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Presenta>on	
  Goals	
  
•  How	
  model	
  uncertainty	
  is	
  transferred	
  from	
  GCMs	
  to	
  
hydrologic	
  model	
  results	
  for	
  different	
  downscaling	
  
strategies?	
  

•  Use	
  historical	
  and	
  future	
  assessment	
  using:	
  	
  
–  GCM:	
  coarse	
  global	
  climate	
  projec>ons	
  (CMIP3	
  and	
  CMIP5	
  
datasets;	
  100	
  km	
  grid	
  size).	
  

–  Downscale	
  GCM	
  using	
  dynamical	
  or	
  sta>s>cal	
  methods	
  
(~10	
  km	
  grid	
  size).	
  

–  To	
  drive/force/run	
  a	
  hydrologic	
  surface-­‐groundwater	
  
systems	
  (60	
  m	
  grid	
  size).	
  	
  

•  When	
  possible,	
  I	
  would	
  highlight	
  ideas	
  of	
  Metadata,	
  
Model	
  interoperability	
  and	
  Portability.	
  



A	
  Hydroclimate	
  Modeling	
  Framework	
  

Layer	
  1	
  

Layer	
  2	
  

Layer	
  3	
  

Global	
  Climate	
  Models	
  

Regional	
  Climate	
  Models	
  



Source:	
  Neelin,	
  2011.	
  Climate	
  Change	
  and	
  Climate	
  Modeling,	
  Cambridge	
  University	
  Press.	
  	
  

  

Schema.c	
  of	
  GCM	
  Components	
  of	
  the	
  Climate	
  
System:	
  Earth	
  System	
  Models	
  

Layer	
  1	
   Layer	
  2	
   Layer	
  3	
  



Source:	
  Bader	
  ,	
  D.	
  and	
  collaborators,	
  
2008:	
  Climate	
  Models:	
  An	
  assessment	
  
of	
  strengths	
  and	
  limitaEons,	
  	
  The	
  US	
  
climate	
  change	
  science	
  program.	
  
Available	
  online.	
  

a.k.a.	
  Earth	
  
System	
  Models	
  	
  
(ESMs,	
  2010s)	
  

a.k.a.	
  	
  Coupled	
  Atmosphere-­‐Ocean	
  
Global	
  Climate	
  Models	
  (AOGCMs	
  
	
  or	
  GCMs)	
  

  Layer	
  1	
   Layer	
  2	
   Layer	
  3	
  



hZp://cmip-­‐pcmdi.llnl.gov/cmip5/	
  

•  100s	
  TB	
  of	
  GCM	
  output	
  from	
  a	
  couple	
  dozen	
  research	
  insEtuEons	
  around	
  the	
  world	
  
•  Controlled	
  experiments;	
  Metadata	
  standards	
  
•  Data	
  format	
  standards	
  using	
  NETCDF	
  protocols	
  	
  

Layer	
  1	
   Layer	
  2	
   Layer	
  3	
  



The	
  Intergovernmental	
  Panel	
  on	
  Climate	
  Change	
  (IPCC)	
  
AOribuEon/DetecEon	
  based	
  on	
  Observa>ons	
  and	
  GCMs	
  

Year	
   Assessment	
  
Report	
  

AZribu>on	
  Statement	
   GCM	
  Experiment	
  

1990	
  	
   FAR	
  
“The	
  size	
  of	
  the	
  warming	
  over	
  the	
  last	
  century	
  is	
  broadly	
  
consistent	
  	
  with	
  the	
  predic>on	
  by	
  climate	
  models,	
  but	
  is	
  also	
  of	
  the	
  
same	
  magnitude	
  as	
  natural	
  climate	
  variability	
  	
  […]	
  Thus	
  the	
  
observed	
  increase	
  could	
  be	
  largely	
  due	
  to	
  this	
  natural	
  variability”	
  

5	
  GCMs/1xC02,	
  2xC02	
  
~5°	
  (~500km)	
  grid	
  size	
  

1995	
   SAR	
  

“The	
  balance	
  of	
  evidence	
  suggests	
  a	
  discernible	
  human	
  influence	
  
on	
  global	
  climate.	
  [....]	
  There	
  are	
  s>ll	
  many	
  uncertain>es.	
  [...]”.	
  
	
  

10	
  GCMs/CERA-­‐CMIP/	
  
IS92a	
  to	
  f;	
  ~3°	
  
(~300km)	
  aerosols	
  	
  
and	
  GHGs	
  
	
  

2001	
   TAR	
  
“There	
  is	
  new	
  and	
  stronger	
  evidence	
  that	
  most	
  of	
  the	
  warming	
  
observed	
  over	
  the	
  last	
  50	
  years	
  is	
  aOributable	
  to	
  human	
  ac>vi>es.”	
  

