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Climate	
  model	
  evaluation	
  today: multiple	
  global	
  
earth	
  system	
  models	
  run	
  for	
  hundreds	
  of	
  years,	
  a	
  
move	
  towards	
  standardized	
  diagnostics	
  of	
  many	
  fields	
  
to	
  compare	
  to	
  multiple	
  observational	
  data	
  sets



Climate	
  model	
  evaluation	
  today: multiple	
  global	
  
earth	
  system	
  models	
  run	
  for	
  hundreds	
  of	
  years,	
  a	
  
move	
  towards	
  standardized	
  diagnostics	
  of	
  many	
  fields	
  
to	
  compare	
  to	
  multiple	
  observational	
  data	
  sets
But	
  it	
  wasn’t	
  always	
  this	
  way…



In	
  the	
  beginning,	
  there	
  was	
  the	
  “sector	
  coupled	
  ocean-­‐
atmosphere	
  GCM”	
  
(Manabe and	
  Bryan,	
  1969)

5° lat-­‐lon grid	
   in	
  atmosphere	
  and	
  
ocean,	
  9	
  level	
  atmosphere,	
   	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
5	
  ocean	
  levels

“Asynchronous	
  coupling”	
  
atmosphere	
  run	
   for	
  a	
  year,	
  ocean	
  
for	
  100	
  years	
  with	
  annual	
  mean	
  
solar	
  forcing;	
  models	
  
communicated	
  every	
  half	
  year	
  in	
  
atmosphere

Calculation	
  took	
  1200	
  hours	
  on	
  a	
  
UNIVAC	
  1108,	
  a	
  huge	
  
computational	
  effort	
  at	
  the	
  time



As	
  computer	
  power	
  increased,	
  global	
  coupled	
  climate	
  
models	
  emerged
(Manabe et	
  al.,	
  1975)

5° lat-­‐lon grid	
   in	
  atmosphere	
  and	
  
ocean,	
  9	
  level	
  atmosphere,	
   	
  	
  	
  	
  	
  	
  	
  	
  	
  
12	
  ocean	
  levels

“Asynchronous	
  coupling”	
  
atmosphere	
  run	
   for	
  ~one	
  year,	
  
ocean	
  for	
  272	
  years	
  with	
  annual	
  
mean	
  solar	
  forcing;	
   	
  models	
  
communicated	
  every	
  half	
  year	
  in	
  
atmosphere

Compared	
  to	
  a	
  “swamp”	
  ocean,	
  
notable	
  improvements	
   from	
  ocean	
  
dynamics

Poorly	
  
represented	
  Gulf	
  
Stream?

Little	
  east-­‐west	
  
SST	
  gradient	
  
across	
  the	
  
Pacific?

Southern	
  Ocean	
  
too	
  warm?

A few	
  errors	
  in	
  
the	
  simulation	
  
were	
  noted:



Limitations	
  of	
  computer	
  power	
  in	
  the	
  late-­‐1970s	
  necessitated	
  
“asynchronous	
  coupling	
  schemes”

GFDL

NCAR



Late-­‐1970s:	
  	
  Even	
  in	
  these	
  early	
  coarse-­‐grid	
  coupled	
  models,	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
now-­‐familiar	
  systematic	
  errors	
  were	
  present	
  
(2	
  member	
  multi-­‐model	
  data	
  set:	
  	
  computed	
  minus	
  observed	
  SST)

(the	
  first	
  NCAR	
  coupled	
  model:	
  	
  
Washington	
  et	
  al.,	
  1980;	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
5	
  degree	
  8L	
  atmosphere,	
  5	
  
degree	
  4L	
  ocean)

Poorly	
   represented	
  
Gulf	
  Stream

Western	
  equatorial	
  
Pacific	
  too	
  cold	
  
(eastern	
  Pacific	
  cold	
  
tongue	
  extends	
  too	
  far	
  
west)

Western	
  tropical	
  
Atlantic	
  too	
  cold

Southern	
   Ocean	
  too	
  
warm

Common	
  errors	
  in	
  both	
  models:

Too	
  warm	
  
in	
  west	
  
coast	
  
stratus	
  
regimes



In	
  the	
  1980s,	
  spectral	
  atmospheric	
  models	
  began	
  to	
  be	
  
used	
  in	
  coupled	
  models,	
  and	
  interesting	
  phenomena	
  
beyond	
  climatological	
  means	
  began	
  to	
  be	
  documented	
  in	
  
comparison	
  to	
  observations,	
  such	
  as	
  blocking

NCAR	
  R15	
  (4.5° x	
  7.5°)	
  	
