
1.  Introduction
Various feedback processes can accelerate (or slow down) global mean surface temperature (GMST) warming 
induced by greenhouse gas concentration increase (Scheffer et al., 2006). Observational records show a GMST 
warming rate of about 0.068°C/decade since 1880, although natural variability on the low-frequency timescales 
may cause large fluctuations (Figure 1a). Despite international efforts to suppress GMST increase (Intergov-
ernmental Panel on Climate Change (IPCC), 2018), temperatures have risen almost 1.1°C over 1850 to 2019 
(Masson-Delmotte et al., 2021). After a slow rise at the beginning of the 21st century, rapid increase in GMST, 
accompanied by extreme weather and climate events such as heatwaves and droughts, is observed (e.g., Briffa 
et al., 2009; Christidis et al., 2011; Dai, 2011; Duffy & Tebaldi, 2012).

In December 2015, the Paris Agreement adopted a 1.5°C/2°C overall GMST increase limit. Since then, many 
studies have tried to understand how a 1.5°C/2°C warming might influence human well-being, sea ice cover, 
sea level height, biodiversity, extreme natural events, and hydrological cycles (e.g., Baker et al., 2018; Brown 
et al., 2018; Donnelly et al., 2017; Ebi et al., 2018; Niederdrenk & Notz, 2018; Smith et al., 2018). Despite this 
wealth of studies, there is little understanding of the physical factors modulating the global warming rates up to 
the target of the Paris Agreement. The Coupled Model Intercomparison Project Phase 5 and Phase 6 (CMIP5/
CMIP6) climate models show a wide variety of simulation outcomes along with large uncertainties (Figure 1b 
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and Figure S1a in Supporting Information  S1). Understanding what physical factors modulate the warming 
rates toward the target is critical because mitigating and adapting to climate change impacts are considerably 
time-sensitive.

In general, climate model warming rates are determined by the model's climate sensitivity and constrained by 
physical processes including (a) radiative forcing (Knutti et al., 2017), (b) cloud feedback (Bony & Dufresne, 2005; 
Cess et al., 1990; Soden & Held, 2006; Zelinka et al., 2020), and (c) ocean heat uptake (Frölicher et al., 2014; 
Geoffroy et al., 2013; Raper et al., 2002; Winton et al., 2010). In particular, Zelinka et al. (2020) and Gjermundsen 
et al. (2021) have highlighted the impacts of sea surface temperature (SST) biases and LLC feedback in the South-
ern Ocean (SO) on climate sensitivity. There are fewer studies, however, of how the climate state in the reference 
period produced by climate models might affect 2°C global warming in 21st Century future climate scenarios 
(Dommenget, 2016; Kajtar et al., 2021). Previous studies on the projections of future warming mainly examined 
either the equilibrium climate sensitivity (ECS) or transient climate response (TCR), common metrics of model 
sensitivity in the response to increasing CO2 (Meehl et al., 2020). ECS is defined as GMST increase until equilib-
rium warming following abrupt CO2 doubling, and TCR is defined as the temperature change at the time of CO2 
doubling when CO2 is increased by 1% yr −1. The response of earth climate system to climate forcing depends on 
duration and intensity of the given climate forcing (Meehl et al., 2012; Rohling et al., 2012; Zeebe, 2013). Given 
that the time when the climate models reach to the 2°C warming from the reference period under more realistic 
changing climate forcing, however, we speculate that the physical processes related to 2°C global warming rate 
lies between the climate sensitivity metrics and natural feedback processes including ocean heat uptake. In this 
study, we suggest a new perspective on model-predicted 2°C global warming in CMIP5/CMIP6 climate models 
that they are determined by the SO surface temperature state along with a strength of low-level cloud (LLC) 
amount feedback during the reference period. Understanding these processes will help improve 2°C warming 
projections with reduced uncertainty.

We chose Representative Concentration Pathway (RCP) 8.5 and Shared Socioeconomic Pathway (SSP) 5–8.5 
scenarios, that is, business-as-usual scenarios to highlight the case of no mitigation and to focus on greenhouse 
gas-induced warming through the model's response to strong radiative forcing. In spite of this, it is noteworthy 
that the multi-model ensemble means of timings for 1.5°–2°C warming in RCP2.6 and SSP1-2.6, the scenarios 
compatible with the 2°C target, are not very different from those in RCP8.5 and SSP5-8.5. In this paper, CMIP5 
results will be mainly presented and CMIP6 results discussed further later.

