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Abstract In many regions the projected future sea surface temperature (SST) response to greenhouse
warming is larger in summer than in winter. What causes this amplification of the SST seasonal cycle has
remained unclear. To determine robustness of the projected seasonal cycle intensification and ascertain
underlying physical mechanisms we analyze a suite of historical and greenhouse warming simulations
conducted with 13 coupled general circulation models in the Coupled Model Intercomparison Project Phase 5.
In the Representative Concentration Pathway 8.5 scenario, the amplitude of SST seasonal cycle, defined as the
difference between climatological maximum and minimum temperature, increases by 30% + 20% on average
by the end of 21st century. Analysis of a simplified mixed layer heat budget demonstrates that the amplification
can be attributed to the increasing upper ocean stratification and hence shoaling of the annual-mean mixed
layer. The projected intensification of SST seasonality may have important implications for future changes in
marine ecosystems.

Plain Language Summary One of the robust projected climate changes in response to global
warming is the amplification of seasonal cycle of sea surface temperature (SST) with larger warming occurring
in summer than in winter, especially in the North Atlantic, North Pacific and South Indian Ocean. Here we
investigate the underlying physical mechanisms using a suite of future greenhouse warming simulations. We
show that for the high greenhouse gas emission scenario the amplitude of SST seasonality increases over the
next 80 years by 30% + 20% globally. Overall mean ocean warming increases the upper ocean stratification,
which leads to a shoaling of the mixed layer. This implies that climatological air-sea heat fluxes impact a
smaller ocean volume, which then leads to an increased SST response. Other heat budget terms play only

a secondary role. The increased temperature seasonality could further impact plankton phenology and the
climatology of upper ocean CO,.

1. Introduction

Sea surface temperature (SST) plays a crucial role in the interaction between the ocean and the atmosphere.
SST patterns drive large scale wind-systems (Bjerknes, 1969), determine the global rainfall distribution (Deser
et al., 2010; Schmitt, 2018) and influence marine ecosystems (Sunagawa et al., 2015; Thomas et al., 2012). It
is therefore crucial to understand, how SST will respond to greenhouse warming in terms of its mean state and
seasonal cycle. The amplitude of the climatological SST seasonal cycle is generally larger in the extratropical
oceans than the tropical oceans and larger in the Northern Hemisphere (NH) than in the Southern Hemisphere
(SH) (Figure 1a). The seasonal cycle amplitude of SST is defined as the difference between annual maximum and
minimum temperature (see Figure S1 in Supporting Information S1).

According to recent observational analyses, annual-mean global SST has increased by about 0.11 (0.09-0.13) °C
per decade since 1970 (IPCC, 2019). Different versions of the Coupled Model Intercomparison Project demon-
strated that this trend will continue in response to increasing greenhouse gas emissions (Alexander et al., 2018;
Federation & Lynne, 2013; Gleckler et al., 2012). The projected multi-model mean change in global and annual
mean SST by the end of the 21st century (2080-2100) relative to the recent past (1985-2005) attains values
between 1.2°C and 3.0°C for Representative Concentration Pathway (RCP) 4.5 and 8.5 scenarios, respectively,
based on 13 CMIP5 models (Taylor et al., 2012) (Figure 2a). CMIP5 models also simulate a robust decrease of
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Figure 1. Climatological amplitude of sea surface temperature (SST) seasonal cycle for 1985-2005 (left panels) and its trend (right panels) from 1950 to 2019 for
panel (a), (b) the observational (ERSSTvS) data (Huang et al., 2017) and panel (c), (d) the multi-model mean of 13 CMIP5 models, respectively. The seasonal cycle
amplitude of SST is defined as the difference between annual maximum and minimum temperature. For models, historical simulations are used from 1950 to 2005
and Representative Concentration Pathway 8.5 runs from 2006 to 2019 to calculate the simulated trend. Black stippling in panels (c and d) indicates that the trend is
statistically significant at 95% confidence level on the basis of r-test. ERSST stands for Extended Reconstruction of SST. Zonal average of each variable is also shown
in the right side of map. For CMIP5, multi-model mean (thick solid line) and inter-model spread (gray shading-maximum to minimum) are shown.

the mixed layer depth (MLD) by about 10-15 m (Figure 2c¢). The CMIP6 models show similar results (Figure S2
in Supporting Information S1).

