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Abstract

In this study, the impact of oceanic processes on the sensitivity of transient climate change is investigated using
two sets of coupled experiments with and without tidal forcing, which are termed Exp_Tide and Exp_Control,
respectively. After introducing tidal forcing, the transient climate response (TCR) decreases from 2.32 K to 1.90 K,
and the surface air temperature warming at high latitudes decreases by 29%. Large ocean heat uptake efficiency
and heat storage can explain the low TCR in Exp_Tide. Approximately 21% more heat is stored in the ocean in
Exp_Tide (1.10x10%¥) than in Exp_Control (0.91x10%4]). Most of the large ocean warming occurs in the upper 1 000 m
between 60°S and 60°N, primarily in the Atlantic and Southern Oceans. This ocean warming is closely related to
the Atlantic Meridional Overturning Circulation (AMOC). The initial transport at mid- and high latitudes and the
decline in the AMOC observed in Exp_Tide are both larger than those observed in Exp_Control. The spatial
structures of AMOC are also different with and without tidal forcing in present experiments. The AMOC in
Exp_Tide has a large northward extension. We also investigated the relationship between AMOC and TCR
suggested by previous studies using the present experiments.
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1 Introduction

The equilibrium climate sensitivity (ECS) is defined as the
steady-state global mean surface air temperature (SAT) change
resulting from a doubling in the concentration of carbon dioxide
(e.g., Gregory et al., 2004). It is a fundamental metric for measur-
ing the response of the climate system to greenhouse gases.
However, the climate system is never in a steady state, due to
changes in both greenhouse gases and heat storage in the ocean
(e.g., Levitus et al., 2001). These effects limit the usefulness of the
ECS in studying the temporal changes in the climate system. Cu-
basch et al. (2001) introduced another metric, the transient cli-
mate response (TCR), to measure temporal changes in climate
sensitivity. The TCR is defined as the global mean SAT change at
the time of CO, doubling in an idealized 1%/a CO, increase ex-
periment (e.g., Cubasch et al., 2001; Randall et al., 2007). There-
fore, the TCR is determined not only by radiative heating due to
greenhouse gases and climate feedbacks, but also by the ocean

heat uptake (OHU).

Large variations are presented in the TCR values estimated
from simulations using different climate models in previous
studies. Raper et al. (2002) found that TCR values ranged from 1.3
to 2.3°C using models from the Coupled Model Intercomparison
Project phase 2 (CMIP2). The ranges for the CMIP3 and CMIP5
models, 1.2-2.4°C (Meehl et al., 2007) and 1.1-2.6°C (Flato et al.,
2013), respectively, are similar to those obtained from CMIP2.
Kuhlbrodt and Gregory (2012) found that the ratio of the en-
semble standard deviation of the TCR to the ensemble mean is
approximately 20% for the models from CMIP5. Winton et al.
(2014) found that the estimated TCR values are also significantly
different even among members of the GFDL model family, the
TCR varies from 1.5 to 2.0°C.

By how much and how (that is, through what processes) OHU
affects the TCR remain fundamental questions. Raper et al.
(2002) estimated that changes in the OHU can lead changes of
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the TCR in approximately 15% based on the models from CMIP2.
We can identify some common model features from this mul-
tiple models’ comparison, but we cannot closely examine the
physical processes involved in the models. Therefore, many stud-
ies use experiments that employ the same ocean or atmospheric
component and change the other components (Meehl et al.,
2004; Winton et al., 2013) or perturb the parameters of the ocean
component (Huang et al., 2003; Collins et al., 2007; Brierley et al.,
2010). The experiments described by Meehl et al. (2004) and
Winton et al. (2013) both show that the effect of the atmospheric
component on the TCR seems to be larger than that of the ocean
component. The perturbed parameter experiments also show
small changes in the TCR values, primarily because other physic-
al processes cancel out this effect (Huang et al., 2003; Collins et
al., 2007; Brierley et al., 2010). However, they also found that
there are significant (compared to the natural variability) region-
al variations among the experiments. Moreover, recent studies
have shown that the TCR depends on the spatial pattern of OHU
(e.g., Rose et al., 2014). Therefore, it is still necessary to under-
stand the uncertainties in OHU and its effect on the TCR in cli-
mate models.

