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Outline	
  

(1)  Background:	
  Eddies,	
  climate	
  modeling,	
  	
  and	
  previous	
  
mixing	
  theories	
  and	
  es,ma,ons.	
  

(2)  Our	
  methodology:	
  Global	
  eddying	
  model	
  with	
  one	
  million	
  
numerical	
  floats.	
  

	
  
(3)  Results:	
  Complex	
  mixing	
  paGerns	
  at	
  high	
  spa,al	
  resolu,on.	
  
	
  	
  
(4)	
  Results:	
  Comparison	
  between	
  new	
  and	
  original	
  mixing	
  
theories.	
  	
  
	
  
(5)	
  Summary	
  	
  
	
  



Eddy	
  field	
  and	
  model	
  resolu,on	
  

Courtesy	
  of	
  MaG	
  Mazloff	
  	
  

From	
  Fox-­‐Kemper	
  et	
  al.	
  (2014)	
  	
  



General	
  eddy	
  parameterizaAon	
  problem	
  in	
  climate	
  models	
  	
  

K	
  is	
  	
  a	
  funcAon	
  of	
  x,	
  y,	
  z,	
  and	
  t!	
  	
  

r · v0c0 = r · (�Krc)

Meridional	
  overturning	
  circulaAon	
  (MOC)	
  is	
  sensiAve	
  to	
  K	
  	
  

	
  	
  0.25	
  SV	
  

0.8	
  	
  	
  SV	
  
0.5	
  	
  	
  SV	
  

Residual	
  MOC	
  

Ito	
  and	
  Marshall	
  (2008)	
  

Eddy	
  diffusivity	
  	
  

Eddy	
  parameteriza,on	
  in	
  models	
  

depth	
  

eddy	
  diffusivity	
  K	
  (m2/s)	
  	
  



Pure	
  diffusion	
  case:	
  par,cles	
  evolu,on	
  with	
  ,me	
  through	
  random	
  walk	
  (molecular	
  
diffusion).	
  

	
  Course	
  12.820	
  at	
  MIT	
  

 =
1

2
d < x

2
> /dt

Diffusivity:	
  half	
  of	
  the	
  disperse	
  rate	
  

EsAmate	
  eddy	
  diffusivity	
  from	
  Lagrangian	
  parAcles	
  



Float-­‐based	
  mixing	
  esAmates:	
  observaAons	
  

 12
0
o W 

 100o W 
  80oW   60oW 

  40 oW 

  20 oW 

  6
5
o S 

  5
5

o S 

  4
5
o S 

US3: Drake
Passage
section

2009 2010 2011

structure survey, float
US2: Tracer and micro�

US1: Initial deployment
of sound sources, floats,

2012

Passage
section

Passage
section

US4: Drake US5: Drake

2013 2014

sound sources
current meters, and

UK1: Moored profiler,

deployment

tracer

UK3: Tracer and

mooring recovery
microstructure surveymicrostructure survey

Hydrography and

in Dec and Apr

UK2 and UK2.5:

UK4: Tracer and
microstructure survey

UK5: Tracer and
microstructure survey

PF

SAF

Diapycnal	
  and	
  isopycnal	
  mixing	
  experiment	
  (DIMES)	
  

hGp://dimes.ucsd.edu/	
  



Patchy	
  eddy	
  mixing	
  paWerns	
   in	
   the	
  Southern	
  Ocean	
   from	
  a	
  global	
  
eddying	
  model	
  

Cross-­‐stream	
  	
  (mean	
  flow)	
  diffusiviAes	
  

300m	
  	
   800m	
  	
   1500m	
  	
  

Griesel	
  et	
  al.	
  (2006)	
  	
  

Float-­‐based	
  mixing	
  esAmates:	
  numerical	
  models	
  



Pure	
  diffusion	
  case:	
  par,cles	
  evolu,on	
  with	
  ,me	
  through	
  random	
  walk	
  (molecular	
  
diffusion).	
  

	
  Course	
  12.820	
  at	
  MIT	
  

 =
1

2
d < x

2
> /dt

Diffusivity:	
  half	
  of	
  the	
  disperse	
  rate	
  

EsAmate	
  eddy	
  diffusivity	
  from	
  Lagrangian	
  parAcles	
  



Effect	
  of	
  large-­‐scale	
  mean	
  flow	
  on	
  mixing	
  	
  

hAp://www.seos-­‐project.eu	
  



advected	
  by	
  mean	
  flow	
  U	
  

tracer	
  	
  

When	
  Cw=U,	
  elevated	
  mixing	
  occurs.	
  	