In addition to the increase in annual-mean SST, observational analyses show an increasing trend in the ampli-
tude of the SST seasonal cycle for the last 70 years over many ocean basins (Figure 1b). The CMIP5 models
realistically simulate not only its climatological distribution but also several characteristics of its trend patterns
(Figures 1c and 1d). Consistent with the observed trend (Figure 1c) recent studies demonstrated a seasonal modu-
lation of the projected SST trends, with stronger warming in summer than in winter (Alexander et al., 2018; Y. Y.
Chen & Jin, 2018) (see Figure 1d).

It has been suggested that changes in the seasonal cycle of MLD may partly contribute to the stronger SST season-
ality (Alexander et al., 2018). Gallego et al. (2018) showed that the SST seasonality is projected to amplify in
most of the ocean basins in association with an increase in upper ocean stratification. Yamaguchi and Suga (2019)
identified a pronounced strengthening of the ratio of summer-versus winter stratification in the mid- and high-lat-
itude ocean in observational records. C. Chen & Wang (2015) presented amplification of SST annual cycle in
the North Pacific responding to global warming attributable to the decrease of MLD in summer which will trap
more incoming net heat flux and cause a higher SST increase than in winter. Other studies (e.g., Timmermann
et al., 2004) suggested that projected changes in meridional SST gradients in the eastern equatorial Pacific can
lead to an intensification of SST seasonality, with potential repercussions for ENSO (Karamperidou et al., 2020).
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Figure 2. Multi-model mean (line) and inter-model spread (shading) for panel (a), (c) annual mean and panel (b), (d) seasonal cycle amplitude of spatial mean sea
surface temperature (SST) (left panels) and spatial mean mixed layer depth (right panels) averaged over the globe, respectively, obtained from 13 CMIP5 models,
respectively, during historical period (1851-2005) and the future (2006-2100). For the future projection, Representative Concentration Pathway (RCP) 4.5 and RCP 8.5
scenario in CMIPS5 are used. The amplitude of seasonal cycle is calculated by subtracting the minimum value from the corresponding maximum value every year. Inter-
model spread is obtained from one standard deviation against multi-model mean. The annual mean and seasonal cycle amplitude of SST based on ERSST from 1854 to
2019 are also shown in green in panels (a and b).

Recently, Liu et al. (2020) suggested that both the direct CO, and wind effect contribute to the enhancement of the
SST seasonality based on single model experiments. In Liu et al. (2020), the contribution of the direct CO, effect
in the absence of wind change was considered through the reduced wind mixing and warming-induced shoaling
in the MLD under surface thermal forcing. However, the MLD contributions to the strengthening of SST seasonal
cycle in their study were mostly inferenced statistically rather than qualitatively with a heat budget analysis.

While SST seasonality under present-day conditions is well understood, the mechanisms controlling the future
seasonality are unclear. The aim of our study is to determine the mechanisms cause the intensification in the SST
seasonal cycle and provide a better understanding of the spatial pattern of this amplification. In Section 2, models,
data and methods used in this study are introduced. Section 3 addresses the main results on the amplification of
SST seasonal cycle and its main drivers. The final section summarizes the major findings and discusses limita-
tions of our approach which calls for further studies.

