section of the meridional mear°(25
as organic carbon, nitrate, nitrite, and chlorophyll, ciec  30°N) change in temperature advection (colored scale bar;
phytoplankton production (Yentsch, 1990). This section in units: 108 °C s~1) in March. Temperature change (black lines;
vestigates the spring blooms under global warming, based onnits: °C) and currents (black arrows; m% of present-day cli-
the CMIP5 models. Having examined various observationamatology (1951-2000) are superimposed.
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that the ocean loses less heat to atmosphere, andtafter
2 0.6 starts to absorb heat from the atmosphere. Meanwhile, the
MLD starts to shoal sharply and the rate of increase in sarfac
chlorophyll begins to accelerate. Figure 7c shows the buoy-
ancy frequency, defined &= [—g(dp/dz)/p]*/?, whereg
is the gravitational acceleration,denotes geometric height
andp is the potential density. The sharp increasBliacts as
a barrier for the downward turbulence generated in the sur-
face mixed layer by atmospheric disturbances (Gill, 1982).
At the time oft;, the MLD starts to shoal and surface chloro-
: — MLD phyll begins to increase, but the net heat flux at the surface
- S —— chiorophyll remains negative (upward). A weak stratification supports a
0 20 40 60T. 80 100 120 140 160 180 weak spring bloom at the surface. At the timetgfsurface

ime(Julian Day) -

t, t chlorophyllincreases to the second peak and the net heat flux
|
|

PeR— g

o
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_______-_____’_f—p
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1
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1
1
I
I
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1
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1
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. ; N turns positive, while MLD has already shoaled sharply with

: N continuing to increase. A strong stratification supports an
W intense bloom. The net heat flux is not the only determinant

of MLD in the KE (Qiu et al., 2007; Taguchi et al., 2007),
so there is a 60-day lag betwegrandt,. Thus, overall, the
MLD shoaling is a good indicator for the timing of the spring
bloom, and the time of zero net heat flux is a sign to expedite
the spring bloom in the KE.

Figure 8 compares the climatological distribution of sur-
net heat flux face chlorophyll concentration between observations had t
chlorophyll . . .
030" 40 60 80 100 120 140 160 150 models. The model simulations capture the overall spatial

Time(Julian Day) pattern but are biased (too high) in terms of surface chloro-
t 2 phyll concentration, especially in the midlatitudes 135
e 0.08 45°N).

Figure 9 compares the daily variation of surface chloro-
phyll concentration at present and under global warming.
Compared to the current climatology, the spring increase in
chlorophyll shows a tendency to start earlier by about 1Gday
under global warming in the KE, accompanied by a decrease
in MLD due to the surface warming trend (Fig 9a). In Fig.
9b, surface chlorophyll increases to the second peak earlie
by about 15 days under global warming, with the net heat flux
turning positive ahead of time (Fig. 9b). In the CMIP5 mod-
els, the shoaling trend of MLD is consistent with the early
onset of the spring bloom under global warming.
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6. Summary and discussion

Fig. 7. Regional average (3640°N, 140°-160C°E) of (a) MLD Thi . the ch in th | le of
(blue line; units: m) and surface chlorophyll concentnatio IS paper eéxamines the change In the seasonal Cycle o

