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Supplementary Figures: 

 

 

 

Supplementary Figure 1. Percentage of TC activities in MDR over the western North 

Pacific: Average percentage of typhoon activities in the MDR .vs. the entire western North 

Pacific domain during the July-October typhoon season. It can be seen that the typhoon 

activities in the MDR account for the majority of the basin-wind typhoon activities. 

(a) (b) (c) 
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Supplementary Figure 2. Contributing factors to PDI: Based on the method from Emanuel 

2007
1
, contributions of N (typhoon case number), D_wt (weighted duration), and I 

(Intensity, in wind speed cube) to PDI, with their respective long-term mean (1993-2012) 

removed.  



 3 

 

Supplementary Figure 3. Winds at 200 and 850 hPa: (a) Typhoon season (July-October) 

average 200hPa westerly wind over the genesis region in the past 2 decades; (b) As in 

(a), but for northerly wind; (c) As in (a), but for the 850hPa easterly wind; (d) as in (a), 

but for the 850hPa southerly wind. 
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Supplementary Figure 4. TC related atmospheric parameters at MDR: (a) Typhoon season 

(July-October) average 850hPa humidity over the western North Pacific MDR in the past 2 

decades; (b) As in (a), but for relative vorticity; (c) As in (a), but for the zonal vertical wind 

shear between 200hPa and 850hPa. 

 

y = 0.1529x -0.7832 
p=0.090; r=0.387 

y = 0.1489x +76.335 
p=0.00009; r=0.760 

y = -0.0254x +0.765 
p=0.6048; r=0.123 
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Supplementary Figure 5. Time series of TC genesis location: TC-season averaged genesis 

longitude (a) and latitude (b) in the past 2 decades. 

y = -0.515x +150.45 
p=0.045; r=0.447 

y = 0.237x +12.044 
p=0.004; r=0.609 
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Supplementary Figure 6. TC count and duration with related atmospheric parameters: 

Comparison of Vertical Wind Shear (VWS), Vorticity, TC count, and TC duration, based on 

the normalized (with respect to maximum) time series. Please note that the 3 Y axes at right 

are reversed, i.e. increase in VWS (left Y axis) is correspondent to decrease in TC count, 

duration, and vorticity. 
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Supplementary Figure 7. Time series of relative SST and related parameters: (a) Time series 

of the western North Pacific MDR SST (TC-season average) from 1993 to 2012; (b) as (a), 

but for the remote, tropical mean SST (averaged between 30ʬ S to 30ʬN, as in Vecchi and 

Soden 2007a
2
); (c) as (a) but for the relative SST (MDR SST minus remote, tropical mean 

SST). As from Vecchi and Soden 2007a
2
 and Villarini  and Vecchi 2012

3
, the declining 

relative SST is indicative of the more unfavourable atmospheric condition for TC activity, 

consistent with the findings of this study.  

 

a b 

c 
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Supplementary Figure 8. Remote SST and SHAI: Time series of the Subtropical High Area  

Index (SHAI) at 500 hPa and the remote , tropical mean SST (averaged between 30ʬ S to 

30ʬN, as in Vecchi and Soden 2007a
2
), from 1993 to 2012. Consistent variability between 

SHAI and the remote SST is found.  
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Supplementary Figure 9. Relative SST and related parameters under global warming: Left 

panels: Comparison of the TC-season (July-October) averaged SST over the North Pacific 

Ocean in the current climate (2006-2015, top figure) with the future SST (2091-2100, under 

the global warming Representative Concentration Pathway 8.5 scenario, middle figure). The 

difference between future and current is shown in the lower figure. The western North 

Pacific TC main development region (MDR) is shown in box. Right panels: as in the left 

panels, but for the relative SST (local SST at each grid minus remote SST). The value of 

remote SST is also shown in the top left of each figure. It can be seen in the lower-right 

figure that decrease in the relative SST (green colour shading) is found over the western 

north Pacific MDR in the future projection (as compared to current). This is supportive of 

the findings from Zhao and Held 2012
4
, on the possible decrease in TC frequency over the 

western North Pacific under global warming. Data source: CMIP5 ACCESS1-01model 

projection. 
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Supplementary Figure 10. Relative SST and related parameters under global warming: As  

in Supplementary Fig. 9, but data source from the CMIP5, ACCESS1-3 model projection. 
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Supplementary Figure 11. Relative SST and related parameters under global warming: As   

in Supplementary Fig. 9, but data source from the CMIP5, bcc-csm1-1 model projection. 
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Supplementary Figure 12. Relative SST and related parameters under global warming: As      

in Supplementary Fig. 9, but data source from the CMIP5, CCSM4 model projection. 
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Supplementary Figure 13. Relative SST and related parameters under global warming :  

As in Supplementary Fig. 9, but data source from the CMIP5, CMCC-CESM model   

projection. 
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Supplementary Figure 14. Relative SST and related parameters under global warming :  

As in Supplementary Fig. 9, but data source from the CMIP5, CMCC-CM model projection. 
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Supplementary Figure 15. Relative SST and related parameters under global warming :  

As in Supplementary Fig. 9, but data source from the CMIP5, CMCC-CMS model    

projection. 
 



