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Duality	  of	  Nature	  

•  Field	  (wave)	  view	  –	  Eulerian	  
•  ParZcle	  view	  –	  Lagrangian	  
•  But	  Euler	  responsible	  for	  both	  



Euler	  –	  Lagrange	  in	  Fluid	  Mechanics	  

Batchelor:	  “The	  Lagrangian	  type	  of	  specificaZon	  
is	  useful	  in	  certain	  special	  contexts,	  but	  leads	  to	  
rather	  cumbersome	  analyses	  and	  in	  general	  is	  at	  
a	  disadvantage	  in	  not	  giving	  directly	  the	  spaZal	  
gradients	  of	  velocity.	  We	  shall	  not	  need	  to	  use	  it	  
in	  any	  systemaZc	  way…”	  
Lamb:	  12	  chapters,	  730	  pages,	  385	  secZons.	  2	  
secZons	  over	  3	  pages	  discuss	  Lagrangian	  fluid	  
mechanics.	  



Euler	  –	  Lagrange	  in	  Fluid	  Mechanics	  

Pedlosky:	  Assumes	  Eulerian	  descripZon	  at	  outset.	  
Gives	  Ertel/Rossby	  theorems	  in	  Lagrangian	  form,	  
but	  makes	  no	  fundamental	  use	  of	  formalism.	  
Gill:	  Oblique	  references	  to	  Lagrangian	  descripZon	  
on	  pages	  64	  &	  98.	  
Kundu	  &	  Cohen:	  “Classical	  mechanics	  has	  two	  
alternate	  descripZons…	  Most	  of	  this	  book	  is	  wrioen	  
in	  the	  field	  descripZon	  but	  it	  is	  frequently	  useful	  to	  
express	  a	  parZcle	  derivaZve	  in	  the	  field	  
descripZon.”	  



History	  Lessons	  

•  Fluid	  Mechanics	  wrioen	  by	  “Eulerian	  bigots”	  –	  
M.	  Toner	  

•  Meteorology	  –	  Parcel	  methods	  pushed	  in	  
early	  days	  of	  numerical	  weather	  predicZon,	  
but	  most	  of	  user	  community	  wants	  to	  know	  if	  
it	  will	  rain	  on	  their	  parade.	  

•  Oceanography	  –	  Most	  of	  user	  community	  
wants	  to	  know	  where	  did	  crap	  come	  from	  and	  
where	  is	  it	  going	  



Time	  Line	  for	  Lagrangian	  
Oceanography	  

•  PreCambrian	  (1872-‐1927)	  –	  Began	  with	  
Challenger	  ExpediZon,	  ended	  with	  Meteor	  
ExpediZon	  

•  Paleozoic	  (1927	  –	  1973)	  –	  Ended	  with	  IDOE	  
meteor	  	  

•  Mesozoic	  (1973	  –	  1993)	  –	  Ended	  with	  arrival	  of	  
ETs	  at	  	  Liole	  Compton	  MeeZng	  

•  Cenozoic	  (1993	  –	  2010)	  Ended	  with	  Deepwater	  
Horizon	  meteor	  

•  Post	  Deepwater	  Horizon	  –	  Name?	  



PreCambrian	  	  

•  Era	  of	  grand	  “expediZons”	  
•  Constancy	  of	  ComposiZon	  &	  definiZon	  of	  
salinity	  in	  terms	  of	  Cl	  equivalents	  



Paleozoic	  
Eulerian	  

•  Mainstream	  Oceanography	  was	  Eulerian	  –	  streamlines	  are	  
trajectories	  –	  Geostrophy	  rules	  

•  Emergence	  of	  classical	  turbulence	  theory	  
Lagrangian	  

•  Difficulty	  reconciling	  parZcle	  staZsZcs	  with	  concentraZon	  
measurements	  

•  L.	  F.	  Richardson	  –	  Neighbor	  Diffusion	  –	  1929	  
•  Richardson	  &	  Stommel	  (J.	  Met	  1949)	  ObservaZons	  of	  

parsnip	  pairs	  “confirm”	  1.4	  or	  4/3	  law	  in	  atmosphere	  &	  
ocean.	  	  