2. Methods
2.1. Models and Data

This study uses monthly mean SST and MLD, and calculates surface net heat flux using shortwave radiation, long-
wave radiation, latent heat flux and sensible heat flux from historical (1850-2005) and RCP 4.5 and 8.5 simula-
tions (2006-2100) conducted as part of CMIP5 (Taylor et al., 2012). We focus our analysis on 13 out of 45 CMIP5
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models. These models (Accessl-0, CESM1-BGC, CanESM2, IPSL-CM5A-LR, Accessl-3, CNRM-CMS5, IPSL-
CM5A-MR, IPSL-CM5B-MR, MPI-ESM-LR, MPI-ESM-LR, MRI-CGCM3, NorESM1-ME and NorESM1-M)
were selected because their upper ocean mixed layer calculations include the effect of both temperature and salin-
ity. We also evaluate two models (MPI-ESM1-2-HR and MPI-ESM1-2-LR) from CMIP6 (Eyring et al., 2016)
which follow the Shared Socioeconomic Pathway2-4.5 and SSP5-8.5 scenario run (2015-2100). The analysis
period covers the years 1985-2005 and 2080-2100. All data were regrided onto a common regular 2.5° x 2.5°
longitude-latitude grid using Climate Data Operators (CDO) (Schulzweida, 2017).

We further used the Extended Reconstruction of SST version 5 (ERSSTv5) data (Huang et al., 2017) regrided
onto 2.5° x 2.5 resolution to validate models. Figure 1 shows the long-term mean of the SST seasonal ampli-
tude calculated for the recent past period (1985-2005) and its trend for 1950-2019 using the ERSSTv5 data set
(upper panels) and 13 CMIP5 models (lower panels). The multi-model mean climatology of 13 CMIP5 models
(Figure 1c¢) is in good agreement with the ERSSTv5 observations (Figure 1a).

2.2. SST Budget Analysis

To understand the underlying mechanisms driving amplification of the SST seasonal cycle, we performed a
mixed layer heat budget analysis using the following simplified mixed layer temperature (7) equation:

T 0 oT T  oT
atr _ ¥ _(,°L 2 L Res,
r ~ pCoh (udx+udy+wdz) +Res M

with @, p, C, h, u, v, w representing the net surface heat flux, density of sea water, specific heat capacity, MLD
and zonal, meridional and vertical velocities respectively, and Res indicating the residual term including horizon-
tal and vertical diffusion. Here, we assume that the contributions from the ocean advection terms and Res to the
seasonal cycle of SST are small. This assumption is clearly not well justified in upwelling and boundary current
regions, where strong velocities encounter large temperature gradients, but we shall see that several key aspects of
the future amplification of the seasonal cycle can already be described from the heat flux and mixed layer terms.
Thus, the mixed layer temperature equation considered here reads:

ar 0
ar " pon @

To determine the contributions to the SST seasonal cycle we first decompose each variable into two parts
(X (month) = X + X'(month)). The term X represents the annual mean and X’ denotes deviations from the
annual mean (i.e., seasonal cycle in which interannual variability is seasonally interlocked). Thus, Equation 2 can
be expressed in the following way.

d (f+ T’)
dt

0+0 _ _ 0+0Q
pCP(E+h’) pCPE(l-Q-%’)

3

Assuming b’ <« h (see Figure S3 in Supporting Information S1), the first order Taylor expansion of d7"/dt then
reads

d_T’N Qr B ahr B Q.'hr (4)
at G pch pCR

The climatological monthly variation of SST can be determined by the seasonal cycle of the net surface heat flux
(Q"), that of MLD (h') and product of Q" and h’. Equation 3 is the general form equation which we apply for the
recent past (1985-2005) and the end of the 21st century (2080-2100). We use subscript 1 for the present and 2
for the future. Thus, the seasonal cycle of SST in the present and future can be written as

a1y 2, h
). (5)

R . < (@ -¢
—2 1
dt pChi o,
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Then, the future seasonal cycle and annual mean can be writtenas X>" = X" + 6 X for the climatological seasonal
cycle and X, = X, + AX for the climatological annual mean. Here, 6X is the future change in seasonal cycle of
X, and AX is the future change in climatological annual mean. The difference between Equations 5 and 6 repre-
sents the future change of the seasonal cycle of SST. Applying again a Taylor expansion to and ——

1
(]+¥) 1448
a} Iy

(Ah < hy) (see Figure S4 in Supporting Information S1), the difference can be expressed as