(green line; units: mg m?) from satellite data, (b) net heat MLD in the KE in response to global warming, based on the
flux from OAFlux (blue line; units: W m?; negative means output of 15 CMIP5 models. The MLD becomes shallower,
ocean is losing heat) and chlorophyll concentration (gtieen ~ €specially in March and April. Under global warming, the
units: mg n13), and (c) buoyancy frequency ® from Argo.  MLD in April shoals mostly in the region where the MLD
The dashed vertical lines mark the first and second chlotbphy is presently large; while in March, it shoals the most in the
blooms. The time axis starts on 1 January. region of the steep mean MLD gradient. This characteristic
of MLD change varies somewhat among models and further
maintain a deep mixed layer, with reduced turbulence; tstudies are needed to determine the factors responsilikesfor
mixed layer begins to shoal slightly, lightly increasingyph different model behavior.
toplankton concentrations at the surface. The transitiom f Changes in both surface heat flux and ocean warm tem-
strong mixing to low turbulence occurs at aboufFig. 7a), perature advection contribute to the spring shoaling of the
the time ;) after the mixed layer reaches its deepest poinhixed layer. The advection of temperature change in the up-
Aftert,, the net heat flux begins to rise (Fig. 7b), which meaneer 100 m by the mean eastward current explains the spatial
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Fig. 8. (a) Satellite-derived chlorophyll distribution (units:gm
m~23) obtained from MODIS for 2004-09. (b) Simulated cli-
matological distribution of chlorophyll (units: mg ) in the
historical simulation. (c) Differences in chlorophyll aentra-
tion (units: mg nT3; simulated minus observation).
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Fig. 9. Daily evolution of the regional averaged (3@CN,
140°-160E) (a) MLD (black lines; units: m) and chlorophyli
concentration (green lines; mg ) at the surface (dashed ver-
tical lines mark the first chlorophyll blooms in the histaiieand
RCP4.5 simulations), and (b) net heat flux (black line; units
W m~2; negative means the ocean is losing heat) and chloro-
phyll concentration (green lines; units: mg ) at the surface
(dashed vertical lines mark the second chlorophyll blooms i
the historical and RCP4.5 simulations). Note that the tesuk

the ensemble mean.

may be important. Diagnostic methods based on the mixed
layer heat budget need to be developed to investigate the un-
derlying mechanism of the temperature pattern formation.
The triggering mechanisms for spring bloom in the KE

were examined using satellite data, and it was found that
the strengthened stratification and mixed layer shoalimg ca
cause a surface bloom of chlorophyll, and the net heat flux
turning to positive from negative also causes a second peak
of chlorophyll in the current climate. Under global warming
model projections suggest an early onset of the spring phyto

pattern of MLD change in spring. The spatial distributioplankton bloom—a change that is consistent with the shoal-
of mixed layer temperature change—large in the west aimd) of the mixed layer in the warming climate. This result
reduced in the east—is the main reason for temperature atif needs to be tested with observations and model oufput o
vection change under global warming. This result highbghthe vertical dimension of chlorophyll concentration lauki
the importance of the ocean surface warming pattern (Xiedftliability data. Hashioka et al. (2009) obtained a similar

al., 2010). It also raises another question as to what causek that the spring bloom initiates earlier by about 10 to 20

this spatial distribution of potential temperature changre

days under global warming, although the physical processes

the extra-tropics, wind stress forcing and ocean heatpi@hs were not investigated in detail. The chlorophyll concentra
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tion can alter solar penetration through the ocean (NakamokKraus, E. B., and J. A. Businger, 1995: Atmosphere-Oceaar-Int
et al., 2001; Murtugudde et al., 2002). Thus, there may be action, 2nd ed., Oxford University Press, 362 pp.
feedback between physical and biological changes. Long, S.-M., S.-P. Xie, X.-T. Zheng, and Q. Y. Liu, 2014: Fasd

The total radiative forcing begins to stabilize around 2070  Slow responses to global warming: Sea surface temperature
under RCP4.5 (Taylor et al., 2012). The ocean response com- and precipitation pattern3. Climate, 27(1), 285-296.
prises a fast response of the mixed layer warming (10-yeén“°’ Y- Y, Q¥ L, anql L. M. Rothstein, 2009: Simulated re-
timescale, approximately) and a slow response involvieg th sponse of north Pacific mode waters to global warmiig-

’ - phys. Res. Lett., 36, L23609, doi: 10.1029/2009GL040906.