2.  Data and Methods
2.1.  GMST Observation and CMIP5/CMIP6

We used observed annual GMST time series data for 1861–2019 from the Met Office Hadley Centre observations 
datasets (HadCRUT4) (Morice et al., 2012). The raw time series data presented as temperature anomalies relative 
to 1961–1990 were converted to anomalies compared to 1861–1900, defined as the reference period in this study.

We used monthly output data of historical and RCP8.5 simulations for the Coupled Model Intercomparison 
Project Phase 5 (CMIP5) and historical and SSP5-8.5. Simulations for CMIP6, respectively. Only the first ensem-
ble member (i.e., r1i1p1 for CMIP5 and r1i1p1f1 for CMIP6) was chosen. We used 37 CMIP5 and 26 CMIP6 
climate models to examine the diversity of warming rates to 1.5°C/2°C warming targets between climate models. 
However, there is a limit to the available models for the variables required for analysis, so only some of 37 CMIP5 
or 26 CMIP6 climate models are used for some analyses.

2.2.  Global Warming Timing and Rate to 1.5°C/2°C Rise

The reference period was 1861–1900 in the historical simulation, following the pre-industrial period used in 
the AR5 and IPCC special report and taking into account the different initial integration times of the historical 
experiments from model to model. Using the surface air temperature data, the annual mean GMST time series 
was obtained and smoothed by an 11-year moving average for each model. Based on the smoothed GMST time 
series, the 1.5°C (2°C) increase period was defined as years under historical and RCP8.5 (or SSP5-8.5) scenarios 
within the decades in which GMSTs were between 1.3°C and 1.7°C (1.8°C–2.2°C) warmer than the correspond-
ing model's reference period as a baseline.
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Warming rate in each model was calculated as 1.5°C or 2°C divided by the difference between the centered timing 
years of each GMST rise period and the reference period (i.e., 1.5°C/2°C timing of each model in Figure 1b (or 
Figure S1a in Supporting Information S1) minus 1880.5). Additionally, the 3°C warming rate used for analyses 
in Figures in Supporting Information S1 was defined similarly except that GMST increase range was from 2.8°C 
to 3.2°C and 3°C was divided by the years GMST takes to go up 3°C from the reference period.

2.3.  Low-Level Cloud Amount Feedback Factor During the Reference Period

We used the cloud fraction at 925 hPa level as LLC amount for LLC-related analysis (see Text S1 in Supporting 
Information S1). For each model, the LLC amount feedback factor 𝐴𝐴 (𝜆𝜆𝑐𝑐) in the mid-latitude SO during the refer-
ence period is defined as a regression coefficient of the anomalous low-level cloud amount (LLCMSO) against the 
anomalous surface air temperature (SATMSO). Here, the anomalous LLCMSO and SATMSO are the areal-averaged 
quantities over the 30°–50°S of interannual anomalies with seasonal cycles removed from monthly LLC and SAT 
data.

The significance of all correlation and regression analysis performed throughout our research was tested using the 
bootstrap method (see Text S2 in Supporting Information S1).

Figure 1.  Observed GMST and simulated timings and global warming rates of 1.5°C/2°C increases. (a) Observed annual anomalies of GMST relative to the reference 
period (1861–1900). (b) Orange and red dots indicate timings when the global mean surface temperature increases by 1.5° and 2°C, respectively, compared to the 
reference period for 37 CMIP5 climate models. MME mean values of the timings are also shown at the rightmost. (c) Linear relationship between global warming rates 
of 1.5° and 2°C. Correlation coefficient between the two rates is 0.95, which is significant at the 95% confidence level under the Bootstrap method.
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3.  Results
3.1.  2°C Global Warming and Southern Ocean State in CMIP5 Climate Models

