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1) The La Niña-like warming reduces (increases) TC track density in the main WNP (NA), 

while the El Niño-like warming reduces it in two basins. 

2)  The different responses are due to the different tropical zonal SST gradients associated 

with the two warming patterns. 

3) China and North America would experience more landfalling TCs in La Niña-like warming 

pattern than in El Niño-like warming pattern. 
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  ABSTRACT 

How future tropical cyclone (TC) activity could change under global warming (GW) is 

enormously important to society, which has been widely assessed using state-of-the-art 

climate models. However, these models were predominantly based on projection of an El 

Niño-like warming pattern. Recent studies suggested that a La Niña-like warming pattern 

is also possible. Here, we compare the responses of TC track density (TCTD) over the 

western North Pacific (WNP) and North Atlantic (NA) to the two distinct GW patterns. 

We find that the La Niña-like warming pattern reduces WNP TCTD except in the South 

China Sea and along China coast and increases NA TCTD, while the El Niño-like 

warming pattern generally reduces TCTD in both basins. This is due to different 

responses of large-scale dynamic/thermodynamic conditions to the distinct zonal sea 

surface temperature gradients associated with the two warming patterns. These results 

help better understand potential future change in TC tracks.  
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1. Introduction 

How future tropical cyclone (TC) activity could change under global warming (GW) 

has received increasing attention owing to its potential devastating impacts on our society. 

Particularly, future change in TC genesis and tracks is extremely important because it is directly 

associated with TC landfall and societal impact. Two recent examples of landfalling TCs are 

Hurricane Sandy in 2012 and Typhoon Haiyan in 2013 that caused massive damage to the U.S. 

and the Philippines, respectively (e.g., Blake et al. 2013;  Schiermeier, 2013). 

State-of-the-art climate models have been widely used in examining the responses of 

TC activity to GW and the involved physical mechanisms (Knutson et al., 2019, 2020; Walsh 

et al., 2016). The majority of climate models projected an eastward shift from the western North 

Pacific (WNP) toward the central North Pacific and from the western North Atlantic (NA) to 

the eastern NA for TC track density (TCTD) under a warmer climate, with decreasing TCTD 

over the WNP and the western NA (Colbert et al., 2013; Li et al., 2010; Murakami et al., 2011; 

Murakami et al. 2012; Nakamura et al., 2017), although some studies suggested a pronounced 

increase over the WNP (Emanuel, 2013; Park et al., 2017). Several previous studies suggested 

a significant decrease in westward moving TCs and an increase in recurving TCs over the WNP 

(Colbert et al., 2015; Yokoi et al., 2013) and the NA (Colbert et al., 2013; Murakami & Wang, 

2010). The track shift is generally attributed to changes in the large-scale steering flow and the 

shift of TC genesis location, which are primarily associated with a weakening of the mean 

atmospheric circulation in response to GW (Colbert et al., 2013; Wu & Wang, 2004). 

Most previous studies on the projected future TC changes are mainly based on sea 

surface temperature (SST) forcing that has an El Niño-like warming pattern with relatively 

faster warming over the central and eastern tropical Pacific derived from the third or fifth 

Coupled Model Intercomparison Project (CMIP3 or CMIP5) models (Cai et al., 2015; Chen et 

al., 2017; Taylor et al., 2012; Vecchi et al., 2006; Zhang & Wang, 2017; Zhang & Li, 2014). 



 

 

©2020 American Geophysical Union. All rights reserved. 

However, it is well known that the coupled climate models have a cold tongue bias in the 

tropical Pacific, which could introduce considerable uncertainty in the projected future SST 

warming pattern (Luo et al., 2018; Seager et al., 2019). Recently, observational studies have 

shown a La Niña-like warming trend over the tropical Pacific in response to rising CO2 in 

recent decades, with relatively slower warming over the central Pacific than over other tropical 

oceans (Kohyama et al., 2017; Lian et al., 2018; Luo et al., 2012, 2018; Seager et al., 2019). 