deeperocgaq (Held gt aI._, 2010).Thef§st response dommaﬁ@ann, K., and J. Lazier, 2005Dynamics of Marine Ecosys-
as the radiative forcing increases, while the slow response  emg Bjological-Physical Interactions in the Oceans. Wiley-
takes over after the radiative forcing has stabilized. & f Blackwell, 496 pp.
response is associated with increased upper-ocean statifi Murtugudde, R., J. Beauchamp, C. R. McClain, M. Lewis, and A.
tion and shoaling of the mixed layer, as discussed here. The J. Busalacchi, 2002: Effects of penetrative radiation an th
slow response is associated with a slightly reduced upper upper tropical Ocean circulatiod. Climate, 15(5), 470-486.
ocean stratification (Long et al., 2014) and a weak increadéakamoto, S., S. P. Kumar, J. M. Oberhuber, J. Ishizaka, K.
in MLD in the KE (Xu et al., 2013), despite the continued =~ Muneyama, and R. Frouin, 2001: Response of the equato-
increase in surface temperature. In future work, we intend t i@l Pacific to chlorophyll pigment in a mixed layer isopytna

investigate the distinct fast and slow responses in thexgpri gg;?n Zggzrfral circulation mod@eophys. Res. Lett., 28(10),
bloom. e

Qiu, B., and K. A. Kelly, 1993: Upper-ocean heat balance & th
Kuroshio extension regiod. Phys. Oceanogr., 23(9), 2027—
Acknowledgements. This work was supported by the National 2041.

Basic Research Program of China (Grant No. 2012CB955602ju, B., N. Schneider, and S. M. Chen, 2007: Coupled decadal

the National Natural Science Foundation of China (Grant.Nos variability in the north pacific: An observationally con-

41476002, 41490643, 41176006 and 41221063), and the Funda- strained idealized model. Climate, 20(14), 3602—-3620.

mental Research Funds for the Central Universities (Gramt N Sakamoto, T. T., H. Hasumi, M. Ishii, S. Emori, T. Suzuki, T.

201503029). Nishimura, and A. Sumi, 2005: Responses of the Kuroshio

and the Kuroshio extension to global warming in a high-

resolution climate modelGeophys. Res. Lett., 32, L14617,

REFERENCES doi: 10.1029/2005GL023384.
Behrenfeld, M. J., 2010: Abandoning Sverdrup’s criticgittiehy- ~ Sato, Y., S. Yukimoto, H. Tsujino, H. Ishizaki, and A. Nod&0B:
pothesis on phytoplankton bloont&cology, 91(4), 977-989. Response of North Pacific Ocean circulation in a Kuroshio-
Boss, E., and M. Behrenfeld, 2010n situ evaluation of the ini- resolving ocean model to an Arctic Oscillation (AO)-like
tiation of the North Atlantic phytoplankton bloorGeophys. change in Northern Hemisphere atmospheric circulation due
Res. Lett., 37, L18603, doi: 10.1029/2010GL044174. to greenhouse-gas forcing. Meteor. Soc. Japan, 84, 295—
Chiswell, S. M., 2011: Annual cycles and spring blooms intphy 309.
plankton: Don’t abandon Sverdrup completéarine Ecol- Sverdrup, H. U., 1953: On conditions for the vernal blooming
ogy Progress Series, 443, 39-50. of phytoplankton.Journal du Conseil International Pour
Chiswell, S. M., P. H. R. Calil, and P. W. Boyd, 2015: Spring  |'ExplorationdelaMer, 18(3), 287-295.
blooms and annual cycles of phytoplankton: a unified perTaguchi, B., S.-P. Xie, N. Schneider, M. Nonaka, H. Sasakd, a
spective Journal of Plankton Research, 37(3), 500-508. Y. Sasai, 2007: Decadal variability of the Kuroshio exten-
Gill, A. E., 1982: Atmosphere-Ocean Dynamics. Academic press, sion: observations and an eddy-resolving model hinddast.
662 pp. Climate, 20(11), 2357-2377.

