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ABSTRACT: The influences of natural forcings (i.e. solar radiation and volcanic aerosol) and anthropogenic forcings (i.e.
greenhouse gases) on the tropical Pacific zonal sea-surface temperature (SST) gradient are investigated through numerical
sensitivity experiments, forced by natural forcing, anthropogenic forcing, or full forcing (both natural and anthropogenic
forcing) using the Community Earth System Model (CESM) over the past two millennia. Under full forcing, during the
present warming period (PWP; 1901-1999), the Pacific SST shows a larger warming over the tropical Pacific region than
the subtropical Pacific region. This pattern is composed of an El Nifio-like SST gradient (due to the greenhouse gas forcing)
and a La Nifia-like SST gradient (due to natural forcing). Two sensitivity experiments, the PWP under greenhouse gas forcing
and the medieval warming period (MWP; 751—1250) under natural forcing, were used to examine the mechanisms. The results
showed that under the greenhouse gas forcing, the larger warming over the eastern tropical Pacific is induced by an increased
surface net heat flux, which is mainly caused by short-wave radiation and long-wave radiation. Under natural forcing, a larger
warming is induced over the western tropical Pacific by changes in the ocean vertical heat transportation, caused by surface

wind anomalies.
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1. Introduction

The Intergovernmental Panel on Climate Change (IPCC)
Fourth Assessment Report (AR4) and Fifth Assessment
Report (ARY) indicate that the global mean surface tem-
perature increased by approximately 0.74 °C over the past
century (Trenberth et al., 2007; Hartmann et al., 2013)
with intensified climate extreme events (Easterling et al.,
2000a, 2000b). Based on the general circulation model
(GCMs) simulations from the Coupled Model Intercom-
parison Project Phase 5 (CMIPS), by the end of the
21st century, this warming will reach 1-4°C (relative
to 1986-2005), depending on various emission scenarios
(Collins et al., 2013).

Among the different aspects of climate change, the
response of the tropical Pacific to increased greenhouse
gases (GHGs) has attracted much attention (Diaz and
Markgraf, 2000; DiNezio et al., 2009) because the tropi-
cal Pacific sea-surface temperatures (SST) strongly influ-
ence regional climates, as shown in both observational data
(Diaz and Kiladis, 1992; Kunkel and Angel, 1999; Brad-
bury et al., 2002; Ning and Bradley, 2014, 2015a, 2015b)
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and model simulations (Yu et al., 2012; Weare, 2013; Zou
etal., 2014). The spread of the predicted changes in the
tropical Pacific SST in the ARS model simulations also
determines the uncertainty of the projections of both mon-
soons (He and Zhou, 2015) and the western Pacific sub-
tropical high (Chen and Zhou, 2015).