Since the projected TC activity can be sensitive to different SST patterns (Knutson et al., 2015; 

Murakami et al., 2012; Zhao et al., 2009), the La Niña-like SST warming pattern could lead to 

changes in the projected future TC activity quite different from the El Niño-like warming 

pattern. Therefore, it is an urgent issue to address how different the changes in the projected 

TC activity could be under the two distinct warming trends (Lian et al., 2018; Seager et al., 

2019).  

In this study, we compare the responses of TCTD over the WNP and NA to the 

abovementioned two distinct warming patterns based on the observed SST trend pattern and 

the multi-model ensemble projected SST pattern from 12 CMIP5 models under the 

Representative Concentration Pathway 8.5 (RCP8.5) scenario using the high-resolution 

atmospheric general circulation model (HIRAM-C180). We find that the projected future 

changes in TCTD exhibit pronounced differences in spatial distributions in response to the two 

distinct warming patterns. The La Niña-like warming pattern tends to reduce TCTD over the 

WNP except in the South China Sea and along China coast, but increase TCTD over the NA, 

while the El Niño-like warming pattern generally reduces TCTD in both basins. These findings 

can help better understand future change in TC tracks, and also call for attention to uncertainties 

in the projected future SST pattern when the impact of GW on TC activity is assessed.  
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2. Data and Methodology 

2.1 Observational data 

The observed monthly mean SST data were derived from the Extended Reconstructed 

SST version 4 (ERSST.V4) data during 1960–2014 from the National Oceanic and 

Atmospheric Administration (NOAA; Huang et al., 2015).  

2.2 HIRAM model and experiments  

The HIRAM-C180 was used to conduct numerical experiments to examine responses of 

TCTD over the WNP and NA to two different warming patterns in this study. The HIRAM-

C180 was developed by the Geophysical Fluid Dynamics Laboratory (GFDL; Zhao et al., 

2009), which has the horizontal grid spacing of roughly 50 km and 32 vertical levels. The 

dynamical core is discretized with the finite-volume method on a cubed-sphere grid topology. 

The related details can be found in Putman & Lin (2007). Previous studies have shown that the 

HIRAM-C180 can well reproduce the spatial distribution of the observed TC tracks (Zhao et 

al., 2009). Additionally, some studies have also demonstrated that the HIRAM-C180 can 

skillfully predict interannual variations in TC genesis frequency over the WNP and the NA 

(Murakami et al., 2011, 2016; Murakami & Wang, 2010). 

The model was integrated from January 1990 to December 2009 for each run. The 

control (CTRL) experiment used the observed monthly mean SST as the boundary condition 

to produce present climate simulations. Two future runs were conducted by adding the SST 

warming patterns to the observed monthly mean SSTs (Sugi et al., 2015). One was driven by 

the La Niña-like warming pattern represented by the SST in the CTRL experiment plus the 

observed SST trend in the period 1960–2014 (Fig. 1a; GWLA run), and the other was driven 

by the El Niño-like warming pattern derived from the SST in the CTRL experiment plus the 

projected SST trend from the multi-model ensemble mean of 12 CMIP5 models 

(Supplementary Table S1) for the period 2006–2099 under the RCP8.5 scenario (Fig. 1b; 
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GWEL run). The differences between GWLA (GWEL) and CTRL runs averaged over June-

November during 1990–2009 were regarded as the response to the La Niña-like (El Niño-like) 

warming. Note that greenhouse gases concentrations in the study were derived from 

observations as used in the standard HIRAM-C180 model without any change in all runs. Also 

note that the SST warming pattern was added as a stationary global warming pattern without 

seasonal variation considered in all simulations. We selected the period 1960–2014 to derive 

the La Niña-like warming pattern from the observation because the impact of the interdecadal 

variability can be removed as much as possible in this period. The TC detection algorithm is 

described in Appendix. TCTD is defined as the TC occurrence frequency (TCOF) in each 5°×5° 

grid box. TCOF in a grid box is counted once if a named TC passed (appeared in) the box. 