There are several oceanic processes that can affect OHU and
the TCR. Boé et al. (2009) found that the mixing process in the
polar region is closely related to a deep ocean warming in the
CMIP models. Griffies et al. (2015) also noted the fundamental
role the ocean mesoscale features play in determining the transi-
ent OHU. Recently, more studies have focused on the Atlantic
Meridional Overturning Circulation (AMOC, Rugenstein et al.,
2013; Kostov et al., 2014; Winton et al., 2014), because of its cru-
cial role in determining high latitude climates. This is also the
topic that we address in the present study. Rugenstein et al.
(2013) found that models that produce large AMOC declines also
display less high-latitude warming than models with small
AMOC declines. The AMOC decline diminishes the warming by
weakening the poleward ocean heat transport and increasing the
ocean heat uptake. Kostov et al. (2014) found that the control
AMOC is more closely related to surface climate change in the
CMIP5 model responses to instantaneous CO, quadrupling, be-
cause a deeper and stronger AMOC can store more heat at inter-
mediate depths and may delay the surface temperature response.
Winton et al. (2014) found that the AMOC behavior, rather than
horizontal resolution, produces differences in the TCR in their
suite of experiments with different horizontal resolutions. The
TCR is found to be closely related to the magnitude of the control
climate AMOC and its decline under idealized forcing.

The uncertainty in the decline of the AMOC is significant in
present state-of-the-art models. The Intergovernmental Panel on
Climate Change Fourth Assessment Report (IPCC AR4) sugges-
ted that the AMOC would decline by an amount between 0% and
more than 50% in the 21st century, based on coupled model pro-
jections (Solomon et al., 2007; Gregory et al., 2005) and the
AMOC decrease in 2100 was approximately 20%-30% for the
RCP4.5 scenario and 36%-40% for the RCP8.5 scenario in the IP-
CC AR5 (Weaver et al., 2012; Collins et al., 2013). Reintges et al.
(2017) determined that the model uncertainty is the largest con-
tribution to the AMOC projection uncertainty. Munk and Wunsh
(1998) pointed out that the winds and tides are the only possible
source of mechanical energy to drive ocean thermohaline circu-
lations. The box model simulations also supported this new view-
point (Huang, 1999; Guan and Huang, 2008; Shen and Guan,
2015). It is estimated that tides can provide 1 TW energy to drive
the interior mixing, and the remaining energy comes from winds.
In our recent work (Yu et al., 2016), we introduced eight baro-

tropic equilibrium tides into an ocean general circulation model.
We also found that the upper cell of the AMOC is significantly
changed. Therefore, we will investigate the change in the OHU
and the TCR in the coupled model with and without the tidal for-
cing in the present paper. The purpose of the present study is
twofold: to fully understand the role of the tidal processes in the
climate system and to understand the behavior of our coupled
model when the AMOC changes.

This paper is organized as follows. Section 2 describes the
coupled model we used in this paper and the experiment struc-
ture. The results, in terms of the effects of tidal forcing on the
transient climate change, the OHU and the changes in the AMOC
are presented in Section 3. Section 4 contains the concluding re-
marks and discussion.

2 Model and experimental design

The climate model used in this study is the Flexible Global
Ocean-Atmosphere-Land System model, spectral version 2
(FGOALS-s2, Bao et al., 2013, Lin et al., 2013), which was de-
veloped by the State Key Laboratory of Numerical Modeling for
Atmospheric Sciences and Geophysical Fluid Dynamics of the In-
stitute of Atmospheric Physics (LASG/IAP). The atmospheric and
oceanic components of FGOALS-s2 are SAMIL2 (Bao et al., 2010)
and the LASG/IAP Climate System Ocean Model version 2
(LICOM 2.0, Liu et al., 2012), respectively. The resolution for
SAMIL2 is 2.8°x1.7° in horizontal, and has 26 levels in vertical. A
coarse resolution of LICOM2.0 is used here. It has an approxim-
ately 1° resolution in horizontal and has 30 vertical levels. The
isopycnal and diapycnal mixing in LICOM2.0 are from Gent and
Mc Willimas (1990) with the thickness diffusivity of 500 m2/s and
from Canuto et al. (2001). The performance of the low resolution
LICOM2.0 has been evaluated by Liu et al. (2012). The biases of
LICOM2.0 in terms of water properties and ocean circulation are
comparable with those of simulations from the Coordinated
Ocean-ice Reference Experiments (COREs, Griffies et al., 2009b).