Future changes in the tropical Pacific SST, including its
mean state (i.e. the zonal SST gradient) and variability (e.g.
El Nifio events), are still under debate (Knutson and Man-
abe, 1995; Clement et al., 1996; Meehl et al., 2000; Van
Oldenborgh et al., 2005; Guilyardi et al., 2009; Collins
et al., 2010; Guilyardi et al., 2012). For the mean state of
tropical Pacific SST, there are different feedbacks involved
in the time-mean response of the tropical Pacific climate
system to greenhouse warming (Timmermann ef al., 1999;
Diaz et al., 2001). On the one hand, multi-model ensem-
bles project a weak shift towards conditions that may be
described as an El Nifo-like state, with SSTs over the east-
ern and central equatorial Pacific warming more than those
over the west, a state that is associated with weaker tropi-
cal circulation, in response to the increase of GHGs (Meehl
et al., 2007). This El Nifio-like change can be attributed to
the cloud-albedo feedback (Meehl and Washington, 1996)
over the western tropical Pacific, or the slow-down of the
Walker circulation induced by the increased moist static
energy in the atmosphere being greater than the energy
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transport associated with precipitation (Held and Soden,
2006; Vecchi et al., 2006). On the other hand, the ‘dynam-
ical thermostat’ mechanism indicates that a strong equato-
rial upwelling in the eastern tropical Pacific will weaken
the warming over this region and induce stronger warming
over the western tropical Pacific, creating a La Nifa-like
state (Cane et al., 1997). This mechanism is supported by
paleoclimate proxy data from the past millennium (Cobb
et al., 2003; Mann et al., 2005). As an important com-
ponent of the Bjerknes feedback (Bjerknes, 1969), ocean
dynamics (Chang et al., 2005) play very important roles in
both of the equatorial Pacific SST warming states, espe-
cially over the cold tongue, where vertical ocean heat
transport dominates the sea surface heat budget (Seager
et al., 1988). In response to a weaker Walker circulation,
the ocean surface currents and vertical upwelling over the
cold-tongue are reduced, and combined with an increased
thermal stratification, the increased cooling by ocean ver-
tical heat transport balances the warming over the cold
tongue (DiNezio et al., 2009; Xie et al., 2010). However,
in the ‘dynamical thermostat’ mechanism, the enhanced
Walker circulation increases ocean upwelling and causes
the thermocline to shoal in the east; both ocean dynamical
responses induce smaller warmings over the eastern tropi-
cal Pacific and further strengthen the equatorial SST gradi-
ent (Clement et al., 1996; Seager and Murtugudde, 1997).
Meanwhile, the different signs of the tropical Pacific SST
gradient changes and tropical atmospheric circulations
found in different observational data sets (Cane et al.,
1997; Hansen et al., 2006; Zhang and Song, 2006; Vecchi
et al., 2008) make this issue more complicated.

To improve projections of the future tropical Pacific
SST mean state changes, the contributions from different
dynamical and thermodynamical mechanisms, including
these opposite feedbacks, under future warming should
be evaluated. Recently, through several long-term model
simulations, Liu ef al. (2013) found that the warming due
to solar radiation leads to a stronger SST gradient over
the tropical Pacific, whereas the warming due to GHGs
leads to a reduced one, demonstrating that both an El
Nino-like state and a La Nifia-like state have their own
realms of validity. This finding also illustrates the need to
differentiate the influences from natural forcing (e.g. solar
radiation and volcanic aerosols) and anthropogenic forcing
(e.g. GHGs emissions) when analysing the tropical Pacific
SST mean state changes.

Most previous studies (e.g. DiNezio et al., 2009; Xie
et al., 2010) mainly focused on the responses of the tropi-
cal Pacific SST gradient to increased anthropogenic GHGs
emissions. Only a few studies (e.g. Liu et al., 2013) exam-
ined the influences of natural forcings on the tropical
Pacific SST gradient changes. Therefore, in this study, we
used the Community Earth System Model (CESM) to run
two 2000-year sensitivity simulations driven by (1) natural
forcing, (2) GHGs emissions and (3) a 2000-year simula-
tion driven by full forcing (both natural forcing and anthro-
pogenic forcing) to quantitatively analyse the influence
of natural forcing and anthropogenic forcing on tropical
Pacific SST gradient changes.

© 2017 Royal Meteorological Society

2. Data and methodology
2.1.

Three sensitivity experiments were performed using
the National Center for Atmospheric Research (NCAR)
Community Earth System Model (Gent et al, 2011;
Neale et al., 2013) under full forcing (i.e. both natural
forcing and anthropogenic forcing), natural forcing (i.e.
solar radiation and volcanic eruptions) and anthropogenic
forcing (i.e. GHG emissions) over the period 1-2000 AD.
The atmospheric component used here is the Community
Atmosphere Model version 4 (CAM4) with a horizontal
resolution of 3.75x3.75° and 26 vertical levels. The
ocean component used here is the Parallel Ocean Program
(POP) version 2, with 116 grids in latitude by 100 grids in
longitude and 60 vertical levels.

