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• Heat fluxes and oceanic circulations generate the 
prominent seasonal to decadal time scales of Pacific 
climate variability

Chen et al. 2021

• A crucial role for modulating the upper ocean marine 
ecosystems in the Northwestern Pacific              

• A greatest ocean heat source to the atmosphere with 
intensive air-sea heat and moisture exchanges that 
impact the regional and large-scale weather and 
climate

• The strongest sea surface height (SSH) variability 
associated with eddy activities, oceanic currents, and 
large-scale gyre circulations
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MOTIVATIONS

“a real dynamical mode” 

Future changes in a warming climate?

• A greatest ocean heat source to the atmosphere with 
intensive air-sea heat and moisture exchanges that 
impact the regional and large-scale weather and 
climate

• The strongest sea surface height (SSH) variability 
associated with eddy activities, oceanic currents, and 
large-scale gyre circulations

Nishikawa et al 2020

Yang et al. 2016

Wu et al. 2021

“a real dynamical mode” 

Future changes in a warming climate?

Intensification or/and poleward 
ocean front in a warming climate



• Heat fluxes and oceanic circulations generate the 
prominent seasonal to decadal time scales of Pacific 
climate variability

• A crucial role for modulating the upper ocean marine 
ecosystems in the Northwestern Pacific              

MOTIVATIONS

• A greatest ocean heat source to the atmosphere with 
intensive air-sea heat and moisture exchanges that 
impact the regional and large-scale weather and 
climate

• The strongest sea surface height (SSH) variability 
associated with eddy activities, oceanic currents, and 
large-scale gyre circulations

GOAL
To investigate the response of the KE variability and its 
sensitivity to future climate change scenarios with a 

special focus on the temporal aspects
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?

“a real dynamical mode” 

Temporal changes in a future climate?



SSP5-8.5

HIST
NATURAL

SSP5-3.4OS

Each scenario is a 30-member ensemble.  
50 km atmospheric resolution and 1o oceanic resolution 
Each scenario has prescribed CO2, CH4, and other forcing agents.
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• INCREASING mean SSH 
• POLEWARD shifted front in DOWNSTREAM 
• ENHANCED variance in UPSTREAM by increasing greenhouse gas 



• INCREASING mean SSH 
• POLEWARD shifted front in DOWNSTREAM 
• Enhanced decadal variance
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by increasing greenhouse gas 
-> increasing total KE intensity



What drives the stronger KE decadal variance 
under anthropogenic forcing? 



What drives the stronger KE decadal variance 
under anthropogenic forcing? 

H1. Limited or decreasing short-time scale intrinsic variability (e.g., eddy activities)   

H2. Enhanced decadal remote atmospheric forcing (e.g., oceanic Rossby waves) Decadal KE

Limited 
Short time  
scale KE
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• Spin-up of the Kuroshio recirculation gyre 
• Forcing the KE jet inflow poleward 

Surface wind stress curl climatology 
(SSP585 minus HIST)

KE Sea Surface Height

What drives the stronger KE decadal variance 
under anthropogenic forcing? 

Favored “positive” KE state  
in warming climate? 

H1. Changes in midlatitude surface wind climatology & associated impacts to the WBC        
Limited 

Short time  
scale KE



• Limited eddy activities during stable state

• Spin-up of the Kuroshio recirculation gyre 
• Forcing the KE jet inflow poleward 

Surface wind stress curl climatology 
(SSP585 minus HIST)

KE Sea Surface Height

Positive KE (EKE level down)

Negative KE (EKE level up)

Qiu et al. 2014

What drives the stronger KE decadal variance 
under anthropogenic forcing? 

Favored “positive, stable, elongated” 
KE state in warming climate? 

H1. Changes in midlatitude surface wind climatology & associated impacts to the WBC        
Limited 

Short time  
scale KE



H2. Stronger atmospheric forcing of oceanic Rossby waves via ENSO teleconnections Decadal KE

What drives the stronger KE decadal variance 
under anthropogenic forcing? 

H1. Changes in midlatitude surface wind climatology & associated impacts to the WBC        

0.2

-0.2

cm
/d
ay

Changes in Tropical Precipitation climatology (contours) & STD (shading)

SSP5-8.5 minus HIST Increasing ENSO amplitude in SPEAR SSP585

Limited 
Short time  
scale KE

Stronger ENSO teleconnection impacts on 
the midlatitude air-sea coupled dynamics

Stronger midlatitude atmospheric forcing of 
Oceanic Rossby waves

KE SSH variability



Decadal KE

SSP585 
(2071-2100)

HIST  
(1921-1950)

What drives the stronger KE decadal variance 
under anthropogenic forcing? 

H1. Changes in midlatitude surface wind climatology & associated impacts to the WBC        
Limited 

Short time  
scale KE

H2. Stronger atmospheric forcing of oceanic Rossby waves via ENSO teleconnections



As greenhouse gas forcing increases, the ENSO teleconnection impacts on KE SSH is enhancing 
by both midlatitude wind changes & increasing ENSO amplitude

SSP585 
(2071-2100)

HIST  
(1921-1950)

HIST+SSP585

What drives the stronger KE decadal variance 
under anthropogenic forcing? 