 16 

 

 
 

Supplementary Figure 16. Relative SST and related parameters under global warming :  

As in Supplementary Fig. 9, but data source from the CMIP5, CNRM-CM5 model    

projection. 
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Supplementary Figure 17. Relative SST and related parameters under global warming :  

As in Supplementary Fig. 9, but data source from the CMIP5, CSIRO-Mk3-6-0 model   

projection. 
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Supplementary Figure 18. Relative SST and related parameters under global warming :  

As in Supplementary Fig. 9, but data source from the CMIP5, FGOALS-g2 model   

projection. 
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Supplementary Figure 19. Relative SST and related parameters under global warming :  

As in Supplementary Fig. 9, but data source from the CMIP5, GFDL-CM3 model 

projection. 
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Supplementary Figure 20. Relative SST and related parameters under global warming :  

As in Supplementary Fig. 9, but data source from the CMIP5, HadGEM2-AO model   

projection. 
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Supplementary Figure 21. Relative SST and related parameters under global warming :  

As in Supplementary Fig. 9, but data source from the CMIP5, IPSL-CM5A-LR model  

projection. 
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Supplementary Figure 22. Relative SST and related parameters under global warming :  

As in Supplementary Fig. 9, but data source from the CMIP5, IPSL-CM5A-MR model   

projection. 
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Supplementary Figure 23. Relative SST and related parameters under global warming :  

As in Supplementary Fig. 9, but data source from the CMIP5, IPSL-CM5B-LR model  

projection. 
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Supplementary Figure 24. Relative SST and related parameters under global warming :  

As in Supplementary Fig. 9, but data source from the CMIP5, MIROC5 model projection. 
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Supplementary Figure 25. Relative SST and related parameters under global warming :  

As in Supplementary Fig. 9, but data source from the CMIP5, MIROC-ESM model  

projection. 
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Supplementary Figure 26. Relative SST and related parameters under global warming :  

As in Supplementary Fig. 9, but data source from the CMIP5, MIROC-ESM-CHEM  

model projection. 
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Supplementary Figure 27. Relative SST and related parameters under global warming :  

As in Supplementary Fig. 9, but data source from the CMIP5, MPI-ESM-LR model  

projection. 
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Supplementary Figure 28. Relative SST and related parameters under global warming :  

As in Supplementary Fig. 9, but data source from the CMIP5, MPI-ESM-MR model  

projection. 
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Supplementary Figure 29. Relative SST and related parameters under global warming :  

As in Supplementary Fig. 9, but data source from the CMIP5, MRI-CGCM3 model  

projection. 
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Supplementary Figure 30. Relative SST and related parameters under global warming :  

As in Supplementary Fig. 9, but data source from the CMIP5, NorESM1-M model   

projection. 
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Supplementary Figure 31. Validation of ECMWF data by in situ radiosonde observation: 

Comparison between the ECMWF Interim reanalysis data and the radiosonde balloon 

observation from the Marcus Island (#47991 station, 153.97 ʬE, 24.30 ʬN) in the western 

North Pacific. Geopotential heights at 3 altitudes (850 hPa, 700 hPa, and 500 hPa) were 

examined. Consistency between the 2 data sets is found. See description in Supplementary 

Note 2. 
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Supplementary Figure 32.Validation of ECMWF data by in situ radiosonde observation: As 

in Supplementary Fig. 31, but for the comparison of the easterly wind at 3 altitudes. 
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Supplementary Figure 33. Validation of ECMWF data by in situ rad iosonde observation: 

As in Supplementary Fig. 31, but for the comparison of the southerly wind at 3 altitudes. 
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Supplementary Table 1. PDI analyses: Comparison of the tetrad, pentad, and hexad (groups of 

4, 5, 6 years) analyses for PDI and the PDI contributors (intensity (I), number (N), and 

weighted duration D_wt)). Consistent results are found, as in the 3 analyses. 
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Supplementary Table 2. Correlation table: Supplementary table. As in Table 2, but for the 

large 23 parameter by 23 parameter correlation table (see 2 sub-tables below), based on 

observations from 1993 to 2012. See description in Supplementary Note 1. 
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Supplementary Note 1. Correlation Table: A large 23 by 23 correlation table (Supplementary 

Table 2) to show the inter-relationships between the observed different parameter pairs are 

generated. These 23 parameters are arranged in 5 groups:  

Group 1: PDI group, consisting 7 parameters, i.e., PDI, intensity (I), case number (N), 

duration (D), weighted duration (D_wt, from Emanuel 2007
1
), case number times duration (i.e. 

total duration, ND), and the total weighted duration (ND_wt). 

