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How can time scales interact?

Differentiate:

Integrate:

Delay:

Filter:

low-pass (redden) band-pass (resonate)

Clip:

Modulate:

amplitude frequency

Distort:

Rectify:

Superpose: + =

Ring:

impulse 

Randomly
excite:



  

ENSO time scales







  

ENSO theory revisited

Existing conceptual models of ENSO have issues:

- Linear frameworks miss key asymmetries in obs (Choi et al. 2013)

- “BJ index” accumulates errors (Graham et al., CD 2014)

- “Unified Oscillator” at odds with obs & CGCMs (Graham et al., JC 2015)

Back to basics:

At ENSO time scales, a delayed oscillator with

captures 94% of the variance of obs NINO3 dT/dt.  (Graham et al., JC 2015)

Good reference point...  but what about ENSO nonlinearity?
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Convective Momentum Transport (CMT)

Broader westerly anomalies → longer ENSO period

Wittenberg et al. (2006); Kim et al. (2008); Neale et al. (2008)



  

Seasonal Interactions



Harrison & Vecchi (1999)

Vecchi & Harrison (2003, 2006)

Lengaigne et al. (2006)

McGregor et al. (2012, 2013)

Abellán & McGregor (2016)

Abellán et al. (2017)

Seasonal southward wind shift

Helps terminate El Niño (especially strong ones), synchronize
ENSO to the annual cycle, and shorten EN relative to LN.

Underestimated by most CGCMs.



Harrison & Vecchi (1999)

Vecchi & Harrison (2003, 2006)

Lengaigne et al. (2006)

McGregor et al. (2012, 2013)

Abellán & McGregor (2016)

Abellán et al. (2017)

Seasonal southward wind shift

Helps terminate El Niño (especially strong ones), synchronize
ENSO to the annual cycle, and shorten EN relative to LN.

Underestimated by most CGCMs.





  

Strong El Niño SSTAs terminate later/eastward

Lengaigne & Vecchi (CD 2010)



  

 Seasonal timing and ENSO impacts

Lee et al. (GRL 2014; ERL 2016)

This significantly affects their impacts –
e.g. tornado outbreak frequency

over the United States.

Key archetypes of ENSO evolution

ENSO events show diverse
temporal behavior in boreal spring –
e.g. persisting, terminating early,

resurging, or transitioning.



 





  

Intraseasonal Interactions



  

Transient growth in non-normal systems

Introduces new time scales which are
continually excited by stochastic forcing.

Strong initial
cancellation. mode 1 (weakly damped)

mode 2 (strongly damped)

Much less
cancellation.

Only one
mode 

remains.

dx/dt = Lx + noise

where L is stable, but not self-adjoint
→ eigenmodes not orthogonal

Newman et al. (2011)



WWE modulation & rectification

WWEs spread east with the warm pool; modulated by MJO.
Contribute to EN/LN asymmetry & seasonality.

Make strong ENs hard to predict, especially through boreal spring.

Puy et al. (2016)

Gebbie et al. (2007); Thual et al. (2016); 
Levine et al. (2016); Levine & Jin (2017); 

Hayashi & Watanabe (2017)

“multiplicative noise”



TPOS/Brown et al. (2015)

Salinity barrier layers

Heavy rain shoals the mixed layer, boosts coupling/noise at EN onset.
Contributes to EN/LN asymmetry.

Maes et al. 2005;
Maes & Belamari (2011)

Zhu et al. (2014)

Anderson et al. (1996)



Jochum et al. (2004, 2007)

Menkes et al. (2006)

Imada & Kimoto (2012)

Graham (2014)

Holmes & Thomas (2015)

Zhang (2016)

Tropical Instability Waves (TIWs)

TIWs draw heat from atmosphere, stir heat equatorward (esp. during LN)
→ boost EN/LN asymmetry.  Induce wind stress noise.

TIW heat transport & entrainment stratify the equator → affect ENSO.

Chelton et al. (2001)



  

Intrinsic Modulation of ENSO



  

Both historical & paleo records
suggest past modulation of ENSO

Vecchi & Wittenberg (WIREsCC 2010)

Historical SSTA (ERSST.v3)

Palmyra corals
(Cobb et al.,
Nature 2003)

Multiproxy paleo
reconstructions:

see Kim Cobb's talk

19971982

ENSO has waxed & waned for millennia.  How does it interact with other time scales?
What causes its spectrum, skewness, irregularity, and diversity?  Is it changing?









