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The eastern equatorial Pacific exhibits a pronounced westward propagating sea
surface temperature annual cycle (SSTAC). The responses of the equatorial Pacific
SSTAC to CO2-induced global warming are examined using 15 Coupled Model
Intercomparison Project Phase 5 (CMIP5) experiments. The annual cycle patterns
of global-warming simulations over 2006-2100 are compared with that of
present-day simulations over 1850-2005. We see no statistically significant
changes in SSTAC amplitude in the future. A coupled dynamical diagnostic
framework is adopted to assess four factors, including the damping rate, phase
speed and strength of the annual and semi-annual harmonic forcing of SSTAC.
Under global warming, changes relative to the present-day simulations in these
four diagnostic factors have a clear multi-model trend. Most coupled models
exhibit relatively weaker (an average of 18%) propagation speed, and stronger
annual (18%) and semi-annual (39%) external forcing. Half of the models show a
relatively stronger (about one time) damping rate, while the rest show a weaker
(30%) damping rate. When these four diagnostic factors are further condensed
into a dynamical response factor and a forcing factor, it is revealed that the same
annual cycle amplitudes with respect to the present-day simulations may result
from the compensations in terms of bias in the dynamical response factor and
forcing factor under increased CO2-induced warm climate.

KEYWORDS
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1 Introduction

Sea surface temperature (SST) in the eastern tropical Pacific cold tongue region
exhibits a pronounced annual cycle, with a warm phase during boreal spring and a cold
phase during fall, although the sun moves across the equator twice yearly (Wyrtki and
Meyers, 1976; Horel, 1982; Mitchell and Wallace, 1992; Wang, 1994; Xie, 1994). The
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main cause for the generation of this SST annual cycle (SSTAC)
is the hemispheric asymmetries of the tropical Pacific
climatological mean conditions (Mitchell and Wallace, 1992;
Xie, 1994). These asymmetries are caused by the distribution of
continents and maintained by coupled ocean-atmosphere
interaction (Philander et al., 1996; Xie, 2004). In the eastern
Pacific, the northern position of the intertropical convergence
zone (ITCZ) (e.g., Hanson et al,, 1967; Manabe et al., 1974;
Philander and Seigel, 1985; Xie and Philander, 1994) maintains
the southeast trade winds across the equator year-round with
annually varying intensity. This annually-varying cross-
equatorial wind brings the off-equatorial annual insolation
onto the equator and remotely forces a westward propagating
SSTAC at the equator by controlling the strength of cold-water
upwelling, wind-driven evaporation and the amount of the
stratus clouds via ocean-atmosphere interactions (Chen and
Jin, 2018; Wengel et al., 2018). SSTAC in the eastern
equatorial Pacific arises from the hemispheric asymmetries of
the climate mean states and is amplified by coupled tropical
ocean-atmosphere interactions. The tropical SSTAC interacts
with ENSO (e.g., Tziperman et al., 1994; Jin et al., 1994; Chang
and Philander, 1994; Jin, 1996; Stuecker et al., 2013; Stuecker
etal., 2015), as well as with anthropogenic greenhouse warming.
The increasing concentrations of the greenhouse gases, such as
CO,, are the main cause of the acceleration of global warming.
The increasing ocean temperatures will have substantial effects
on marine ecosystems (Doney et al., 2012; Hollowed et al., 2013;
Brander, 2013). Ocean temperature modulates physiological
processes in all marine organisms (Rivkin and Legendre, 2001;
Drinkwater et al.,, 2010; Ottersen et al., 2010; Deutsch et al.,
2015). SST, as an important driver of marine ecosystem, is
dominated by the seasonal variability in the tropical coastal
regions. The cross-equatorial wind forces coastal upwelling and
brings subsurface cold water and nutrients to the surface,
resulting in a high production in the eastern boundary of the
Pacific Ocean.