Yu et al. (2016) implemented tidal forcing into the stand-
alone LICOM 2.0 based on the formula of Griffies et al. (2009a), to
investigate the effects of tides on ocean climates. The horizontal
gradient term related to the sea surface height (SSH) of the baro-
tropic equation is replaced by the term v [(1-a)n+(1+k-h)n,,),
where # is SSH, and 7, is the SSH due to the equilibrium tides.
The parameter ¢=0.948 accounts for the modification of the
ocean’s tidal response as a result of self-attraction and loading
(SAL). Variables k and h are Love numbers (1+k-h=0.7) that ac-
count for the reduction in ocean tides because of the deforma-
tion of the solid earth by tidal forcing. Four diurnal (K;, O;, P, Q,)
and four semi-diurnal (M,, S,, N,, K,) constituents are con-
sidered in the present study, based on Table 13.1 of Griffies et al.
(2009a). In addition, in order to efficiently damp the extra tidal
energy and obtain a stable solution, a drag term was added to the
barotropic equation following Schiller and Fiedler (2007).

In the present study, two sets of coupled experiments are con-
ducted, both with and without tidal forcing (Fig. 1). Each set in-
cludes two experiments: a pre-industrial control run and a 143-
year 1%/a CO, increasing experiment. All the experiments fol-
low CMIP5 protocols (Taylor et al., 2012). The experiments are
termed Exp1, 2, Exp_Control, Exp_Tide, respectively, and the two
1%/a CO, increasing runs (Exp_Tide and Exp_Control) indicated
the presence and absence of tidal forcing, respectively. Notably,
Exp 1 and Exp_Control are experiments that we submitted to
CMIP5. The two experiments are identical in their setup except
for the tides. Exp_Control begins after a long-term (approxim-
ately 900 years) spin up integration. The pre-industrial control
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Fig. 1. Experimental design of the present study.

run normally requires a long spin-up, whereas Exp_Tide began
from a short spin up (120-year integration). The pre-industrial
control run for Exp_Tide remained relatively stable after 100
years, and He et al. (2017) suggested there yields consistent res-
ults with 100-year spin-up and 400-year spin-up. Thus, it was ap-
propriate to analyze the impact of tidal forcing on the TCR. The
results from the last 143 years of the two pre-industrial control
runs, Exp 1 and Exp 2, are used as a reference to compute the
temperature changes due to CO, increases, that is, the TCR. The
linear trend from the last 143 years of the two pre-industrial con-
trol runs was computed and deducted from the results of
Exp_Control and Exp_Tide.

After introducing the tidal forcing, the barotropic circulation
was reduced, especially in the coastal regions (Yu et al., 2016).
The transport of AMOC was also found to have diminished signi-
ficantly, whereas the transport by the Antarctic Bottom Water
was slightly enhanced. The changes in circulation were all re-
lated to increases in the bottom friction and the vertical viscosity
due to tidal forcing. The transport by the upper cell of the AMOC
also decreased south of 35°N, which is similar to the results of Yu
et al. (2016). However, the transport was slightly enhanced north
of 35°N in the coupled experiment with tidal forcing. This may be
related to complex physical processes involving the coupling
with both the atmosphere and the sea ice. In the present study,
we do not focus on explaining why the AMOC was enhanced in
Exp_Tide. Instead, we focus on the relationship between the
AMOC and the OHU or the TCR.

3 Results

3.1 Transient climate response to CO, increase

Figure 2 presents the global annual SAT changes under 1%
CO, increases in the two experiments. The change in SAT depicts
an approximately linear trend in Exp_Control. However, when
tidal forcing is included, the SAT responses exhibit some non-lin-
earity under CO, increases. There is no significant surface warm-
ing in the first 30 years, and then the slope of the surface warm-
ing is larger than in the control experiment. This non-linearity
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Fig. 2. Global mean surface air temperature (SAT) changes for
Exp_Control (blue) and Exp_Tide (red) in 1%/a CO, increasing
experiments.

phenomenon is also exhibited by other climate models (e.g.,
Winton et al., 2013). The non-linear behavior may depend on the
evolution of the ocean mixing layer and the pattern of SST (Win-
ton et al.,, 2010) and changes in the state of the deep ocean (e.g.,
Held et al., 2010). The TCR, which is defined as the 20-year (years
61-80) average global mean SAT change at the time of CO, doub-
ling, is an often-used measure of the magnitude of climate sensit-
ivity. The ensemble mean of the TCR in IPCC models is 1.8 K+
0.37 K for AR4 (Winton et al., 2010) and 1.8 K+0.6 K for AR5 (Flato
etal. 2013). The TCR for Exp_Control and Exp_Tide are 2.32 K
and 1.90 K, respectively (Table 1). The value of TCR with and
without tidal forcing is located within the range of multi-model
values. Therefore, we supposed that the model simulations in our
study are believable. The difference of TCR between Exp_Tide
and Exp_Control in the present study is 0.42 K, which is compar-
able to the multi-model standard deviation of AR4 (0.37 K) and
AR5 (0.60 K). Therefore, tides have significant influence on the
projection of transient surface warming in our study. The approx-
imately 19% smaller TCR in Exp_Tide suggests that tidal forcing
can temporarily suppress surface air temperature warming. To
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Table 1. Key metrics for the Exp_Control and the Exp_Tide ex-
periments