First, we analyzed the years at which simulated GMSTs reached a 1.5°C/2°C increase from the pre-industrial 
reference period (1861–1900, hereafter referred to as “reference period”) under a business-as-usual scenario (i.e., 
the RCP 8.5 (RCP8.5)) in 37 CMIP5 climate models. Despite being driven by the same greenhouse gas concen-
trations and aerosol burdens, the results among the CMIP5 climate models were considerably diverse (Figure 1b). 
The BNU-ESM model reaches the 2°C limit by 2022 and shows the fastest 2°C warming rate; the MRI-CGCM3 
model simulates the slowest 2°C warming rate. The number of years required to reach a 1.5°C increase is highly 
correlated with that for a 2°C rise (Figure 1c), and the time it takes to achieve 1.5°C and 2°C temperature rise is 
highly correlated with that for a 3°C increase at the 95% confidence level (Figures S2a and S2b in Supporting 
Information S1). Notably, the model drift of GMST is small in each climate model compared to the 1.5°C/2°C 
GMST changes (Table S1 in Supporting Information S1), and we found that the 1.5°C/2°C timings were almost 
identical with and without a climate drift correction (Figures S3a–S3c in Supporting Information S1). These 
results indicate that neither internal climate variability nor climate model drift is the main cause of inter-model 
2°C global warming rate diversity. Therefore, we propose that the systematic model states including the SO 
condition and cloud feedback are likely the reason for the large diversity among CMIP5 climate models in reach-
ing the 1.5°C/2°C Paris Agreement limit. Hereafter, we focus on global warming rates to 2°C temperature rise for 
in CMIP5 climate models. We note that there is little change in the results if we consider a 1.5°C temperature rise.

We found that the SO, south of 30°S, is the most critical and broad region where local warming rates highly 
correlate with the CMIP5 climate model 2°C global warming rate (Figure 2a). The local warming rate (Figure 2a) 
is calculated by dividing the local temperature increment at each grid point by the time taken from the reference 
period to the time when the GMST reached to 2°C in each climate model (see Text S3 in Supporting Informa-
tion S1). While some other regions, such as the Eurasian continent, are associated with 2°C global warming rates, 
local SO warming rates strongly correlate with 2°C global warming rate in CMIP5 climate models. It is also 
found that simulated reference period SO SSTs were more highly correlated with the 2°C global warming rate 
simulated in CMIP5 climate models than any other ocean latitude band, including the Northern Ocean (Figure 2b 
and Table 1). While the correlation does not necessarily imply causality, it may indicate that the SO is a key 
region with the potential to regulate warming rates.

We also calculated the correlation between 2°C global warming rate and reference period SST deviation from 
the 37 CMIP5 climate model ensemble mean SST (Figure 2b). The reference period SO SST deviation of each 
climate model from the ensemble mean correlates significantly with the 2°C global warming rate for each model. 
That is, the cooler is the SO SST during the reference period, the faster will be the 2°C global warming rate 
increase (Gjermundsen et al., 2021; Kajtar et al., 2021) (Figure 2b). Consistently, the regressed SST during the 
reference period against a 2°C warming rate (Figure 2c) also shows that SO SSTs during the reference period are 
much lower in climate models with faster warming rates than those with slow warming rates.

3.2.  The Role of Reference Period SO SST and Its Associated Physical Processes on the Warming Rate of 
2°C Temperature Rise

To examine how the SO SST during the reference period is associated with the 2°C global warming, one can 
first conjecture that the SO SST could be associated with ocean heat uptake, which could lead to a diversity of 
2°C warming rates. Due to differences in heat transfer efficiency, GMST increase and decrease rates may vary 
from model to model (Geoffroy et al., 2013; Raper et al., 2002; Winton et al., 2010). Therefore, if the ocean heat 
uptake at SO, the preferred location for ocean heat uptake-associated “delayed warming” (Armour et al., 2016; 
Frölicher et al., 2015; Geoffroy et al., 2013; Rose & Rayborn, 2016; Shi et al., 2018), is strong, the increasing 
rate of GMST would be small, and vice versa. Because ocean heat uptake is associated with long-timescale deep 
ocean equilibration (Li et al., 2013), a long period of cumulative heat uptake would be more effective in reducing 
the rate of Earth's warming by trapping excess energy thereby inhibiting GMST increase. However, we show that 
for the 2°C warming of interest here, inter-model differences in warming rates can be effectively determined by 
a mechanism in the atmosphere, and the role of the ocean will be discussed later.

