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16 Abstract： To meet the low warming targets proposed in 2015 Paris Agreement, 

17 substantial reduction in carbon emissions is needed in the future. It is important to 

18 know how surface climates respond under such future scenarios. The present study 

19 investigates the surface temperature changes under the low-forcing scenario of 

20 Representative Concentration Pathways (RCP2.6) and its updated scenario (Shared 

21 Socioeconomic Pathways, SSP1-2.6) by the Flexible Global Ocean-Atmosphere-Land 

22 System (FGOALS) models participating the Phases 5 and 6 of Coupled Model 

23 Intercomparison Project (CMIP). In both scenarios, RF first increases to a peak of 3 

24 W/m2 around 2045 and then decreases to 2.6 W/m2 by 2100. GMST rises in all 

25 FGOALS models when RF increases (RF increasing stage) and declines or holds 

26 nearly constant when RF decreases (RF decreasing stage). The surface temperature 

27 change is distinct in its sign and magnitude between RF increasing and decreasing 

28 stages over the land, Arctic, North Atlantic subpolar region and Southern Ocean. 

29 Besides, regional surface temperature change pattern displays pronounced 

30 model-to-model spread during both RF increasing and decreasing stages, mainly due 

31 to large inter-model differences in climatological surface temperature, ice-albedo 

32 feedback, natural variability and Atlantic Meridional Overturning Circulation change. 

33 Tropical precipitation change pattern is generally anchored by the spatial variations in 

34 relative surface temperature change (deviations from the tropical-mean value) in 

35 FGOALS models. Moreover, the projected changes in the updated FGOALS models 

36 are generally closer to the multi-model ensemble-mean results than their predecessors, 

37 suggesting that there are noticeable improvements of future projections in FGOALS 
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38 models from CMIP5 to CMIP6.

39 Keywords: Surface temperature; Low warming targets; Arctic amplification; AMOC; 

40 Southern Ocean
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42 Article Highlights:

43  FGOALS models-projected changes under low warming scenarios are more 

44 consistent with the multi-model ensemble-mean in CMIP6 than CMIP5

45  The responses of surface temperature to the radiative forcing decrease display 

46 large spatial variations and model uncertainty

47  Large inter-model differences in projected surface temperature changes directly 

48 relate to the model biases in climatology 
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49 1. Introduction

50 The 2015-2019 climate report released by the World Meteorology Organization 

51 shows that that global-mean surface air temperature (GMST) has increased by 1.1°C 

52 relative to preindustrial level (1850-1900) in 2019, leaving a small gap to the 1.5°C 

53 warming target proposed in 2015 Paris Agreement. Recently, the concentrations of 

54 greenhouse gases (GHGs), especially CO2, in the atmosphere have risen to record 

55 levels, resulting in the global warming trend inevitably to come for generations. 

56 Global warming has caused significant and severe impacts in ocean temperature and 

57 acidity, sea-level, ice loss and extreme events (Church and White 2011; IPCC 2013, 

58 2018; Cheng et al. 2019; Bindoff et al. 2019). Therefore, the 2°C and 1.5°C low 

59 warming targets are subsequently proposed to avert the atmospheric GHG 

60 concentrations reach the point of ‘dangerous anthropogenic interference’ with our 

61 climate system (Mann 2009; IPCC 2018). Indeed, even a 0.5°C decrease from 2°C to 

62 1.5°C warming level would substantial lowers irreversible damages on climate system 

63 and ecosystem (Schaeffer et al. 2012; Schleussner et al. 2017). 

64 In the recent years, concerns on the climate responses under the low warming 

65 targets-anchored scenarios (low warming scenarios) have motivated a large amount of 

66 studies and even a release of the special IPCC report on 1.5°C global warming after 

67 the 2015 Paris Agreement (IPCC 2018; Li et al. 2018; Long et al. 2018, 2020; 

68 Nangombe et al. 2018; Palter et al. 2018; Qu and Huang 2018; Zhang et al. 2018; 

69 Chen et al. 2019b). Previous studies imply that the spatial distributions and 

70 underlying mechanisms of the climate responses may be substantial different between 

in 
pre

ss



5

71 low-forcing and high-forcing scenarios as the low warming scenarios require much 

72 lower or even negative carbon emissions compared to that in the scenarios with 

73 moderate or no mitigation efforts (van Vuuren et al. 2011; IPCC 2013; Sanderson et 

74 al. 2016; Xu and Ramanathan 2017; IPCC 2018). This highlights that further studies 

75 are needed to deepen our understanding on the dynamics and uncertainty of climate 

76 changes under low warming scenarios.

77 In Phases 5 and 6 of Coupled Model Intercomparison Project (CMIP), the 

78 low-forcing scenario of Representative Concentration Pathway (RCP2.6) and its 

79 updated scenario (Shared Socioeconomic Pathway, SSP1-2.6) both are categorized as 

80 low warming scenarios (Taylor et al. 2012; Eyring et al. 2016). In both RCP2.6 and 

81 SSP1-2.6, radiative forcing (RF) is designed to follow nearly the same pathway that 

82 first increases to a peak of 3 W/m2 around 2045 and then decreases to 2.6 W/m2 by 

83 2100. Climate responses are substantially different between RF increasing and 

84 decreasing stages as the deep ocean warms persistently despite the RF decrease and 

85 thus can significantly shape the trajectories of GMST and surface climate change 

86 (Long et al. 2018, 2020). Surface temperature is a key factor in 

87 ocean-atmosphere-land interaction, its future change could largely affect changes in 

88 regional precipitation (Xie et al. 2010; Huang et al. 2013; Long et al. 2016), 

89 atmospheric circulation (Ma et al. 2012) and even ocean circulation (Wang et al. 

90 2015; Chen et al. 2019a). However, surface temperatures changes under low warming 

91 scenario in the newly released CMIP6 outputs have not been well studied.
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92 The present study mainly addresses this issue by outputs of the Flexible Global 

93 Ocean–Atmosphere–Land System (FGOALS) climate models participating in the 

94 CMIPs. The models are developed at the Institute of Atmospheric Physics (IAP)/State 

95 Key Laboratory of Numerical Modeling for Atmospheric Sciences and Geophysical 

96 Fluid Dynamics (LASG), Chinese Academy of Sciences. FGOALS models in the 

97 CMIP5 and CMIP6 respectively provide simulations under RCP2.6 and SSP1-2.6 

98 scenarios (Bao et al. 2013; Lin et al. 2013; Zhou et al. 2020; He et al. 2019, 2020). 