Exp_Control Exp_Tide

TCR/K 2.32 1.90

Ocean heat uptake efficiency/W-m-2-K-! 0.49 0.63
Ocean heat storage change/10%* J.PW-1 0.91/0.41 1.10/0.50

Depth of 80% heat change/m 580 700

minimize the impact of the non-linear behavior observed in Exp_
Tide, the TCR can be calculated using the 143-year average of
surface air temperature change (Winton et al., 2013). With this
method, the value of the TCR in Exp_Tide is 2.14 K. This value is
higher than the TCR calculated from the average global mean
SAT changes in years 61-80, but still lower than that for Exp_Con-
trol.

As CO, continues to increase, the change in SAT in the two
experiments decreases. At the time of CO, quadrupling, the 20-
year average SAT is 4.57 K for Exp_Tide, slightly larger than that
for Exp_Control (4.43 K). We noted that the ratio of the differ-
ence of SAT change between two experiments to their average is
approximately 20% at the time of CO, doubling, approximately
six times the value at the time of CO, quadrupling. This result
suggests that the impact of tidal forcing on surface warming is
significant at the time of CO, doubling, whereas the atmospheric
component plays the main role in climate sensitivity, rather than
the ocean component, over longer time scales when CO, quad-
ruples (Meehl et al., 2004). Based on these results, we concen-
trated on the impact of tidal forcing at the time of CO, doubling.

The SAT anomaly is asymmetrical between two hemispheres,
especially at high latitudes. There is a larger SAT anomaly at
northern high latitudes than in southern high latitudes (Fig. 3), as
is projected by most coupled models (e.g., Bitz et al., 2006). The
Arctic polar amplification leads to the larger simulated surface
warming at the northern high latitudes (Holland and Bitz 2003).
At the time of CO, doubling, the surface warming north of 45°N is
4.43 K in Exp_Control, whereas it is only 3.12 K after introducing
the tidal forcing, corresponding to a reduction of approximately
30% (Table 2). The maximum surface warming for Exp_Control is
8.62 K, which is approximately 3 K higher than that seen in
Exp_Tide (Fig. 3). The surface warming is relatively weaker in the
southern high latitudes than that in the northern high latitudes.
This phenomenon is typically attributed to the strong ocean heat
uptake in the Southern Ocean (e.g., Gregory, 2000; Exarchou et
al. 2014). At the time of CO, doubling, the surface warming south
of 45°S is 1.70 K for Exp_Control, whereas it is 1.24 K for Exp_Tide
after the tidal forcing is introduced (Table 2). Although the
change is smaller than that at the northern high latitudes, the ra-
tio of the changes in the two hemispheres is similar to each other;
the reduction is 27% in the Southern Hemisphere. In contrast to
the maximum surface warming, the minimum surface warming
for Exp_Tide (0.5 6 K) is similar to the value for Exp_Control (0.72 K).
The changes in SAT between 45°N and 45°S are 2.06 K for
Exp_Control and 1.80 K for Exp_Tide, which are smaller than

Table 2. Changes in area mean surface air temperature (SAT, K)
over three latitudinal bands for Exp_Control and Exp_Tide
Surface air temperature/K

Exp_Control Exp_Tide
North of 45°N 4.43 3.12
45°N-45°S 2.06 1.80
South of 45°S 1.70 1.24
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Fig. 3. Zonal mean surface air temperature (SAT) changes when
CO, is doubled (during years 61-80) for Exp_Control (blue) and
Exp_Tide (red).

those observed at the northern high latitudes and larger than
those observed at southern high latitudes, respectively. However,
the reduction due to tidal forcing is only approximately 13%, less
than half the value at high latitudes. This result reveals that the
tidal forcing affects not only the transient climate response but
also regional climate changes in response to CO, increases.