  	
  	
  	
  	
  	
  	
  
9	
  level	
  coupled	
  model	
  
(Bates	
  and	
  Meehl,	
  1986)



Then	
  something	
  unexpected	
  happened—coarse-­‐grid	
  
coupled	
  models	
  in	
  the	
  late-­‐1980s	
  produced	
  something	
  
that	
  looked	
  like	
  the	
  Southern	
  Oscillation

OSU	
  model	
  (Sperber et	
  al.,	
  1987)	
   	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
   NCAR	
  model	
   (Meehl,	
  1990)

Model

Observed

Observed
SLP	
  time	
  
series

Model
SLP	
  time
series

Correlation	
  of	
  Darwin	
  SLP	
  with	
  all	
  other	
  	
  grid	
  points



El	
  Niño	
  events	
  were	
  being	
  spontaneously	
  generated	
  in	
  a	
  coarse-­‐grid	
  coupled	
  
model—that	
  wasn’t	
  supposed	
  to	
  happen	
  since	
  the	
  5	
  degree	
  ocean	
  model	
  could	
  
not	
  produce	
  internal	
  ocean	
  waves,	
  thus	
  no	
  delayed	
  action	
  oscillator,	
  the	
  accepted	
  
El	
  Niño	
  mechanism	
  at	
  that	
  time	
  
NCAR	
  model	
  (Meehl,	
  1990) Model	
  El	
  Niño	
  events	
  shifted	
  west	
  

compared	
  to	
  observations

Model	
  El	
  Niño	
  teleconnections	
  similar	
  to	
  observations,	
  but	
  shifted	
  west

L L

H HL L
L LH H



And	
  the	
  model	
  SST	
  anomalies	
  in	
  the	
  equatorial	
  Pacific	
  propagated	
  from	
  east	
  to	
  west,	
  
similar	
  to	
  a	
  composite	
  of	
  observed	
  events	
  (1957,	
  1965,	
  1972),	
  in	
  association	
  with	
  
westerly	
  wind	
  stress	
  anomalies	
  just	
  to	
  the	
  west	
  of	
  the	
  positive	
  SST	
  anomalies

NCAR	
  model	
   (Meehl,	
  1990)

Model	
  El	
  Niño

Observed	
  
composite

time



1995	
  IPCC	
  Second	
  
Assessment	
  Report	
  (SAR),	
  	
  
9	
  models,	
  pre-­‐CMIP,
R15	
  class	
  (4.5° latitude	
  x	
  
7.5° longitude)
Some	
  flux	
  corrected,	
  	
  
some	
  not—causes	
  
complications	
  	
  for	
  model	
  
evaluation Equatorial	
  

western	
  Pacific	
  
too	
  cold

Western	
  tropical	
  
Atlantic	
  too	
  cold

Southern	
   Ocean	
  
too	
  warm

Too	
  warm	
  
in	
  west	
  
coast	
  
stratus	
  
regimes



A	
  metric	
  from	
  the	
  SAR	
  1995:	
  	
  interannual standard	
  deviation	
  for	
  multi-­‐century	
  control	
  runs
Greater	
  over	
  continents,	
  less	
  over	
  tropical	
  	
  oceans,	
  low	
  amplitude	
  El	
  Niño
observed GFDL

MPI UKMO



IPCC	
  Third	
  Assessment	
  Report	
  (TAR)	
  2001;	
  	
  R15	
  (~5° resolution)	
  
to	
  T42	
  (~3° resolution);	
  ~20	
  models	
  (CMIP1,2);	
  	
  flux	
  corrected	
  
models	
  had	
  lower	
  amplitude	
  SST	
  errors,	
  but	
  non-­‐flux	
  corrected	
  
models	
  still	
  had	
  familiar	
  systematic	
  errors

Western	
  tropical	
  Pacific	
  too	
  cold	
  (eastern	
  
Pacific	
  cold	
  tongue	
  extends	
  too	
  far	
  west)	
  	
  

Southern	
  Ocean	
  too	
  warm
Flux-­‐corrected	
  models	
   	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  non-­‐flux-­‐corrected	
  models

Too	
  warm	
  in	
  west	
  coast	
  stratus	
  regimes



IPCC	
  TAR,	
  2001;	
  	
  R15-­‐T42	
  models	
  (CMIP1,2)	
  	
  

Precipitation	
  errors	
  (colored	
  shading)

Too	
  much	
  rainfall	
  too	
  far	
  
west	
  in	
  tropical	
  Indian	
  
Ocean

Double	
   ITCZ

Too	
  little	
  rainfall	
  in	
  
equatorial	
  western	
  
Atlantic



The	
  IPCC	
  TAR	
  (2001)	
  showed	
  a	
  new	
  way	
  of	
  
evaluating	
  a	
  climate	
  model:	
  	
  can	
  it	
  simulate	
  the	
  time	
  
series	
  of	
  20th century	
  temperature	
  by	
  including	
  
natural	
  and	
  anthropogenic	
  forcings?