Future climate projection is mostly based on climate model
simulations. Under greenhouse warming, many climate models
have projected a significant change in the SSTAC from low to
high latitudes (Timmermann et al, 2004; Biasutti and Sobel,
2009; Xie et al., 2010; Sobel and Camargo, 2011; Stine and
Huybers, 2012; Dwyer et al., 2012; Carton et al,, 2015; Liu et al,,
2017; Alexander et al., 2018; Liu et al., 2020). In particular,
models display a great diversity of equatorial Pacific SST
changes, including the east-west gradient of the annual mean
SST (Liu et al, 2005; Collins and Modeling Groups, 2005;
DiNezio et al., 2009) and SSTAC (Timmermann et al., 2004;
Xie et al., 2010; Sobel and Camargo, 2011) in response to global
warming. Timmermann et al. (2004) simulated a strong
intensification of the SSTAC in the eastern equatorial Pacific
in response to greenhouse warming in a coupled general
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circulation model. They illustrated that the tropical Pacific
mean climate changes due to greenhouse warming provide
seeding for the anomalous SSTAC and the tropical ocean-
atmosphere interactions lead to amplification. Xie et al. (2010)
showed a pronounced annual cycle in the equatorial Pacific
under greenhouse warming in a climate model. They pointed out
that the upwelling damping mechanism (Clement et al., 1996;
Cane et al., 1997) dominates the equatorial Pacific annual cycle
in SST warming. Sobel and Camargo (2011) studied 24 Coupled
Model Intercomparison Project Phase 3 (CMIP3) models and
analyzed changes in the tropical SST under greenhouse
warming. They found that the SST annual mean warming,
with a local maximum in the equatorial Pacific, is greater in
the Northern Hemisphere than in the Southern Hemisphere and
the SST seasonal change is a warming in the summer hemisphere
and cooling in the winter hemisphere, inducing an enhanced
seasonal cycle in the mid-latitudes. They attributed these SST
change patterns to thermodynamic consequences of surface
trade winds, which increase in the winter hemisphere and
decrease in the summer hemisphere. However, they did not
address the seasonal cycle on the equator in detail.

In summary, tropical patterns of SSTAC under global
warming and relevant physical processes are still not
systematically studied as has been the global annual mean
warming. SSTAC can be caused by several factors, such as
mean circulation advection, zonal advection, Ekman pumping
feedback, thermocline feedback and thermodynamic feedback
(Jin et al., 2006; Chen and Jin, 2018). The various relative
importance of these feedbacks among models induces diverse
properties of SSTAC and its uncertainties. To discern and
separate the possible factors, Chen and Jin (2017; 2018)
proposed a coupled dynamic diagnostics framework to analyze
the equatorial Pacific SSTAC in terms of damping rate,
propagation speed, external annual and semi-annual forcing
and apply it to explore the diversities of the SSTACs in
CMIP5 simulations. To illustrate the changes of the equatorial
Pacific SSTAC in response to global warming, we describe its
major patterns in global warming simulations of the CMIP5
models and use this framework to systematically analyze the
dynamics and inter-model diversities of these SSTACs in
this study.

The remainder of this paper is structured as follows. Section
2 describes the coupled models and observational datasets and
introduces the coupled dynamic diagnostics framework of
SSTAC. Section 3 presents the features of equatorial Pacific
SSTAC change response to global warming based on CMIP5
simulations. Section 4 describes the dynamical diagnostic results
of SSTAC change. In section 5, we examine the dynamic and
forcing controls of SSTAC change and discuss the possible
reasons for the diversities of SSTAC change. In section 6, we
give a summary and discussion.
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2 Data and method

2.1 Coupled models and
observational datasets

In this study, we analyze 15 model simulations from the
CMIP5 coupled general circulation models (CGCMs) (Table 1).
Representative concentration pathway 4.5 (RCP4.5) is a high
greenhouse gas emission scenario that reaches a radiative forcing
level of 4.5 W/m? by the year 2100 (Taylor et al., 2011). RCP4.5
simulations over 2006-2100 represent the global-warming
climate. Historical simulations, which cover the period 1850-
2005, represent the present-day climate. We select these 15
models from which all variables required for dynamical
diagnoses of the annual cycle of the surface layer (constant
25 m in this study), including monthly mean SST, ocean current,
surface meridional wind, shortwave/longwave radiation, latent
heat flux, and sensible heat flux, are available in the eastern
equatorial Pacific. All model outputs are interpolated from the
native model grid onto the same uniform 1°x1° horizontal grid
prior to any diagnostic computation. The ‘observed’ SST, current
velocity, surface wind and surface heat flux components are
taken from the monthly ERA40 atmospheric reanalysis (Uppala
et al, 2005) on a 2.5°x2.5° horizontal grid and the monthly
ORA-S3 (Balmaseda et al., 2008) of ocean analysis system

TABLE 1 List of the CMIP5 models used in this study.