7	
  GCMs/CMIP2/	
  SRES;	
  	
  	
  
<	
  3°	
  grid	
  size	
  
	
  

2007	
   AR4	
  
“Most	
  of	
  the	
  observed	
  increase	
  in	
  global	
  average	
  temperatures	
  
since	
  	
  the	
  mid-­‐20th	
  century	
  is	
  very	
  likely	
  due	
  to	
  the	
  observed	
  
increase	
  in	
  anthropogenic	
  greenhouse	
  gas	
  concentra>ons.”	
  

25	
  GCM/CMIP3/	
  SRES	
  
A1Fi,	
  A1,	
  A2,	
  A1B,	
  B1,	
  
B2;	
  ~1.0-­‐4°	
  grid	
  size	
  

2013/
2014?	
   AR5	
  

“Is	
  is	
  extremely	
  likely	
  (>95%	
  )	
  that	
  anthropogenic	
  change	
  has	
  been	
  
detected	
  in	
  surface	
  temperature	
  with	
  very	
  high	
  significance	
  levels	
  

(less	
  than	
  1%	
  error	
  probability).”	
  
“The	
  long-­‐term	
  climate	
  model	
  simula>ons	
  show	
  a	
  trend	
  in	
  global-­‐
mean	
  surface	
  temperature	
  from	
  1951	
  to	
  2012	
  that	
  agrees	
  with	
  the	
  

observed	
  trend	
  (very	
  high	
  confidence)..”	
  

24	
  GCM/CMIP5/RCPs	
  
ensembles	
  	
  and	
  Earth	
  
System	
  Models;	
  
~0.5-­‐2°	
  (~50-­‐200km)	
  
grid	
  size;	
  decadal	
  
varia>ons	
  
	
  

7	
  

1997     Kyoto Protocol sets targets	
  

Increasing	
  
aZen>on	
  to	
  
repor>ng	
  
uncertainty	
  



	
  
	
  

GCM output  from WCRP CMIP3 AOGCMs	
  multi-model	
  
hOp://www-­‐pcmdi.llnl.gov/ipcc/about_ipcc.php	
  

~300 journal articles	
  

Source	
  hZp://www.ipcc.ch/index.htm	
  

CMIP5	
  (IPCC-­‐AR5,	
  2014)	
  

CMIP3	
  (IPCC-­‐AR4,	
  2007)	
  	
  

Layer	
  1	
   Layer	
  2	
   Layer	
  3	
  

“The	
  long-­‐term	
  climate	
  model	
  simula>ons	
  show	
  a	
  trend	
  in	
  global-­‐mean	
  surface	
  
temperature	
  from	
  1951	
  to	
  2012	
  that	
  agrees	
  with	
  the	
  observed	
  trend	
  	
  	
  	
  ”	
  



CMIP3:	
  Observed	
  minus	
  GCM	
  (historical)	
  

Layer	
  1	
   Layer	
  2	
   Layer	
  3	
  



CMIP5:	
  Observed	
  minus	
  GCM	
  (historical)	
  

Layer	
  1	
   Layer	
  2	
   Layer	
  3	
  



11	
  

How	
  do	
  CMIP3	
  and	
  CMIP5	
  par>cipant	
  GCMs	
  
compare	
  to	
  reproduce	
  present	
  (“historical”)	
  
climate?	
  

Layer	
  1	
   Layer	
  2	
   Layer	
  3	
  

CMIP:	
  Couple	
  Model	
  Intercomparison	
  	
  
AMIP:	
  Atmospheric	
  Model	
  Intercomparison	
  

In	
  a	
  way,	
  isola>ng	
  the	
  effect	
  
of	
  the	
  ocean,	
  shows	
  that	
  
some	
  of	
  the	
  uncertainty	
  
arises	
  from	
  remote	
  areas.	
  
	
  
Mejia,	
  J.F.,	
  Koračin1,	
  D,	
  and	
  E.M.	
  Wilcox,	
  
2014:	
  Effect	
  of	
  Coupled	
  GCM	
  SST	
  Biases	
  on	
  
Simulated	
  Climate	
  of	
  the	
  Western	
  U.S.,	
  
SubmiZed	
  J.	
  of	
  Climate.	
  

	
  	
  



LAYER	
  2:	
  Downscaled	
  Products	
  
Sta>s>cal	
  and	
  Dynamical	
  Downscaling	
  

•  The	
  need	
  to	
  adapt	
  GCM	
  output	
  (~100-­‐250	
  Km)	
  to	
  assess	
  
their	
  impact	
  on	
  Regional	
  and	
  Local	
  scales	
  (~10-­‐50	
  Km)	
  

•  The	
  idea	
  is	
  that	
  finer	
  scales	
  are	
  more	
  meaningful	
  in	
  the	
  
context	
  of	
  local	
  and	
  regional	
  impacts.	
  	
  

•  Two	
  general	
  approaches	
  are	
  used	
  in	
  downscaling:	
  
–  Dynamical:	
  performed	
  by	
  a	
  Regional	
  Climate	
  Model	
  (RCM)	
  with	
  
a	
  finer	
  representa>on	
  of	
  local	
  terrain,	
  in	
  theory	
  with	
  beZer	
  
simula>on	
  of	
  weather	
  systems	
  improving	
  climate	
  processes	
  over	
  
the	
  region	
  of	
  interest	
  –	
  GCMs	
  provide	
  boundary	
  condi>ons-­‐.	
  