In addition to the GCM, the Lindzen-Nigam model  (LN87; Lindzen & Nigam, 1987) 

was used to evaluate impacts of the SST gradients associated with the two warming patterns 

on the low-level atmospheric circulation. The model detail is also given in Appendix.  

3. Results 

Figure 1 shows the linear trend increments averaged over June–November (JJASON) 

from observations during 1960–2014 and from the ensemble mean of 12 CMIP5 model 

simulations during 2006–2099. In both cases, the SST shows a consistent warming, however, 

the warming trends in the Pacific Ocean are greatly different from each other. The observed 

SSTs (Fig. 1a) exhibit a clear La Niña-like warming pattern with slower warming in the central 

Pacific than in other tropical oceans, while the climate model ensemble mean SSTs (Fig. 1b) 

show an El Niño-like warming pattern with faster warming over the central and eastern tropical 

Pacific than over the western tropical Pacific. As a result, a sharp SST gradient exists between 

the tropical WNP and central Pacific in the former, while the SST gradient becomes relatively 

complicated in the latter. A similar result is obtained from the warming increment of ensemble 
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mean SST during 2045–2099 (Supplementary Fig. S1), with the same time length as the 

observed SST during 1960–2014. This similarity suggests that the El Niño-like GW pattern is 

stable in describing future SST change derived from the CMIP5 ensemble mean. Another 

notable difference in the warming patterns between observation and model ensemble is the SST 

gradient between the central-eastern Pacific and the Atlantic. Compared with the central-

eastern Pacific, the Atlantic has much larger warming increments in observation, while it turns 

to be relatively low in model ensemble. This different SST gradient may lead to a quite different 

circulation response over the NA to GW (Choi et al., 2019; Patricola et al., 2016). Note that the 

above two warming patterns from observation and model ensemble will be simply referred to 

as the La Niña-like and El Niño-like warming patterns, respectively, in the following discussion. 

Figure 2 shows the simulated changes in TCTD over the WNP and NA forced by the 

two SST warming patterns, respectively. In comparison with observation, the CTRL run 

generally reproduced reasonably the climatology and interannual variability of TC genesis 

frequency (Supplementary Fig. S2) and TCTD (Supplementary Figs. S3 and S4). When the 

model is forced by the La Niña-like warming pattern, the simulated difference in WNP TCTD 

from the CTRL run shows a pronounced dipole distribution, with a significant decrease east of 

Philippines (including Japan and Korea) and an increase over the South China Sea (SCS), along 

China coast, and the Philippines (Fig. 2a), while the difference in NA TCTD is characterized 

by a nearly uniform increase except in some sporadic areas where the differences show an 

insignificant decrease (Fig. 2b). In sharp contrast, when the model is forced by the El Niño-

like warming pattern, the changes in TCTD over both the WNP and the NA turn to a decrease 

in most regions despite a small increase on the edge of the WNP and east of the Caribbean Sea 

(Figs. 2c and 2d). The TC genesis frequency exhibits similar changes (Supplementary Fig. S5). 

Therefore, our results show that the responses of TCTD over both the WNP and the NA to the 

two warming patterns are pronouncedly different. In response to the El Niño-like warming 
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pattern, TCTD is more likely to decrease in the main regions of both basins, while in response 

to the La Niña-like warming pattern, TCTD tends to decrease east of Philippines over the WNP 

but increase over the SCS, along China coast, and the Philippines and nearly increase uniformly 

over the NA. 

To understand the different responses, we examined changes in the large-scale 

environment that are often believed to control TC activity in response to the La Niña-like and 

El Niño-like warming patterns (Fig. 3), including the low-level winds (LLW), sea level pressure 

(SLP), vertical zonal wind shear between 200 hPa and 850 hPa (VZWS), relative humidity 

(RH) at 600 hPa, and steering flow (SF) defined as the deep layer mass-weighted mean wind 

between 300 and 850 hPa. Among these, the mid-tropospheric RH is a thermodynamic factor, 

and others are large-scale atmospheric dynamical factors. In general, westerly anomalies over 

the tropics along with anomalous cyclonic circulation off the equator in the lower troposphere 

are favorable for TC genesis and development, while large-scale SF is essential for TC 

movement (Wu & Chen, 2016). The VZWS and the mid-level RH are negatively and positively 

correlated with TC activity, respectively.   