10.3389/fmars.2022.1100510

produced at ECMWF on a 1°x1° horizontal grid, from 1959
to 2001.

2.2 Dynamic diagnostics of SSTAC

Following Chen and Jin (2017; 2018), we establish an
approximate coupled dynamic diagnostics framework for
understanding the nature of the annual cycle in the equatorial
Pacific cold tongue region. This framework utilizes a heat budget
equation for SSTAC, which can be written as follows.

W@ gtvu-3) - (7304030

— (M) 8L + [M (i, + w,) - M(i,)] 2L)

(1)
+po—gph+NL+res
=MC+ZA + EK+TH+ TD + NL + res,
where
JaT oT T
MC=-u-—-v-—-MW,)—, 2
C=-u e 3y (We)h (2)
oT
ZA = -u-—, (3)
dx

No. Model Modeling center
1 ACCESS1.0 The Centre for Australian Weather and Climate Research (Australia)
2 BCC-CSM1-1
, BCC-CSM1-1- Beijing Climate Center, China Meteorological Administration (China)
m
4 BNU-ESM College of Global Change and Earth System Science, Beijing Normal University (China)
5 CMCC-CM
Centro Euro-Mediterraneo per I Cambiamenti Climatici (Canada)
6 CMCC-CMS
7 CNRM-CM5 Centre National de Recherches Météorologiques (France)
s CSIRO-MKk3-6- Commonwealth Scientific and Industrial Research Organization in collaboration with Queensland Climate Change Centre of Excellence
0 (Australia)
9 GFDL-ESM2G NOAA Geophysical Fluid Dynamics Laboratory (USA)
10 GISS-E2-R

NASA Goddard Institute for Space Studies (USA)
11 GISS-E2-R-CC

Japan Agency for Marine-Earth Science and Technology, Atmosphere and Ocean Research Institute (The University of Tokyo), and

12 MIROC-ESM

13 MIROC-ESM- National Institute for Environmental Studies (Japan)
CHEM

14 MPI-ESM-MR Max Planck Institute for Meteorology (Germany)

15 NorESM1-ME Norwegian Climate Centre (Norway)
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Q
TD = , 6
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NL:—M'a—‘V W_[M(We-'—WE)_M(WE)]g . (7)

Here, all variables with an overbar denote the annual mean
climate state. The variables T, u, v and Q denote the annual
cycles of SST, horizontal surface currents and net surface heat
flux, respectively. P, is the density of seawater, C, is the heat
capacity, h is specified as the depth of the surface layer, NL is the
nonlinear term, and Res is the residual. The vertical entrainment
is defined as w,0T/dz=w,(T-Ti)/h , where Ty, and w.=h-Av
are the subsurface temperature and vertical entrainment velocity
at the base of the mixed layer. M(x) is a Heaviside function
where M(x)=0, if x<0, and M(x)=x, otherwise. We regroup the
SST heat budget into seven terms as in the ENSO heat budget
analysis (An et al., 1999; Jin et al., 2006; Chen and Jin, 2018). The
right hand of Eq. (1) represents, from left to right, the mean
circulation term (MC), the zonal advection term (ZA), the
Ekman pumping term (EK), the thermocline effect term (TH),
the thermodynamic term (TD), the nonlinear term (NL), and the
residual term (res), respectively.

We adopt four main assumptions to develop a simple
coupled framework for the equatorial SSTAC as described in
Chen and Jin (2017; 2018): (1) the decomposition of the
equatorial annually varying wind into a coupled part as the
direct response to the annual equatorial SST and an external part
serving as external forcing; (2) the quasi-equilibrium
approximation of oceanic dynamic response to the equatorial
annual wind forcing or so-called fast-wave limit as termed in Jin
and Neelin (1993); (3) the decomposition of the thermodynamic
heating into a coupled part related directly to the equatorial
annual SST and an external part serving as forcing; and (4) the
assumption that the linear compounding coupled operator of the
SST derived under assumptions (1-3) can be further
approximated by a linear damping and a zonal propagation
term. It should be noted that because we have adopted the fast-
wave limit approximation to assume that annual variations in
ocean current, upwelling and thermocline are in quasi-
equilibrium with the annual wind stress, the coupled
framework does not involve the ocean memory residing in
adjustment through the ocean wave dynamics. Thus, the
coupled framework could be considered equivalent to the SST-
mode framework described in Neelin (1991) and Jin and Neelin
(1993), except here, we also consider the external annual forcing.
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With these assumptions, we may approximately define the
equatorial SST in the following equation:
oT

—= /’LT+c-a—T+f1 cos(wt — @) — f, cos(2mt) +

a9t dx R.