  

Cw
U(z)

depth	
   	
  criAcal	
  layer	
  
depth	
  	
  [Cw=U(z)]	
  

eddy	
  	
   eddy	
  phase	
  speed	
  Cw	
  
	
  

	
  	
  	
  	
  	
  Mixing	
  in	
  the	
  mean	
  flow:	
  Cri,cal	
  layer	
  



	
  
(e.g.	
  Green,	
  1970;	
  	
  Ferrari	
  and	
  Nikurashin,	
  2010)	
  
	
  	
  

Courtesy	
  of	
  MaG	
  Mazloff	
  	
  

Both	
  eddy	
  proper,es	
  and	
  mean	
  flow	
  
control	
  mixing!	
  

	
  	
  	
  	
  	
  Mixing	
  in	
  the	
  mean	
  flow:	
  Theory	
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DIMES	
  field	
  experiment	
  	
  

Bates	
  et	
  al.	
  (2014)	
  

observed	
  

single-­‐wave	
  
theory	
  

eddy	
  diffusiviAes	
  	
  

hAp://dimes.ucsd.edu/en/	
  

Does	
  not	
  
work!	
  

	
  	
  	
  	
  	
  Efforts	
  tes,ng	
  the	
  theory:	
  Observa,ons	
  



•  (1)	
  single	
  wavenumber	
  and	
  phase	
  speed	
  	
  
•  (2)	
  constant	
  mean	
  flow	
  
•  (3)	
  linear	
  system	
  	
  

	
  	
  	
  	
  	
  Problem	
  of	
  the	
  mixing	
  theory	
  



	
  	
  	
  	
  	
  Our	
  hypothesis:	
  Mul,-­‐waves	
  maGer!	
  
Spectrum	
  of	
  observed	
  sea	
  surface	
  height	
  (30oN,	
  170oW)	
  

	
  	
  Wortham	
  (2012)	
  
zonal	
  wavenumber	
  	
  

meridional	
  	
  
wavenumber	
  	
  

frequency	
  



Normalized	
  spectrum	
  of	
  sea	
  surface	
  height	
  	
  
Southern	
  Ocean	
  	
   Western	
  boundary	
  current	
  	
   Mid-­‐ocean	
  	
  

Neither	
  single	
  wavenumber	
  nor	
  single	
  phase	
  speed.	
  	
  

	
  	
  	
  	
  	
  Our	
  hypothesis:	
  Mul,-­‐waves	
  maGer!	
  



Our	
  goal	
  

1.  Provide	
  float-­‐based	
  cross-­‐jet	
  mixing	
  at	
  high	
  spa,al	
  resolu,on.	
  
2.	
  	
  	
  Develop	
  a	
  mixing	
  theory	
  with	
  mul,-­‐wavenumbers	
  and	
  test	
  its	
  
validity.	
  	
  

Barotropic	
  streamfuncAon	
   	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Surface	
  eddy	
  kineAc	
  energy	
  	
  

	
  Wunsch	
  (2011)	
   	
  Ferrari	
  and	
  Wunsch	
  (2009)	
  



Pure	
  diffusion	
  case:	
  par,cles	
  evolu,on	
  with	
  ,me	
  through	
  random	
  walk	
  (molecular	
  
diffusion).	
  

	
  Course	
  12.820	
  at	
  MIT	
  

 =
1

2
d < x

2
> /dt

Diffusivity:	
  half	
  of	
  the	
  disperse	
  rate	
  

Tool:	
  	
  Lagrangian	
  parAcles	
  



D e r i
vatio
n  
f rom 
b o t h 
float- 
a n d 
trace
r -
persp
ectiv
es is 
avail
a b l e 
i n 
Chen 
et al. 
( 2 0 1
4). 

Parallel	
  Ocean	
  Program	
  model	
  with	
  floats	
  (Griesel	
  et	
  al.	
  2014)	
  
•  Global	
  eddying	
  (0.1deg)	
  ocean	
  model	
  with	
  42	
  levels	
  
•  One	
  million	
  floats	
  evenly	
  deployed	
  globally	
  in	
  1994	
  and	
  advected	
  by	
  velocity	
  fields	
  	
  

Study	
  domain:	
  
DIMES	
  region	
  	
  

Examples	
  of	
  	
  
float	
  trajectories	
  
	
  

Floats	
  deployed	
  	
  
globally	
  at	
  23	
  verAcal	
  levels	
  	
  	
  

	
  	
  	
  	
  	
  Tool:	
  High	
  resolu,on	
  model	
  with	
  floats	
  



bin	
  
float	
  trajectories	
  	
  

CalculaAon	
  method	
  
Average	
  autocorrela,on	
  of	
   residual	
  float	
   veloci,es	
  over	
  all	
   tracks	
   in	
  
the	
  defined	
  bin	
  	
  (Davis	
  1991).	
  

How	
  to	
  divide	
  the	
  study	
  domain	
  into	
  bins?	
  