Figure 4 shows the geographic pattern of SAT changes in the
two experiments. Both experiments reflect the typical pattern of
SAT change that can be seen in almost all climate models. The
largest surface warming occurs at northern high latitudes, and
minimal warming, even cooling, is found in the North Atlantic
and the Southern Ocean (Fig. 4). However, when the tidal forcing
is included in the climate model, there are significant regional
differences in the geographic patterns of SAT change between the
two experiments. At the time of CO, doubling, the simulated
warming in Exp_Tide in the Arctic is 5.73 K, lower than that of
Exp_Control (8.92 K). The maximum Artic warming is located in
the Barents Sea for Exp_Control, whereas it is located in the Nor-
wegian Sea for Exp_Tide. A cooling area is present in the North
Atlantic in both experiments. A reduction in meridional heat
transport may create the cooling area (Rugenstein et al. 2013).
The latitudinal band of the cooling center is approximately
45°-70°N for Exp_Tide, which is larger than the latitude band for
Exp_Control (45°-55°N). Moreover, there is an additional cooling
region in the northern portion of the Ross Sea in Exp_Tide with a
3.44 K cooling of the SAT. Both the initial SAT and TCR with tides
are smaller at northern high latitudes (Figs 4c, d). This result
seems to reveal the simulation of TCR is related to the simulation
of the initial state. Recently, He et al. (2017) investigated the dif-
ferences in TCR between two different base climates, a preindus-
trial and a present-day climate. They found that the experiment
from the present-day climate has a much larger TCR than that
from the preindustrial climate. The behavior of two experiments
in the present study is similar to He et al. (2017).

In general, after introducing the tidal forcing, we found that
the TCRis reduced from 2.32 K to 1.90 K. Large reductions in SAT
occur within the high latitude regions of both hemispheres with a
ratio of approximately 30%, whereas the change in SAT between
45°N and 45°S is small (only ~13%). This result indicates that the
differences between the high and low latitudes in Exp_Tide with
tidal forcing decrease.

3.2 Response in ocean heat uptake
To understand the relationship between the TCR and ocean-
ic processes in the present study, we investigate the change in
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Fig. 4. Surface air temperature (SAT) changes when CO, is doubled (during years 61-80) for Exp_Control (a) and Exp_Tide (b), the
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OHU between the two sets of experiments. The SAT change in re-
sponse to radiative forcing is determined by the heat balance
between the net radiative flux at the top of the atmosphere
(TOA), denoted as N hereafter, and the radiative heating due to
greenhouse gases (e.g., Gregory et al., 2004), denoted as F here-
after. This relationship can be written as follows:

N=F— oAT, 1)
where AT is the SAT change and « is the climate feedback para-
meter. Gregory and Forster (2008) further suggested that the cli-
mate system has absorbed approximately all the heat in the
ocean. Therefore, N can be expressed as N=xAT, in which « is the
ocean heat uptake efficiency coefficient. The ocean heat uptake
efficiency coefficient can be calculated by performing a linear re-
gression between the net heat flux, N, and the SAT change (e.g.,
Exarchou et al., 2014). Substituting N into Eq. (1), we obtain a re-

lationship between the TCR and « as follows: AT = % Based

on this expression, we find that the TCR is determin%d bI;f the ra-
diative forcing, ocean heat uptake efficiency and the climate
sensitivity parameter. The faster the heat is transported down-
wards into the ocean will lead to a larger ocean heat efficiency
value and thus reduced surface warming.

In the present study, the ocean heat uptake efficiency coeffi-
cient, x, is 0.49 W/(m2K) for Exp_Control and 0.63 W/(m?-K) for
Exp_Tide (Fig. 5 and Table 1). In Exp_Tide, « is approximately
28% higher than that of Exp_Control (Table 1). We also calcu-
lated the ocean heat storage change (Table 1). Approximately
21% more heat is stored in the ocean in Exp_Tide (1.10x102%4])
than in Exp_Control (0.91x10%4]). The high ocean heat uptake ef-
ficiency and heat storage can explain the low TCR in Exp_Tide.