The full forcing run is externally forced by the orbital
parameters, solar variability, stratospheric volcanic
aerosols, land use and land cover changes and well-mixed
GHG concentrations in the atmosphere (including CO,,
CH, and N,O and other trace gases). The solar radi-
ation forcing used in this study is reconstructed using
cosmogonic isotopes '“Be in ice cores, ranging about
1360—1370 W m~2 (Shapiro et al., 2011). The volcanic
aerosol forcing is defined as global volcanic sulphate
aerosol masses injection reconstructed using a compre-
hensive set of ice cores, ranging 0—-0.015kgm=2 (Gao
et al., 2008). The concentrations of GHGs over the indus-
trial period are taken from the Goddard Institute for
Space Studies, and the values are then linked with splines
through the ice core results over the last two millennia,
increasing from 275 to 370 ppm for CO,, from 700 to
1700 ppb for CH, and from 270 to 310ppb for N,O
(MacFarling Meure et al., 2006). The time series of the
individual forcings used in the CESM simulations are
shown in Wang et al. (2015, figure 1), and more details
can be found in the corresponding description.

Experimental design

2.2. Data

The SST gradient calculated from the observed Hadley
Centre Sea Ice and Sea Surface Temperature data set
(HadISST) during the present warming period (PWP;
1901-2000) is first used to validate the model’s per-
formance in reproducing the tropical Pacific SST gradi-
ent. The simulated SSTs over the tropical Pacific region
are used to examine the changes in SST gradient dur-
ing different typical warming periods, that is, the PWP
(1901-2000) under the full forcing and GHGs forcing
experiment and the medieval warming period (MWP,
751-1250) under the natural forcing experiment, with
respect to the pre-industrial period (1-1850) as a refer-
ence period. When analysing the mechanisms behind the
SST gradient changes, the net surface heat flux and the sur-
face short-wave radiation flux, long-wave radiation flux,
latent heat flux and sensible heat flux from each sensitivity
experiment were used to examine the surface heat budget.
Then, the surface wind field and shallow ocean vertical
heat transport (0—30 m) were used to examine the dynamic
influence on the SST gradient changes.
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Figure 1. The observed (a) and simulated (b) tropical Pacific SST gradient time series (black solid lines) are defined as the difference between the

SST averages over the region (—5° to 5°N, 150°—170°E) and the region (—5° to 5°N, —120° to —100°E) over the past 100 years (unit: °C). The

simulated result is from the experiment driven by all forcings. The dashed lines indicate the averages of the SST gradients. [Colour figure can be
viewed at wileyonlinelibrary.com].

3. Results

3.1.  Comparison between observed and simulated
tropical Pacific SST gradients during the PWP

Figure 1 compares the observed and simulated tropical
Pacific SST gradient time series defined as the difference
between the SST averages over the warm pool (—5° to
5°N, 150°-170°E) and the cold tongue (—5° to 5°N,
—120° to —100°E) during the PWP. Both the observed and
simulated SST gradients have averages of approximately
4°C, with their smallest values at approximately 1°C,
indicating that the model can reproduce both the average
SST gradient and the variability, especially for strong El
Nifio events with magnitudes similar to those seen in the
observations.

3.2. The mechanisms behind the tropical Pacific SST
gradient changes based on a full forcing experiment

During the PWP, under full forcing, the tropical Pacific
SST change shows a pattern of enhanced warming relative
to the subtropics (Figure 2(a)), indicating a more robust
response of the equatorial Pacific than was found in pre-
vious studies (e.g. Liu et al., 2005).

3.2.1. Changes in surface heat fluxes

Figure 2(b) shows that the surface net heat flux
(~5W m™?) is a major forcing that enhances the equato-
rial warming over the eastern and central tropical Pacific,
but not over the western tropical Pacific. Positive values
indicate the ocean receives energy. There are significant

© 2017 Royal Meteorological Society

increases over the eastern and central equatorial Pacific
but decreases over the western equatorial Pacific and
subtropical Pacific. This pattern is mainly caused by
the changes in the short-wave radiation (Figure 3(a))
and latent heat flux (Figure 3(c)) and is partially caused
by the changes in the sensible heat flux (Figure 3(d)),
though by smaller amounts (~1 W m~2). In comparison,
the long-wave heat flux changes are uniform over the
whole region (Figure 3(b)), but have a smaller magnitude
(~2W m~?), while the larger increases are located over
the regions with surface net heat flux decreases (i.e. the
western equatorial Pacific and subtropical Pacific).

