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Materials and Methods 22 

Observations and model simulations 23 

The observational datasets used in this study are retrieved from the Global Surface 24 

Summary of the Day (GSOD) database
30

 (ftp://ftp.ncdc.noaa.gov/pub/data/gsod; last 25 

access on 1 February 2021). A detailed introduction about the GSOD is available at the 26 

website https://catalog.data.gov/dataset/global-surface-summary-of-the-day-gsod (last 27 

accessed on 1 February 2021). It covers the period from 1929 to the present, with the most 28 

complete data records since 1973. For some periods, data for one or more countries may 29 

not be available due to data restrictions. The original records were subjected to extensive 30 

quality control procedures (for details see www.ncdc.noaa.gov/isd; last accessed on 1 31 

February 2021) and hourly observations were processed into daily mean values. Globally, 32 

there are more than 28,000 stations in total. To keep the daily wind observation complete 33 

for 1979–2019, we eventually selected 2,912 stations in the NH. For each station, the 34 

NWS is defined as √𝑢2 + 𝑣2 , where 𝑢  and 𝑢  indicate the zonal and meridional 35 

components of the NWS, respectively. The original unit of the NWS in observations is 36 

knot which equals to one nautical mile per hour or exactly 1.852 kilometer per hour. For 37 

convenience, the NWS was multiplied by a factor of 0.514 that transferred the original 38 

unit to m s
-1

. Seasonal NWS and annual NWS for each year were subsequently derived by 39 

averaging the daily observations. We calculated the time series of the NWS over 0°–20°N 40 

and 20°–70°N for the period of 1979–2019, which were used to assess the models’ 41 

historical simulations. The climatology of the NWS was obtained by averaging the NWS 42 

at each station over 1981–2010 (see Fig. 1A). 43 

The model simulation data are from the outputs of the Coupled Model 44 

Inter-comparison Projection - Phase 6 (CMIP6)
31

, which can be downloaded through the 45 

portal of the Lawrence Livermore National Laboratory 46 

(https://esgf-node.llnl.gov/search/cmip6/; last accessed 1 February 2021). The CMIP6 47 

historical experiments are designed to simulate the observed variables in the climate 48 

system from 1850 to 2014, while the future forcing experiments under the SSP scenarios 49 

are used to project the changes in the climate system after 2015. The CMIP6 models used 50 

https://catalog.data.gov/dataset/global-surface-summary-of-the-day-gsod
http://www.ncdc.noaa.gov/isd
https://esgf-node.llnl.gov/search/cmip6/
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in this study are listed in Table S1, which includes 20 climate models. All of these models 51 

produced historical simulations for the period 1850–2014 and extended by four different 52 

Shared Socioeconomic Pathways (SSP) scenarios (i.e. SSP126, SSP245, SSP370, and 53 

SSP585) for 2015–2099. Although most models provide SSP datasets to 2100, a few 54 

models such as the CAMS-CSM1-0 run only to the year 2099. Therefore, when 55 

calculating the future changes in NWS, relative to the historical period 1981–2010, we 56 

simply defined the future period as 2070–2099, instead of 2070–2100. Compared to the 57 

Representative Concentration Pathways (RCP) scenarios used in the CMIP5, the SSP 58 

scenarios provide a consistent set of assumptions about the societal, technical, cultural, 59 

and economic developments over the 21st century
32

. Typically, the SSP126 takes the 60 

Green Road and leads to sustainable development, which would face low challenges to 61 

mitigation and adaptation. The SSP245 follows a middle of the road, with medium 62 

challenges to mitigation and adaptation. The SSP370 leads to a rocky road, which implies 63 

regional rivalry and high challenges to mitigation and adaptation. By comparison, the 64 

SSP585 is a high way driven by fossil-fueled development, corresponding to high 65 

challenges to mitigation and low challenges to adaptation. These narratives describe the 66 

alternative pathways for future society, which allow researchers to examine barriers and 67 

opportunities for climate mitigation and adaptation in each possible future. 68 

In this study, we focus on the NWS changes during the 21st century, driven by the 69 

four SSP scenarios. In general, the CMIP6 multi-model mean has realistically reproduced 70 

the spatial and temporal patterns of the NWS as observed in the past (1981–2010) (see 71 