1998:	
  	
  The	
  landmark	
  AGCI	
  session	
  on	
  extremes	
  emerged	
  
from	
  the	
  IPCC	
  Second	
  Assessment	
  Report	
  (1995)	
  where	
  it	
  
was	
  recognized	
  that	
  the	
  	
  impacts	
  community	
  wanted	
  to	
  
study	
  future	
  changes	
  in	
  weather	
  and	
  climate	
  extremes,	
  but	
  
there	
  was	
  little	
  research	
  being	
  done	
  on	
  this	
  topic	
  in	
  the	
  
physical	
  climate	
  science	
  community

It	
  was	
  decided	
  to	
  bring	
  together	
  climate	
  modelers,	
  	
  
observationalists,	
  and	
  impacts	
  researchers	
  in	
  an	
  AGCI	
  session	
  
to	
  chart	
  a	
  research	
  agenda	
  to	
  study	
  changes	
  in	
  weather	
  and	
  
climate	
  extremes	
  for	
  the	
  first	
  time



The	
  1998	
  session	
  produced	
  five	
  articles	
  in	
  
the	
  March	
  2000	
  issue	
  of	
  the	
  Bulletin	
  of	
  the	
  
American	
  Meteorological	
  Society…



…culminating	
  with	
  a	
  review	
  article	
  in	
  Science	
  (the	
  22	
  September	
  2000	
  issue)

These	
  papers	
  set	
  the	
  climate	
  science	
  and	
  impacts	
  community	
  on	
  a	
  course	
  of	
  
research	
  that	
  has	
  become	
  one	
  of	
  the	
  central	
  areas	
  of	
  study	
  with	
  respect	
  to	
  
understanding	
  past	
  and	
  future	
  extremes	
  that	
  has	
  been	
  featured	
  prominently	
  in	
  
every	
  subsequent	
  IPCC	
  assessment



Motivated	
  by	
  that	
  session,	
  new	
  papers	
  started	
  to	
  be	
  
published	
  with	
  analyses	
  of	
  various	
  types	
  of	
  extremes	
  
from	
  climate	
  models

For	
  example,	
  heat	
  waves…
(Meehl	
  and	
  Tebaldi,	
  2004;
PCM,	
  T42)



…and	
  frost	
  days:
(Meehl,	
  Tebaldi	
  and	
  Nychka,	
  2004;	
  PCM)



Surface	
  temperature	
  errors	
  similar	
  to	
  previous	
  generations

2007:	
  	
  IPCC	
  Fourth	
  Assessment	
  Report
23	
  CMIP3	
  models;	
  1° to	
  2° resolution

Western	
  tropical	
  Pacific	
  too	
  cold	
  (eastern	
  
Pacific	
  cold	
  tongue	
  extends	
  too	
  far	
  west)	
  	
  

Western	
  equatorial	
  
Atlantic	
  too	
  cold

Southern	
   Ocean	
  too	
  warm

Too	
  warm	
  in	
  west	
  coast	
  stratus	
  regimes



2007:	
  	
  IPCC	
  Fourth	
  Assessment	
  Report
23	
  CMIP3	
  models;	
  1° to	
  2° resolution

Too	
  much	
  rainfall	
  too	
  far	
  
west	
  in	
  tropical	
  Indian	
  
Ocean

Double	
   ITCZ

Too	
  little	
  rainfall	
  in	
  
western	
  equatorial	
  
Atlantic



IPCC	
  AR4	
  2007
23	
  CMIP5	
  models

In	
  the	
  AR4	
  there	
  was	
  a	
  multi-­‐model	
  ensemble	
  of	
  20th
century	
  simulations	
  to	
  compare	
  to	
  observations



“…the	
  models	
  	
  have	
  variance	
  at	
  global	
  scales	
  that	
  is	
  consistent	
  with	
  the	
  observed	
  variance	
  
at	
  the	
  5%	
  significance	
   level	
  on	
  the	
  decadal	
  to	
  inter-­‐decadal	
  time	
  scales”

IPCC	
  AR4	
  2007:	
  	