Over the eastern and central tropical Pacific, the
short-wave radiation increased (Figure 3(a)) because
of decreased low cloud cover and middle cloud cover
(Figures S1(a) and (b), Supporting Information). Over
the western tropical Pacific, the short-wave radiation
is reduced because of increased middle cloud cover
(Figure S1(b)), while over the subtropical Pacific, the
short-wave radiation is reduced because of increased low
and middle cloud cover (Figures S1(a) and (b)). These
increased low and middle cloud covers (caused by the
increased mean stability) reduce the incoming short-wave
radiation over the sea surface. The increased long-wave
radiation over the western equatorial Pacific and subtrop-
ical Pacific (Figure 4(b)) is mainly due to the increased
high cloud cover, which traps the outgoing long-wave
radiation emitted by the earth and radiates it downwards
(Figure S1(c)).

The changes in the latent heat flux (Figure 3(c)) are
determined by the changes in two factors, that is, the

Int. J. Climatol. (2017)
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Figure 2. The simulated tropical Pacific SST changes (a, unit: °C) and the net surface heat flux changes (b, unit: Wm=2) from the all-forcing
experiment over the PWP (1901-2000) compared to the relevant pre-industrial period (1-1850). Positive values are into the ocean. Stippling indicates
that the changes are significant at the p = 0.05 level based on the Student’s #-test.

wind velocity and the differences between the surface
saturation-specific humidity and actual surface-specific
humidity (Fu etal, 1992). Because the surface air
temperature increases more than the SST during the
PWP, the surface saturation-specific humidity increases
more than the actual surface-specific humidity (Knutson
and Manabe, 1995), inducing a decreased latent heat
flux over the whole region. However, over the eastern
and western equatorial Pacific, due to the reduction
of the surface wind (which reflects a reduced Walker
circulation) (Figure 4), there are positive latent heat
flux anomalies, which means ocean latent heat loss
is reduced. For the subtropical Pacific, because of
the increases in both the specific humidity difference
and wind speed, there are significantly negative latent
heat flux anomalies (enhanced latent heat flux). There-
fore, this spatial pattern of latent heat flux changes
contributes to the enhanced SST increases over the
equatorial Pacific. Similarly, due to the surface air temper-
ature increases being larger than SST increases, there are
positive sensible heat flux changes over the whole region,
especially over the eastern tropical Pacific (Figure 3(d)),
but the magnitudes of the sensible heat flux changes are
smaller than the other heat flux changes.

© 2017 Royal Meteorological Society

3.2.2.  Changes in atmospheric circulation

The changes in the surface wind field during the PWP
show a weakened zonal wind over the eastern equatorial
Pacific but an enhanced zonal wind over the western equa-
torial Pacific (Figure 4). This pattern is different from the
weakening of the Walker circulation over the whole equa-
torial Pacific simulated in previous studies (e.g. Xie et al.,
2010), indicating that there are other mechanisms involved
besides the well-known responses of the global mean pre-
cipitation and atmospheric humidity to global warming
(Held and Soden, 2006; Vecchi and Soden, 2007). Simi-
lar patterns were also found in a 26-model ensemble from
CMIPS5, showing the strengthening and westwards-shifting
trend of the Pacific Walker circulation in response to the
recent La Nifna-like anomalous SST forcing (Ma and Zhou,
2016).