99 The state-of-art FGOALS models in CMIP6 display substantial improvement in 

100 model resolutions, parameterization of physical processes and tuning method from 

101 their predecessor versions in CMIP5, with smaller climate drift and reduced model 

102 biases in simulated climatology, seasonal cycle and climate variability (Guo et al. 

103 2020; Li et al. 2020). It is important to compare the surface temperature changes in 

104 the latest two generations of FGOALS climate models to gain our insight on the 

105 climate responses and underlying mechanisms under low warming scenarios.

106 The surface temperature changes under RCP2.6 and SSP1-2.6 scenarios are thus 

107 investigated by FGOALS models respectively from CMIP5 (FGOALS-g2 and 

108 FGOALS-s2) and CMIP6 (FGOALS-g3 and FGOALS-f3-L). We show that there are 

109 substantial differences in surface temperature change patterns between RF increasing 

110 and decreasing stages over the land, Arctic, North Atlantic (NA) subpolar region and 

111 the Southern Ocean. Besides, regional surface warming pattern displays striking 

112 differences between the two generations of FGOALS models, mainly due to 

113 model-to-model differences in climatology surface temperature field. The surface 
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114 temperature differences among models can result in large inter-model spread in 

115 regional climate responses through different processes like the ice-albedo feedback 

116 and Atlantic Meridional Overturning Circulation (AMOC) response. The important 

117 implication is that improving the simulation of climatology surface temperature is 

118 helpful in achieving reliable future projection under low warming targets.

119 The rest of the paper is organized as follows. Section 2 describes the model 

120 outputs and methods. Section 3 shows global-mean responses in RCP2.6 and 

121 SSP1-2.6. Section 4 and 5 investigate the global and regional surface temperature 

122 change patterns, respectively. Section 6 is a summary with discussions.

123 2. Model outputs and methods

124 2.1 Model outputs

125 The last two generations of climate system models developed at LASG-IAP are 

126 the Flexible Global Ocean–Atmosphere–Land System model Version 2 and 3 

127 (FGOALS2 and FGOALS3), including two parallel subversions in CMIP5 

128 (FGOALS-g2, FGOALS-s2) and three parallel subversions in CMIP6 (FGOALS-g3, 

129 FGOALS-f3-L, and FGOALS-f3-H). A detailed description of the model 

130 configurations can be found in related literatures (Bao et al. 2013; Li et al. 2013, 2020; 

131 Zhou and Song 2014; Zhou et al. 2020; Guo et al. 2020). Only four subversions are 

132 analyzed in the present study as outputs of FGOALS-f3-H are currently not available 

133 on CMIP6 data portal. Each version of FGOALS models configures a similar 

134 coupling framework including oceanic, sea-ice, and land components, with 

135 differences mainly in the atmospheric models. A detailed information of these 
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136 components is listed in Table 1. Note that the FGOALS-g3 (FGOALS-f3-L) model is 

137 the updated version of FGOALS-g2 (FGOALS-s2) model. 

138 The equilibrium climate sensitivity (ECS), defined as the equilibrium 

139 temperature under doubled CO2 forcing, is 2.1 K-4.7 K in CMIP5 models and 1.8 

140 K-5.6 K in CMIP6 models (Zelinka et al. 2020), which is mainly due to stronger 

141 positive cloud feedbacks from decreasing extratropical low cloud coverage and 

142 albedo in models from CMIP6 than CMIP5. In contrast, the ECS is about 3.7 K in 

143 FGOALS-g2 and 4.5 K in FGOALS-s2, but decreases to 2.84°C for FGOALS-g3 and 

144 2.98°C for FGOALS-f3 (Zhou et al. 2013, 2020), which may associate with the 

145 differences in model biases and models-simulated internal variability, Arctic climate, 

146 and ocean circulation responses.

147 The ability of climate models in reproducing the climatology of observations is 

148 an essential metric evaluating the models’ performances, which is measured by the 

149 model bias (i.e. deviation from the observation). Figure 1 shows the spatial 

150 distribution of annual-mean climatology biases in SST and 2 m air temperature (TAS) 

151 in FGOALS models for 1979-2005. The ERSSTv5 (Huang et al. 2017) and 

152 high-resolution (0.5°×0.5°) CRU TS4.04 (Harris et al. 2020) data are referenced as 

153 observations to calculate the model biases. Generally, the FGOALS models display 

154 similar bias patterns in SST and TAS in both CMIPs, with large cold SST bias in the 

155 North Pacific, warm SST bias in the eastern coast of subtropical ocean basins and the 

156 Southern Ocean, and large cold TAS bias in the Eurasia and North America. The 

157 maximal and minimal model biases in both SST and TAS also change insignificantly 
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158 from CMIP5 to CMIP6. However, the global root-mean-square deviation (RMSE) 

159 and global-mean value of SST biases are reduced in FGOALS from CMIP5 to CMIP6, 

160 with noticeable reduction in the North Pacific, south of the Greenland, Southern 

161 Hemisphere (SH) eastern subtropical oceans and Southern Ocean. For TAS bias, there 

162 is also prominent decrease in its magnitude over the western Eurasia, North America 

163 and Australia. Besides, the updated FGOALS models significantly reduce the TAS 

164 biases over regions along the Rocky and Andes Mountains and Himalayas from their 

165 predecessors, suggesting an improvement in resolving the topography effect in 

166 CMIP6 models. As a result, the global RMSE and global-mean value of TAS biases 

167 also decrease, especially for the latter. The evaluation of model biases in FGOALS 

168 models suggests that there are significant improvements and changes in the 

169 performances of FGOALS-g3 and FGOALS-f3-L from their predecessors.

170 2.2 Methods

171 Monthly outputs (1850-2100) of historical simulations and low warming 

172 scenarios (RCP2.6 and SSP1-2.6) from FGOALS models. Besides, additional 15 

173 CMIP6 models (Table 2) are used to compare with their family predecessors in 

174 CMIP5. The CMIP5 and CMIP6 MMEs multi-model ensemble-mean (MME) results 

175 are calculated based on the 15-pair models without the FGOALS models. The 

176 pre-industrial control runs are also used to remove the effect from models’ climate 

177 drift. Near-surface air temperature (tas), surface temperature (ts, skin temperature), 

178 precipitation (pr) and zonal (ua) winds are used in this study. Note that in CMIP 

179 outputs, surface skin temperature equals to sea surface temperature (SST) in ice-free 
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180 ocean. All atmospheric variables are interpolated onto a common grid of 2° latitude × 

181 2° longitude by linear method for easy comparison. The topography may cause some 

182 deviations in the interpolated results that is hard to be fully excluded, but it causes 

183 rather slight influence to the main conclusions of the present study. Only one member 

184 of each model is utilized for analyses. 

