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Supplementary Note 126

Response of Atlantic meridional overturning circulation to the increased energy27

conversion into high-mode internal tides28

We analyze the change of the Atlantic meridional overturning circulation (AMOC) in29

response to the 8% increase of 4-50E . This is done by running a pair of numerical30

simulations based on a global OGCM (Parallel Ocean Program version 2; POP2) with31

a tidal mixing parameterization for high-mode internal tides1. The OGCM has a32

nominal horizontal resolution of 1o and 60 layers vertically and is driven by the33

climatological atmospheric forcing constructed from the NCEP–NCAR reanalysis2,34

GXGXS precipitation data set3 and GISS radiation model4. The OGCM is initialized35

from rest and spun up for 600 years to reach a quasi-equilibrium state. The 4-50E in36

the tidal mixing parameterization is obtained from the empirical formula proposed by37

St Laurent et al.1. Then two experiments (Exp-Historical and Exp-Future) are38

branched off and run for another 1000 years. They share the same setting except that39

4-50E in Exp-Historical and Exp-Future are replaced by the historical (1995-2014)40

and future (2091-2100) mean values estimated in this study (Fig. 2c and f). In other41

words, the globally integrated 4-50E in the Exp-Future is 8% higher than that in the42

Exp-Historical.43
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Supplementary Note 251

Response of dianeutral upwelling to the increased energy conversion into52

high-mode internal tides53

We analyze the effects of 8% increase of 4-50E on the dianeutral upwelling that is54

important for the formation of deep water5. The dianeutral upwelling transport is55

calculated following the method of de Lavergne et al.6:56

   n
n

nA

FT dA







 (1)57

where n is the neutral density, F is the neutral density flux, and the integral is58

computed over the isosurface of n (denoted as ( )nA  ). The F is defined as:59
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where H is the sea water depth,  nA
z


is the vertical coordinate of ( )nA  , the61

factor /nb      with  is the gradient along the diapycnal direction,  is62

the potential density,  is the conservative temperature, AS is the absolute salinity,63

and  is the parameterized turbulent diffusivity induced by breaking of high-mode64

internal tides1.65

To analyze the effects of 8% increase of high-mode tidal energy conversion on66

 nT  , we fix the n ,  and AS as their climatological mean values derived67

from the WOCE hydrographic atlas7 and vary the high-mode tidal energy conversions68

in the tidal mixing parameterization.69
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73

Supplementary Fig. 1. Dependence of near-bottom buoyancy frequency on sea74

floor depth and roughness. Global distribution of sea floor depth (a) and roughness75

(b). Inserted panels show the bin-averaged near-bottom buoyancy frequency bN as a76

function of sea floor depth (a) and sea floor roughness (b).77
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86

Supplementary Fig. 2. Energy conversion into internal tides of different modes.87

Globally integrated tidal energy conversion into different modes during 1995-2004.88
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105

106

Supplementary Fig. 3. Response of modal horizontal wavenumber of M2 internal107

tides to global warming. a, Zonal mean mode-1 horizontal wavenumber of M2108

internal tides during 1995-2004 (blue) and 2091-2100 (red). Color shading represents109

the 95% confidence interval. b-d, Same as a, but for the mode 2, mode 3 and mode 4,110

respectively.111
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124

Supplementary Fig. 4. Response of M2 tidal energy conversion and its modal125

partition to global warming. Same as Fig. 2 but for the M2 internal tides alone.126
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142

Supplementary Fig. 5. Effects of topographic spectrum on the response of tidal143

energy conversion to global warming. Topographic spectrum (  ) as a function of144

horizontal wavenumber normalized by the mode-1 horizontal wavenumber of M2145

internal tides 1
M2

K during 1995-2004, averaged over the regions with the increased146

(a) and decreased (b) 1-3E under global warming. The colored shadings denote the147

interquartile ranges of
2 2

2 1
M M/K K ,

2 2

3 1
M M/K K and

2 2

4 1
M M/K K .148
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157

Supplementary Fig. 6. Projected changes of globally integrated tidal energy158

conversion under different time periods. Changes of the total tidal energy159

conversion 501E (blue) and its partition into low modes 31E (black) and high160

modes 504E (red), relative to the time-mean values during 1995-2004. The color161

shadings represent their 95% confidence intervals.162
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176