•  John	  Swallow	  and	  his	  floats	  



The	  Oceans	  
Sverdrup,	  Fleming,	  
and	  Johnson	  -‐	  1942	  



Ocean 3D + 1 Template	




Mesozoic	  Era:	  POLYMODE	  to	  Liole	  
Compton	  

Meteor:	  InternaZonal	  Decade	  of	  Ocean	  
ExploraZon	  

1968	  State	  of	  Union:	  “I	  have	  instructed	  the	  
Secretary	  of	  State	  to	  consult	  with	  the	  other	  
naZons	  on	  the	  steps	  that	  could	  be	  taken	  to	  
launch	  an	  historic	  and	  unprecedented	  
adventure	  –	  an	  InternaZonal	  Decade	  of	  Ocean	  
ExploraZon	  for	  the	  1970’s.”	  
	  



MODE/POLYMODE	  Circa	  1975	  

MODE/POLYMODE	  -‐	  EssenZally	  Eulerian	  
Experiments	  with	  a	  goal	  of	  benchmarking	  

numerical	  models	  
•  	  	  High	  failure	  rate	  of	  moorings	  
•  Mesoscale	  variability	  obviated	  much	  of	  

hydrography	  
•  But	  Rossby	  SOFAR	  floats	  saved	  the	  day!	  



SOFAR	  FLOAT	  
700	  -‐	  2000	  m	  



McWilliams	  StreamfuncZon	  Maps	  

JPO	  810	  -‐	  827,	  1976	  
JPO	  828	  -‐	  846,	  1976	  



Anomaly	  Dynamics	  Study	  -‐	  North	  
Pacific	  Circa	  1975	  
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Fig. 1. Trajectories of 16 satellite-tracked drifting buoys deployed from 1976 through 1980 during various 
experiments. Open circles indicate the deployment locations, solid circles indicate the first day of each month, and 
triangles indicate the last reported locations. The large stippled arrows show the directions of the trajectories. See Table 
1 for detailed information. 

Equatorial Countercurrent. As a consequence of research 
objectives, experimental designs, and the zonal nature of the 
flows, redundancy is present in the drifter data on the gyre 
scale. Because of this redundancy, only five drifters are 
discussed from the mid-latitudes and three from the tropical 
programs. A description of the complete ADS drifter data 
can be found in works by Kirwan et al. [ 1978a] and McNally 
[1981]. The tropical drifter data was most recently acquired 
by using the ARGOS system and is currently being analyzed 
[Patzert and McNally, 1981]. However, preliminary results 
have shown that one of the most striking features of these 
data is the nondispersive nature of drifter clusters in the 
North Equatorial Current and North Equatorial Countercur- 
rent during months of drift over thousands of kilometers 
[Wyrtki et al., 1981]. Because of this behavior, the tropical 
drifters used in this paper are judged as representative. Only 
eight drifters were deployed in the eastern and western 
boundaries of the gyre, and all are used. 

2. DRIFTER TRAJECTORIES 

A composite of the 16 selected drifter trajectories in 
Figure 1 provides a large-scale description of the near- 
surface flow of the North Pacific Ocean. Table 1 lists the 
location, time of deployment, and last report for each of the 
drifters shown in Figure 1. The characteristics of the surface 
currents vary considerably from region to region. A general 
discussion of each individual current follows, beginning off 
the coast of Japan and proceeding around the gyre clock- 
wise, the direction of the large-scale flow: 

The Kuroshio. Four' drifters (A, B, C, D) were deployed 
across the main axis of the Kuroshio at approximately 30øN, 

132øE during February 1977. Their trajectories trace the 
Kuroshio along the southern Japanese coast. The Kuroshio 
was in its well-known meander configuration [Taft, 1972], 
and the drifters reproduce this feature (Figures 1 and 2). 
Three drifters pass over the lzu Ridge through the Izu 
Islands and enter the region of the Kuroshio Extension east 
of the Japanese Islands. Drifter B meanders south along the 
western side of the Izu Ridge to 30 ø 30'N, turns east, and 
proceeds into the western North Pacific well south of the 
other three drifters. 