185 As RF first increases to a peak around 2045 and then decreases, we respectively 

186 calculate the linear trends during RF increasing stage (1850-2050) and RF decreasing 

187 stage (2050-2100) to investigate the climate responses during two distinct periods. 

188 The separation point for the trend calculation (2050) is chosen to lead the RF 

189 inflection point (2045) by 5-year as the time-scale of the ocean mixed layer fast 

190 response is 3-5 years (Held et al, 2010). The AMOC index is defined as the maximum 

191 value of the meridional streamfuction at 35°N in the Atlantic.

192 3 Global-mean responses

193 Figure 2 displays the time evolution of GMST change relative to preindustrial 

194 level (1850-1899) through 2100 from FGOALS models under RCP2.6 and SSP1-2.6. 

195 When RF (grey line) increases, GMST generally rises steadily, despite with large 

196 multi-decadal variations before 1980, in all four models. However, the magnitudes of 

197 the increasing trend largely vary across models, with FGOALS-g2 (blue line) and 

198 FGOALS-g3 (red line) display a trend about 0.5°C lower than that in their 

199 corresponding MME results (black lines) by 2050. Moreover, the GMST changes in 

200 FGOALS-g2 and FGOALS-g3 is even close to the minimal value of the range in 

201 results from CMIP models’ after 2050. In contrast, GMST largely enhances in 
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202 FGOALS-s2 (green line) that is above the MME results around 0.7°C by 2050, which 

203 exceeds the top range of the results from 15 CMIP5 models (light green shadow). In 

204 FGOALS-f3-L, the GMST trajectory is consistent with the CMIP6 MME result, 

205 despite with some deviations during 1960-2040. It is also worth noting that the 

206 FGAOLS models in CMIP6 is closer to the MME results than their predecessors in 

207 CMIP5, as shown by both the MME and CMIP models’ range. 

208 During RF decreasing stage (2050-2100), as discussed in previous studies (Long 

209 et al., 2018, 2020), the ratio between the contributions from fast and slow responses 

210 during RF decreasing stage determines the further trend in GMST. This is because 

211 when RF ramps down, the ocean mixed-layer would first cool due to rapid 

212 atmosphere cooling and hence lowers the GMST (fast cooling effect). In contrast, the 

213 deep ocean warms slowly but persistently through 2100 and thus reduces the 

214 downward heat transfer from the mixed-layer, this would additionally fuel the upper 

215 ocean warming and hence increases the GMST (slow warming effect). In both 

216 FGOALS-g2 and FGOALS-s2, the fast cooling effect outweighs the slow warming 

217 effect, leaving the GMST to slightly and sharply decreases (all significant) during 

218 2050-2100, respectively. In FGOALS-g3 and FGOALS-f3-L, the fast cooling effect 

219 and slow warming effect nearly offset each other, leading to insignificant trend in 

220 GMST during RF decreasing stage, which is also a common feature in most CMIP5 

221 models (Long et al. 2020). 

222 The GMST increase meets the 1.5°C warming target in FGOALS-g2 and 

223 FGOALS-g3 and is still below the 2°C warming level in FGOALS-f3-L. In 
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224 FGOALS-s2, the GMST increase exceeds 2.0°C after 2010 and maximizes at nearly 

225 2.5°C. The large GMST increase in the FGOALS-s2 is associated with a lack of direct 

226 aerosol cooling effect in the atmospheric model (Bao et al. 2013) and large ice-albedo 

227 feedback in sea-ice model (CSIM5), which will be discussed in the next section.

228 The above-mentioned features in GMST trajectories are more robust over land 

229 (red lines in Fig. 3) than ocean (green lines in Fig. 3) in all four models. The land-sea 

230 warming contrast (brown lines) also increases before 2050 and then decreases (Figs. 

231 3a, b) or holds nearly constant (Figs. 3c, d) during 2050-2100, consistent with the 

232 GMST pathways (black lines). It is worth noting that the range of the CMIP models 

233 slightly increases after 2050, suggesting increased inter-model spread and hence 

234 uncertainty during RF decreasing stage.

235 Global-mean responses under the low warming scenario suggests that the GMST 

236 trajectory may not follow the RF pathway when RF decreases, mainly due to the 

237 warming effect from the slow deep ocean warming (Long et al. 2020). This is also a 

238 common feature in FGOALS and other CMIP models (Fig. 2). As regional climate 

239 change would largely deviate from the global-mean response, we further investigate 

240 the surface temperature change pattern under low warming scenarios in detail.

241 4 Global surface temperature change pattern

242 Figure 4 shows the linear trend of surface skin temperature (∆TS) under RCP2.6 

243 and SSP1-2.6 during 1850-2050 and 2050-2100. When RF increases, surface 

244 warming is generally large over land and polar regions, especially the Arctic. The 

245 reduced surface warming or even surface cooling in the NA (i.e. the so-called NA 
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246 warming hole) and Southern Ocean is robust in all four models, consistent with the 

247 MME results (Figs. 5a, b) despite large differences in the warming magnitude and 

248 detailed spatial structure like the location of the NA warming hole. The El Niño-like 

249 warming pattern, Indian Ocean Dipole-like warming structure and reduced 

250 subtropical warming in the SH are also prominent in all four models, consistent with 

251 MME results from CMIP5 and CMIP6. These tropical warming patterns also exist in 

252 FGOALS-g2 but are not well displayed due to small magnitude of warming. Besides, 

253 the surface warming is locally enhanced over high mountain regions like the Tibet 

254 Plateau and Rocky and Andes Mountains in all FGOALS models, illustrating the 

255 effect of topography in shaping the surface warming structure.