We hypothesize that SO SST influences the 2°C temperature increase via atmospheric radiative processes. We 
analyzed atmospheric heat flux changes from the reference period to the period centered on the multi-model 
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ensemble mean of 2°C rise timings (hereafter referred to as the MME 2°C period) (Figure  1b and see also 
Text S4 in Supporting Information S1). An increase in downward surface shortwave (SW) energy flux in the 
mid-latitude SO (30°–50°S) and the high-latitude SO (60°–70°S) bands is more dominant in climate models 
with a faster warming rate than those with a slow warming rate (Figure 3a). However, changes in the down-

ward longwave radiation and turbulent heat fluxes including sensible heat 
and latent heat did not show statistically significant correlations with the 2°C 
warming rate (Figure 3a). Note that either + or − sign of heat flux changes in 
Figure 3a does not represent a heat loss or gain from the ocean to atmosphere. 
Indeed, the warming-related changes in the turbulent heat fluxes were iden-
tical to those presented in Liu et al. (2018) (figure not shown), that is, heat 
absorp tion through SO is mostly carried out at higher latitudes (50°S–65°S). 
We infer that there is a hot spot region where the SW radiative energy plays a 
key role in the modulation of warming (Figure 3b).

Over the mid-latitude SO, the difference in SW cloud radiative effect 
(SWCRE, i.e., the difference of shortwave radiative flux between clear-sky 
and all-sky conditions) changes is a major contributor to the difference in 
surface downward SW energy flux changes, whereas SWCRE has an oppo-
site effect on incoming SW energy flux over the high-latitude SO (Figure 3b 
and Figure S4 in Supporting Information S1). We infer that the mid-latitude 
SW radiative energy is controlled by cloud effect, which is in contrast to the 

Figure 2.  Southern Ocean surface related to the 2°C warming rate. (a) Correlation coefficient map of local warming rate patterns with 37 CMIP5 climate model global 
warming rates until a 2°C GMST increase is reached. Zonal mean is attached to the right side of the plot. (b) Correlation coefficient map of the deviation pattern from 
the MME mean for the SST reference period and the 2°C warming rate. (c) Map of the reference period SST regressed onto the 2°C warming rate. The stippled areas 
indicate regions with significant correlation or regression coefficient values at the 95% confidence level under the Bootstrap method.

Regional mean SST during reference period

30°S–70°S 
(Southern ocean)

30°S–30°N 
(Tropical ocean)

30°N–70°N 
(Northern 

ocean)

1.5°C warming rate −0.47 0.10 0.02

2°C warming rate −0.52 0.01 0.08

Note. Correlation coefficients with a 1.5°C/2°C warming rate of regional 
mean (30°S–70°S, 30°S–30°N, and 30°N–70°N) SSTs during the reference 
period from the 37 CMIP5 climate models. Only the correlation coefficients 
with SSTs in the Southern Ocean region are significant at the 95% confidence 
level under the Bootstrap method.

Table 1 
Relationship Between Regional Mean SST During Reference Period and the 
Global Warming Rate

 23284277, 2023, 1, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022E

F003212 by U
niversitetsbiblioteket I, W

iley O
nline L

ibrary on [02/02/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Earth’s Future

SHIN ET AL.

10.1029/2022EF003212

6 of 14

high-latitude where SW radiative energy is influenced by non-cloud components, possibly sea ice. It has been 
known that both LLC and Antarctic sea ice (ASI) play a prominent role in controlling the downward SW energy 
reaching the surface (Frey et al., 2018; Loeb et al., 2019; McCoy et al., 2014). Figures 4a and 4b display the 
regressed LLC and ASI concentrations during the reference period against with a 2°C warming rate. We used a 

Figure 3.  Southern Ocean SW flux changes associated with the 2°C warming rate. (a) Zonal mean changes from the 
reference period to the MME 2°C period in surface SW radiation, longwave radiation, and turbulent (sensible and latent) heat 
fluxes regressed onto the 2°C warming rate. The open circles denote significant differences at the 95% confidence level under 
the Bootstrap method. There are no significant relations to the 2°C warming rate for LW and SH + LH fluxes. (b) Map of 
surface SW flux changes regressed onto the 2°C warming rate. The stippled areas indicate regions with significant regression 
coefficient values at the 95% confidence level under the Bootstrap method. Positive values mean greater fluxes enter the 
surface. Images are only shown for the southern hemisphere.