(8)

Here, w=2n/1yr, @ is the relative phase of the annual forcing
to the semi-annual forcing, R is the remainder. In this simple
form, SSTAC is expressed by four factors (4, ¢, fi, f»), which are
the damping rate, westward phase speed, annual and semi-
annual forcing amplitudes, respectively. More details can be
found in Chen and Jin (2017; 2018). These four factors (4, ¢, fi,
/) are estimated using least-squares regressions. By turning the
heat budget equation (1) into an approximate coupled and
forced linear model in the form of Eq. (8), we can describe
SSTAC in terms of the four factors mentioned above. Sections 3-
5 demonstrate how this simplification may offer insights into the
response of the equatorial Pacific SSTAC to global warming
in simulations.

3 Change of SST annual cycle

To illustrate the change in simulated SSTAC of the
equatorial Pacific under global warming, we plot and contrast
the equatorial (5°S-5°N) SST annual evolutions in the eastern
Pacific (150-90°W). Figures 1A, B show the observation and the
multi-model ensemble mean (MME) SSTAC of the present-day
simulations. The observed equatorial SST in the cold tongue
region shows a strong westward propagation. This annual cycle
reaches its warm peak at 1.5°C during March and April, while
cold peak at -1.0°C during August and October. Its amplitude,
defined as half the peak-to-peak range, is largest at about 1.25°C
and mainly confined to the cold tongue region between 110 and
80°W. Compared to the observation, the MME of the present-
day simulated SSTAC shows a weaker amplitude of 1°C and is
displaced westward. The warm phase arrives 1 month later than
that in observation. Although the timing of the cold phase in
August is represented successfully, it decays more rapidly.

In the present-day simulations, the models show a range of
spatial and temporal patterns of the equatorial SSTAC, as shown
in Figure 2. Most of the models roughly capture the major
features of SSTAC, while a few of them (e.g., BCC-CSM1-1,
BCC-CSM1-1-m) have their simulated annual cycle whose
behavior to a large extent is dominated by the semi-annual
component. Under enhanced CO2 conditions, The MME of the
global-warming simulations is almost the same as that of the
present-day simulations (Figures 1C, D).

Compared with the present-day simulations, most models
show a slight change in the equatorial SSTAC patterns under
global warming (Figure 3). The ACCESS1-0, CNRM-CM5 and
NorESM1-ME models are exceptions, with a weakening of the
annual cycle, which has colder SSTs during spring and warmer
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FIGURE 1
Time-longitude plots of SSTAC (°C) averaged between 5°S and 5°N in the eastern equatorial Pacific based on (A) ECMWF reanalysis dataset, and
MME of (B) the historical and (C) RCP4.5 simulations, and (D) their difference (contour interval = 0.5°C).
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FIGURE 2
Same as Figure 1B, but for the individual 15 models in the historical period.
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FIGURE 3

Same as Figure 1D, but for the difference between historical and RCP4.5 (where the difference is calculated as RCP4.5 minus historical)

SSTs during fall. It is worth noting that compared to the present-
day scenario, although MIROC-ESM and MIROC-ESM-CHEM
have enhanced amplitudes in the region between 110 and 90°W
where it shows a semi-annual cycle, their amplitudes have no
obvious change between 150 and 110°W where it shows a
pronounced annual cycle under global warming. Both of their
simulated equatorial SSTACs in the present-day and global
warming climates are displaced more westward between 150
and 100°W compared with the observation.