Group 2: TC-atmosphere group at the genesis region (150-180ʬE, 10-17.5ʬN), this group 

is for the TC-related atmospheric parameters at the genesis region, consisting 6 parameters, i.e., 

vertical wind shear (VWS), zonal vertical wind shear (ZVWS), relative vorticity (Vor.), relative 

humidity (Hum.), genesis longitude (1
st
 lon.), and genesis latitude (1

st
 lat.). 

Group 3: TC-atmosphere group at the MDR (122-180ʬE, 4-26ʬN), similar to Group 2, but 

over the MDR, consisting 4 parameters, i.e. VWS, ZVWS, Vor. and Hum. 

Group 4: Circulation group, this is the large-scale circulation group, consisting 3 parameters, 

including the easterly trade wind at 850hPa (easterly), subtropical high area index (SHAI), and 

subtropical high intensity index (SHII), details see Methods.  

 Group 5: TC-ocean group at the MDR, this is for the TC-related ocean parameters. This 

group has 3 parameters, sea surface temperature (SST), upper ocean heat content (UOHC) and 

the depth of the 26ʬC isotherm (D26, i.e. subsurface warm layer thickness).  

Supplementary Note 2. Comparison between radiosonde data and the reanalysis data 

Though the ECMWF reanalysis data is widely used, it may still be possible for the reanalysis 

data to contain spurious trends
5-7

. To ensure the quality of this data set over the study period and 

the domain, balloon radiosonde data was searched in the WNP MDR from the NOAA Integrated 

Global Radiosonde Archive (IGRA) data base. Time series observations from the Marcus Island 

(located in the MDR, #47991 station, 153.97 ʬE, 24.30 ʬN) was found. Geopotential heights at 

3 altitudes (850 hPa, 700 hPa, and 500 hPa) were examined. Consistency is found between the 

ECWMF reanalysis (dark blue), the calibrated radiosonde data (light blue), and the original 

radiosonde data (in pink) (Supplementary Figure 31). In addition to the geopotential heights, we 

also compare the meridional and zonal wind data of the 3 altitudes. Consistency between the 

radiosonde observation (pink) and the ECMWF reanalysis (dark blue) is also found 

(Supplementary Figures 32 and 33). 
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Supplementary Note 3. Additional analyses on remote SST and relative SST 

As remote SST and relative SST
2,8,9

 are important global-scale parameters related to 

tropical cyclone-climate relationship, additional analyses on remote SST and relative SST are 

conducted (Supplementary Figs. 9-30). As in Supplementary Fig. 7c, the declining relative SST 

is indicative of the more unfavourable atmospheric condition for TC activity, consistent with the 

findings of this study. In Supplementary Fig. 8, time series of the remote SST and the 500hPa 

SHAI are plotted together. Consistent variability between SHAI and remote SST is observed. It is 

possible that remote SST may modulate subtropical high and subsequently impacts the local 

atmosphere and ocean environment.  

In addition to the observational analyses in Supplementary Figs. 7 and 8, we conducted 

large amount of new analyses to examine the remote and relative SST under the global warming 

scenario, based on projections from 22 CMIP5 global climate models (ACCESS1-0, ACCESS1-

3, BCC-CSM1.1, CCSM4, CMCC-CM, CMCC-CMS, CMCC-CESM, CNRM-CM5, CSIRO-

Mk3-6-0, FGOALS-g2, GFDL-CM3, HadGEM2-AO, IPSL-CM5A-LR, IPSL-CM5A-MR, IPSL-

CM5B-LR, MIROC-ESM, MIROC-ESM-CHEM, MIROC5, MPI-ESM-LR, MPI-ESM-MR, 

MRI-CGCM3, and NorESM1-M , see http://pcmdi9.llnl.gov/, and http://cmip-

pcmdi.llnl.gov/cmip5/availability.html). Results are shown in Supplementary Figs. 9-30. For 

each model, we compare current (2006-2015), future (2091-2100, global warming RCP 8.5), and 

future minus current SST (3 left panels). Similarly, we compare the relative SST condition (3 

right panels). As can be seen from the lower-right panels in Supplementary Figs. 9 to 30, more 

models (15 out of 22 models) are showing negative trend in relative SST over the western North 

Pacific main development region (green colour coding in the box region in the figures). These 15 

models are: ACCESS1-0, ACCESS1-3, BCC-CSM1.1, CCSM4, CMCC-CM, CMCC-CMS, 

CMCC-CESM, CSIRO-Mk3-6-0, GFDL-CM3, HadGEM2-AO, IPSL-CM5A-LR, IPSL-CM5A-

MR, MIROC-ESM, MIROC5, MRI-CGCM3. This gives more support to the result by Zhao and 

Held 2012
4
 and Murakami et al. 2012

10
 on the possible reduction in TC frequency over the 

western North Pacific main development region under global warming.  

http://pcmdi9.llnl.gov/
http://cmip-pcmdi.llnl.gov/cmip5/availability.html
http://cmip-pcmdi.llnl.gov/cmip5/availability.html