Figure 4.  Reference period Low-level cloud (LLC) and Antarctic sea-ice (ASI) changes related to the 2°C warming rate 
through their changes. Maps of the reference period showing (a) LLC amount, characterized by LLC fraction at 925 hPa and 
(b) ASI concentration regressed onto the 2°C warming rate. The stippled areas indicate regions with significant regression 
coefficient values at the 95% confidence level under the Bootstrap method. Images show the region south of 30°S.
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925 hPa cloud fraction to represent the LLC, since in the mid-latitude SO, the maximum cloud fraction related to 
2°C warming rate is found at 925 hPa (Figure S5 and see also Text S1 in Supporting Information S1) and most of 
the observed total cloud fraction is LLC (e.g., International Satellite Cloud Climatology Project, ISCCP, Rossow 
& Schiffer, 1991). Climate models with fast warming rates tend to simulate relatively larger amounts of LLC 
in the mid-latitude SO (30°–50°S) and ASI concentrations in high-latitude SO (60°–70°S) during the reference 
period, compared to those with slow warming rates. The LLC amount and ASI concentration in SO region during 
the reference period were statistically significantly correlated with 2°C warming rate (Figures S6a and S6b in 
Supporting Information S1). That is, the initially cold SO SST in fast warming rate models is interrelated with the 
incoming SW energy reduction caused by a large amount of LLC in the mid-latitude SO and a high reflectivity 
of large ASI concentration in the high-latitude SO, and vice versa for the initially warm SO SST in slow warming 
rate models.

And then, we calculated the LLC amount feedback factor in the mid-latitude SO (i.e., 𝐴𝐴 𝐴𝐴𝑐𝑐 =
dLLCMSO

dSATMSO

 ) during the 
reference period in climate models. Since 𝐴𝐴 𝐴𝐴𝑐𝑐 is usually negative (McCoy et al., 2014; Rose & Rayborn, 2016; 
Zelinka et  al.,  2016,  2020; Zhao,  2014), the surface cooling increases the LLC amount, resulting in further 
surface cooling by decreasing SW radiation (i.e., positive feedback) in the mid-latitude SO. It was found that 
climate models with strong LLCMSO amount feedback tend to simulate a large amount of LLCMSO as well as a 
more extended ASI with cold SO in the reference period (Figures 5a–5c). We infer that LLCMSO amount feed-
back strength determines the mid-latitude SO (30°–50°S) SST condition in the reference period by a positive 
shortwave-cloud feedback process. During the 2°C rise, a strong LLCMSO amount feedback correlates with a 
large reduction of LLCMSO as well as ASI (Figures 5d and 5e). LLCMSO amount feedback will be directly linked 
to LLCMSO changes but will rather indirectly affect ASI changes during the 2°C rise. We found here that there is a 
relationship between LLCMSO amount feedback and ASI, but details of that are left beyond this study. The rather 
strong correlation in Figure 5e may be the result of a mixture of warming effects. Consequently, the reference 
period LLCMSO amount feedback contributes significantly to determining the 2°C warming rate (Figure 5f). Here, 
the LLCMSO amount feedback strength accounts for only 25% of the 2°C warming rate in spite of the statistical 
significance at the 95% confidence level (Figure 5f). This might be due to the notion that the LLCMSO amount 
feedback influences the 2°C warming rate along with other factors including the SO SST as well as the ASI 
which are affected by the LLCMSO amount feedback. Nevertheless, it may not be small to explain to that extent 
the inter-model diversity of 2°C warming rate compared to any other single process existing in climate models.