We calculate the zonal averages of SSTAC amplitude over
the main domain, which is defined by the amplitude being
higher than the average of the entire domain (170-80°W).
Figure 4A shows that under enhanced CO, conditions, the
MME amplitude of SSTAC (A) in the eastern equatorial
pacific region has almost the same magnitude as that in the
present-day. However, nearly all (13 of 15) models
underestimate the amplitudes of the annual cycle in these two
climates compared to observations. In fact, it is not clear whether
the SSTAC is stronger in the projections on a future climate
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change compared to the present-day simulations, as 4 of 15
models (ACCESS1-0, BNU-ESM, CNRM-CM5 and NorESM1-
ME) show weakened SSTAC amplitudes, 4 of 15 models (GFDL-
ESM2G, GISS-E2-R, GISS-E2-R-CC and MPI-ESM-MR) show
increased SSTAC amplitudes and the remaining 7 of 15 models
show no change. Figures 4B, C show the amplitudes of annual
(A1) and semi-annual (A2) harmonic component of observed
and simulated SSTAC, respectively. The annual harmonic
component has a similar trend of total amplitude and is
compensated by the semi-annual harmonic component (e.g.,
BCC-CSM1-1-m), which shows a systematic trend toward an
increase under a warmer climate. Both the MME of total
amplitude (A) of the present-day and global warming climates
are about 15% lower than the observed, and their annual
components (Al) are about 23% and 27% lower than the
observed, respectively, whereas their semi-annual components
(A2) are about 20% and 32% higher.

In summary, compared to the present-day scenario, most
models have roughly equivalent SSTAC strengths in the eastern
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FIGURE 4

The amplitude (°C) of (A) SSTAC, and its (B) annual and (C) semi-annual components based on ECMWF reanalysis dataset (black bars), MME and
each of 15 models in the historical period (blue bars) and RCP4.5 scenario (grey bars).Red lines represent the inter-model standard deviation

equatorial Pacific, with a slightly reduced annual component and
consistently increased semi-annual component under RCP4.5.
In the next section, we further identify the contributions to the
diverse magnitudes of change from model to model by
employing the dynamical diagnostic framework (section 2).

4 Dynamic diagnostics of SSTAC
change under a warmer climate

To investigate the causes of change in SSTAC in response to
global warming, this section uses the dynamical diagnostic
framework formulated in Section 2 to explore the physical
mechanisms. This framework may approximately describe the
equatorial annual cycle by four factors (4, ¢, f1, f2), in terms of the
damping rate, westward propagation speed, annual and semi-
annual external forcing, respectively.

These four factors are estimated for the 15 couple models in
the present-day and global warming climate, as shown in
Figure 5. Here for the damping rate and westward propagation
speed, we estimate the zonal averages over the main domain. For
the annual and semi-annual external forcing, we calculate the
averages over the eastmost 70% of the main domain., the zonal
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averages of (4, ¢, fy, f>) of the observed SSTAC are (-0.4 month™!,
0.58 m s}, 0.61°C month™, 0.13°C month’l). There are wide
ranges of these four factors among coupled models. The zonal
average MMEs of (4, ¢, fy, f) are (-0.25 month™,0.56 ms™, 0.42°C
month™, 0.19°C month™) and (-0.26 month ™, 0.46 m s™, 0.49°C
month™, 0.26°C month™) for present-day and global-warming
climate, respectively. The results indicate that compared with
observations, most models of two climate periods produce lower
annual external forcing and damping rate and higher semi-annual
external forcing, but comparable propagation speed. The results
also show that in a majority of models, the annual and semi-
annual external forcing increase from the present-day to global
warming simulations, while the propagation speed decrease. It
should be noted that under warming climate, the increase of the
semi-annual forcing, close to 39%, is larger than the annual
forcing (18%). Although the MME of the damping rate does
not change much, the inter-model differences in its change
are substantial.

Moreover, further detailed analysis of changes of (4, ¢, fi, f5)
and the respective components of the different feedback terms in
Eq. (1) in these four factors under enhanced CO, conditions is
performed in Figure 6. The result shows how the MMEs of these
four factors change under a warmer climate and their
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FIGURE 5

Dc [ms'1]

(A) Annual and (B) semi-annual external forcing (°C month™), (C) the damping rate (month™) and (D) the westward propagation speed (m/s)
based on ECMWF reanalysis dataset (black bars), MME and each of 15 models in the historical period (blue bars) and RCP4.5 scenario (grey bars).

Red lines represent the inter-model standard deviation

contributions from the mean circulation, the zonal advection,
the Ekman pumping feedback, the thermocline feedback, the
thermodynamic feedback, the nonlinear effect and the residual.