Hashioka, T., T. T. Sakamoto, and Y. Yamanaka, 2009: Potenlaylor, J. R., and R. Ferrari, 2011: Shutdown of turbulemtvec-
tial impact of global warming on north Pacific spring blooms ~ tion as a new criterion for the onset of spring phytoplankton
projected by an eddy-permitting 3-D ocean ecosystem model.  blooms.Limnology and Oceanography, 56(6), 2293-2307.
Geophys. Res. Lett., 36, L20604. Taylor, K. E., R. J. Stouffer, and G. A. Meehl, 2012: An ovewi
Held, I. M., M. Winton, K. Takahashi, T. Delworth, F. R. Zerand of CMIP5 and the experiment desigBull. Amer. Meteor.
G. K. Vallis, 2010: Probing the fast and slow components of  Soc., 93(4), 485-498.
global warming by returning abruptly to preindustrial fiog. ~ Vecchi, G. A., and B. J. Soden, 2007: Global warming and the
J. Climate, 23(9), 2418-2427. weakening of the tropical circulationl. Climate, 20(17),
Huisman, J. E. F., P. van Oostveen, and F. J. Weissing, 199%9: C 4316-4340.
ical depth and critical turbulence: Two different mechamss Wu, L., Z. Liu, R. Gallimore, R. Jacob, D. Lee, and Y. Zhong,

for the development of phytoplankton bloorhsmnol ogy and 2003: Pacific decadal variability: The tropical Pacific mode
Oceanography, 44(7), 1781-1787. and the north Pacific modé. Climate, 16(8), 1101-1120.

Kara, A. B., P. A. Rochford, and H. E. Hurlburt, 2003: Mixegiéa WU, L. X., and Coauthors, 2012: Enhanced warming over the
depth variability over the global oceah.Geophys. Res., 108, global subtropical western boundary curreitature Climate
3079, doi: 10.1029/2000C000736. Change, 2(3), 161-166.

Kraus, E. B., and J. S. Turner, 1967: A one-dimensional moflel Xie, S.-P., C. Deser, G. A. Vecchi, J. Ma, H. Y. Teng, and A. T.
the seasonal thermocline The general theory and its conse- Wittenberg, 2010: Global warming pattern formation: Sea
quences. Tellus, 19(1), 98-106. surface temperature and rainfall Climate, 23(4), 966—-986.

Xu, L. X., S.-P. Xie, and Q. Y. Liu, 2012: Mode water ventila-



APRIL 2016 ZHANG ET AL. 461

tion and subtropical countercurrent over the north Padific i 10.1002/2014JC009861.
CMIP5 simulations and future projectionk.Geophys. Res.- Yentsch, C. S., 1990: Estimates of ‘new production’ in thelMi
Oceans, 117, C12009, doi: 10.1029/2012JC008377. North Atlantic.Journal of Plankton Research, 12, 717-734.

Xu, L. X., S.-P. Xie, and Q. Y. Liu, 2013: Fast and slow resggms Yim, B. Y., Y. Noh, S. W. Yeh, J. S. Kug, H. S. Min, and B. Qiu,
of the north Pacific mode water and subtropical countercur-  2013: Ocean mixed layer processes in the Pacific decadal os-
rent to global warmingJournal of Ocean University of China, cillation in coupled general circulation mode@imate Dyn.,
12(2), 216-221. 41(5-6), 1407-1417.

Xu, L. X., S.-P. Xie, J. L. McClean, Q. Y. Liu, and H. Sasaki, Yu, L., X. Jin, and R. A. Weller, 2006: Role of net surface heat
2014: Mesoscale eddy effects on the subduction of north Pa-  flux in seasonal variations of sea surface temperature in the
cific mode watersJ. Geophys. Res., 119, 4867-4886, doi: tropical Atlantic OceanJ. Climate, 19(23), 6153-6169.