256

257 During 2050-2100, corresponding to the significant decreasing trend of GMST 

258 (Figs. 2a, b), the surface cooling pattern is prominent in FGOALS-g2 and 

259 FGOALS-s2. However, the cooling magnitude differs across regions, mainly large in 

260 the tropics in FGOALS-g2 and in the Northern Hemisphere (NH) mid- and 

261 high-latitudes in FGOALS-s2. Despite that the GMST change is negligible during 

262 2050-2100 in these two CMIP6 models, there is still significant cooling trend in the 

263 tropics and warming trend in the NH mid- and high-latitudes in FGOALS-g3, but 

264 overall weak temperature change in the FGOALS-f3-L. Besides, there is broad 

265 significant increasing trend in the Southern Ocean in both FGOALS-g3 and 

266 FGOALSf-3-L, which is missing in CMIP5 FGOALS models. This suggest that ∆TS 

267 may prominently evolve even under weak GMST change but with the pattern differs 
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268 significantly across models. It is worth noting that the ∆TS patterns in FGOALS 

269 models are generally consistent with the MME results during RF increasing stage, 

270 with global pattern correlation coefficient all exceeds 0.79 (Table 3). However, during 

271 RF decreasing stage, the pattern consistency with the MME results drops dramatically, 

272 ranging from -0.11 to 0.5 in four models, suggesting that there is large model 

273 uncertainty in the further changes of surface temperature after 2050. In CMIP5 and 

274 CMIP6 MME (Figs. 5c, d), the surface temperature mainly cools over land and warms 

275 over the SH oceans but with the magnitude much reduced than that in FGOALS 

276 models during 2050-2100 (Figs. 4e-f). Over the Tibet Plateau, the surface cooling 

277 during RF decreasing stage is also locally enhanced in most FGOALS models (Figs. 

278 4e-g) and CMIPs’ MME (Figs. 5c, d), which is similar to that during RF stage and 

279 suggests that the surface temperature over there displays robust responses to RF 

280 changes.

281 To evaluate the role of model uncertainty, which is measured by the inter-model 

282 standard deviation (std), in future projections, we further calculate the model 

283 consistency rate in the sign of MME change and signal-to-noise ratio (SNR) in each 

284 grid. The former is measured by the rate of models displaying change with the same 

285 sign of the MME results and is shown in Figs. 5a-d, while the latter is defined as the 

286 absolute value of MME change divided by the inter-model std and is shown in Figs. 

287 5e-h. During RF increasing stage, there is high model consistency in the sign of MME 

288 change across globe, with model consistency rate below 2/3 only appears over very 

289 limited area in the NA and Southern Ocean (white dots in Figs. 5a, b). The SNR is 
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290 generally larger than 3 (black contours in Figs. 5e, f) over most regions during 

291 1850-2050, indicating the robust of MME change relative to its inter-model spread, 

292 and is only lower than 1 over the NA and Southern Ocean (magenta contours). During 

293 2050-2100, the model consistency largely reduces over most regions, with consistent 

294 sign of changes among models (black dots) mainly appears over the Pacific subtropics 

295 and land regions with large surface cooling (Figs.5 c, d). Correspondingly, the SNR is 

296 much smaller than that during 1850-2050, with very limited area displaying value 

297 larger than 1. The low model consistency and small SNR during RF decreasing stage 

298 suggest that the inter-model spread is much larger than the MME change, which is 

299 inevitably associated with the inter-model differences in simulating the natural 

300 variability. During 2050-2100 (50 years), as the RF change is weaker and the length 

301 of time period for trend calculation is much shorter than those during 1850-2100 (200 

302 years), the interference of internal variability in trend calculation rises consequently. 

303 Besides, the warming effect from the deep ocean slow warming also largely offset the 

304 cooling effect from the RF decrease, especially over regions with strong ocean 

305 dynamics (Long et al. 2020). All these factors complicate the projections of the 

306 surface temperature changes during RF decreasing stage. As a result, there are large 

307 inter-model differences in the ∆TS pattern during 2050-2100 and hence lowers the 

308 reliability of the MME changes. Indeed, during 1850-2050, the CMIP5 and CMIP6 

309 MME ∆TS patterns are highly similar, suggesting the robustness of the projected 

310 surface temperature response to RF increase. During 2050-2100, despite GMST 
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311 change is insignificant in both CMIP5 and CMIP6, the ∆TS pattern substantially 

312 diverges over the Arctic, East Asia, North America and NA Ocean.

313 Generally, surface temperature responses under low warming scenarios are 

314 distinct between the RF increasing and decreasing stages and vary substantially across 

315 models, especially during the RF decreasing stage. Given that the pattern formation 

316 mechanisms for ∆TS display large variations in space (Xie et al. 2010). We further 

317 investigate the ∆TS pattern in the tropics and other three regions with noticeable local 

318 changes (the Arctic, NA subpolar region and Southern Ocean) in detail.

319 5 Regional surface temperature change patterns

320 5.1 Tropical temperature and associated precipitation changes 

321 Tropical SST plays a key role in regional and global climate, it is an important 

322 factor in typhoon/hurricane dynamics, atmospheric convection, and Hadley and 

323 Walker Cells. The response of tropical SST to global warming is important because it 

324 could largely affect changes in regional precipitation through the so-called 

325 “warmer-get-wetter” mechanism (Xie et al. 2010; Huang et al. 2013; Long et al. 

326 2016). Specifically, tropical SST influences atmospheric convection mainly through 

327 the relative SST change, i.e. the deviations from tropical-mean change, as tropical 

328 convection threshold is mainly determined by the tropical-mean SST (Xie et al. 2010; 

329 Ma et al. 2012). As a result, precipitation increases over region with SST warming 

330 larger than tropical-mean warming, and vice versa. Note that as tropical convection 

331 threshold also increases as global-warming develops (Johnson and Xie 2010), the 
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332 relative SST change is defined as subtracting the tropical-mean SST change over 

333 30°S–30°N from the local SST change.

334 Previous studies suggest that the “warmer-get-wetter” turns out to be prominent 

335 in explaining the tropical precipitation change because the dynamic effect from the 

336 slowdown of the Walker circulation (Held and Soden 2006; Vecchi et al. 2006; 

337 Vecchi and Soden 2007; Ma et al. 2012) would largely cancel the thermodynamic 

338 effect from the climatology precipitation distribution (Seager et al. 2010; Chadwick et 

339 al. 2013), the latter is the so-called “wet-get-wetter” mechanism (Chou and Neelin 

340 2004; Held and Soden 2006; Chou et al. 2009). Therefore, we further investigate the 

341 relative SST change pattern in FGOALS models under RCP2.6 and SSP1-2.6. 

342 Figure 6 shows the precipitation change (shading) and relative surface 

343 temperature change (∆TS*, contours) in the tropical oceans during 1850-2050 and 

344 2050-2100. All four models display an El Niño-like warming structure during 

345 1850-2050, with positive ∆TS* anchors precipitation increase. In contrast, the 

346 negative ∆TS* prevails over the subtropics and leads to precipitation decrease in 

347 models except FGOALS-g3. The consistency in the ∆TS* and precipitation change 

348 suggests that the “warmer-get-wetter” mechanism works well in most FGOALS 

349 models. While in FGOALS-g3, the precipitation change is not consistent with the 

350 ∆TS* pattern, especially in the subtropics and tropical Indian and Atlantic Oceans. 