In response to the La Niña-like warming pattern, significant easterly and positive SLP 

anomalies are present over the tropical WNP east of the Philippines and an anomalous cyclonic 

circulation and negative SLP anomalies are located from the SCS to the East China Sea, while 

significant westerly anomalies cover the tropical NA along with an anomalous cyclonic 

circulation and negative SLP anomalies off the equator over the NA (Fig. 3a). The changes in 

large-scale SF (Fig. 3c) are characterized by an anomalous cyclonic-anticyclonic dipole over 

the WNP with their centers over the SCS and east of Japan, respectively, and anomalous 

easterly over the coastal areas of America. The above responses in the wind and SLP fields are 

favorable for TC genesis and subsequent development over the SCS and the NA as well as 

favorable for TCs to make landfall over China and North America, but reduce TCTD over the 
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WNP east of the Philippines. Moreover, the positive VZWS and negative RH anomalies over 

the main WNP also suppress TC genesis and reduce TCTD over the WNP east of the 

Philippines, while the negative VZWS and positive RH anomalies over the SCS and the NA 

enhance local TCTD (Figs. 3e and 3g).  

In response to the El Niño-like warming pattern, the LLW anomalies show a zonal 

dipole structure over the North Pacific with cyclonic circulation anomalies over central-eastern 

North Pacific and anticyclonic anomalies over the WNP, and a meridional dipole over the NA 

with an anomalous anticyclonic circulation over the tropical NA and an anomalous cyclonic 

circulation over the subtropical NA (Fig. 3b). The SLP and VZWS exhibit an increase in the 

major TC active regions of the WNP and NA but a decrease over the central Pacific (Figs. 3b 

and 3f). These dynamical conditions in response to the El Niño-like warming are consistent 

over both the WNP and the NA, and less favorable for TCTD over both basins. Note that the 

increase in TCTD over the middle SCS and the coastal area of North America is likely to be 

associated with the anomalous westward SF (Fig. 3d). Unlike the local dynamical conditions, 

the RH over the NA shows an overall increase (Fig. 3h), which coincides with the strong 

warming in the equatorial Atlantic (Fig 1b) and could be explained by the warmer-get-wetter 

mechanism in the tropical oceans (Xie et al. 2010). This increase seems to be favorable for 

TCTD over the NA, and may partly explain the relatively small decrease in TCTD over the NA 

in response to the El Niño-like warming (Fig. 2d).  

Previous studies have shown that small changes in SST and SST gradient can lead to 

shift in the location of large-scale organized convection in the tropics, resulting in large 

anomalies in atmospheric circulation from the tropics to the extratropics (Trenberth et al., 1998). 

It is our interest to further examine how the local large-scale dynamic and thermodynamic 

conditions change in response to the two distinct warming SST patterns (Fig. 1). Figure 4 

compares the changes in the velocity potential and the associated divergent wind at 850 hPa 
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and 200 hPa, and surface precipitation in response to the La Niña-like and El Niño-like 

warming patterns. The 200-hPa velocity potential consistently shows a dominant wavenumber-

3 structure in response to the two warming patterns (Figs. 4c and 4d). A large phase shift in the 

wave-like structure is evident between the two responses. The large increase in the upper-level 

velocity potential centered over the Indian Ocean in response to the La Niña-like warming 

pattern shifts to the East Indian Ocean–western Pacific and even becomes much stronger in 

response to the El Niño-like warming pattern, indicating that the WNP changes from ascending 

to sinking anomalies. It is also evident that in response to the El Niño-like warming pattern the 

strong positive upper-level velocity potential center over the central Pacific does not appear 

and the weak negative center over the equatorial eastern Pacific becomes stronger than that in 

response to the La Niña-like warming pattern. This leads to a substantial change in the Walker 

circulation across the tropical Pacific, changing from the ascending anomaly over the WNP 

and the descending anomaly over the Indian Ocean and the central Pacific to the sinking 

anomaly over the WNP and the ascending anomaly over the equatorial eastern Pacific and 

western Indian Ocean, respectively. As a result, in the La Niña-like warming pattern easterly 

anomalies are present over the tropical WNP together with an anomalous cyclonic circulation 

from the SCS to the East China Sea, while in the El Niño-like warming pattern an anomalous 

cyclonic circulation is located over the central-eastern Pacific and an anomalous anticyclonic 

circulation appears in the upper troposphere over the WNP.  