Consistently, in the climate models simulating large amounts of mid-latitude SO LLC and high-latitude SO ASI 
during the reference period, the amounts of both mid-latitude SO LLC and high-latitude SO ASI tend to decrease 
significantly during the 2°C rise (Figures 6a and 6b). It is noteworthy that the respective variables corresponding 
to the reference period and the MME 2°C period in Figures 6a and 6b have a very high correlation with each other 
(Figures S7a and S7b in Supporting Information S1). This is because the inter-model diversity of those variables 
still does not deviate considerably in the 2°C warming period compared to that in the reference period. Therefore, 
the correlation coefficients shown in Figures 6a and 6b are not from the artificial negative initial-to-change corre-
lations that can appear when the initial and future states are completely independent, but statistically meaningful 
correlations linked with physical processes. Concurrently, more downward SW energy is absorbed at the surface 
with a large reduction in the amount of LLC in mid-latitude SO (Figure 6c), contributing to fast global warming 
rates in climate models (Figure 6d). Note that more downward SW flux in mid-latitude SO comes from more 
SWCRE increase, which leads to faster 2°C warming (Figures S8a and S8b in Supporting Information S1). Addi-
tionally, more downward SW energy is absorbed at the surface with a large reduction in the ASI concentration 
in the high-latitude SO during the warming of 2°C temperature rise (Figure 6e) and contributes to fast global 
warming rates in climate models (Figure 6f). These two processes have a profound effect on the global warming 
rates. These results indicate that the reduction of LLC amounts and ASI concentration in the SO due to a strong 
LLC amount feedback could be a key factor to determine the 2°C warming rate in climate models. We argue that 
since the relationship between SST and cloud is not completely linear and physical environments affecting the 
LLC, especially an inversion layer, it would be changed under global warming. Therefore, LLCMSO amount feed-
back may be different from the reference period to the 2°C warming period. However, the stronger the LLCMSO 
amount feedback in the reference period is (Figure S9a in Supporting Information S1), the larger the change 
in LLCMSO amount due to the same warming is and the change in LLCMSO amount due to the same warming is 
closely related to 2°C warming rate (Figure S9b in Supporting Information S1). This may imply that the LLCMSO 
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Figure 5.  Low-level cloud (LLC) amount feedback and its relevant quantities. (a) Scatter plot symbols show the relationship between LLC amount (i.e., 925 hPa cloud 
fraction) feedback factor during the reference period and the reference period LLC amount in the mid-latitude SO (30°–50°S) among the 24 CMIP5 climate models 
from which we can get LLC amount data. Same as (a), except for (b) the reference period ASI extent, (c) the reference period SO (30°–70°S) SST, (d) LLC amount 
changes in the mid-latitude SO (30°–50°S) from the reference period to the MME 2°C period, (e) ASI extent changes from the reference period to the MME 2°C period, 
and (f) the 2°C warming rate. The correlation coefficient between the x-axis and the y-axis variables is shown in the upper right corner of each panel, significant at the 
95% confidence level under the Bootstrap method.

 23284277, 2023, 1, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022E

F003212 by U
niversitetsbiblioteket I, W

iley O
nline L

ibrary on [02/02/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Earth’s Future

SHIN ET AL.

10.1029/2022EF003212

9 of 14

Figure 6.
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amount feedback simulated in climate models control the warming rate by driving a significant portion of the 
LLCMSO change during the 2°C warming period.

We further used the SW approximate partial radiative perturbation (APRP) method (Taylor et al., 2007) (see 
Text S5 in Supporting Information S1) to ensure how much the SWCRE change in the mid-latitude SO is driven 
by the LLC amount change rather than other cloud actions during the 2°C rise. We used 25 climate models in 
which all the variables used in APRP method are available (Table S2 in Supporting Information S1). It is found 
that cloud amount change, which is mostly explained by the LLC amount change controlling SW radiation in the 
mid-latitude SO regions (e.g., Rossow & Schiffer, 1991), is the most significant contributor to SW change (Table 
S2 in Supporting Information S1). Indeed, APRP estimation indicates that the SW change in the mid-latitude SO 
strongly correlates with LLCMSO amount change during the 2°C rise as well as 2°C warming rate (Figures S10a 
and S10b in Supporting Information S1). This may support the notion that the change in LLC amount along with 
LLC amount feedback in the mid-latitude SO contributes to modulating the 2°C warming rate by significantly 
controlling incoming SW radiation in climate models.