351 Besides, the overall magnitude of tropical precipitation change is also larger in 

352 FGOALS-g3 than other models. This is possibly related to the differences in 

353 climatological SST as tropical-mean SST is at least 0.5 °C higher in FGOALS-g3 
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354 than in other models (Figs. 7a, b). Here we use the below diagnostic equation (Huang 

355 et al. 2013; Long et al. 2016) to qualitatively discuss this issue:

356    (1)

357 where  is precipitation,  the vertical velocity,  the specific humidity, the P q

358 overbar and  respectively stand for climatology and future change. The first 

359 (second) term on the right hand of the equation is the thermodynamic (dynamic) 

360 component as it involves changes only in specific humidity (circulation).

361 In the tropics, a 0.5°C higher SST would lead to significantly more evaporation 

362 and hence higher atmosphere specific humidity in climatology ( ), mainly because q

363 the temperature is already high there. Meanwhile, as the SST warming is comparable 

364 in four models, the magnitude of specific humidity change ( ) would display small 

365 variations across FGOALS models. Therefore, the dynamical effect from the Walker 

366 circulation slowdown is much larger in FGOALS-g3 than other models. It leads to 

367 pronounced drying over the subtropics, western Indian Ocean and eastern Atlantic 

368 Ocean in FGOALS-g3 (Fig. 6b), despite that the positive ∆TS* generates anomalous 

369 ascent motions over there. In contrast, the dynamical contribution from Walker 

370 circulation slowdown would increase precipitation in the eastern Pacific. This, 

371 together with the positive relative ∆TS* over the eastern Pacific, would result in much 

372 larger precipitation increases in FGOALS-g3 than other FGOALS models. We thus 

373 conclude that in FGOALS-g3, relatively high tropical SST in climatology lead to 

374 substantially different tropical precipitation responses, including its magnitude and 

375 relative roles of different mechanisms, compared with other FGOALS models. This 
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376 highlights the importance of well reproducing the climatological tropical SST for 

377 reliable future projections. 

378 During 2050-2100, the tropical-mean SST cooling is noticeable in FGOALS-g2 

379 and FGOALS-g3 (Fig. 4e) while negligible in FGOALS-s2 and FGOALS-f3-L (Fig. 

380 4f). The surface cooling spreads throughout the tropics in FGOALS-g2, especially in 

381 the equatorial Pacific, and the SH subtropics in FGOALS-g3, which also leads to 

382 pronounced precipitation decrease (Figs. 6e, f). However, precipitation still increases 

383 over several regions, mainly around the warm pool. This may associate with direct 

384 effect of the CO2 decrease during 2050-2100. Previous studies reveal that in response 

385 to an increase in atmospheric CO2 concentration, global-mean precipitation tends to 

386 decrease for several decades due to fast tropospheric adjustment of the atmosphere, 

387 which is the most prominent over the tropics due to Walker cell adjustment (Mitchell 

388 et al. 1987; Allen and Ingram 2002; Lambert and Webb 2008; Andrews et al. 2010; 

389 Wu et al. 2010; Kamae and Watanabe 2013). Likewise, a decrease in atmospheric 

390 CO2 concentration would drive an increase in global-mean precipitation and hence 

391 tropical circulation. Therefore, the effects from surface cooling and CO2 decrease 

392 jointly shape the tropical precipitation change pattern during RF decreasing stage. 

393 This is different from the case during RF increasing stage as the direct effect of CO2 

394 increase on precipitation change is overwhelmed by the surface warming effect. 

395 Despite the SST cools or weakly warms during RF decreasing stage, the relative SST 

396 change still exerts strong control on the spatial structures in precipitation change in all 

397 FGOALS models (Figs. 6e-h). Precipitation generally increases or decreases slightly 
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398 over regions with SST warming or SST cooling smaller than tropical-mean and 

399 decreases substantially over regions with large SST cooling.

400 5.2 The Arctic and Southern Ocean warming patterns

401 The pronounced Arctic warming (Arctic amplification) and the reduced Southern 

402 Ocean warming are common regional patterns in all FGOALS models and CMIPs 

403 MME results during RF increasing stage (Figs. 4, 5). The time evolutions of the 

404 area-weighted-mean surface temperature over these regions are presented in Fig. 7. 

405 The Arctic amplification is the most pronounced signal in the long-term climate 

406 during recent decades and under future warming scenarios (Holland and Bitz 2003; 

407 Serreze et al. 2009; Cohen et al. 2014; Purkey and Johnson 2010; Serreze and Barry 

408 2011; IPCC 2013). It involves or interacts with varies processes, including changes in 

409 atmospheric and oceanic circulation (Graversen et al. 2008; Simmonds and Keay 

410 2009; Chylek et al. 2009) and feedbacks associated with temperature in the low 

411 latitudes (Pithan and Mauritsen 2014), cloud (Schweiger et al. 2008), water vapor 

412 (Francis and Hunter 2007), snow and sea-ice (Winton 2006; Kumar et al. 2010; 

413 Screen and Simmonds 2010). Here we mainly discuss the role of the ice-albedo 

414 feedback, which arises from the fact that ice has a much higher albedo and can reflect 

415 more solar radiation than land or water surfaces. An initial surface warming over ice 

416 surface would lead to an ice melting and exposure of the underlying land or water to 

417 the atmosphere, the reduced surface albedo that results would allow more surface heat 

418 absorption. This enhances surface warming and leads to more ice melting, forming 
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419 the positive feedback loop that is key in amplifying the initial Arctic surface 

420 temperature anomaly. 

421 The climatology Arctic surface temperature is about 2~3°C colder in 

422 FGOALS-g2 and FGOALS-g3 than in FGOALS-s2 and FGOALS-f3-L by 1900 (Figs. 

423 7c, d), suggesting that models with a cold Arctic surface tends to display a large ice 

424 thickness that is supposed to result in a weak Arctic amplification (Holland and Bitz 

425 2003). The thick ice would require more heat for melting and hence delay the trigger 

426 and development of the ice-albedo feedback. As a result, during 1850-2050, the 

427 Arctic warming is much smaller in FGOALS-g2 and FGOALS-g3 than in 

428 FGOALS-s2 and FGOALS-f3-L. Indeed, the area-averaged annual-mean ice 

429 thickness is 3.24 m for FGOALS-g2 and 1.81 m for FGOALS-s2 in climatology 

430 (Song et al. 2014), confirming the relationship between surface temperature and ice 

431 thickness.