At om
W +6h
 (+on
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pC‘phl hy

)

—

! hn’
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pC,h PGl pC hy
For this budget analysis, the amplitude of seasonal cycle can be determined at every grid point by the difference
between seasonal maximum and minimum. The month at which maximum and minimum local SSTs are attained
can differ, depending on, local insolation, MLD and the seasonality of other feedback processes (Figure S1 in
Supporting Information S1). Therefore, to properly evaluate this equation, we use temperature, heat fluxes and
MLD that correspond to the season, when SST attains its minimum or maximum. For simplicity we assume that
this peak occurrence does not change dramatically during the greenhouse warming simulation. Based on the SST
seasonal cycle and based on the climatological monthly variation of SST (Equation 4 and Figure S1 in Supporting
Information S1), we define the seasonal maximum (max) as the season in which SST peaks locally and seasonal
minimum (min) as the season in which SST attains minimum value locally. The change in the amplitude of
seasonal cycle of any variable X (6X) is calculated by 6X (max)—&X (min) where max and min are determined
for SST only and subscript a is used to define amplitude. Therefore, the change in the amplitude of SST seasonal
cycle can be calculated as follows.

wr; __(1420), sg, (450), (eam), 2(01HaR) a(ouman), (01on),
dt

—2 - —2 —2 —3 —3 —2
pCp hy PGt pC, by pC, hy pCp Iy pCohi  pCph
(0i3h), 2(WAQAR), (aQsh),  (20am), _2(K5QAH), 2 (01anon),

+ —2 —3 —2 —2 —3 —3
pCp h] pCp h] pCp h] pCp h] pCp h] pCp h]

(8

2(Q,Ahsh), | (6Q6h). | AAQARSH),  AQAhS),
—3 —2 —3 —3
pcpfh pC;,h] pCPh1 pCphl

3. Results
3.1. The Change in Amplitude of SST Seasonal Cycle

This section examines changes in the amplitude of SST seasonal cycle over the global ocean during the histor-
ical and future period based on 13 CMIP5 models. The timing of maximum and minimum SST varies spatially
(Figure S1 in Supporting Information S1) but the maximum and minimum values occur on average during August
and February, respectively, in the NH but vice versa in the SH. Near the equator, the spatial pattern of SST
seasonality is more complicated. Figure 2b shows the amplitude of the SST seasonal cycle averaged globally
starting from 1851 to 2100 obtained from the historical, RCP 4.5 and RCP 8.5 simulations in CMIP5. It is evident
that the amplitude of SST seasonal cycle intensifies over the 21st century in both intermediate (RCP 4.5) and
high (RCP 8.5) emission scenarios. The multi-model mean (inter-model spread) of the amplitude of SST seasonal
cycle increases by 13% (+8%) and 30% (£20%) toward the end of 21st century under RCP 4.5 and RCP 8.5
scenario, respectively. The inter-model spread is estimated by standard deviation against the multi-model mean.
Figure S2b in Supporting Information S1 shows that the intensification is also present in the CMIP6 SSP2-4.5
and SSP5-8.5 scenario simulations.
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Alexander et al. (2018) suggested that a reduction in the seasonal cycle of MLD in future (e.g., i) could contrib-
ute to the amplification of the SST seasonal cycle. Figure 2d indicates that the amplitude of MLD seasonal cycle
is projected to decrease by 10% and 20% for the RCP 4.5 and RCP 8.5 scenario, respectively. The CMIP6 models
project similar decreases in the MLD seasonality (Figure S2¢ in Supporting Information S1). The weakening is
attributable to the larger decrease of MLD during local winter.