3.2.3.  Ocean dynamical responses and corresponding
changes in the ocean heat transport

In response to the weaker Walker circulation over the
eastern equatorial Pacific, the ocean upwelling in the top
30 m is reduced (Figure 5(a)). However, over the western
equatorial Pacific, the enhanced zonal winds induced a

Int. J. Climatol. (2017)
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Figure 3. The simulated surface short-wave radiation flux changes (a, unit: W m~2), long-wave radiation flux changes (b, unit: W m~2), latent heat
flux changes (c, unit: W m~2) and sensible heat flux changes (d, unit: W m~2) from the all-forcing experiment over the PWP (1901-2000) compared
to the relevant pre-industrial period (1-1850). Positive values are into the ocean.
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Figure 4. The simulated surface wind changes (unit: ms™") from the all-forcing experiment over the PWP (1901-2000) pre-industrial period
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Figure 5. The simulated ocean vertical velocity changes (a, unit: 107> m s~'; positive upwards), vertical temperature gradient (b, unit: 10~ °Cm™")
and vertical heat transportation changes (c, unit: W m~2; positive values are in the surface layer of the ocean) from the all-forcing experiment over
the PWP (1901-2000) with relevant to pre-industrial period (1—1850). [Colour figure can be viewed at wileyonlinelibrary.com].
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Figure 6. The simulated tropical Pacific SST changes (unit: °C) from the GHGs sensitivity experiment (a) over the PWP (1901-2000) with relevant

to pre-industrial period (1-1850) and from natural forcing sensitivity experiment (b) over the MWP (751-1250) with relevant to pre-industrial

period (1-1850). Stippling indicates that the changes are significant at the p =0.05 level based on the Student’s #-test. [Colour figure can be viewed
at wileyonlinelibrary.com].

positive ocean vertical velocity (Figure 5(a)). The ocean
thermodynamical response shows a nearly uniform pat-
tern of an increased vertical temperature gradient, with
the most significant increases over the eastern to central
equatorial Pacific (Figure 5(b)).

Both the dynamical responses and thermodynamical
responses of the ocean result in a negative ocean verti-
cal heat transport over the eastern equatorial Pacific but
a positive ocean vertical heat transport over the western
equatorial Pacific (Figure 5(c)). The ocean vertical heat
transport (Q,,) here is defined following DiNezio et al.
(2009):

0
0, = —nc, / ) wird: ()
where p; is the ocean water density, ¢, is the ocean heat
capacity, w is the vertical velocity of ocean water, T is the
ocean temperature, z is the depth of the ocean water and H
is chosen as 30 m.

Therefore, the enhanced equatorial warming during the
PWP under full forcing is not the same as that seen in
previous model simulations, which shows that the surface
heat flux is a major forcing for the warming over the whole
equatorial Pacific (e.g. Liu et al, 2005). The enhanced
warming over the equatorial Pacific in our current study is
composed of two parts: the warming over the cold tongue
induced by the surface heat flux changes and the warming

© 2017 Royal Meteorological Society

over the warm pool induced by the zonal wind changes.
These mechanisms will be examined in detail through
two sensitivity experiments shown in the following
section.

3.3. Tropical Pacific SST gradient changes based
on GHG forcing and natural forcing experiments
and their corresponding mechanisms

The SST changes during PWP under the GHG forcing
(Figure 6(a)) and during the MWP under natural forc-
ing (Figure 6(b)) showed opposite spatial characters: the
maximum SST changes during the PWP (~0.6 °C) are
located over the eastern tropical Pacific, while the maxi-
mum SST changes during the MWP (~0.2 °C) are located
over the western tropical Pacific. The spatial patterns
are similar to the SST anomaly distributions during El
Nifio events and La Nifia events, respectively, but on a
much longer time scale. This comparison can also explain
the enhanced tropical Pacific warming under full forc-
ing (Figure 2(a)), which is composed of these two spatial
patterns.

3.3.1.  Changes in the surface heat fluxes

For the GHG forcing sensitivity experiment, the dis-
tribution of the net surface heat flux changes shows
significant increases over the eastern tropical Pacific and

Int. J. Climatol. (2017)
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Figure 7. The simulated net surface heat flux changes (unit: W m~2) from the GHGs sensitivity experiment (a) over the PWP (1901-2000) with
relevant to pre-industrial period (1-1850) and from the natural forcing sensitivity experiment (b) over the MWP (751-1250) with relevant to
pre-industrial period (1-1850). [Colour figure can be viewed at wileyonlinelibrary.com].

significant decreases over the subtropical Pacific
(Figure 7(a)). Although the heat flux increases extend
to the western tropical Pacific, the increases over the
dateline region are not significant.