Under a warmer climate, compared to the observation, the
weak annual forcing is mainly due to the weakening of the
contribution from the thermodynamic term, and there is some
cancelation by the residual term, which might be the effect of
sub-grid processes (Figure 6A). The increase of the semi-annual
forcing derived from the Ekman pumping and thermodynamic
terms are the two main positive contributors to the increase of
the total semi-annual forcing. The decrease of the semi-annual
forcing derived from the thermocline effect term is the main
negative contributor, which tends to reduce the overall increase
of the semi-annual forcing in response to global warming
(Figure 6B). There is a stronger positive growth rate in the
thermocline effect term and a weaker negative growth rate in the
damping rate from the thermodynamic term. Both of them give
rise to lower damping of the annual cycle. Although the damping
rate derived from the mean circulation and residual terms are
slightly stronger negative, they are still insufficient to encounter
the two contributors above. As a result, the SSTAC has a lower
damping rate than the observation in response to a warmer
climate (Figure 6C). There is a notable weakening of propagation
speed from the thermodynamic and Ekman pumping terms,
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which are partly canceled by the nonlinear and residual terms.
This leads to a slightly weak westward propagation (Figure 6D).
Figure 6 also clearly shows that the thermodynamic term is the
key source of the increase of the annual and semi-annual
external forcing and the decrease of the propagation speed
from the present-day to global warming simulations.

Since the dominant contribution from the thermodynamic
term (TD), we further decompose it into its four components of
short-wave (SW), long-wave (LW), latent (LH) and sensible
(SH) heat flux. As shown in Figure 7, TD, SW and LH all have
substantial changes among different climates, suggesting that
various behaviors of thermodynamics are attributable to the
diversity of the response of the short wave radiation and latent
heat flux to anomalous forcing (e.g., enhanced CO, conditions).

The main contributor to the differences between the two
climate periods and between the observation and models is the
short-wave radiation, as can be inferred from Figure 7. As an
exception, the differences in the annual forcing may be primarily
attributed to the latent heat flux. Under a warmer climate,
compared to observation, the decreased annual forcing
(increased semi-annual forcing) may be largely attributed to
the weakened annual forcing (strengthened semi-annual
forcing) from the LH as a result of decreased annual forcing
(increased semi-annual forcing) from thermodynamics.
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5 The dynamic and forcing controls
of SSTAC change

The above discussion shows that the SSTAC in the Pacific
cold tongue region is mainly controlled by the internal dynamic
factors, namely the damping rate A and westward propagation
speed ¢, and the external forcing factors that depend on the
annual harmonic f; and semi-annual harmonic f, forcing. Under
a warmer climate, despite the small change in the SSTAC
amplitude (A), the changes in the internal dynamics and
external forcing as measured by (4, ¢, f,, f,) are remarkable
and have great inter-model spreads. In this section, we propose a
theory for better understanding the impact of climate change on
the SSTAC. To further examine the effect of the internal
dynamics and forcing on the SSTAC amplitude change under
increased CO, conditions, we combine the two internal
dynamical factors of the damping rate and propagation speed
into a single dynamical response factor. Here we briefly define
and describe the dynamical response factor (refer to Chen and
Jin, 2017; Chen and Jin, 2018 for a detailed explanation). The
dynamical response factor can be driven using the temporal and
volume averaged form of the linearized SST perturbation
equation (8) that is based on several approximations as follows:

D= \/WV((;t—l—c;x)T*)z :

In the above, B denotes the temporal average quantities,

(©)

(B) the volume average quantities over the zonal domain region.
We solve the dynamical response factor D by using the
individual longitudinally varying factors (4, ¢, fi, f,) estimated
from the CMIP5 models of two climate periods and observation
shown in Figure 5. Figure 8 shows scatterplots of the SSTAC
amplitudes A versus the total external forcing that includes the
annual and semi-annual harmonic components multiplied by
the dynamical response factor fD. The SSTAC amplitude and
the combination of the external forcing with the dynamical
response factor are highly correlated at 0.81 and statistically
significant at 99% confidence level. Due to this good correlation,
fD may be considered a simplified measurement of the SSTAC
amplitude in the observation and coupled models. In other
words, changes in SSTAC properties in coupled models under
a warmer climate scenario can be attributed to the changes in the
external forcing factor and dynamical response factor.