The amplification of SST seasonal cycle is spatially non-uniform. Figure 3 shows the change in the amplitude of
SST seasonal cycle during the 21 years of 2080-2100 relative to the 21 years of 1985-2005 based on multi-model
mean of 13 CMIP5 models under the RCP 8.5 and RCP 4.5 scenario. It is noted that the intensification of the SST
seasonal cycle is much larger in the NH than the SH and in the mid- and high latitude rather than tropics. In fact,
the pattern of change resembles the mean SST seasonal amplitude (Figure 1) quite closely. The North Atlantic
exhibits a higher increase in SST seasonality than the North Pacific, which can be linked to the difference in long-
term mean mixed layer shoaling (Figures 3c and 3f), as will be discussed below. We also find a consistent increase
in SST seasonality in the equatorial central and eastern Pacific, in agreement with Timmermann et al. (2004),
as well as in the equatorial eastern Indian Ocean. The spatial distribution of the projected amplification of the
SST seasonality during the end of 21st century is consistent with that in CMIP6 models (Figure S5 in Supporting
Information S1) as also shown in Kwiatkowski et al. (2020).

The SST seasonal cycle is projected to intensify mainly as a result of larger warming occurring during local
summer as compared to winter (Figure 3). The largest warming occurs during August and September in the North
Adtlantic (30°-60°N, 50°-10°W) and North Pacific (30°-60°N, 150°E-130°W) and during February and March
in the South Indian Ocean (45°-30°S, 60°-120°E).

3.2. Contributing Factors for Amplification of SST Seasonality

Here we examine the main factors responsible for the change in SST seasonal amplitude by computing the simpli-
fied non-advective heat budget (see Section 2.2) and using the regional SST maximum and minimum pattern in
Figure S1 in Supporting Information S1. Since we neglect the contribution from changes in ocean advection and
other vertical processes, the potential driving factors are changes in annual mean (AQ) and amplitude of seasonal
cycle (6Q,) of surface net heat flux and annual mean (Ah) and amplitude of seasonal cycle (6h,) of MLD, as
shown in Equation 8. To check if our simplification works, we calculate both d6SST /dt directly from SST data,
and d&T,/dt as the reconstructed change in amplitude of SST seasonal cycle based on the simplified mixed layer
temperature equation. Figure S6 in Supporting Information S1 illustrates that the reconstruction can explain a
large fraction of the projected change in SST seasonality over most of ocean basins.

AQ (change in annual mean heat flux) can contribute to the change in SST seasonal amplitude change. Its contri-
bution is weighted by the ratio of the present-day amplitude of MLD seasonal cycle and the inverse of the square

(h’l AQ)“

of the present-day annual mean MLD as shown in term 1 of Equation 8 (e.g., — ——*%). Since the MLD is shal-
1
lower during local summer than local winter, A} < 0 in general. Thus, the projcctepd increase in AQ (Figure 3b)

leads to the amplification of SST seasonal cycle particularly in the region where the seasonal MLD difference in
the present (k| ) is large (Figure S7 in Supporting Information S1). Figure 4a indicates that the AQ factor (term 1,
contribution from change in annual mean surface heat flux) induces only a moderate increase in SST seasonality
in most of ocean basins and significantly in the North Atlantic.

A positive @, (increase in the amplitude of surface heat flux) can increase the amplitude of the SST seasonal
604

ﬂCpFl ’
However, the increase is compensated in proportion to the ratio between the amplitude of MLD seasonal cycle

). In general, the contribution from term 2 is larger than

cycle accounting for the inverse proportionality in the annual mean of MLD in the present (Term 2,

to the annual mean MLD in the present (Term 3,

pC,

. i T . .
term 3 since FI_ > 4. The net contribution from Terms 2-3 is to decrease SST seasonality over some parts of the
1 I

North Atlantic and Southern Ocean but to increase over some parts of the North Pacific, South Pacific, South
Atlantic, Arctic Ocean and Southern Ocean (Figure 4b).

JOET AL.