The spatial patterns of the SST changes (Figure 6(a))
and net surface heat flux changes under GHG forcing
(Figure 7(a)) can be explained by a larger increase in
the short-wave radiation (Figure S2(a)) and long-wave
radiation (Figure S2(b)) over the eastern tropical Pacific
region and a larger decrease in the latent heat flux
over the subtropical region (Figure S2(c)). Under the
GHG forcing, the latent heat loss is increased over the
subtropical region but decreased over the equatorial
Pacific region (Figure S2(c)). The increased latent heat
loss (negative anomalies) over the subtropical region is
caused by the increased trade winds and the difference
between the surface saturation-specific humidity and
the surface air-specific humidity, while the decreased
latent heat loss (positive anomalies) over the tropi-
cal region is due to the decreased wind speed. The
mechanism causing the higher sensitivity of the latent
heat flux over the subtropics than that of the tropics
is attributed to the stronger observed mean trade wind
speed over the subtropics (Seager and Murtugudde,
1997). The increased sensible heat flux (Figure S2(d))
caused by the reduced temperature gradient between
the sea surface and atmosphere can also contribute

© 2017 Royal Meteorological Society

(~0.6 W m~2) to the spatial pattern of the net surface heat
flux changes.

For the MWP, which appears mainly under natural forc-
ing (Liu et al., 2013), the tropical Pacific SST gradi-
ent changes show a La Nifia-like condition (Figure 6(b)).
However, the corresponding net surface heat flux changes
show non-significant changes over most of the region, with
magnitudes within +2 W m~2 (Figure 7(b)). There are pos-
itive changes over the eastern tropical Pacific and nega-
tive changes over the western tropical Pacific, with sig-
nificant decreases over a small area. Therefore, this La
Nifia-like SST change pattern does not result from net sur-
face heat flux changes, which should induce El Nifio-like
SST changes.

For this pattern of net surface heat flux changes, there are
positive short-wave radiation flux changes (Figure S3(a))
over most of the tropical Pacific (1 W m~2), except for over
the western part of the warm pool (—1 W m~2), because
solar radiation is the major forcing anomaly in the MWP.
The distribution of the long-wave radiation flux changes
(Figure S3(b)) shows small but uniform increases over
the whole tropical Pacific (0—0.5 W m~2). The latent heat
loss is enhanced (negative anomalies) over the equatorial
tropical Pacific (Figure S3(c)), especially over the warm
pool (=0.5 W m~2), while the contributions from the sen-
sible heat flux (Figure S3(d)) changes are smaller (—0.2 to
0.2W m™2).
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Figure 8. The simulated surface wind changes (unit: ms™") from the GHGs sensitivity experiment (a) over the PWP (1901-2000) with relevant to
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period (1—

3.3.2.  Changes in atmospheric circulation

Under GHG forcing, for the wind field anomalies, the
increased GHGs induce westerly wind anomalies over
the eastern tropical Pacific, indicating a slow-down of
the Walker circulation (Figure 8(a)) under the external
forcing (Vecchi and Soden, 2007). Over the western
tropical Pacific, there are easterly wind anomalies, which
is different from the previous pattern of a weaker Walker
circulation over the whole tropical Pacific. The potential
reason for this difference is that the increase of the GHG
concentrations in the current study follows the observed
CO, concentrations (from 280 to 375 ppm during PMP,
cf. Wang et al., 2015, figure 1(a)), which are smaller than
those in the 2 X CO, or 4 X CO, experiments (e.g. DiNezio
et al., 2009).

Under natural forcing, the spatial pattern of wind field
anomalies is typical of La Nifia-like conditions (with an
enhanced Walker circulation) (Figure 8(b)), and the mag-
nitudes are smaller than those under the GHG forcing.