The responses in velocity potential and the associated divergent wind at 850 hPa (Figs. 

4a and 4b) display nearly opposite distributions to those at 200 hPa. In the El Niño-like 

warming pattern, the low-level convergence over the equatorial eastern Pacific is stronger than 

that over the Atlantic, while the upper-level divergence over the former is weaker than that over 

the latter. This may be associated with the relatively warmer mean SST, which favors deeper 

convection, over the NA than over the equatorial eastern Pacific. The difference in low-level 
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convergence between the tropical eastern Pacific and the tropical Atlantic leads to distinct 

circulation anomalies over the NA in response to the two warming patterns, namely changing 

from an anomalous cyclonic circulation to an anomalous anticyclonic circulation. The 

geographical distribution of the simulated positive/negative precipitation anomalies (Figs. 4e 

and 4f) agrees well with that expected from the ascending/descending anomalies except over 

the East Indian Ocean and the SCS, and is also consistent with the local maximum/minimum 

in SST anomalies (Fig. 1).  

Finally, the LN87 model, which regards the boundary layer winds as a response to the 

underlying SST gradient in the tropics, is used to calculate the low-level winds induced by the 

difference in SST gradient between the two distinct warming patterns. The boundary layer 

winds derived from the LN87 model (Supplementary Fig. S6) show a distribution similar to 

the LLWs in responses to the two warming patterns (Figs. 3a and 3b). This strongly suggests 

that it is the difference in SST anomaly patterns between the two distinct warming patterns that 

is responsible for the difference in the spatial distribution and intensity of anomalies in tropical 

heating, and thus the anomalous tropical precipitation and the associated Walker circulation. 

These result in large anomalies in large-scale dynamic and thermodynamic conditions over the 

WNP and the NA, leading to large differences in TCTD in the two basins between the two 

warming patterns. 

4. Conclusions and Discussion 

Most previous studies have emphasized future changes in TC activity in response to an 

El Niño-like warming climate. Recent studies based on observations have documented a La 

Niña-like warming trend in the last decades. In this study, we have compared the responses of 

TCTD over the WNP and NA to the two distinct SST warming patterns. We found that the La 

Niña-like warming pattern tends to reduce TCTD over the WNP except over the SCS and along 
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China coast, but increase TCTD over the NA, while the El Niño-like warming pattern generally 

reduces TC genesis and TCTD in most regions of both basins. Moreover, the different 

responses are primarily attributed to the different zonal SST gradients in the tropics, which 

trigger different distribution and intensity in tropical heating and the associated Walker 

circulation, resulting in large anomalies in large-scale dynamic and thermodynamic conditions 

over the WNP and the NA. These eventually lead to the different responses in TCTD in both 

basins to the two warming patterns.  

An interesting issue is how sensitive the above results are to the amplitude of warming. 

To address the issue, we compared the responses of the boundary layer winds to the El Niño-

like warming patterns for the periods of 20062099 (as the strong warming, Fig. 1b) and 

20452099 (as the weak warming, Fig. S1) based on the LN87 model. In general, the response 

to the weak warming (Fig. S6c) displays a consistent spatial distribution with that to the strong 

warming (Fig. S6b), although the amplitude of the response is weaker as expected. More 

refined analyses will be detailed in our future studies. 

