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Applica-on	  of	  data	  mining	  algorithms	  and	  complex	  
network	  analysis	  on	  climate	  data	  for	  
	  

•  Insights:	  allows	  for	  looking	  into	  local	  and	  non-‐local	  interac7ons	  in	  
climate	  solving	  some	  of	  the	  EOF	  issues	  

	  
•  Useful	  tools	  for	  model	  intercomparison	  
	  
•  It	  can	  be	  used	  in	  climate	  aMribu7on	  studies	  

•  And	  many	  others!	  

Climate	  Networks	  -‐	  Mo7va7ons	  



Two	  steps	  process	  	  

1)	  Dimensionality	  reduc-on	  
	  
Iden7fica7on	  of	  the	  func7onal	  
components	  	  	  (domains)	  of	  a	  spa7o-‐
temporal	  system	  
	  
• 	  Spa7ally	  con7guous	  regions	  
	  	  
• 	  Possibly	  overlapping	  

	  	  
• 	  Homogeneous	  to	  the	  underlying	  	  	  	  	  
variable	  

(t)	  

δ-MAPS	  



δ-MAPS	  



Func7onal	  components	  
•  Major	  task:	  iden7fica7on	  of	  the	  dis7nct	  

components	  of	  the	  system	  and	  the	  connec7on	  
between	  them	  

•  Func7onal	  components	  (domains):	  
1)  Spa7ally	  con7guous	  
2)  Func7onally	  homogeneous	  (the	  grid	  cells	  

inside	  a	  domain	  par7cipate	  in	  the	  same	  
dynamic	  effect)	  

3)  Possible	  overlap	  
4)  Weighted	  and	  lagged	  interac7on	  



Method:	  Nota7on	  

•  Spa7o	  Temporal	  field	  X(t)	  

•  K-‐neighborhood	   Γ↓# (&)	  of	  a	  grid	  cell	  i	  	  
•  K	  nearest	  cells	  to	  i	  (including	  i)	  

•  Local	  homogeneity	  of	  a	  grid	  cell	  i	  

•  Homogeneity	  of	  a	  domain	  	  

Where:
)↓&,* 	  :	  Pearson	  Correla7on	  between	  &	  and	  *	  

	  

ΓK(i)	  

ri,j	  =	  Pearson	  correla7on	  between	  i	  and	  j	  



Method:	  Problem	  Statement	  
Domain	  core	  (epicenter,	  c):	  Grid	  cell	  at	  which	  the	  local	  homogeneity	  
is	  
•  a	  local	  maximum	  
•  greater	  than	  	  δ

Given an epicenter of action c; given a homogeneity threshold δ:
Domain A is made of grid cells that are spatially contiguous with 
r(A) > δ

The exact boundaries of a domain are unknown a priori; Domain 
identification problem. Given a field X, a core cell c and a threshold δ, 
A is the maximum sized set of cells that satisfies r(A) > δ


‘Greedy’ algorithm (that makes the locally optimal choice at each 
stage with the hope of finding a global optimum) in two steps:
•  Identify all seeds or cores c
•  Iteratively expand and merge seeds to identify domains


	  



Method:	  Domain	  Iden7fica7on	  

•  Input:	  set	  of	  seeds	  

•  Itera7ve	  process:	  merging	  and	  expansion	  



Method:	  Domain	  Iden7fica7on	  

•  Merging:	  
•  Two	  domains	  can	  be	  merged	  if	  

•  Spa7ally	  adjacent	  
•  	   ) (+∪,)>  /	  

•  Merge	  first	  the	  two	  domains	  with	  max	   ) (+∪,)	  
•  Terminate	  when	  no	  merging	  is	  possible	  	  



Method:	  Domain	  Iden7fica7on	  



Method:	  Domain	  Iden7fica7on	  

•  Expansion:	  
•  Domains	  are	  sorted	  by	  homogeneity	  
•  Expand	  by	  considering	  all	  adjacent	  cells	  
•  Expand	  by	  adding	  grid	  cell	  with	  max	  ) (+∪{&})	  
•  A`er	  each	  expansion	  check	  if	  merging	  is	  possible	  	  
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Method:	  Domain	  Iden7fica7on	  

•  Termina7on:	  
•  NO	  FURTHER	  MERGING	  OR	  EXPANSION	  IS	  POSSIBLE	  



Method:	  Network	  Inference	  

• Domain	  signal:	  

•  Func7onal	  components	  might	  be	  correlated	  at	  a	  
non	  zero	  lag	  
•  For	  each	  pair	  of	  domains	  A,B	  compute	  Pearson	  correla7on	  for	  a	  
range	  of	  lags	  

	  [	  − 0↓123 	  ≤4≤ 0↓123 	  ]	  

•  Sta7s7cal	  significance:	  uncorrelated	  signals	  can	  produce	  
spurious	  correla7ons	  if	  they	  have	  a	  strong	  autocorrela7on	  
structure.	  