  

Decadal Interactions



Atwood et al. (Climate Dyn., 2017)

also Ogata et al. (2013),
Schopf & Burgman (2006),

Burgman et al. (2008),

ENSO rectification





Pacific trends affect global climate

Stronger trade winds can drive transient global cooling (hiatus),
greater ocean heat uptake, drought over the western U.S.

Kosaka & Xie (2013); England et al. (2014); Delworth et al. (2015)

England et al. (2014) Delworth et al. (2015)



Dong & Sutton (2007); Svendsen et al. (2014); Liu et al. (2014); Yu et al. (2015); Williamson et al. (2017)

AMOC can affect annual cycle & ENSO

Weaker AMOC → cooler N. Atlantic → southward shift of ITCZ
→ less y-asymmetry → weaker annual cycle, stronger ENSO(?)
CGCM biases → diverse wind / thermocline / ENSO changes.

Timmermann et al. (2007)



  

Climate Change







Power et al. (2013)
Cai et al. (2012, 2014, 2015ab)

Background SST affects ENSO rain response

So how will
background SST
gradients change

in the future?

Weaker dT/dy
& dT/dx?

Relatively warmer 
Indian & Atlantic 

Oceans?

Cai et al. (2014)

Luo et al. (2012)
Wieners et al. (2017)







  

Summary (1 of 2)

1. Seasonal­to­interannual scales
     a. Spikes + frequency modulation   → broad spectrum
     b. Non­normal dynamics   → transient growth, new time scales
     c. Structure & nonlinearity of wind stress response is key
          ­ Period, amplitude; asymmetries of amplitude, duration, transition probability

3. Intraseasonal interactions
     a. WWEs a crucial multiplicative noise forcing for ENSO
          ­ Intensity & frequency increase as warm pool extends eastward
          ­ Make strong El Niños hard to predict (especially across boreal spring)
     b. Transient salinity stratification could affect ENSO coupling in west Pacific
     c. TIWs affect ENSO
          ­ stratify equatorial water column
          ­ selectively damp La Niña SSTAs   asymmetry→
          ­ may contribute to wind stress noise near equator

2. Annual interactions
     a. Seasonal migrations of convection   synchronization & asymmetry→
          ­ Onset (WWEs)
          ­ Termination (southward shift)
     b. Combination modes (6­9 & 15­18 months)
     c. Extreme El Niños terminate later   affects seasonal teleconnections→

ENSO involves rich interactions across a vast range of time scales.



  

Summary (2 of 2)

4. Decadal interactions
     a. Interdecadal modulation
          ­ Need not imply long­term memory, or secular changes
          ­ Intrinsic component may obscure ENSO statistics beyond a few years
     b. Rectification
          ­ Modulation + asymmetry   rectifies into longer time scales→
          ­ Quiet­ENSO epochs have stronger zonal constrasts of SST & thermocline depth
          ­ Sustaining such a state can boost global ocean heat uptake, contribute to decadal drought
     c. Extratropical & inter­basin interaction
          ­ PDO & NPGO in the Pacific
          ­ AMOC in the Atlantic
          ­ Interactions are uncertain, and vary among models.

5. Anthropogenic changes
     a. Detectable changes in the background state
          ­ Warming Indian Ocean & West Pacific
     b. ENSO effects not yet clearly detectable in obs
     c. Model projections suggest stronger rain fluctuations in the future
          ­ Especially in the central equatorial Pacific
     d. Large uncertainties about the future of ENSO
          ­ Depends on how background dT/dx & dT/dy change

Understanding & models are improving, but still much work to do...



  

Reserve Slides



  

Korean Folk Village, September 2006Korean Folk Village, September 2006
(following ENSO workshop at Seoul National University)(following ENSO workshop at Seoul National University)



  

Korean Folk Village, September 2006Korean Folk Village, September 2006
(following ENSO workshop at Seoul National University)(following ENSO workshop at Seoul National University)



  

Next steps

1. Improve AGCM climatology & ENSO feedbacks
     a. Moisture budget: reduce tropical evap/rainfall; improve rainfall gradients
     b. Surface fluxes: bulk formulae, skin temperature, diurnal cycle
     c. Clouds & cloud radiative feedbacks
     d. Off-equatorial wind stress curl response to ENSO (precip pattern, CMT)

3. Improve coupled interactions
     a. Seasonal dT/dy in east Pacific (ENSO seasonality)
     b. Coupled feedback diagnostics (need obs constraints!)
     c. Subsurface flux adjustments (3D-FA)

2. Improve OGCM climatology & ENSO feedbacks
     a. Shoal the equatorial thermocline (mixing, solar penetration, diurnal cycle)
     b. Resolve TIWs (critical during La Niña)
     c. Mixed layer heat budget (need obs constraints → TPOS-2020)
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