6 of 10



Y edl | .
A\I Geophysical Research Letters 10.1029/2022GL0O98607

ADVANCING EARTH
AND SPACE SCIENCE

(a) SST Seasonal cyle; pIitude(F{CPS.S) Zonal Ave son Zonal Ave
- : . - 60N - 60N
- 30N - 30N
- 0 ro
- 308 - 308
- 60S - 60S
908 908

-04 02 0 02 04 06 08 1 12 14 16 18 2
[¢]
C

(b) The change in annual mean AQ (e) The change in amplitude of seasonal cycle 3Qa

‘,_,.-c' L

Figure 3. Projected future change in the amplitude of sea surface temperature seasonal cycle during the end of 21st century (2080-2100) relative to the recent past
(1985-2005) obtained from 13 models' mean of CMIP5 models under the (a) Representative Concentration Pathway (RCP) 8.5 and (d) RCP 4.5 scenario. Multi-
model mean (thick solid line) and inter-model spread (gray shading) of zonal mean of the amplitude are also shown in the right-hand side of map. (b and e) shows the
change in annual mean (left) and amplitude (seasonal maximum minus minimum) of seasonal cycle (right) for surface net heat flux and (c and f) for mixed layer depth,
respectively, during the end of 21st century (2080-2100) relative to the recent past (1985-2005) period obtained by multi-model mean of 13 CMIP5 models under the
RCP8.5 scenario.

Terms 4-6 represent the contributions from A (change in annual mean MLD). Since éz > i“_;, (mean MLD
fy hy

is larger than MLD seasonal cycle) in general, term 4 is larger than terms 5 and 6. Thus, a decrease in annual

mean of MLD (negative Ah) can result in the intensification of SST seasonal cycle weighted by the amplitude of
seasonal cycle of surface net heat flux in the present, particularly in the region where the annual mean of MLD
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Figure 4. Contributions to the change in the amplitude of sea surface temperature seasonality from panel (a) the AQ factor (term1), (b) the 6Q, factor (terms2-3), (c)
the Ah factor (terms 4-6), and (d) the 6k, factor (terms 7-8) in Equation 8.

. Q|ah . . . .

is shallower (term 4, — (1—7),“). Figure 3¢ shows that Ak will decrease in most parts of the global ocean which
PGy

is attributable to the well-documented increase in stratification in response to greenhouse warming. It is noted

that the decrease in annual mean of MLD (terms 4—6) plays the dominant role in intensifying SST seasonality in
most of ocean basin (Figure 4c¢).

Figure 3f indicates that 6k, (change in seasonal amplitude of MLD) is projected to decrease in response to global
warming, particularly in the region where the robust decrease in the annual mean MLD (Ah) is projected. The
contribution from &k, is determined by the difference between annual mean and amplitude of seasonal cycle of

surface net heat flux in the present (e.g., (Eﬁh) — (Q’lah)a) as shown in terms 7 and 8 in Equation 8. In the

a

region where 0l - Q1 > 0, the 6k, will lead to the amplification of SST seasonal cycle. We notice that its contri-
bution is smaller than that of annual-mean MLD change in most of the ocean basins (Figure 4d).

‘We quantify the contribution from each driver to the amplification of SST seasonal cycle focusing here on the
North Atlantic, North Pacific and Southern Indian Ocean where the amplification is particularly strong as shown
in Figure 3 and Figure S5 in Supporting Information S1. Figure S8 in Supporting Information S1 shows that the
simplified non-advective heat budget for the annual cycle changes explains a considerable fraction of the total
diagnosed change from the CMIP5 models with a residual term contributing between 10% and 40% depending
on the region. We further see that the decrease in annual mean of MLD attributable to the projected increase
in stratification is the most important process leading to the amplification of SST seasonality in all three ocean

Q' Ah
basins (terms 4-6) (Figure S8 in Supporting Information S1). In particular, term 4 (— %) is comparable to
pCyp Iy
the reconstructed change (d67,/dt) in all three ocean basins. !
In the North Atlantic, the increase in annual mean of surface net heat flux (AQ) also positively contributes to the
increase of the amplitude of the SST seasonal cycle (Figure 4a) while the decrease in seasonal cycle amplitude of

surface net heat flux (Figure 4b) over the North Atlantic tends to slightly reduce the amplitude of SST seasonal
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cycle. The residual term explains about 40% of the projected increase in amplitude of SST seasonal cycle. To
summarize, the majority of the amplification of SST seasonality over the North Atlantic can be explained in terms
of the annual mean change of MLD and surface net heat fluxes.