Figs. 1A-B). However, the declining trends simulated by the CMIP6 models are obviously 72 

smaller than those in the observations. The model’s underestimation of the observed NWS 73 

trends could be caused by several factors. For example, the multi-model mean method 74 

could reduce the atmospheric internal variability
33

. Another reason is that the CMIP6 75 

models do not include the impacts of the changing surface roughness/friction
24,34

. To 76 

facilitate comparison between observations and model simulations, the time series of the 77 

NWS over 1979–2099 were normalized based on the mean and the standardized deviation 78 

of the NWS over 1981–2010.  79 

To investigate the underlying physical mechanisms for the TS, we also analyzed 80 
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other meteorological variables such as the sea surface temperature (SST, in ºC) from the 81 

NOAA Extended Reconstructed Version 4 for 1854–present
35

, the precipitation (in mm) 82 

from the CPC Merged Analysis of Precipitation for 1979–present
36

, and the 3-dimensional 83 

pressure-level monthly winds (m s
-1

) from the ERA5 global reanalysis for 1979–present
37

. 84 

These variables are also provided from the CMIP6 outputs over 1979–2099, where NWS, 85 

SST, and precipitation are available at a single level, while 3-D winds can be obtained at 86 

19 pressure levels. All of these variables have a monthly resolution.  87 

 88 

Methods 89 

A recovery in the stilling has been detected since the 2000s, which is believed to be 90 

related to the phase changes in the Pacific Decadal Oscillation (PDO). Thus, this study has 91 

examined the models’ performances in simulating the PDO. The PDO index is defined as 92 

the first leading mode of the North Pacific (20°–70°N) SST variability
38

, using the 93 

empirical orthogonal function (EOF) method
39

. In the North Pacific, the PDO pattern 94 

looks like a “horseshoe”, with opposite signs of SST anomalies in the central Pacific and 95 

the eastern rim of the basin. The interannual variations of the PDO are represented by the 96 

principal component of the first EOF mode (PC1), where a 10-year running mean is 97 

applied to the PC1 time series to highlight its decadal variability. 98 

Previous studies have also suggested that the PDO is related to the Atlantic 99 

Multi-decadal Oscillation (AMO)
40

. Thus, this paper also examined the CMIP6 model’s 100 

skill of simulating the AMO, which is identified as a coherent pattern of variability in the 101 

North Atlantic with an oscillating period of about 60–80 years
41

. The AMO index is 102 

calculated based on the average of SST in the north of the equator, where the SST beyond 103 

60°N is not considered to avoid problems with sea ice changes
42

. To eliminate climate 104 

change signal from the AMO index, signals of global mean SST (60°S–60°N) were 105 

removed at each grid point using the linear regression method
43

. 106 

The model simulation datasets have different horizontal resolutions. For the purpose 107 

of comparison, all of the CMIP6 outputs were interpolated to the given station locations 108 

using a bilinear interpolation method
44

. If any of the four grid points surrounding the 109 

target station location is missing, the result will also be set to missing values. In 110 
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mathematics, the bilinear interpolation is an extension of linear interpolation, which was 111 

performed using linear interpolation first in one direction and then again in the other 112 

direction. The linear trends are estimated by the ordinary regression method. For the 113 

independent variable (X) and dependent variable (Y), their relationship can be expressed 114 

as 𝑌 = 𝐵𝑋+A. The regression coefficient B (the slope) indicates the linear rate of change of 115 

the variables. In correlation and trend analysis, we use the Student's t test to assess the 116 

statistical significance of the results. 117 

 118 

 119 
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Supplementary Figures 152 

 153 

 154 

Fig. S1 Annual near-surface wind speed (NWS) projected to intensify in subtropics. 155 

Time series of NWS averaged over the NH subtropics (0°N–20°N), driven by historical 156 

all forcing during 1979–2014 and the four SSPs during 2015–2099. The NWS time series 157 

were normalized based on the mean and the standardized deviation (σ) of the NWS over 158 

1981–2010. In the subplot, the bars indicate the σ for observations (black) and historical 159 

simulations (grey) in 1981–2010 and for future simulations (colors) in 2015–2099. 160 