The simulated OHU at the time of doubling of CO, for the en-
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Fig. 5. Scatter plot showing changes in surface air temperature
(SAT, K) and the net radiation flux at the top of the atmosphere
(TOA, W/m?2) for Exp_Control (blue) and Exp_Tide (red). The
lines are linear regressions based on the two experiments.

tire water column, the upper 1 000 m and below 1 000 m are
shown in Figure 6. The OHU is defined as ff y A

¢ [=4.1x108 /(Jm3.K)] is the volumetric heat capacity, and AT,
is the ocean temperature change. The global mean values con-
firm that much more of the heating in Exp_Tide (approximately
90%) occurs in the upper 1 000 m. This outcome leads to a larger
OHU efficiency and a smaller SAT for Exp_Tide. Moreover, this
large upper-layer heating can be found in the Pacific-Indian

Toceandz, where
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Ocean, the Atlantic Ocean (including the Arctic Ocean) and the
Southern Ocean. Interestingly, although the global value of OHU
below 1000 m for Exp_Tide is larger than that for Exp_Control,
the heating in the Atlantic and the Southern Ocean is smaller.
That is, the large deep ocean heat uptake seen in Exp_Tide
primarily occurs in the Pacific Ocean (Fig. 6).

The spatial distribution of the warming can be better repres-
ented in terms of zonal mean ocean warmings in the two experi-
ments (Fig. 7), in which the upper 1 000 m has been magnified. At
the time of CO, doubling, the most notable difference between
the two experiments occurs in the Arctic Ocean, where the tem-
perature for Exp_Tide is approximately 1 K colder than that ob-
served in Exp_Control. The warming in Exp_Tide primarily oc-
curs between 60°S and 60°N, which can be clearly observed in the
figure presenting the difference (Fig. 7c). Warming centers with a
magnitude of 0.5 K appear in the upper 1 000 m. The SST in
Exp_Tide are cooler than those seen in Exp_Control, which tends
to cause more heat to enter into the ocean in Exp_Tide. Examin-
ing the warming in separate basins, we find that the warming is
60°S 30°S 0° 30°N

60°N 90°N

(=3
(=3
(=}

2000
3000

4000

5000

centered at depths of approximately 100-200 m in the tropical re-
gion of the Pacific-Indian Ocean, while the warming occurs at
depths of 500-1 000 m in the Atlantic Ocean and the Southern
Ocean (not shown). The different of warming in the ocean basin
maybe associated with the meridional overturning circulation.
The AMOC in the Atlantic Ocean and Deacon Cell in the South-
ern Ocean can drive the warm water into the deep ocean. In op-
posite to the AMOC and Deacon Cell, the meridional overturn-
ing circulation is absent in Pacific-Indian Ocean. Thus, the
warming centers in the Atlantic and Southern Oceans are deeper
than that in the Pacific-Indian Ocean. Noted that, the Antarctic
Bottom Water (AABW) is weaker in Exp_Tide at the CO, doubled
(Fig. 9f). Less cool water can transport into the bottom in
Exp_Tide. Thus, there exists a warmer signal at the bottom in
Exp_Tide (Fig. 7c).

The changes in the vertical integrated ocean heat storage for
Exp_Control and Exp_Tide were also investigated in this study.
We find that the large warming for Exp_Tide occurs primarily in
the Atlantic and Southern Oceans (Fig. 8b). The large warmings
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Fig. 7. Changes in zonal mean ocean temperature (K) for Exp_Control (a), Exp_Tide (b) and the difference between the two

experiments (Exp_Tide minus Exp_Control) (c), unit:K.
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Fig. 8. Change in the vertically integrated ocean heat storage (10° J/m?) for Exp_Control (a), Exp_Tide (b) and the difference between

the two experiments (Exp_Tide minus Exp_Control) (c).

appear along the western boundary of the Atlantic Ocean from
10°S to approximately 50°S and along the Antarctic Circumpolar
Current (ACC). As in previous studies, the former may be associ-
ated with the decline of the AMOC (Winton et al., 2013), and the
latter may be caused by the reduction of the convection (Huang
et al.,, 2003) and related to the wind response with an increase in
westerlies (figure not shown). In addition to the warming anom-
alies, there is a notable and large cooling center in the northeast-
ern part of the Atlantic Ocean that has a minimum value of
-19.3 GJ/m?2. However, its magnitude has been reduced to ap-
proximately half in Exp_Tide.

As shown above, the large OHU leads to a small TCR at the
time of doubling of CO, in the experiment with tidal forcing.
Most of the warming can be found in the upper 1 000 m between
60°S and 60°N, mainly in the Atlantic and Southern Oceans. The
larger warming along the western boundary and the reduced
cooling between 30°-60°N in the Atlantic Ocean suggest that the
AMOC may play an important role. Therefore, in the following
section, we investigate the relationship between OHU or the TCR
on the one hand and the magnitude of the AMOC or the change
in the AMOC on the other hand.