Kuroshio Extension (140øE to 170øE). After crossing the 
Izu Ridge, drifters A, B, C, and D enter a region where the 
flow is characterized by Kuroshio recirculations, intense 
mesoscale eddies, and the confluence and exchange of water 
involving the Kuroshio Extension and the Oyashio Current 
known as the Tohoku Area [Kawai, 1972; Bernstein, 1982; 
Schmitz et al., 1982]. The drifter trajectories indicate the 
complex nature of the flow. A portion of the Kuroshio 
recirculation is shown by drifter A, which travels south and 
west and eventually grounds on the Phillipine island of 
Samar (11ø38'N, 125ø29'E). Drifters C and D spend 8 months 
in this region, exiting at 40øN, 170øE. During this time their 
trajectories reveal recirculations immediately south of the 
Kuroshio Extension, meanders, and large eddy features with 
diameters of 400-500 km. Drifters C and D enter the region 
at approximately the same time and place. Within 90 days 
they are separated by 1200 km owing to recirculation by D 
and, yet, exit the region at 170øE at the same latitude and 
cross 180 ø within 15 days of each other with a meridional 
separation of 120 km. Drifter B demonstrates the interaction 
between the Kuroshio and Oyashio currents. At 155øE, 





Mesozoic	  Era:	  POLYMODE	  To	  Liole	  
Compton	  1993	  –	  Rise	  of	  the	  Mesoscale	  

Eulerian	  
•  Experimental	  -‐	  Extensive	  mooring	  programs	  
•  Rise	  of	  numerical	  models	  

Lagrangian	  
•  Focus	  on	  mean	  and	  mesoscale	  currents,	  dispersion,	  
simple	  process	  models	  

•  Okubo	  criterion	  DSR	  1970,	  1976	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
•  Experimental	  

–  Subsurface	  “floats”	  tracked	  acousZcally.	  	  
–  Surface	  “driters”	  tracked	  by	  satellite	  
–  Satellite	  remote	  sensing	  



Aref,	  1984,	  JFM	  



Cenozoic	  Era	  1993	  -‐	  2010	  

•  Starts	  with	  ONR	  sponsored	  meeZng	  in	  Liole	  
Compton	  RI	  –	  brought	  together	  DST	  theorists	  
and	  oceanographers	  

•  RecogniZon	  of	  large	  Lagrangian	  user	  
community	  in	  oceanography	  

•  Rapid	  development	  of	  GPS	  technology	  &	  
compuZng	  power	  

•  Emergence	  of	  Lagrangian	  data	  assimilaZon	  

	  



Lagrangian Coherent Structures"
Defined by Haller (2000) in terms of FTLE"

Other LCS characterizations"

"

"

"

"
"

Most GFD studies restricted to 2D velocities"

Theory applies to Rn"

FSLE	   Joseph	  &	  Legras	  (2002)	  

Minimal	  Trajectories	   Mancho	  &	  Mendoza	  (2010)	  

Mesohyperbolicity	   Mezic	  et	  al	  (2010)	  

Complexity	   Rypina	  et	  al	  (2011)	  

Geodesics	   Haller	  &	  Boron-‐Vera	  (2012)	  

Koopman	  Operator	   Mezic	  (2012)	  



Are LCS important in GFD?"
MODE/POLYMODE (circa 1975):  Mesoscale eddies transport heat, 
salinity, and momentum.  Yet…..!