H1. Changes in midlatitude surface wind climatology & associated impacts to the WBC        

Decadal KE

Limited 
Short time  
scale KE

H2. Stronger atmospheric forcing of oceanic Rossby waves via ENSO teleconnections



HIST SSP5-8.5 SSP5-8.5 minus HIST

What drives the stronger KE decadal variance 
under anthropogenic forcing? 

As greenhouse gas forcing increases, the ENSO teleconnection impacts on KE SSH is enhancing 
by a joint impact of the midlatitude wind changes & increasing ENSO amplitude

Due to a joint impact of the increasing ENSO amplitude & midlatitude wind migration

H1. Changes in midlatitude surface wind climatology & associated impacts to the WBC        

Decadal KE

Limited 
Short time  
scale KE

H2. Stronger atmospheric forcing of oceanic Rossby waves via ENSO teleconnections



Decadal KE variance ( >~7yrs )

Short-time scale KE variance  ( <~7yrs )
KE variance ratio =

Temporal changes in KE SSH variability? 



Decadal KE variance ( >~7yrs )

Short-time scale KE variance  ( <~7yrs )
KE variance ratio =

— — 95% significance level
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the increasing KE decadal variance

Changes in ratio of KE variance 
(SSP5-8.5 minus HIST)



— — 95% significance level
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Short-time scale KE variance  ( <~7yrs )
KE variance ratio =

Changes in ratio of KE variance 
(SSP5-8.5 minus HIST)

Majority of ensemble members shows 
the increasing KE decadal variance
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Short-time scale KE variance  ( <~7yrs )
KE variance ratio =

As the negative wind changes and ENSO amplitude increase, 
the KE variance ratio (decadal KE signal) becomes stronger.

Changes in ratio of KE variance 
(SSP5-8.5 minus HIST)

Majority of ensemble members shows 
the increasing KE decadal variance
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Sensitivity to radiative forcing changes? 

The decadal KE variance and total KE intensity 
are immediately decreasing as a response to 
reduced greenhouse gas concentration.
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Sensitivity to radiative forcing changes? 
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WHY?

Returning 
position

The northward-shifted climatological westerly winds move back towards 
their original position 
-> the shifted KE dominant time scale and increased KE intensity may be 
reversible depending on mitigation situations.

The decadal KE variance and total KE intensity 
are immediately reduced as a response to 
decreasing greenhouse gas forcing.



Summary and Key questions 

•    Enhanced decadal KE variability due to stronger mid-latitude oceanic Rossby wave atmospheric 
forcing from a joint effect of the poleward shift of midlatitude surface wind climatology and the 
stronger ENSO teleconnection impacts on the midlatitude 

•    Changing anthropogenic forcing may alter the dominant time scale of the KE SSH variability, as an 
important factor in KE forecast research. 

•   Increasing KE decadal variance -> Amplifying extreme events and threats to ecosystems? 
                                                           Lending improved decadal predictability to the Pacific climate? 

•   What are other reversible or irreversible components in climate change and mitigation efforts?

Joh et al. 2022 
npj climate and atmospheric science
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KE front changes in 
satellite observation

• INCREASING mean SSH 
• POLEWARD shifted front in DOWNSTREAM 
• ENHANCED variance in UPSTREAM



Q & A slides 

 Q. Why the KE positive state is the elongated state (low EKE level)? 
 This negative correlation between the mean flow intensity and the level of regional eddy kinetic 
energy is found in both the SSH data and the linear vorticity model (Qiu and Chen, 2005).

 

A migration of the KE jet inflow 
over the Izu–Ogasawara Ridge

Positive KE state (+SSH anomalies)
A strengthened the recirculation gyre


forces the inflow northward where it passes through a deep channel


minimizing the path perturbations



Q & A slides 

 Q. Why the KE positive state is the elongated state (low EKE level)? 
 This negative correlation between the mean flow intensity and the level of regional eddy kinetic 
energy is found in both the SSH data and the linear vorticity model (Qiu and Chen, 2005).

 

A migration of the KE jet inflow 
over the Izu–Ogasawara Ridge

Negative KE state (-SSH anomalies)
When it is forced southward by the impinging negative SSH anomalies


the KE jet inflow rides over the ridge through a shallow segment


leading to large-amplitude downstream meanders 




Qiu et al. 2020



• Limited eddy activities during stable state

• Spin-up of the Kuroshio recirculation gyre 
• Forcing the KE jet inflow poleward 

Surface wind stress curl climatology 
(SSP585 minus HIST)

H1. Changes in midlatitude surface wind climatology & associated impacts to the WBC        

What drives the stronger KE decadal variance 
under anthropogenic forcing? 

Favored “positive, stable, elongated” 
KE state in warming climate? 