  14	
  CMIP3	
  models	
  with	
  multi-­‐century	
  pre-­‐industrial	
  
control	
  runs	
  to	
  evaluate	
  interannual to	
  century	
  timescale	
  variability



The	
  concept	
  of	
  “emergent	
  constraints”	
  was	
  assessed	
  in	
  
the	
  IPCC	
  AR4
(from	
  Hall	
  and	
  Qu,	
  2006),	
  a	
  new	
  way	
  to	
  evaluate	
  
climate	
  model	
  simulations	
  compared	
  to	
  observations	
  
with	
  implications	
  for	
  feedbacks	
  in	
  the	
  system

Seasonal	
  cycle	
  of	
  snow	
  
albedo	
  in	
  observations	
  is	
  
a	
  good	
  proxy	
  for	
  snow-­‐
albedo	
  feedback	
  (SAF)



IPCC	
  AR5,	
  2013
1	
  degree	
  class	
  coupled	
  models,	
  CMIP5



2013:	
  	
  IPCC	
  Fifth	
  Assessment	
  Report
60	
  CMIP5	
  models;	
  1° resolution

Surface	
  temperature	
  errors	
  still	
  look	
  familiar
Western	
  tropical	
  Pacific	
  too	
  cold	
  (eastern	
  
Pacific	
  cold	
  tongue	
  extends	
  too	
  far	
  west)	
  	
  

Western	
  equatorial	
  
Atlantic	
  too	
  cold

Southern	
   Ocean	
  too	
  warm

Too	
  warm	
  in	
  west	
  coast	
  stratus	
  regimes



2013:	
  	
  IPCC	
  Fifth	
  Assessment	
  Report
60	
  CMIP5	
  models;	
  1° resolution

Precipitation	
  errors	
  still	
  look	
  familiar

Too	
  much	
  rainfall	
  too	
  far	
  
west	
  in	
  tropical	
  Indian	
  
Ocean

Double	
   ITCZ

Too	
  little	
  rainfall	
  in	
  
western	
  equatorial	
  
Atlantic



2013:	
  	
  IPCC	
  Fifth	
  Assessment	
  Report
60	
  CMIP5	
  models;	
  1° resolution
New	
  ways	
  to	
  evaluate	
  model	
  simulations—cloud	
  radiative	
  forcing



Climate	
  model	
  evaluation	
  today: multiple	
  global	
  earth	
  
system	
  models	
  run	
  for	
  hundreds	
  of	
  years,	
  a	
  move	
  towards	
  
standardized	
  diagnostics	
  of	
  many	
  fields	
  to	
  compare	
  to	
  
multiple	
  observational	
  data	
  sets

The	
  challenge:	
  	
  reduce	
  model	
  systematic	
  errors	
  (some	
  have	
  
been	
  in	
  the	
  models	
  since	
  the	
  early	
  days	
  of	
  climate	
  modeling)	
  
by	
  improving	
  the	
  models:	
  	
  increase	
  knowledge	
  of	
  observed	
  
processes,	
  more	
  and	
  better	
  observations	
  and	
  relevant	
  
model	
  evaluation,	
  represent	
  those	
  processes	
  in	
  models



















The	
  next	
  generation	
  of	
  coupled	
  model	
  emerges	
  in	
  the	
  late	
  1990s,	
  and	
  familiar	
  
systematic	
  errors	
  are	
  still	
  there	
  (CMIP1/2	
  generation	
  of	
  models;	
  IPCC	
  TAR)
True	
  model	
  errors	
  manifested	
  in	
  models	
  	
  without	
  flux	
  correction

PCM:	
  	
  T42	
  (~2.8	
  atmosphere,	
  ~1	
  ocean)



1995	
  SAR,	
  	
  9	
  models,	
  
pre-­‐CMIP
R15	
  class	
  (4.5° latitude	
  
x	
  7.5	
  ° longitude)
Some	
  flux	
  corrected,	
  	
  
some	
  not

AMIP	
  models



IPCC	
  SAR,	
  1995

Snow	
  and	
  sea	
  ice	
  from	
  
models	
  compared	
  to	
  
observations



By	
  the	
  late-­‐1980s,	
  advances	
  in	
  
computer	
  power	
  allowed	
  
performing	
  full	
  seasonal	
  cycle	
  
simulations	
  for	
  tens	
  of	
  years,	
  
and	
  spectral	
  atmospheric	
  
models	
  became	
  popular
(R15	
  coupled	
  model,	
  
Washington	
  and	
  Meehl,	
  1989)


