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S1. FGOALS-g3 climate model 

FGOALS-g3 is a fully coupled general circulation model representing the latest generation of climate 

system model used in CMIP6 (Li et al., 2020). The atmospheric (GAMIL3) and land (CAS‐LSM) 

components have a horizontal resolution of 2° with 26 vertical layers (Li et al., 2020; Xie et al., 2020). The 

ocean (LICOM3) and sea ice (CICE) components use a tripole grid with 360 × 218 horizontal grids and 30 

vertical layers (Lin et al., 2022). These components are coupled through the flux coupler CPL7, which 

enables the exchange and synchronization of the climate variables (Anthony et al., 2011). Model 

evaluations indicate improved simulating of atmospheric and ocean dynamics compared to its previous 

versions (Li et al., 2020; Lin et al., 2022). FGOALS-g3 has been used extensively for present-day 

simulation (Lin et al., 2022; Wang et al., 2020) and paleoclimate studies, including the Miocene to mid-

Holocene (Wei et al., 2023; Zheng et al., 2020). Further details are available in Li et al. (2020) and Wei et 

al. (2023). 

S2. Model performance evaluation 

To assess the model’s ability to simulate climate seasonality and spatial patterns, we compared the PI 

simulation with other CMIP5 climate models and with ERA5 reanalysis data, focusing on JJA and DJF 

temperatures (Fig. S6). On average, the PI simulation shows the same pattern of seasonality and similar 

degree seasonality as the multi-model mean and ERA5 data (Fig. S6). The absolute value is approximately 

2℃ cooler than in ERA5, partially due to anthropogenic warming (Gillett et al., 2021), as the PI simulation 

represents conditions around 1850 BP, while ERA5 reflects a more recent, warmer climate.  

Spatially, the PI simulation effectively reproduces the 10℃ and 25℃ isothermal lines for boreal summer 

(JJA) and winter (DJF), closely matching multi-model mean and ERA5. However, the slightly larger 

contour areas in ERA5 suggest a minor cold bias in the PI simulation, consistent with the global mean 

temperature difference noted above, likely enhanced by polar amplification. A more pronounced 

discrepancy appears in Arctic Eurasia during winter, where the PI simulation and multi-model are  colder 

(Fig. S6), likely due to excessive sea ice thickness—a common issue in climate models (Davy and Outten, 

2020). This Arctic cold bias enhances seasonal temperature contrast over northwest Eurasia, a feature also 

observed in many CMIP6 models (Fan et al., 2020). Despite these differences, the PI simulation reasonably 

captures seasonal temperature variations in both magnitude and spatial pattern. 
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Fig. S1 Orbital parameters setup and their effects on insolation. (a) δ¹⁸O and δ¹³C records (Westerhold et 

al., 2020), (b) insolation at 65°N and difference from 20°N (Laskar, 2010). (c) June insolation at 20°N/S. 

(d) Eccentricity and Precessions showing as e*sin(longitude of Perihelion). (e) Obliquity in rad. Dash lines 

mark the modern day value used in the baseline experiments. Orange and blue stars indicate the 

corresponding setup for the orbmax and orbmin experiments.  
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 Fig. S2 TOA insolation (W/m2) in the baseline simulation, with white and black dashed lines indicating the 

location of 20 °N/Sand 65 °N/S which insolation is given in Fig. S1.   

 

Fig. S3 Comparison of the time series of June insolation (W/m2) at 65°N between the Miocene (black) and 

Pleistocene (red). 
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Fig. S4 Comparison of the sum of EBA components with the GCM results for orbmin (a) and orbmax (b), 

and decomposition of cloud components into longwave and shortwave contributions for orbmin (c) and 

orbmax (d). 
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Fig. S5 Annual cycle of temperature anomalies relative to the annual mean. 

Fig. S6 Compare the seasonal temperature change of the PI simulation with CMIP5 results and with the 

ERA5 re-analysis data for the period between 1940-1970. The CMIP5 data represent the multi-model mean 

from PI simulations of CESM, COSMOS, HadCM3, IPSL, MIROC, and GFDL models (data from 

DeepMIP). Contour lines in the middle and right columns indicate the 10 and 25 ℃ isotherms, with dashed 

and solid lines for ERA5 and PI in turn.  

 



 

 

8 

 

 
Fig. S7 Surface albedo (left column) and its response to orbital insolation (right two columns), with the 

significance level of 95% denoted by dots.  
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Fig. S8 JJA (a) and DJF (b) temperature anomalies in the orbital simulations relative to the baseline and 

their differences between the PI and Miocene. Dots indicate the regions pass significance tests at 95% 

significance level. Hatching represents SH austral winter sea ice distribution in their baseline simulation. 

 
 

 

 
Fig. S9 Divergence of water vapor flux (kg/m2/s) and their response to orbital forcing over North Africa 

during summer. 
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Fig. S10 Monthly insolation change rate (W/m2/month), representing the difference between the following 

month and that of the current month. High values are concentrated at north of 70 °N/S.  

 

 
Fig. S11 JJA surface air temperature anomalies (filled color) in the Southern Ocean and sea ice extent 

(lines). Black lines mark the baseline experiment sea ice, and magenta lines represent the simulated sea ice 

in the corresponding experiment. 
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