432 It is worth noting that the Arctic warming is the largest in FGOALS-s2, 

433 accompanied with the highest Arctic surface temperature in climatology. As reported 

434 in previous study (Bao et al. 2013), there is a lack of direct aerosol effect in 

435 FGOALS-s2. As the aerosol emissions is the largest in the NH, the aerosol’s cooling 

436 effect would be underestimated in the NH, resulting a warmer Arctic surface and 

437 hence thinner ice in FGOALS-s2 than the other models. Therefore, the Arctic 

438 amplification is also the most prominent in FGOALS-s2, with a warming close to 7°C 

439 relative to the pre-industrial level by 2050. When RF decreases, the Arctic surface 

440 temperature displays a sharp decreasing trend of -3°C during 2050-2100, which may 
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441 be triggered by the shutdown of AMOC in FGOALS-s2 and is discussed in the next 

442 section. This suggests that the positive ice-albedo feedback is highly efficient in 

443 amplifying the initial temperature anomaly in the sea-ice model of FGOALS-s2. In 

444 contrast, the Arctic temperature continues to rise significantly in FGOALS-g3 during 

445 RF decreasing stage, possibly because the thick ice has not melted too much over 

446 some regions during RF increasing stage. In FGOALS-g2 and FGOALS-f3-L, further 

447 changes in Arctic surface temperature are relatively small and mainly follow the 

448 GMST pathways.

449  During RF increasing stage, there is broad reduced surface warming (i.e. 

450 warming trend smaller than global-mean) at 65°S-50°S (Figs. 4a-d) and is 

451 accompanied with robust westerlies strengthening south of 45°S in all four models 

452 (Figs. 8a-d), which would drive strong Southern Ocean upwelling and equatorward 

453 Ekman transport that jointly suppress the Southern Ocean surface temperature 

454 increase (Armour et al. 2016). As a result, the area-weighted-mean Southern Ocean 

455 surface temperature increases much slower than most other regions (Figs. 7e, f). 

456 During RF decreasing stage, surface temperature slightly decreases in FGOALS-g2 

457 but continues to increase in the other models, especially in FGOALS-s2 (green line in 

458 Fig. 7f). This is distinct from the GMST trajectory during that period. As discussed in 

459 the previous studies (Held et al. 2010; Long et al. 2014, 2018, 2020), the deep ocean 

460 persistently warms despite the RF decrease and would additionally increase the 

461 surface temperature. In the Southern Ocean high latitudes, as the deep ocean 

462 gradually warms (Long et al. 2020), the seawater upwelled to the surface during RF 
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463 decreasing stage is also warmer than that during RF increasing stage. This would 

464 weaken the cooling effect from the upwelling and thus fuel the further increase in 

465 surface temperature over the Southern Ocean even GMST stabilizes or decreases.

466 5.3 The NA warming hole

467 The NA subpolar is a region of complex ocean dynamics, it plays a key role in 

468 the regional and global climate variability at long timescales, like Atlantic 

469 Multi-decadal Oscillation (AMO), as the NA Deep Water (NADW) forms over there. 

470 Under global warming, the NA subpolar region features reduced surface warming 

471 relative to global-mean warming level or even cooling trend in the 20th century, i.e. 

472 NA warming hole (Drijfhout et al. 2012). This spatial structure is also evident in all 

473 four FGOALS models under low warming scenarios (Figs. 4a-d) and is common in 

474 CMIP models (IPCC 2013; Sgubin et al. 2017). However, the NA warming hole 

475 appears at different locations in FGOALS models (blue boxes in Figs. 4a-d) mainly 

476 due to the differences in the NADW formation regions and responses of NA subpolar 

477 gyres.

478 The NA subpolar region displays the largest SST anomaly in the anomalies’ 

479 pattern of cold and warm phases in AMO (Li et al. 2020). Mechanisms for the 

480 formation of the NA warming hole has been studied in the recent decades, including 

481 the role of the AMOC, subpolar gyre adjustment and local convection change (Kim 

482 and An 2013; Sgubin et al. 2017; Menary and Wood 2018; Keil et al. 2020). All these 

483 factors are also directly related to the AMO as NA subpolar region is also a key 

484 region in AMO. Figure 9 shows the area-weighed-mean surface temperature change 
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485 over the NA warming hole region and corresponding AMO index, defined as 

486 detrended area-weighted-mean SST anomaly over 80°W-0° and 0°-60°N in each 

487 model. The warming hole indices display substantial decadal and multidecadal 

488 variability and hence weak warming trend or even cooling trend in FGOALS models. 

489 Indeed, the detrended warming hole indices well correlate with the AMO indices in 

490 all four models between 1850-2100, with correlation coefficient ranging from 0.53 in 

491 FGOALS-f3-L to 0.85 in FGOALS-g2. Therefore, in FGOALS models, the AMO is 

492 important in influencing the surface temperature change over the NA subpolar region 

493 or the NA warming hole, which has not been well investigated in previous studies 

494 (Drijfhout et al. 2012; Kim and An 2013; Sgubin et al. 2017; Menary and Wood 2018) 

495 as it is hard to distangle the causality of AMO and AMOC change.

496 It is worth noting that in FGOALS-g3, the NA warming hole index displays 

497 much larger temporal variations than that in other three models. This is because the 

498 FGOALS-g3 model largely overestimates the AMO SST anomalies over the west of 

499 Greenland and the Labrador Sea in both historical and pre-industrial control runs (Li 

500 et al. 2020). The large temporal variations in the warming hole index substantially 

501 affect the linear trend as the inflection point (2050) for trend calculation is right on the 

502 valley of AMO cold phase. This leads to large cooling trend during 1850-2050 and 

503 substantial warming trend during 2050-2100 over the NA warming hole region.