3.3.3.  Ocean dynamical response and corresponding
changes in ocean heat transport

In the GHG forcing sensitivity experiment, the easterly
wind anomalies reduce the upwelling over the cold-tongue
(Figure 9(a)); however, due to the increase in the vertical
temperature gradient (Figure 9(b)), the net changes in the
vertical heat transportation are negative over the eastern
and central tropical Pacific (Figure 9(c)). This is consis-
tent with the previous conclusion that an enhanced equa-
torial warming is associated with surface latent heat flux,
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1850).

short-wave cloud forcing and surface ocean mixing, while
an EI Nifio-like pattern response is associated with equa-
torial ocean upwelling and a wind-upwelling, dynamic
ocean—atmosphere feedback (Liu et al., 2005).

In the natural forcing sensitivity experiment, the
westerly wind anomalies lead to eastwards anomalies
extending from the warm pool (Figure 10(a)) that, when
combined with the reduced vertical temperature gradient
(Figure 10(b)), result in large warmings over the region
of 150°-170°E. Moreover, the vertical heat transport
changes show slight changes (within +0.5 W m~2) over
most of the region, with large increases (~2W m~2)
over only the western tropical Pacific (Figure 10(c)).
This explains why the SST warming under natural
forcing during the MWP is located over the western
tropical Pacific and has a much smaller magnitude
(Figure 6).

4. Conclusions

Three numerical sensitivity experiments using CESM
were used to quantitatively investigate the different influ-
ences of the natural and anthropogenic forcings over the
tropical Pacific zonal SST gradient. Under the full forcing,
the tropical Pacific SST shows an enhanced equatorial
warming during the PWP. This enhanced equatorial warm-
ing is composed of a pattern with greater warming over
the cold tongue (EI Nifo-like SST gradient) and a pattern
with greater warming over the warm pool (La Nifa-like
SST gradient), and these two patterns are generated
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Figure 9. The simulated ocean vertical velocity changes (a, unit: 107> ms~!; positive upwards), vertical temperature gradient (b, unit: 10™#°Cm™")
and vertical heat transportation changes (c, unit: W m~2; positive values are into the ocean surface layer) from the GHGs sensitivity experiment over
the PWP (1901-2000) with relevant to pre-industrial period (1—-1850). [Colour figure can be viewed at wileyonlinelibrary.com].

under the GHGs forcing and natural forcing separately.
This enhanced equatorial warming is induced by the
increased net surface flux over the cold tongue, which
is related mainly to short-wave radiation and long-wave
radiation, and positive changes in the ocean vertical heat
transport due to the wind field anomalies over the warm
pool.

These two mechanisms are then confirmed by sensitiv-
ity experiments with separated GHG and natural forcings.
The evolutionary processes are summarized as follow-
ing. Under the GHG forcing (Figure 11(a)), the uniform
increase of long-wave radiation heats the atmosphere and

© 2017 Royal Meteorological Society

increases moist static energy in the atmosphere. As aresult,
the Walker circulation slows down, and then the latent heat
loss over the cold tongue reduces. Meanwhile, the reduced
upwelling due to the slowdown of the Walker circulation,
combined with the increased vertical ocean temperature
gradient, result in a negative net changes in the vertical heat
transportation over the eastern and central tropical Pacific.
Moreover, cloud-albedo feedback makes the short-wave
radiation increase larger over the cold tongue than over
the warm pool. Therefore, an El Nifo-like SST gradi-
ent change with greater warming over the cold-tongue is
generated.
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and vertical heat transportation changes (c, unit: W m~2; positive values are into the ocean surface layer) from natural forcing sensitivity experiment
(c, d) over the MWP (751-1250) with relevant to pre-industrial period (1-1850). [Colour figure can be viewed at wileyonlinelibrary.com].

Under the natural forcing (Figure 11(b)), the increase of
short-wave radiation directly heats the sea surface; how-
ever, the stronger upwelling partially offsets the warm-
ing over the cold tongue, resulting a larger SST gradient
over the tropical Pacific. Therefore, the Walker circula-
tion is enhanced through the Bjerknes feedback, and pos-
itive ocean vertical velocity anomalies and a decreased
vertical temperature gradient, resulting in positive ocean
vertical heat transport changes over the western tropical
Pacific. Therefore, a La Nifia-like SST gradient change
with greater warming over the warm pool is generated,
mainly through the mechanism similar to the dynami-
cal thermostat mechanism originally defined by Clement
et al. (1996). During these evolutionary responses, both
fast response of the mixed layer warming at the time
scale of several years and slow responses of deeper water
upwelling changes and thermocline changes at longer

© 2017 Royal Meteorological Society

time scale of tens to hundred years (Xie et al., 2010)
are involved, and their interactions establish the new SST
patterns.