Supplementary Fig. 7. Response of tidal energy conversion and its modal177

partition to global warming under the SSP245 and SSP585. a-c, Geographical178

distribution of projected changes (2091-2100 minus 1995-2004) of total tidal energy179

conversion 1 50E  (a), and its partition into low modes 1-3E (b) and high modes180

4-50E under the SSP245 scenario (c). d-f, Same as a-c, but under the SSP585 scenario.181

Changes insignificant at a 95% confidence level are filled in white. Numbers in white182

represent the globally integrated values as well as their 95% confidence interval.183

184

185

186

187

188

189

190

191

192

193

194



Enhanced generation of internal tides under global warming

195

Supplementary Fig. 8. Response of the Atlantic meridional overturning196

circulation (AMOC) to the increase of energy conversion into high-mode internal197

tides. a, Time-mean AMOC in the Exp-Historical. b, Difference of AMOC between198

Exp-Historical and Exp-Future (the latter minus the former). Please see199

Supplementary Note 1 for more details.200
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212

Supplementary Fig. 9. Response of dianeutral upwelling to the increase of energy213

conversion into high-mode internal tides. Black and yellow lines represent the214

globally integrated  nT  calculated using the historical (1995-2014) and future215

(2091-2100) high-mode tidal energy conversions in the tidal mixing parameterization,216

with the blue line representing their difference (future minus historical). Please see217

Supplementary Note 2 for more details.218
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Supplementary Table 1. A list of CMIP6 CGCMs used in this study.226

227

CMIP6 Oceanic Resolution Scenario

1. ACCESS-CM2 100 km PI-CTRL, SSP5-8.5, SSP2-4.5

2. CAMS-CSM1-0 100 km PI-CTRL, SSP5-8.5, SSP2-4.5

3. CanESM5 100 km PI-CTRL, SSP5-8.5, SSP2-4.5

4. CanESM5-1 100 km PI-CTRL, SSP5-8.5, SSP2-4.5

5. CESM2 100 km PI-CTRL, SSP5-8.5, SSP2-4.5

6. CESM2-WACCM 100 km PI-CTRL, SSP5-8.5, SSP2-4.5

7. CIESM 50 km PI-CTRL, SSP5-8.5, SSP2-4.5

8. CMCC-ESM2 100 km PI-CTRL, SSP5-8.5, SSP2-4.5

9. CNRM-CM6-1 100 km PI-CTRL, SSP5-8.5, SSP2-4.5

10. CNRM-CM6-1-HR 25 km PI-CTRL, SSP5-8.5, SSP2-4.5

11. E3SM-1-0 50 km PI-CTRL, SSP5-8.5

12. EC-Earth3-Veg-LR 100 km PI-CTRL, SSP5-8.5, SSP2-4.5

13. GFDL-ESM4 50 km PI-CTRL, SSP5-8.5, SSP2-4.5

14. GISS-E2-1-G 100 km PI-CTRL, SSP5-8.5, SSP2-4.5

15. HadGEM3-GC31-LL 100 km PI-CTRL, SSP5-8.5, SSP2-4.5

16. HadGEM3-GC31-MM 25 km PI-CTRL, SSP5-8.5

17. IPSL-CM6A-LR 100 km PI-CTRL, SSP5-8.5, SSP2-4.5

18. MIROC-ES2L 100 km PI-CTRL, SSP5-8.5, SSP2-4.5

19. MIROC6 100 km PI-CTRL, SSP5-8.5, SSP2-4.5

20. MPI-ESM1-2-HR 50 km PI-CTRL, SSP5-8.5, SSP2-4.5

21. MPI-ESM1-2-LR 250 km PI-CTRL, SSP5-8.5, SSP2-4.5

22. MRI-ESM2-0 100 km PI-CTRL, SSP5-8.5, SSP2-4.5

23. NESM3 100 km PI-CTRL, SSP5-8.5, SSP2-4.5

24. NorESM2-LM 100 km PI-CTRL, SSP5-8.5, SSP2-4.5

25. UKESM1-0-LL 100 km PI-CTRL, SSP5-8.5, SSP2-4.5
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