504 In FGOALS-s2, the NA subpolar surface temperature cools rapidly from 2020 to 

505 2100, mainly due to the rapid weakening of the AMOC (Fig. 10d), which is absent in 

506 the other three models. The reduced northward heat transport by the AMOC 
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507 weakening would lead to large cooling over the NH, which may trigger the ice-albedo 

508 feedback to cause remarkably Arctic cooling during 2050-2100, this is consistent with 

509 the results in Fig. 7d. In contrast, the AMOC is nearly shutdown in FGOALS-s2 

510 mainly because the large freshwater input over the NA subpolar regions from the 

511 striking Arctic warming-induced ice melting. The AMOC displays large intensity in 

512 climatology (values labeled at the legend in Figs. 10c, d) and hence is more stable 

513 under external forcing in the other three models than in FGOALS-s2. In climatology, 

514 the AMOC intensity is directly related to the surface temperature over the NA 

515 subpolar region as cold surface water promotes deep water formation, and vice versa. 

516 In addition, from CMIP5 to CMIP6, FGOALS models largely reduce the warm SST 

517 biases south of the Greenland (Figs. 1a-d) and hence increase the climatological 

518 AMOC intensity (Figs. 10c, d). This further highlighting that to achieve reliable 

519 AMOC projections under future warming scenarios, improving the model ability in 

520 reproducing the observed climatology SST over the NA subpolar region is the key. 

521 The surface temperature over the NA subpolar regions may also work as a useful 

522 “emergency constraint” in correcting AMOC projections in climate models as the 

523 time period of direct AMOC observation is rather short.

524 6 Summary and discussions

525 We have investigated the surface temperature changes under low warming 

526 scenarios (RCP2.6 and SSP1-2.6) by two generations of FGOALS models from 

527 CMIP5 and CMIP6, respectively. In these scenarios, RF first increases before 2045 

528 and then decreases, with GMST generally increases in all FGOALS models during RF 
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529 increasing stage and declines or holds nearly constant during RF decreasing stage. 

530 The consistency in GMST change with the MME results is improved in the updated 

531 versions of FGOALS models in CMIP6 from their predecessors, especially from 

532 FGOALS-s2 to FGOAMS-f3-L. 

533 Furthermore, our results show that surface warming patterns are distinct between 

534 RF increasing and decreasing stages and display large differences across models. The 

535 most prominent differences appear over the land, Arctic, NA subpolar region and 

536 Southern Ocean. The pattern consistency between FGOALS models-projected surface 

537 temperature change and the MME results are high during RF increasing stage but low 

538 during RF decreasing stage. This is mainly due to the relative short time period for 

539 trend calculation in the latter, i.e. the natural variability plays an important role in 

540 obscuring the external forced change during that period. Indeed, the CMIP5 and 

541 CMIP6 MME also display large differences over the NH mid- and high-latitudes 

542 during RF decreasing stage, suggesting the large model uncertainty in projecting the 

543 climate responses under weak GMST change. Tropical precipitation change is mainly 

544 anchored by the relative sea surface warming pattern during RF increasing stage, a 

545 common feature in FGOALS models except FGOALS-g3 in which the tropical SST is 

546 at least 0.5°C warmer than the other FGOALS models. The relative SST change also 

547 exerts strong control on the precipitation change pattern during RF decreasing stage in 

548 all FGOALS models despite that they display broad SST cooling or weak SST 

549 warming in the tropics. 
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550 The important implication of the present study is that by comparing the surface 

551 temperature responses in different FGOALS models, the diversity in the projected 

552 surface temperature change across models can largely be traced back to the 

553 differences in climatology surface temperature. In the Arctic, models with a warmer 

554 surface temperature would result in a thinner ice and hence more active ice-albedo 

555 feedback and larger Arctic warming during RF increasing stage than other models. 

556 The shutdown of the AMOC in FGOALS-s2 is suggested to be tightly associated with 

557 the striking Arctic amplification-induced fresh water forcing over the NA subpolar 

558 region. Besides, the surface temperature over the NA subpolar region determines the 

559 magnitude of deep water formation and hence climatological AMOC intensity in 

560 climatology. Therefore, inter-model differences in NA subpolar climatological SST 

561 could lead to distinct AMOC responses and associated climatic effects globally across 

562 models in the future. Moreover, in the tropics, a 0.5°C difference in climatological 

563 SST could lead to substantially different precipitation change pattern across FGOALS 

564 models (Fig. 6). Therefore, a more realistic climatology surface temperature filed is 

565 essential in reducing the inter-model spread of models-projected future changes, 

566 especially under low warming scenarios where RF is relatively weaker than medium- 

567 and high-emissions scenarios. Further studies are needed to systematically investigate 

568 the detailed process involving the surface temperature changes under low warming 

569 scenarios in the state-of-art climate models from CMIP6. 

570 Throughout the analyses on the projected future surface temperature changes 

571 under low warming scenarios, we can see striking differences between both 
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572 global-mean and regional changes from four FGOALS models during both RF 

573 increasing and decreasing stages. Such differences across models may associate with 

574 complicate process, such as the differences in model biases, cloud simulation, 

575 radiative forcing data (Nie et al. 2019), AMOC stability, land and sea-ice models and 

576 parameterization schemes. For example, the ECS is substantially reduced in the 

577 updated FGOALS models compared to their predecessors and may relate to the 

578 improved simulation in climatological surface temperature, especially for the warm 

579 bias over the Arctic and the NA subpolar region and cold bias over land. The 

580 models-simulated natural variability is also an important factor influencing the 

581 inter-model spread in future projections. As shown in Fig. 9, the magnitude and phase 

582 transition of the AMO substantially differ across the FGOAL models, which may 

583 involve with differences in climatology SST over the NA subpolar gyre, storm track, 

584 and climate feedbacks, etc. It is worth noting that despite the locations of the NA 

585 warming hole are nearly identical in models from the same group (i.e. FGOALS-g2 

586 and FGOALS-g3, FGOALS-s2 and FGOALs-f3-L), the time evolution of the 

587 warming hole and AMOC indices are distinct, especially during RF decreasing stage, 

588 and display large multi-decadal variability that is dominated by AMO. As GMST 

589 stabilizes during RF decreasing stage, model-to-model differences in simulating the 

590 coherent natural variability mode would lead to substantially different trend change 

591 due to relatively short period and relatively weak RF change. Therefore, improving 

592 the ability of climate models in well reproducing the natural variability mode will 
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593 help to improve the reliability of the models-projected future change under low 

594 warming periods.
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814 Table 1 Model components and corresponding horizontal resolutions of FGOALS models in 

815 CMIP5 and CMIP6. The components of all the models are the Finite-volume Atmospheric model 

816 (FAMIL), the Spectral Atmospheric Model of IAP LASG (SAMIL), the LASG/IAP Climate 

817 system Ocean Model (LICOM), the Community Land Model (CLM), the Community Sea Ice 

818 Model (CSIM) and the Los Alamos sea ice model (CICE). The version number of the component 

819 models are labelled after the acronyms.