Short time  
scale KE



Q & A slides 

 Q. How the lead time of 5 years of significant predictive skill has a longer memory of 
3-year memory of oceanic baroclinic Rossby wave adjustment? 
(where does additional ~2 years of predictive lead time come from?)

Depending on the scale and location of the mid-latitude 
wind forcing, the inertial memory of baroclinic Rossby waves 
could vary (Kwon and Deser, 2007). 

When the Rossby waves are excited by strong persistent wind forcing (up to 2-5 years) over the mid-latitude 
Pacific, the additional multi years of the predictable lead time of KE SSH variability could be provided, thereby 
allowing that the lead time of significant predictive skill can be longer than general time-scales of the baroclinic 
Rossby waves (2-5 years)



Q & A slides 

 Q. Decadal ENSO impact on the North Pacific SSH? 

Changes in the ENSO’s impacts on the KE resemble the changes 
in North Pacific SSH variability, with an increase in upstream KE 
intensity and a northward shift of the KE front. 

The ENSO-related KE SSH variability strengthens on decadal timescales from the HIST to SSP5-8.5 run.  
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1. Increasing KE decadal fluctuations is being 
observed in satellite altimeter observation

Joh and Di Lorenzo (2018)

2. Substantial similarity of changes in spatial 
structure of KE upstream/downstream

Wu et al. (2021)

Qiu and Chen (2005)

3. Based on a robust relationship of 
KE state and EKE level

-Increasing positive state can indirectly decreased 
eddy-related short time scale variability

Q & A slides 
 Q. The relatively coarse 
ocean resolution can 
resolve the realistic KE 
dynamics? 



PACIFIC OCEAN

ImplicationsImplications

1. A key to modulate the significant low-frequency climate variability

• Increasing decadal variance      

• An essential piece of Pacific Decadal Oscillation 

Amplifying extreme events and threats to ecosystems but, 
lending improved decadal predictability to the Pacific climate

provide practical insights on understanding 
and projecting Pacific decadal climate 

Chen et al. 2021

• Potential predictability of biogeochemical environment 
• Anthropogenic induced and possible changes in future  
subsurface WBC ecosystem

Northward migration of KE            decreasing subduction rate

Skillful KE prediction 
& Projected KE changes

2. A close relationship between physical condition and 
subsurface marine ecosystem



PACIFIC OCEAN

PACIFIC OCEAN

m
SPEAR_LO SPEAR_MED SPEAR_HI SPEAR_HI_25

atmosphere/land
ocean/sea ice approximately 1o (with tropical refinement) 25km

100km 50km 25km 25km

Future work :   Potential research directions using SPEAR_HI_25 model

Increasing ocean model resolution 

Improved subsurface KE ocean dynamics



The altered mean position of surface wind 
climatology may be reversible.

The altered mean position of surface wind 
climatology may be reversible.

A variance of both mid-latitude westerlies and 
ENSO remains strong, may be irreversible.

(could be a more critical factor) 
Sensitive response of the KE variance 

and dominant time scale to changing 
greenhouse gas concentrations

Q & A slides  Q. Why KE variability varies with increasing/decreasing greenhouse forcing? 



Q & A slides 

 Q. SSH and ocean heat variability over the KE region? 

The box region shows persistent (~14m) 
latent heat flux anomalies.



• Observed winter latent forcing of WBC system on the Pacific Northwest weather  (Joh et al. 2022 to be submitted) 

• Impact of horizontal resolution on WBC air-sea coupled system in global coupled model 

• Contribution of WBC impact on Pacific Marine Heatwaves             improving Marine Heatwaves prediction 

• A link of Pacific air-sea coupled system to vertical transport and biogeochemistry in the upper ocean

Future work :   Potential research directions using SPEAR_HI_25 model
Increasing ocean model resolution 

Improved subsurface KE ocean dynamics

Subsurface Ocean Heat 
Content variability

NDJ WBC latent forcing  
triggering midlatitude storm track 

WBC latent forcing

Improved ocean dynamics & air-sea coupling 
: more realistic subsurface ocean heat content variability & KE downstream feedback on the Pacific Northwest 



Future work :   Potential research directions using SPEAR_HI_25 model
Increasing ocean model resolution 

Improved subsurface KE ocean dynamics

Improved ocean dynamics & air-sea coupling 
: more realistic subsurface ocean heat content variability & KE downstream feedback on the Pacific Northwest 

WBC latent forcing

• Observed winter latent forcing of WBC system on the Pacific Northwest weather  (Joh et al. 2022 to be submitted) 

• Impact of horizontal resolution on WBC air-sea coupled system in global coupled model 

• Contribution of WBC impact on Pacific Marine Heatwaves             improving Marine Heatwaves prediction 

• A link of Pacific air-sea coupled system to vertical transport and biogeochemistry in the upper ocean

Pacific Marine Heatwaves

Pacific seasonal to decadal variability and predictability in relation to marine ecosystem prediction



Sensitivity to radiative forcing changes? 
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