In the North Pacific, the annual mean change of MLD (Ah) plays a dominant role to increase the amplitude of
SST seasonal cycle. There are slight positive contributions from the annual mean change of surface net heat
flux (AQ) and seasonal cycle change of MLD (6h,). In the South Indian Ocean, the terms that contribute to the
seasonal cycle amplitude of SST is similar with North pacific with less magnitude. Increase in annual mean
change of surface net heat flux (AQ) and annual mean change of MLD (A#h) contribute to increase the amplitude
of SST seasonal cycle in the South Indian Ocean basin. The residual term (Figure S9 in Supporting Informa-
tion S1) explains about 15% and 30% of the projected increase in amplitude of SST seasonal cycle in the North
Pacific and South Indian Ocean, respectively.

4. Discussions and Conclusions

Using the output from 13 coupled models in CMIPS5, our study provides a comprehensive analysis of the
characteristics and driving mechanisms responsible for the intensification of the seasonal cycle of SST. Glob-
ally, by the end of 21st century the amplitude of the SST seasonal cycle increases by 13% (+£8%) and 30%
(+20%) for RCP4.5 and RCP8.5 scenarios, respectively and the projected ocean warming over summertime
is much stronger than winter. We demonstrate that on average the global amplification of seasonal cycle of
SST can be explained in terms of the increase in stratification that will trap the seasonal heat flux variability
to a shallower layer. The intensification of the SST seasonal cycle is much larger over NH than the Southern
Hemisphere and in the mid and high latitudes than tropics. The amplification rate for individual ocean basins
is different and we observe the largest amplification in areas with a deep climatological mixed layer. There-
fore, our study focuses on three Ocean basins where the amplification is robust (based on seasonal cycle,
Figures 3a, 3d, and S5 in Supporting Information S1), that is, North Atlantic Ocean, North Pacific Ocean,
and South Indian Ocean.

To better understand the main mechanisms controlling the amplification of SST seasonality, we conducted a
simplified heat budget analysis for the surface heat flux component of mixed layer temperature equation. In three
ocean basins as mentioned above, it is found that the decrease in annual mean MLD due to the increase in strati-
fication is the most important contributor of the amplification of SST seasonal cycle. Increases in annual mean of
net surface heat flux play a secondary role just in the North Atlantic with slight compensation from the decrease
in seasonal cycle amplitude of net surface heat flux.

The intensification in the seasonal cycle of SST might have implications for future changes in the ecosystems.
A seasonal cycle amplification may add to the existing stressors to ecosystems such as ocean acidification and
reduced upper ocean oxygen levels. Therefore, understanding the drivers of SST seasonal cycle intensification in
response to greenhouse warming may help to better determine the productivity and distribution of marine species
in future.

Our heat budget analysis has a number of limitations as we ignored the advection and other vertical processes of
the heat budget. It is estimated that the advection term explains about 10%—40% of the change in SST seasonality
depending on the region. Future research will focus on the effects of ocean circulation changes on seasonal SST
variability and its response to greenhouse warming. Other sources of limitations are our assumption on &’ < h
and Ah < hy which may not hold in polar regions and Labrador Sea and neglection of potential shifts in SST
seasonal cycle in a warmer world.

It is important to note that integrated observed data indicate the deepening of summertime MLD as well as the
increase of the upper ocean stratification on a global scale from 1970 to 2018 (Sallée et al., 2021) which may
be contradictory to recent modeling studies and the current study suggesting increases in upper ocean stratifi-
cation and shoaling of MLD in response to global warming. Large uncertainties remain in both observations
mainly due to sparse coverage and models due to imperfect parameterization. This calls for further investi-
gation to better estimate observed changes and their drivers as well as further improvement in ocean models
with higher horizontal and vertical resolution and better representation of vertical mixing processes (Donald &
Kathleen, 2014).
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