It should be pointed out that the results from this study may be strongly affected by the 

simulation skill of the HIRAM-C180. Our model only focuses on the impacts of SST warming 

pattern, and does not consider other forcing associated with greenhouse gas changes. In fact, 

the change in atmospheric temperature due to changes in greenhouse gases may have important 

influences on TC activity as well, in addition to SST warming (Knutson et al., 2020), but it has 

not been included in the present study. We also noticed that our projected TC tracks over the 

NA in response to the El Niño-like warming are somewhat different from previous studies (e.g., 

Colbert et al., 2013; Murakami & Wang, 2010), despite the surface wind fields are similar to 

those evaluated using the LN87 model. Knutson et al. (2020) mentioned that it is difficult to 

identify a robust consensus projection for TC tracks. The present study does not resolve this 

issue either. However, this study does provide the consequence of another possible (La Niña-
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like) warming trend to TC activity over both the WNP and NA, although it is hard to determine 

whether future GW pattern is La Niña-like, El Niño-like or others. Therefore, results from this 

study can help better understand the potential future changes in TC activity and also call for 

attention to uncertainties in the projected future SST pattern when the impact of GW on TC 

activity is assessed. Further studies with improved multi-model simulations and accurate GW 

pattern considering consistent greenhouse gas change are required to reduce uncertainty in 

future TC projections. 
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Appendix 

TC detection algorithm: The TC detection algorithm developed at the GFDL 

(https://www.gfdl.noaa.gov/tstorms/) was used to detect TCs in the simulations. First, the local 

minimum SLP center is searched by fitting a biquadratic to the SLP within a maximum distance 

of 3000 km. Second, if a closed contour with minimum SLP and maximum vorticity (greater 

than 1.5×10-4 s-1) is found, the low-pressure system is counted as a storm center at that time. 

The tracker then tries to find as many closed contours about that low as it can find without 

going too far from the low center or running into contours claimed by another low. The 

maximum 10-m wind inside the closed contours is considered to be the maximum wind speed 

of the storm at that time. Third, the warm core represented by the maximum temperature 

anomaly (Ta; averaged between 500 hPa to 300 hPa representing the warm core) center is 

searched with a threshold of 1ºC.  Ta should be no more than 1º latitude/longitude apart from 

the low center. Fourth, the storm center is connected to a track by taking a low center at time 

T-6h, extrapolating its motion forward to T+6h, and then looking for the storm within 750 km. 

Last, a TC is picked if the duration lasts at least 72 h for the detected low over the WNP and 

the NA with at least 24-h consecutive hours of warm core and maximum winds greater than 17 

m s-1. 

The Lindzen-Nigam model: The linear steady-state one-layer boundary layer model 

that solves the surface winds given the SST distribution developed by Lindzen & Nigam (1987; 

LN87) includes the following equations: 

𝜖𝑢′ − 𝑓𝑣′ +
𝐴

𝑐𝑜𝑠𝜃

ℎ′

𝜕𝜆
=

𝐵

𝑐𝑜𝑠𝜃

𝜕𝑇′

𝜕𝜆
    (a) 

𝑓𝑢′ + 𝜖𝑣′ + 𝐴
𝜕ℎ′

𝜕𝜃
−

𝑔𝑛

2𝑅

𝜕�̅�

𝜕𝜃
ℎ′ = 𝐵

𝜕𝑇′

𝜕𝜃
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𝜕𝑢′
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+

𝜕(𝑣′𝑐𝑜𝑠𝜃)

𝜕𝜃
+

𝑅𝑐𝑜𝑠𝜃

𝜏𝐻0
ℎ′ = 0    (c) 

where, 𝜆 is the longitude, 𝜃 is the latitude, 𝑢′(𝑣′) is the zonal (meridional) wind averaged in 
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the boundary layer, ℎ′ is the perturbation height at the top of the boundary layer (700 hPa), T’ 

is the perturbation SST, g=9.8 m s-2 is gravity acceleration, the air density ρ=1.225kgm−3, and 

the mean surface virtual temperature �̅�=288K, n=1/�̅�, γ=0.3 related to the static stability, the 

temperature lapse rate α=0.003Km−1, the mean depth of boundary layer H0=3 km, 𝜖=2.5day−1 