Shadings denote the inter-model spreads, defined as one standard deviation of individual 161 

model’s departure from the 20-model mean. 10-yr running mean was applied to all time 162 

series. The vertical blue line indicates the year 2015. 163 

  164 
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 165 

Fig. S2 TS reversal simulated by the CMIP6 models. a-b, Models that reproduced the 166 

TS reversal (a) and models did not simulate the reversal (b). Time series of the NWS over 167 

1979–2035 are displayed in large figures, while the time series for the complete period 168 

1979–2099 are also shown in the subplots. 169 

  170 
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 171 

Fig. S3 The Pacific Decadal Oscillation (PDO) simulated by CMIP6 models. a-b, PC1 172 

(a) and spatial pattern (b) of the first EOF mode of the North Pacific SST variability, for 173 

models with the recovery from the stilling, NOAA-ERV4 dataset, and models without the 174 

recovery. The simulated SSTs over 2015–2099 were driven by the SSP585 scenario. Red 175 

curves indicate the 10-year running mean.  176 
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 177 

Fig. S4 The Atlantic Multidecadal Oscillation (AMO) simulated by CMIP6 models. 178 

a-b, AMO index (a) and its correlations with the Atlantic SST (b) during historical period 179 

1979–2014, for models with the recovery from the stilling, NOAA-ERV5 dataset, and 180 

models without the recovery. The simulated SSTs over 2015–2099 were driven by the 181 

SSP585 scenario. Red curves indicate the 10-year running mean. 182 

  183 
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 184 

Fig. S5 Relationships between NWS changes and global warming levels. a-d, Diagram 185 

relationships between the NWS changes and global warming levels in boreal spring (a), 186 

summer (b), autumn (c), and winter (d), for the period 1979–2099. Filled circle (plus sign) 187 

denotes the mid-latitude (subtropical) NWS. The NWS is normalized by its corresponding 188 

standardized deviation over 1981–2010, while the global mean temperatures are expressed 189 

as the anomalies from the climatology of 1981–2010. 190 

  191 
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 192 

Fig. S6 Vertical profiles of changes in mid-latitude air temperature and wind speed. 193 

a-c, Differences in simulated air temperature (a), zonal wind speed (b) and meridional 194 

wind speed (c) between the periods 2070–2099 and 1981–2010, for the NH spring and 195 

under the four SSP scenarios. The units for air temperature and wind speed are °C and m 196 

s
-1

, respectively. d-f, g-i, and j-l, Similar to a-c except for summer, autumn, and winter, 197 

respectively. Shadings denote the inter-model spreads, defined as one standard deviation 198 

of the individual models’ departures from the 20 model mean. 199 

 200 

  201 



 

13 
 

Table S1. Model name, model institution, nominal resolution, variant label, experiment ID, 202 

and period of 20 CMIP6 global climate models analyzed in this study. 203 

Model name Institution Resolution Variant label Exp. ID & period 

ACCESS-CM2 CSIRO-ARCCSS 250 km r1i1p1f1 

Historical for 

1850–2014; 

SSP126, SSP245, 

SSP370, & 

SSP585 for 2015–

2100 

ACCESS-ESM1-5 CSIRO 250 km r1i1p1f1 

BCC-CSM2-MR BCC 100 km r1i1p1f1 

CAMS-CSM1-0 CAMS 100 km r1i1p1f1 

CanESM5 
CCCma 500 km 

r1i1p1f1 

CanESM5-CanOE r1i1p2f1 

CESM2-WACCM NCAR 100 km r1i1p1f1 

CMCC-CM2-SR5 CMCC 100 km r1i1p1f1 

CNRM-CM6-1 

CNRM-CERFACS 250 km r1i1p1f2 
CNRM-ESM2-1 

GFDL-ESM4 NOAA-GFDL 100 km r1i1p1f1 

INM-CM4-8 
INM 100 km r1i1p1f1 

INM-CM5-0 

KACE-1-0-G NIMS-KMA 250 km r1i1p1f1 

MIROC6 

MIROC 250 km 

r1i1p1f1 

MIROC-ES2L r1i1p1f2 

MPI-ESM1-2-LR MPI-M 250 km r1i1p1f1 

MRI-ESM2-0 MRI 100 km r1i1p1f1 

NorESM2-LM 

NCC 250 km r1i1p1f1 
NorESM2-MM 

 204 