BARTLETT’S	  FORMULA	  

	  	  	  	  	  	  	  	  	  	  	  	  	  [	  -‐τmax	  ≤	  t	  ≤	  τmax	  ]	  

to	  test	  significance	  



Method:	  Lag	  Inference	  

• Domains	  are	  connected	  if	  there	  exists	  at	  least	  one	  significant	  
correla7on	  
• Appropriate	  lag?	  
•  Range	  of	  lags	  at	  which	  the	  correla7on	  is	  significant	  
•  Located	  within	  one	  standard	  devia7on	  from	  the	  max	  absolute	  
correla7on	  
•  Catalog	  edges	  as	  undirected	  or	  direct	  (+	  or	  -‐)	  depending	  on	  lags	  	  



•  One	  more	  step:	  WEIGHTING	  THE	  LINKS	  	  

•  Edge	  Weight:	  	  

•  where	  
–  	  :	  maximum	  correla7on	  in	  absolute	  sense	  

•  Edge	  weight	  capture	  the	  magnitude	  of	  the	  signal	  of	  the	  two	  
domains	  

•  Weights	  can	  be	  posi7ve	  or	  nega7ve	  

•  FINAL	  NETWORK:	  weighted	  and	  lagged	  network	  

Method:	  Lag	  Inference	  

r*	  AB	  



δ-MAPS	  



Domains	  as	  proxy	  for	  climate	  modes	  



Reanalyses:	  strength	  maps	  	  

Period	  considered:	  1971-‐2015	  



Reanalyses:	  Networks	  



CESM-‐LE:	  strength	  maps	  	  
Period	  considered:	  1971-‐2015	  



CESM2	  

CESM6	  

CESM-‐LE:	  networks	  
Period	  considered:	  1971-‐2015	  

•  Modeled	  (an--‐)	  correla-ons	  too	  strong	  
•  South	  Tropical	  Atlan-c	  lead	  on	  ENSO	  
	  	  	  	  	  never	  captured	  	  
•  Structure	  of	  the	  network	  generally	  well	  	  
	  	  	  	  	  iden-fied	  

CESM5	  

HadISST	  



Network	  Structure	  

•  NetCorr:	  Correla-on	  between	  different	  network	  structure	  (correla-on	  	  
	  	  	  	  	  between	  two	  adjacency	  matrix)	  
•  Network	  structure	  (teleconnec-ons)	  captured	  well	  by	  many	  members	  	  
	  	  	  	  	  (despite	  flaws	  in	  Tropical	  Atlan-c	  areas)	  

Ground	  Truth:	  HadISST	  



E	  strength	  

Given	  all	  the	  weights	  wi	  associated	  with	  a	  domain	  A	  



E	  strength	  in	  7me	  
•  Networks	  are	  calculated	  every	  3	  years	  over	  45	  year	  intervals	  
•  First	  period:	  1920-‐1964	  	  
•  Last	  period:	  1971-‐2015	  



The	  Atlan-c	  problem	  



The	  Atlan-c	  problem	  





Clouds,	  Ice	  frac7on,	  MERRA-‐2	  data	  



In	  CESM	  





(2.5S	  –	  2.5N,	  20W–0)	  



Confirmed	  in	  precipita7on	  power	  spectra	  
from	  He	  et	  al.,	  2017	  



Chiang	  and	  Sobel,	  2002	  

Overes7ma7on	  of	  thermodynamic	  
response	  to	  ENSO	  
	  



•  This	  teleconnec7on	  is	  fragile	  (Chang	  et	  al.,2006).	  There	  are	  
two	  Niños	  in	  different	  basins	  (the	  usual	  Eastern	  Pacific	  and	  
the	  one	  in	  the	  Atlan7c)	  and	  they	  are	  both	  influencing	  each	  
others.	  	  

•  These	  two	  modes	  can	  have	  a	  "destruc7ve"	  (or	  "construc7ve")	  
interference	  (in	  CESM	  always	  canceling	  each	  other).	  

•  A	  key	  ingredient	  to	  simulate	  well	  the	  Atlan7c	  variability	  is	  to	  
be	  able	  to	  reproduce	  the	  ocean-‐atmosphere	  dynamics	  (waves	  
teleconnec7ons	  for	  the	  atmospheric	  part;	  issues	  with	  EBUS	  
bias).	  

•  For	  CESM	  the	  thermodynamic	  influence	  of	  ENSO	  is	  
overes7mated:	  the	  thermodynamics	  response	  to	  El	  Niño	  
events	  dominates	  over	  the	  ocean-‐atmosphere	  dynamical	  
feedback	  	  	  	  	  	  	  	  	  	  	  	  also	  explains	  strong	  correla7on	  between	  the	  
ENSO	  domain	  and	  the	  North	  Tropical	  Atlan7c	  (for	  which	  the	  
tropospheric	  hea7ng	  mechanism	  is	  the	  key	  mechanism)	  	  

The	  Atlan-c	  problem:	  par-al	  conclusions	  