3.3 The Atlantic Meridional Overturning Circulation

The relationship between the AMOC at the beginning (year 1)
and the changes of AMOC at the CO, doubling (years 61-80) of
the integration for both Exp_Control and Exp_Tide are investig-
ated. The difference between the two experiments at the begin-
ning and the CO, doubling are also shown. In general, Exp_Tide
appears as a slightly deeper upper cell of the AMOC than that ob-
served in Exp_Control at both the beginning and the CO,
doubled (Fig. 9). The structures of AMOC are different in the two
experiments, especially in the mid- and high latitudes. The max-
imum transport fluxes of North Atlantic Deep Water (NADW) for
the two experiments south of 40°N at the beginning of the integ-
rations are approximately (16-19)x108 m3/s and are comparable
to each other (Table 3). However, the magnitude of the NADW
for the Exp_Control begins to reduce quickly poleward of 40°N,

measuring only 4.1x10% m3/s for Exp_Control at 50°N, but still
14.2x106 m3/s for Exp_Tide (Table 3). This result suggests that
more water is transported in the upper cell of the AMOC in
Exp_Tide than in Exp_Control at the initial state.

Dy, is defined as the depth above which 80% of the total
global heat storage change occurs, and a larger Dy, is associated
with stronger AMOC as CO, increasing (Kostov et al., 2014). In
the present study, Dy, is approximately 120 m (20%) deeper
after introducing the tidal forcing (Table 1). That is, the heating in
Exp_Tide primarily occurs in the deeper ocean. In our study, the
relationship between Dy, and the magnitude of AMOC, which is
defined as the maximum transport at 40°N, agrees with that iden-
tified by Kostov et al. (2014).

As CO, increases, the magnitude of the AMOC also gradually
decreases. The change in the magnitude of the AMOC for
Exp_Tide is also larger than that seen in Exp_Control, especially
northward of 40°N (Figs 9b and d, Table 3). The average values by
which the AMOC decreases are 5.0x10° m3/s and 8.3Sv for
Exp_Control and Exp_Tide, respectively, and this decrease is ap-
proximately 66% larger for Exp_Tide than that seen in Exp_Con-
trol. This result is the same as that described by Winton et.al
(2014), who found that larger AMOC declines are associated with
larger ocean heat uptake efficiency in a 10-model suite. Winton et
al. (2014) also proposed a more complex mechanism by which
the AMOC affects the TCR. They suggested that the smaller parti-
tioning of water in the Northern Hemisphere leads to large
warming in the North Hemisphere. Therefore, a decrease in the
AMOOC retards the warming. The differences in AMOC change in
two experiments are opposite the differences of AMOC at the be-
ginning, which is also supported by He et al. (2017).

To further understand the relationship between the AMOC
and the OHU in the Atlantic Ocean, we compute the Meridional
Heat Transport (MHT) for the two experiments during both the
first year and years 61-80 (Fig. 10). In general, the MHTs for
Exp_Tide during the two periods are smaller than those seen in
Exp_Control at almost all latitudes, except between 20°N and
40°N. Although the MHT values at 30°S for Exp_Tide are smaller
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Table 3. The maximum value and change of the AMOC at spe-
cific latitudes

lat;jt?ég}(ﬂ Exp_Control Exp_Tide

Maximum AMOC/10% m3.s-1 10 18.6 18.8
20 18.5 174

30 18.8 16.8

40 14.2 16.7

50 4.1 14.2

Change of AMOC/10%m3-s-! 10 -4.5 -85
20 -5.1 -7.6

30 -4.0 -7.9

40 -6.8 -9.6

50 -4.4 -7.9

mean -5.0 -8.3

than those seen in Exp_Control, the heat storage rate in Exp_Tide
(0.14 PW) is still larger than that of Exp_Control (0.12 PW). This
result occurs because large amounts of heat are released into the
atmosphere in Exp_Control.

Summarized above, more heat was stored into the ocean
(Table 1), and the initial AMOC and AMOC decline were larger
with tidal forcing. Thus, we supposed that the larger initial AMOC
and AMOC decline are associated with larger OHU. We also in-
vestigated the mechanism of their relationship. The AMOC de-
clines can weaken poleward ocean heat transport. The larger

AMOC declines in Exp_Tide induce less poleward ocean heat
transport (Figs 9 and 10). Less poleward ocean heat transport
(larger AMOC declines) with tidal forcing made the cooler SST in
high latitudes. The cold SST in Exp_Tide lead less ocean heat flux
to release (Fig. 6). This process can store more heat into the
ocean.