– How do eddies form?"
– How many eddies are there?"
– How do eddies exchange heat, etc. with environment?"

Since MODE/POLYMODE"
– Growing Lagrangian user community"
– Dramatic increase in computing power and submesoscale data"
– Dramatic oil spills, i.e. Deepwater Horizon"

Little Compton meeting:  DST methods applied to 2D mesoscale 
transport"

To date:  Kinematic descriptions"



Cenozoic	  Era	  1993	  -‐2010	  –	  Rise	  of	  
Lagrangian	  Experiments	  &	  Lagrangian	  

Data	  AssimilaZon	  

•  SCULP–	  750	  driters	  released	  1993	  –	  1998	  in	  
Northern	  GoM	  

•  ALACE	  and	  SOLO	  floats	  in	  North	  AtlanZc	  
•  Basin	  &	  Global	  synthesis	  
•  LIDEX,	  MREA,	  &	  REP	  in	  Med	  















JGR	  2003	  



Griffa	  et	  al,	  GRL,	  2008	  



Griffa	  	  



Griffa	  



Hypothesis-I: energetic and slowly-evolving turbulent features in control, !
data-assimilating OGCMs adequate for good predictions!
!
Hypothesis-II: rapidly-evolving small scales dictate relative dispersion at 
submesoscales, parameterizations of submesoscale processes needed in OGCMs !
!

δ	  

2δ	  

FSLE=1/τ	  

A Scale-Dependent Lagrangian Measure of Ocean Transport!

~100 m! ~10 km!

??!

Targeted sampling!
needed for submesoscales ! Image credit: !

Özgökmen & Poje!



2010	  -‐	  Deepwater	  Horizon	  Meteor	  



Post	  DeepWater	  Horizon	  Era	  –	  What	  
has	  been	  achieved?	  



Grand Lagrangian Deployment (GLAD) in the GoM 

Designed based on LES and NRL/OGCM studies: 317 drifters with 100 m to 10 km spacings,  
5-15 mins position transmission, 5 m position accuracy, > 2 months tracking,  

largest ever synoptic drifter deployment (GoMRI supported) 

Image credit: !
Özgökmen & Ryan!



What Does GLAD Show: Hypothesis-I or Hypothesis-II? 
 	  

Richardson scaling from 100 m to 20 km; submesoscales affect transport!!
(similar to results from Ligurian Sea experiments)!
!
Parameterizations by Haza et al. (2012) can be applied to fix the dispersion deficit in !
OGCMs now that the truth is known (work in progress).!

HYCOM/NCOM: Hypo-I!

GPS noise!

Image credit: Haza!





Ocean	  3D	  +1	  Mixing	  Boundaries	  

5	  June	  2010	   10	  June	  2010	  25	  Kilometers	  	  	  



Saddle	  Point	  

StagnaZon	  Point	  

Note	  
Temperature	  
Saddle	  Point	  
diagnoses	  

criZcal	  region	  



The	  New	  Era	  	  
•  IDOE	  	  	  	  	  	  	  	  GoMRI,	  POLYMODE	  	  	  	  	  	  	  	  	  CARTHE	  
•  Trends	  

– ConZnued	  growth	  of	  Lagrangian	  user	  community	  
– 3D	  +1	  Ocean	  
– Focused	  “Lagrangian”	  experiments	  coupled	  with	  
model	  developments	  –	  a	  la	  GLAD	  

– Submesoscale	  –	  the	  new	  fronZer	  
– Lagrangian	  data	  assimilaZon	  	  

•  PredicZon	  
– Turbulence	  from	  Lagrangian	  View	  
– The	  last	  kilometer	  –	  ocean	  to	  land	  

PredicZon	  is	  hard,	  especially	  about	  the	  future	  –	  Y.	  Berra	  



Saddle	  Point	  

StagnaZon	  Point	  

50m	  

Note	  
Temperature	  
Saddle	  Point	  
diagnoses	  

criZcal	  region	  