for the frictional coefficient in the boundary layer. R=6371 km for the radius of Earth, τ =30 

min for the inverse relaxation time of the adjustment of the boundary layer height, the Coriolis 

parameter 𝑓 = 2Ω𝑠𝑖𝑛𝜃  and Ω =7.272x10−5s−1, 𝐴 =
𝑔

𝑅
(2 − 𝑛�̅� + 𝑛𝛼𝐻0)  and 𝐵 =

𝑔𝑛𝐻0

2𝑅
(1 −

2

3
𝛾). The equations (a), (b) and (c) can be solved using a Fourier transform along longitude 

with finite difference method along latitude. Expanding u’, v’ and h’ as Fourier series, we can 

get 
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𝑖𝑚𝐴

𝑐𝑜𝑠𝜃
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𝑔𝑛

2𝑅

𝜕�̅�

𝜕𝜃
ℎ𝑚 = (𝐵

𝜕𝑇′

𝜕𝜃
)𝑚  (e) 

𝑖𝑚𝑢𝑚 +
𝜕(𝑣𝑚𝑐𝑜𝑠𝜃)

𝜕𝜃
+

𝑅𝑐𝑜𝑠𝜃

𝜏𝐻0
ℎ𝑚 = 0    (f) 

where, m is the zonal wave number, 𝑢′(𝜆, 𝜃) = ∫ 𝑢𝑚(𝜃)𝑒𝑖𝑚𝜆∝

−∝
, 𝑣′(𝜆, 𝜃) = ∫ 𝑣𝑚(𝜃)𝑒𝑖𝑚𝜆∝

−∝
 , 

and ℎ′(𝜆, 𝜃) = ∫ ℎ𝑚(𝜃)𝑒𝑖𝑚𝜆∝

−∝
. We used linear algebra to numerically solve (u’, v’, h’) with 

SST-forcing terms on the right-hand-side of the equations.  
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Figure 1. Linear trend increments of SST averaged in June-November (JJASON) from (a) 

observation during 19602014 and (b) ensemble mean of 12 CMIP5 model simulations 

during 20062099. The black contours represent the climatological JJASON mean SSTs 

in the CTRL run. The units of shading in (a) and (b) are ºC in 55-years and ºC in 94-

years, respectively. 
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Figure 2. The simulated differences in TCTD averaged over JuneNovember during 1990-

2009 (a, b) between the GWLA and CTRL runs and (c, d) between the GWEL and 

CTRL runs over the WNP (left) and the NA (right), respectively. The white crosses 

represent area where the difference is statistically significant above 90% confidence level 

based on Student’s t test. 
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Figure 3. Changes in spatial patterns of (a, b) low-level winds (LLW in m s-1; arrow) and sea 

level pressure (SLP in hPa; shaded), (c, d) steering flow (SF in m s-1), (e, f) vertical zonal 

wind shear between 200 hPa and 850 hPa (VZWS in m s-1), and (g, h) 600 hPa relative 

humidity (RH in g kg-1) in response to the La Niña-like and El Niño-like warming 

patterns. The simulated differences were averaged over JuneNovember during 

19902009. (Left) The simulated differences between the GWLA and CTRL runs; 

(right) the differences between the GWEL and CTRL runs. The shading in (a-d) and 

white crosses in (e-h) represent areas where the difference is statistically significant 

above 90% confidence level based on Student’s t test. 
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Figure 4. Changes in spatial patterns of velocity potential (VP in 106m2 s-1; shaded) and 

divergent wind (m s-1; arrow) at (a-b) 850 hPa and (c-d) 200 hPa and (e-f) surface 

precipitation (Pr in kg/m2/day-1) in response to the La Niña-like and El Niño-like 

warming patterns. The simulated differences were averaged over JuneNovember during 

19902009. (Left) The simulated differences between the GWLA and CTRL runs; 

(right) the differences between the GWEL and CTRL runs. The white crosses in (a-f) 

represent areas where the difference is statistically significant above 90% confidence 

level based on Student’s t test. 