To contrast the dependence of A on f and D, the different
SSTAC amplitudes that span a two-dimensional factors space are
constructed to test the behaviors of A, under various fand D. For f
continuously varying from 0 to 1.5°C month™ and D from 0 to 8
months, we find that A vary greatly, from 0 to 10°C, as seen in
Figure 9. The points in Figure 9 show a wide range of A that is
mainly restricted in the range 0.5 to 2°C when fand D are taken as
the domain averaged values identified in Figure 5. Our results
clearly show that despite the MME of SSTAC amplitude in the
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Amplitudes of SSTAC related to the total external forcing f,
which includes the annual and semi-annual components,
multiplied by the dynamical response factor D, based on ECMWF
reanalysis dataset (black circle), MME and each of 15 models in
the historical period (colored circles) and RCP4.5 scenario
(colored squares)

future warming climate being close to that of the present-day
climate, the former has higher external forcing and lower
dynamical response factor in response to enhanced CO,
conditions. Eight of the fifteen models (BCC-CSM1-1, BCC-
CSM1-1-m, BNU-ESM, CMCC-CM, CMCC-CMS, CSIRO-Mk3-
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FIGURE 9

Scatterplots of SSTAC amplitudes (°C) as a function of the
dynamical response factor D (month) and total external forcing f
(°C month™) from ECMWF reanalysis dataset (black circle), MME
and each of 15 models in the historical period (colored circles)
and RCP4.5 scenario (colored squares).
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6-0, MIROC-ESM and MIROC-ESM-CHEM) exhibit similar
feature as the MME of SSTAC but with different relative
strengths for the changes in f and D. Moreover, the relative
contributions of the external forcing factor and dynamical
response factor to the SSTAC amplitude change in response to
global warming is different among the different models. For
instance, ACCESS1-0 (CNRM-CM5) has a smaller SSTAC
amplitude under RCP4.5 than that in the present-day scenario.
To a large extent, it can be attributed to a much smaller external
forcing with a value of 0.2°C month™ (0.5°C month™) for the global
warming scenario and 0.4°C month™ (0.7°C month™) for the
present-day scenario, since the dynamical response factor in two
scenarios is almost equal. NorESM1-ME has a smaller amplitude in
response to global warming. However, that is caused by the smaller
dynamical response factor and the smaller external forcing.

6 Conclusions

The response of SSTAC in the eastern equatorial Pacific to
global warming is investigated using 15 CMIP5 CGCMs under the
historical and RCP4.5 scenarios. Historical and RCP4.5 simulations
represent the present-day and global-warming climates,
respectively. First, we examine pattern formations in SSTAC
response to global warming. Compared with observations, the
simulated SSTACs of two clime scenarios have weaker amplitudes
and are displaced systematically westward. The warm phase occurs
nearly one month later and the cold phase decays more rapidly. In
future climate, 4 of 15 models simulate a weakening of the seasonal
cycle, 4 of 15 models simulate a strengthening of the seasonal cycle
and the remaining 7 of 15 models show no significantly changing
compared to present-day climate. The annual harmonic component
of the seasonal cycle weakens in nearly half of the models, and the
semi-annual harmonic component commonly strengthens in
most models.

To better evaluate the response of the SSTAC to enhanced CO,
concentration in the future climate, we conduct a coupled dynamic
diagnostics framework to diagnose its four main controlling factors,
damping rate, propagation speed and external forcing factors.
Compared with observations, most simulated SSTACs of two
clime scenarios have lower damping rates, comparable
propagation speeds, lower annual external forcing and higher
semi-annual external forcing. Under global warming, most
models exhibit relatively stronger annual and semi-annual
external forcing and relatively weaker propagation speed
compared to the present-day climate. The damping rate is
relatively stronger in half of the models while weaker in the rest.
These differences in four controlling factors between two climate
periods and between the observation and models are largely
attributed to the thermodynamic feedback, especially from the
contribution of the short wave radiation.

By combining the damping rate and propagation speed into
one dynamical response factor and the two forcings into one
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forcing factor, we demonstrate that the changes in the SSTAC
amplitude under global warming can be simply measured by the
forcing factor and the dynamical response factor multiplied
together (fD). Our analysis results show that under global
warming, most models have SSTAC amplitudes close to that
in the present-day climate, while their dynamical and external
forcing factors have obvious changes. Some models” agreement
in the annual cycle amplitudes between the two climate periods
may stem from the adjustments and compensations of internal
dynamics and external forcing from underlying processes.
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