Components

Model Ocean Sea-ice Atmosphere Land

FGOALS-g2

LICOM2

360 196

30 levels

CICE4

GAMIL2

128 60

26 levels

CLM3

CMIP5

FGOALS-s2

LICOM2

360 196

30 levels

CSIM5

SAMIL2

128 108

26 levels

CLM3

FGOALS-g3

LICOM3

360 218

30 levels

CICE4

GAMIL3

188 80

26 levels

CLM4

CMIP6

FGOALS-f3-L

LICOM3

360 218

30 levels

CICE4

FAMIL

288 180

32 levels

CLM4
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822 Table 2 CMIP models used in the present study.

CMIP5 CMIP6

1 bcc-csm1-1-m BCC-CSM2-MR

2 CanESM2 CanESM5

3 CESM1-CAM5 CESM2

4 CNRM-CM5 CNRM-CM6-1

5 GFDL-CM3 GFDL-ESM4

6 GISS-E2-R GISS-E2-1-G 

7 HadGEM2-ES HadGEM3-GC31-LL 

8 IPSL-CM5A-LR IPSL-CM6A-LR 

9 MIROC5 MIROC6

10 MIROC-ESM MIROC-ES2L 

11 MPI-ESM-LR MPI-ESM1-2-LR 

12 MPI-ESM-MR MPI-ESM1-2-HR

13 MRI-CGCM3 MRI-ESM2-0

14 NorESM1-M NorESM2-LM

15 NorESM1-ME NorESM2-MM

823

824 Table 3 Pattern correlations between FGOALS models and their corresponding MME results.

Global Tropical oceans
Pattern correlation

1850-2050 2050-2100 1850-2050 2050-2100

FGOALS-g2 0.86 -0.11 0.73 -0.21CMIP5 

MME FGOALS-s2 0.93 0.38 0.37 0.48

FGOALS-g3 0.79 0.50 0.80 -0.04CMIP6

MME FGOALS-f3-L 0.93 -0.02 0.59 -0.10

825

826

in 
pre

ss



38

827

828 Fig. 1. Spatial distribution of annual-mean biases in SST (°C) and 2m air temperature (TAS, °C) 

829 in (a and e) FGOALS-g2, (b and f) FGOALS-g3, (c and g) FGOALS-s2 and (d and h) 

830 FGOALS-f3-L during 1979-2005. The ERSSTv5 and CRU TS4.04 data are referenced as the 

831 observation. The maximum value (Max), minimum value (Min), root-mean-square deviation 

832 (RMSE) and mean value (Mean) of global biases are labelled at the top of each panel.

833

in 
pre

ss



39

834  

835

836 Fig. 2. Global-mean annual surface air temperature change (°C) relative to preindustrial level 

837 (1850-1899 mean) in each FGOALS model (color solid lines) and CMIP5 and CMIP6 

838 multi-model ensemble (MME, black lines), with 11-year running mean applied. The vertical dash 

839 lines indicate the separation point for trend calculation. Note that the grey lines show the pathway 

840 of radiative forcing (RF) that use the right axis in Figs. 1a, b, and the light green shadows indicate 

841 the range of the CMIP models.in 
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842

843 Fig. 3. Global-mean annual surface air temperature change (°C) over ocean (green lines) and land 

844 (red lines) and their difference (land-sea warming contrast, brown lines) relative to the 

845 pre-industrial level (1850-1899 mean), with 11-year running mean applied.
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846

847 Fig. 4. Liner trend of annual surface skin temperature (°C), which equals to SST over ice-free 

848 ocean, during 1850-2050 (a-d) and 2050-2100 (e-h) in four models. The white (black) dot 

849 indicates the trend is insignificant (significant) at 95% level. Global-mean value is labelled at the 

850 title of each plot.
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852

853 Fig. 5. Multi-model ensemble-mean (MME) liner trends of annual surface temperature (°C) 

854 during 1850-2050 (a-d) and 2050-2100 (c-d) in CMIP5 and CMIP6 and (e-h) their signal-to-noise 

855 ratio (SNR), defined as the absolute value of MME change divided by the inter-model standard 

856 deviation. The magenta and black contours indicate SNR of 1 and 3, respectively.
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858

859 Fig. 6. Relative surface temperature change (∆TS*, contours, interval = 0.15°C) and precipitation 

860 change (shading) in the tropical oceans during 1850-2050 (a-d) and 2050-2100 (e-h).
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862  

863

864 Fig. 7. Area-weighted-mean annual surface temperature (°C) in the (a- b) tropical oceans 

865 (20°S-20°N), (c-d) Arctic (60°N-90°N) and (e and f) Southern Ocean (65°S-50°S) in FGOALS-g2 

866 (blue lines), FGOALS-g3 (red lines), FGOALS-s2 (green lines) and FGOALS-f3-L (magenta 

867 lines), with 11-year running mean applied. The colored dashed lines are the least squares linear 

868 fitting lines for 1850-2050 and 2050-2100.
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869

870 Fig. 8. Liner trend of annual 850hPa zonal wind (m/s) during 1850-2050 (a-d) and 2050-2100 (e-h) 

871 in four models. The white (black) dot indicates the trend is insignificant (significant) at 95% level. 
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873

874 Fig. 9. Area-weighted-mean annual surface temperature change (°C) in the North Atlantic 

875 warming hole region (WH index), with 11-year running mean applied. The regions are marked as 

876 blue boxes in Fig. 3, which are 65°W-30°W, 45°N-60°N in FGOALS-g2 and FGOALS-g3 and 

877 40°W-10°W, 40°N-60°N in FGOALS-s2 and FGOALS-f3-L. The brown lines indicate the 

878 Atlantic Multi-decadal Oscillation (AMO) index, defined as the detrended area-weighted-mean 

879 SST over 80°W-0°, 0-60°N. The change is calculated as the difference between pre-industrial 

880 control simulations and simulations from historical and future scenarios. The colored dashed lines 

881 are the least squares linear fitting lines for 1850-2050 and 2050-2100.
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883

884 Fig. 10. Area-weighted-mean annual surface temperature (°C) in the (a-b) North Atlantic 

885 warming hole region and (c-d) AMOC index (Sv), with 11-year running mean applied. Note that 

886 the curves display annual-mean AMOC index at each year but not AMOC change. The colored 

887 dashed lines are the least squares linear fitting lines for 1850-2050 and 2050-2100.
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