3.3.  Results From CMIP6 Climate Models

We conducted the same analyses using 26 CMIP6 climate models with a fossil-fueled development scenario (i.e., 
SSP 5–8.5) and reached a similar conclusion to CMIP5 climate models. The predicted number of years required 
to reach a 1.5°C increase is highly correlated with that for a 2°C rise in CMIP6 climate models (Figure S1b in 
Supporting Information S1), indicating that the systematic model state is likely the reason for the large diver-
sity among CMIP6 climate models in reaching the 1.5°C/2°C Paris Agreement limit (Figure S1a in Supporting 
Information S1). Like the CMIP5 climate models, the SO is a critical and broad region where local warming 
rates highly correlate with the 2°C global warming rate in CMIP6 climate models, but many of the correlations 
identified in CMIP5 climate models are rather weak in CMIP6 climate models (Figure S11a in Supporting Infor-
mation S1 and see also Figure 2a). The most striking differences between CMIP5 and CMIP6 climate models are 
found in the tropical and Arctic regions. In particular, the stark opposite signal between tropics and extratropics 
only appears in CMIP6 climate models. This may be because the difference in the warming between the trop-
ics and extratropics is relatively larger in CMIP6 climate models than that in CMIP5 climate models (Zelinka 
et al., 2020). This is possibly due to the change in the cloud scheme from CMIP5 to CMIP6 climate models, 
which acts to modify cloud feedback processes as well as the water content within clouds (Zelinka et al., 2020). 
Consequently, the sensitivity of local warming rate on the 2°C global warming rate would be different between 
CMIP5 and CMIP6 climate models.

We also found that, similar to the CMIP5 climate models, simulated reference period SO SSTs were more highly 
correlated with the 2°C global warming rate simulated in CMIP6 climate models than with any other ocean lati-
tude band, including the Northern Ocean (Table S3 and Figure S11b in Supporting Information S1 and see also 
Figure 2b). That is, SO SSTs during the reference period are much cooler in climate models with faster warming 
rates than those with slow warming rates in CMIP6 climate models. In addition, the CMIP6 climate models with 
fast warming rates tend to represent larger amounts of LLC in mid-latitude SO and higher ASI concentrations in 
high-latitude SO during the reference period compared to those with slow warming rates (Figures S12a and S12b 
in Supporting Information S1).

Consistent with CMIP5 climate models, CMIP6 climate models with a strong LLCMSO amount feedback also tend 
to simulate a large amount of LLCMSO in the reference period (Figure S13a in Supporting Information S1), which 
is concurrent with a cold SO (Figure S13b in Supporting Information S1). During the 2°C rise, the amount of 

Figure 6.  Impacts of Low-level cloud (LLC) and Antarctic sea-ice (ASI) through SW flux changes at a 2°C warming rate. (a) Scatter plot symbols showing the 
relationship between the reference period LLC amount (i.e., 925 hPa cloud fraction) and its changes from the reference period to the MME 2°C period in the 
mid-latitude SO (30°–50°S) among the 24 CMIP5 climate models. (b) Scatter plot symbols showing the relationship between the reference period ASI extent and its 
changes from the reference period to the MME 2°C period among the 37 CMIP5 climate models. (c) Scatter plot symbols show the relationship between LLC amount 
changes and surface SW flux changes from the reference period to the MME 2°C period in the mid-latitude SO (30°–50°S) among the 24 CMIP5 climate models. (d) 
Scatter plot symbols show the relationship between surface SW flux changes in the mid-latitude SO and 2°C warming rate among the 35 CMIP5 climate models from 
which net surface SW flux data is available. (e) Scatter plot symbols show the relationship between ASI extent changes and surface SW flux changes in the high-latitude 
SO (60°–70°S) among the 35 CMIP5 climate models. (f) Scatter plot symbols show the relationship between surface SW flux changes in the high-latitude SO and the 
2°C warming rate among the 35 CMIP5 climate models. The correlation coefficient between the x-axis and the y-axis variables is shown in the upper right corner of 
each panel, significant at the 95% confidence level under the Bootstrap method.
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LLCMSO is more reduced in CMIP6 climate models (Figure S13c in Supporting Information S1) along with more 
increases in downward SW energy flux and SWCRE (Figures S13d and S13e in Supporting Information S1), 
which is due to stronger LLCMSO amount feedback. This results in a fast-warming rate (Figure S13f in Supporting 
Information S1), which is consistent with the results in CMIP5 climate models.