These results provide new insights into the contro-
versial future changes in the zonal tropical Pacific SST
gradient. Either an El Nifio-like SST gradient change or
a La Nina-like SST gradient change could be possible,
depending on whether the GHG or natural forcing is more
dominant in the future, but, given the trajectory of GHG
emissions, the former seems to be the more likely scenario.

Acknowledgements

This research is jointly supported by the National
Natural Science Foundation of China (grant nos.
41501210,41371209 and 41420104002), the National Key

Int. J. Climatol. (2017)


wileyonlinelibrary.com

L. NING et al.

(@)
1 | 1. Uniform increase of long-wave radiation heats the atmosphere and increases moist static energy |
20N _____ B
: 6. El Nifio-like SST gradient : i
, over the tropical Pacific 1
1 1
: 4. Reduced 2. Weaker | ___, [TF : : i
o sél.orF—wave Walker bL---> = . 5 o
I radiation ovler circulation [~=="* : |
1 warm poo -
1 T
1 I e k ______ t _________ 1
20°S 3. Reduced ocean upwelling, increased vertical B
temperature gradient, and negative vertical heat transport
I T T I T T I T T I T T I T T I T
120°E 150°E 180 150°W 120°W 90°W
(b)
I L L I L L I L 1 I L L I L L I Il
1. Uniform increase of short-wave radiation heats the ocean
20°N H o S r r NN YN NSNS NSNS EFENENE LR, ©F £ '
1! 1. Decreased surface heat fluxes over warm pool . :
| : 2. Upwelling :
- l offsets the 1
11 <«--- | 3.Enhanced ‘ warming 1
0‘: e - . ot Walker over the cold : B
11 A “_}' A circulation tongue 1
| T . Wl
T t / 6. El Nifio-like SST gradient 1
11 over the tropical Pacific !
g T TS Ty T Tt T T T T T T T T T B
20°8 4. Positive ocean vertical velocity, decreased vertical
temperature gradient, and positive vertical heat transport

Figure 11. The schematic diagram of the mechanisms influencing the tropical Pacific SST gradient distributions from the GHG forcing sensitivity

exper

I T T I T T I T T I T T I T T I T
120°E 150°E 180 150°W 120°W 90°W

iment (a) and natural forcing experiment (b). [Colour figure can be viewed at wileyonlinelibrary.com].

Research and Development Program of China (grant no.
2016 YFA0600401), the Jiangsu Province Natural Science
Foundation (grant no. BK20150977), National Natural
Science Foundation of China (grant no. 41631175) and
the Priority Academic Development Program of Jiangsu
Higher Education Institutions (grant no. 164320H116).
The Hadley Centre Sea Ice and Sea Surface Temperature
data set (HadISST) were obtained from the Met Office.

Supporting information

The following supporting information is available as part
of the online article:
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and high-level cloud cover changes (c, unit: %), from the
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tion flux changes (a, unit: Wm™2), long-wave radiation
flux changes (b, unit: W m™2), latent heat flux changes
(c, unit: Wm™2) and sensible heat flux changes (d, unit:
Wm™2) from the GHGs sensitivity experiment over the
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PWP (1901-2000) with relevant to pre-industrial period
(1-1850). Positive values are into the ocean.

Figure S3. The simulated surface short-wave radiation
flux changes (a, unit: Wm™2), long-wave radiation flux
changes (b, unit: W m~2), latent heat flux changes (c, unit:
Wm?) and sensible heat flux changes (d, unit: W m?)
from the natural forcing sensitivity experiment over the
MWP (751-1250) with relevant to pre-industrial period
(1-1850). Positive values are into the ocean.
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