Es,ma,ng	
  diffusivity	
  from	
  floats	
  



Geographic	
  bins	
   AdapAve	
  bins	
  
	
  

Koszalka	
  and	
  	
  LaCasce	
  (2010)	
  

Es,ma,ng	
  diffusivity	
  from	
  floats	
  

 

 
(a) distribution of adaptive bins at 400−600m
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Spa,al	
  paGerns	
  of	
  mixing:	
  Drake	
  Passage	
  
103m2/s	
  400-­‐600m	
  

900-­‐1400m	
  



Spa,al	
  paGerns	
  of	
  mixing:	
  Kuroshio	
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Nega,ve	
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Enhanced	
  mixing	
  at	
  topography	
  

Analogous	
  to	
  the	
  Southern	
  Ocean	
  in	
  many	
  aspects	
  



Single-­‐wavenumber	
  theory	
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Single-­‐wavenumber	
  theory	
  works	
  poorly	
  at	
  
topography	
  

	
  
(e.g.	
  Green,	
  1970;	
  	
  Ferrari	
  and	
  Nikurashin,	
  2010)	
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  works	
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  at	
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CorrelaAon	
  between	
  float-­‐based	
  mixing	
  lengths	
  and	
  single-­‐wavenumber	
  theory	
  	
  



D e r i
vatio
n  
f rom 
b o t h 
float- 
a n d 
trace
r -
persp
ectiv
es is 
avail
a b l e 
i n 
Chen 
et al. 
( 2 0 1
4). 

DerivaSon	
  available	
  in	
  Chen	
  et	
  al.	
  (2015).	
  

In	
  the	
  single-­‐wave	
  limit,	
  single-­‐wave	
  and	
  mul,-­‐wave	
  theories	
  are	
  
equivalent!	
  

	
  	
  Mul,-­‐wavenumber	
  theory	
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! = Uk0

	
  	
  	
  	
  	
  Es,mate	
  diffusivity	
  from	
  mul,-­‐wavenumber	
  	
  theory	
  
(c)                                                                                                        
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correlaAon	
  of	
  horizontal	
  structures	
  

1900-­‐2400m	
  

0.4	
  

0	
  

	
  	
  	
  	
  	
  Tes,ng	
  the	
  theory:	
  Mixing	
  lengths	
  



correlaAon	
  of	
  verAcal	
  structures	
  

(a)	
  floats	
  vs.	
  mul,-­‐wavenumber	
  theory	
  	
  	
  

(b)	
  floats	
  vs.	
  single-­‐wavenumber	
  theory	
  	
  

91%	
  

55%	
  

K	
  varies	
  with	
  z!	
  	
  

Hatched:	
  nega,ve	
  correla,on.	
  
Non-­‐hatched:	
  posi,ve	
  correla,on.	
  

mean	
  flow	
  vs.	
  eddies	
  	
  

Tes,ng	
  the	
  theory:	
  Diffusivi,es	
  

ACC	
  	
  boundary	
  



(1)  To	
  include	
  the	
  contribu,on	
  of	
  the	
  en,re	
  eddy	
  spectrum	
  to	
  mixing,	
  
we	
  formulated	
  and	
  tested	
  a	
  mulA-­‐wavenumber	
  theory.	
  

	
  	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
(2)	
  Details	
  are	
  available	
  at	
  	
  
a.  Chen	
  et	
  al.,	
  2014:	
  "Isopycnal	
  eddy	
  diffusivi,es	
  and	
  cri,cal	
  layers	
  in	
  the	
  Kuroshio	
  

Extension	
  from	
  an	
  eddying	
  ocean	
  model."	
  JPO.	
  
b.  Chen	
  et	
  al.,	
  2015	
  "A	
  mul,-­‐wavenumber	
  theory	
  for	
  eddy	
  diffusivi,es	
  and	
  its	
  applica,on	
  to	
  

the	
  southeast	
  Pacific	
  (DIMES)	
  region."	
  JPO.	
  

	
  
	
  
	
  
	
  

Single-­‐wavenumber	
  theory	
  	
   MulA-­‐wavenumber	
  theory	
  	
  

Breaks	
  down	
  in	
  topographic	
  regions	
  	
  
In	
  the	
  Kuroshio	
  Extension	
  and	
  	
  
at	
  the	
  spot	
  of	
  the	
  DIMES	
  experiment	
  

DIMES	
  region	
  from	
  the	
  Southern	
  Ocean	
  
a.   BeWer	
  represents	
  	
  both	
  horizontal	
  and	
  
	
  verAcal	
  structures	
  of	
  mixing	
  lengths.	
  	
  
b.   BeWer	
  represents	
  the	
  verAcal	
  structures	
  
	
  	
  of	
  eddy	
  diffusiviAes.	
  	
  
c.   Both	
  theories	
  capture	
  large-­‐scale	
  	
  
horizontal	
  structure	
  of	
  eddy	
  diffusiviAes.	
  	
  	
  
	
  
	
  

equivalent	
  in	
  the	
  single-­‐
wavenumber	
  limit	
  	
  

	
  	
  	
  	
  	
  Summary	
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