4.  Conclusions and Discussion
The SO is a critically important global climate system sector (e.g., Brady, 2011; Kuhlbrodt & Gregory, 2012; 
Roemmich et al., 2015; Sabine et al., 2004). Despite this, there are many deficiencies in correctly representing the 
SO in climate models (e.g., Hyder et al., 2018; Meijers, 2014; Sallée et al., 2013). Our research emphasizes the 
importance of realistic SO simulations during the reference period including SST, ASI, LLC, and LLC amount 
feedback in CMIP5/CMIP6 climate models to reduce the uncertainty of the 1.5°C/2°C global warming rate. As 
the temperatures rise to the 2°C increase, their changes alter the amount of downward SW energy flux at the 
surface and affect the warming rates.

Some studies argued that the representation of SO convection has far-reaching impacts on the regional climate, 
including the LLC coverage (Gjermundsen et al., 2021; Winton et al., 2010; Zhang et al., 2019). We speculate 
that the time scales of cloud feedback acting on GMST increase are different from that of deep ocean circulation 
in climate model simulations under gradually changing forcing. Thus, we suggest here that the LLC amount 
feedback, which occurs faster, may be more important up to 2°C warming, even if the role of deep ocean circu-
lation may become more important in the far-future warming. This speculation could be supported by the fact 
that changes in SO heat content stored at the upper layers (∼2 km) are positively correlated to a 2°C warming 
rate in CMIP5 climate models, but it is not the case for the deeper layers (below 2 km) (see Text S6 and Figures 
S14a and S14b in Supporting Information S1). Figure S14c in Supporting Information S1 shows ocean warming 
pattern associated with 2°C warming rate. We infer that anomalous heat stored in the upper ocean is mainly 
captured during the period up to 2°C warming (e.g., Armour et al., 2016) in which ocean acts as a passive heat 
sink in response to surface warming (e.g., Rose & Rayborn, 2016; Winton et al., 2010). However, there is also a 
significant anti-correlation between the 2°C warming rate and the interior ocean warming (between 1 and 3 km) 
in the subpolar SO (Figure S14c in Supporting Information S1). This suggests that climate models that warm 
the fastest have lower rates of deep convection in the SO, which is consistent with the findings of Gjermundsen 
et al. (2021). The present study shows that SO SST biases during the pre-industrial period are associated with 
the strength of regional shortwave cloud feedback, which modulates the timing of the transient response to rising 
greenhouse gas concentrations. Gjermundsen et al. (2021) also provide an explanation for why these SO SST 
biases exist in the first place.

Since only one ensemble member was used and the reference period was defined as a period of 40 years in our 
analysis, on the other hand, the climatology in this period might be influenced by the phase of interdecadal 
variability. However, as shown in Figures 2c–2b, dominant interdecadal patterns such as Atlantic Multidecadal 
Oscillation, Pacific Decadal Oscillation, and Interdecadal Pacific Oscillation, which would be expected if they 
importantly affect 2°C warming, were not shown. From this, we could identify that the inter-model diversity of 
SO condition in the reference period related to 2°C warming rate is hardly derived from the phase dependency of 
interdecadal variability. In addition, spin-up, an important technical issue of the coupled model, is also a factor 
that can affect the climate state represented in each model. Nevertheless, our findings physically consistently 
account for a large part of inter-model diversity in 2°C warming. Therefore, we argue that the SO condition in 
the reference period can largely represent the model dependency, which may imply both physical aspects and 
technical aspects in each model. Although there might be differences between climate models in the used param-
eterization/scheme or bias of the atmospheric model affecting the implementation of this feedback in SO region 
(e.g., Bodas-Salcedo et al., 2014; Hyder et al., 2018), the physical aspects are highlighted in the present study. We 
point out that LLC amount feedback influences the SO condition of model climatology in the reference period, 
and furthermore a 2°C global warming rate is effectively determined by the SO condition with an LLC amount 
feedback strength during the reference period. Our results suggest that accurate simulation of the pre-industrial 
SO state with LLC amount feedback will serve as a critical factor in future target warming climate projections.
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