We also found that the MHTs generally decrease with increas-
ing CO, at approximately all latitudes. However, the MHTs south
of 15°S in both runs increase slightly with increasing CO,. At 30°S,
this increase is from 0.27 PW to 0.29 PW and from 0.07 PW to 0.17
PW for Exp_Control and Exp_Tide, respectively. This result is
mainly due to the increasing vertical gradient of temperature in
the two experiments. Although the decline in the AMOC is smal-
ler in Exp_Control, the decrease in MHT seen in Exp_Control
(0.17 PW) at the equator is larger than that of Exp_Tide (0.1 PW).
In other word, a larger decline in volume transport does not
guarantee a larger decline in the heat transport. Therefore, the
mechanism proposed by Winton et al. (2014) may be model de-
pendent and requires more investigation.

In general, the results from these two sets of experiments fol-
low the conclusions drawn by previous studies: larger values of
an initial transport at mid- and high latitudes and declines in the
AMOC lead to larger OHU and smaller TCR values (Kostov et al.,
2014; Winton et al., 2014). However, investigation of the underly-
ing mechanism reveals that this mechanism maybe model de-
pendent. The differences are predominantly caused by the struc-
ture of the AMOC and the location of the heat stored in the up-
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per ocean.

4 Concluding remarks and discussion

In the present study, the impact of tidal forcing on the sensit-
ivity of transient climate change is investigated using two sets of
experiments with and without tidal forcing in a coupled climate
model. After introducing the tidal forcing, we found that the TCR
is reduced from 2.32 K to 1.90 K. Large reductions in SAT (by ap-
proximately 30%) occur in the high latitude regions of both hemi-
spheres, whereas the change in SAT between 45°N and 45°S is
small (13%). The ocean heat uptake efficiency coefficient for
Exp_Control is smaller than that for Exp_Tide, leading to approx-
imately 21% more heat storage in the ocean in Exp_Tide
(1.10x10247]) than in Exp_Control (0.91x1024J). The high ocean
heat uptake efficiency and heat storage can explain the low TCR
in Exp_Tide. Most of the large warming can be found in the up-
per 1000 m between 60°S and 60°N, primarily in the Atlantic and
Southern Oceans. This warming is closely related to the AMOC.
The initial transport at mid- and high latitudes and the decline in
the AMOC seen in Exp_Tide are both larger than in Exp_Control.
As in previous studies, these two features lead to slowed warm-
ing in Exp_Tide.

We also investigated the mechanisms suggested by previous
studies, particularly Kostov et al. (2014) and Winton et al. (2014),
using the present experiments. Some hypothesizes are similar to
previous studies. In our study, large control AMOC has a strong
correlation with a large AMOC decline, as suggested by Winton et
al. (2014). There is a strong positive correlation between the max-
imum transport of AMOC and Dy, and Kostov et al. (2014) ob-
tained the same results. However, the spatial structures of the
AMOC are different with and without tidal forcing. The AMOC in
Exp_Tide has a large northward extension and does not become
deeper, as suggested by Kostov et al. (2014). Furthermore, we
also found that a larger decline in the volume transport does not
guarantee a larger decline in heat transport in the present experi-
ments, as is the case in Winton et al. (2014). This result is due to
the changes in the vertical temperature gradient. Based on our

results, the mechanism by which the AMOC affects the TCR is
model dependent or definition dependent. Therefore, the mech-
anism by which the AMOC affects the OHU and the TCR is still an
open question and needs more investigation using different
models.

Interestingly, we also found that the spatial distribution of
heat storage may lead to different climate responses and thereby
different TCR values. In the present study, the heat is stored pre-
dominantly in the upper 1 000 m between 60°S and 60°N in
Exp_Tide, whereas it is stored in the Arctic Ocean in Exp_Control.
The local feedback between the solar radiation and the sea ice
may amplify the warming in the Arctic region and thus increase
the SAT. Rose et al. (2014) investigated the effects of the spatial
distribution of heat sinks on transient climate responses using a
set of aqua-planet experiments. However, they found that high
latitude warming leads to large cooling. The differences may be
caused by the different experiments conducted. However, these
differences require further investigation.

In our study, the two numerical experiments have a different
initial state and AMOC structures with CO, increasing due to tid-
al forcing. And the simulation of TCR is sensitive to the differ-
ences of the initial state (Figs 4c and d) and AMOC changes
(Fig. 9). How to quantify the influence of the initial state and
AMOC change on the TCR is a challenging job. We believe that
the relationship among them (the AMOGC, initial state and TCR) is
model dependent and should be investigated further.
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