–  Sta+s+cal:	
  	
  Computa>onally	
  efficient;	
  large	
  scale	
  climate	
  
features	
  are	
  staEsEcally	
  related	
  –form	
  observa>ons-­‐	
  region	
  and	
  
local	
  condi>ons,	
  examples:	
  

•  Bias-­‐correc>on	
  and	
  spa>al	
  disaggrega>on	
  approaches	
  (BCSD)	
  
•  Bias-­‐correc>on	
  and	
  constructed	
  analogues	
  (BCCA)	
  

Layer	
  1	
   Layer	
  2	
   Layer	
  3	
  



•  ~10s	
  TB	
  of	
  GCM	
  output	
  from	
  a	
  couple	
  dozen	
  research	
  ins>tu>ons	
  around	
  the	
  world	
  
•  Controlled	
  experiments	
  
•  Metadata	
  standards	
  
•  Data	
  format	
  standards	
  using	
  NETCDF	
  protocol	
  (&	
  ASCII	
  and	
  CSV).	
  	
  

Layer	
  1	
   Layer	
  2	
   Layer	
  3	
  

Sta>s>cal	
  Downscaling	
  Data	
  Portal	
  
hZp://gdo-­‐dcp.ucllnl.org/	
  



NETCDF-­‐	
  Network	
  Common	
  Data	
  Form	
  	
  
	
  (www.unidata.ucar.edu/sowware/netcdf)	
  

•  All	
  model	
  layers	
  in	
  this	
  modeling	
  framework	
  are	
  run	
  
offline	
  but	
  use	
  NETCDF	
  format	
  as	
  output/input	
  format	
  to	
  
ease	
  model	
  connec.vity.	
  

•  Design	
  to	
  pack	
  and	
  store	
  scien>fic	
  data	
  
•  It	
  is	
  a	
  flexible,	
  machine	
  independent,	
  self-­‐describing	
  

format:	
  	
  bundles	
  metadata	
  +	
  data.	
  	
  
•  Standard	
  protocols	
  :	
  5-­‐Dimension	
  grids,	
  names	
  of	
  physical	
  

quan>>es,	
  inclusion	
  of	
  units,	
  and	
  so	
  on	
  (
Climate	
  and	
  Forecast	
  (CF)	
  conven>on).	
  	
  	
  

•  Widely	
  used	
  within	
  the	
  scien>fic	
  community	
  &	
  supported	
  
many	
  analysis	
  and	
  visualiza>on	
  packages:	
  Fortran,	
  C,	
  R,	
  
MatLab,	
  IDL,	
  Python,	
  NCAR	
  Common	
  Language	
  (NCL;	
  
hZp://www.ncl.ucar.edu/Applica>ons/wrf.shtml).	
  	
  



RCM domain 

RCM domains for dynamical downscaling over the SW North America (at 36 km grid 
size), the Great Basin (at 12km grid size) & Tri-State, and Nevada (at 4km grid size). 
Gray shadings represent approximate location of the Great Basin region.  

GCM  GCM 

GCM 

 
GCM 

15	
  

CORDEX	
  -­‐	
  50km	
  

DRI-­‐RCM	
  
(1)  36-­‐km	
  
(2)  12-­‐km	
  
Hourly.	
  

NARCCAP	
  -­‐	
  50km	
  

Dynamical	
  Downscaling	
  

Layer	
  1	
   Layer	
  2	
   Layer	
  3	
  



Sta>s>cal	
  and	
  Dynamical	
  Downscaling	
  
•  Snow	
  Water	
  Equivalent	
  change	
  

–  Snow	
  Water	
  Equivalent:	
  	
  
f(Tmean,	
  Precip)	
  	
  

•  Large	
  spa>al	
  differences	
  
between:	
  

–  GCMs	
  
–  Downscaling	
  approach	
  
–  Downscaling	
  scales	
  

•  Ensemble	
  approach?	
  
Sta+s+cal:	
  BCCA	
  
CNRM_CM3	
  12km	
  

Sta+s+cal:	
  BCCA	
  
GFDL_CM2	
  12km	
  

Dynamical:	
  NARCCAP	
  
CCSM3	
  +	
  CRMC	
  50km	
  

Dynamical:	
  DRI	
  	
  
CCSM3	
  +	
  WRF-­‐36km	
  

Snow	
  Water	
  Equivalent	
  [mm]	
  
(2040-­‐2070)	
  minus	
  (1980-­‐2000)	
  

16	
  Layer	
  1	
   Layer	
  2	
   Layer	
  3	
  



From	
  GCMs	
  to	
  Regional	
  Downscaling	
  
to	
  Impact	
  Studies	
  

•  How	
  to	
  understand	
  and	
  reason	
  about	
  GCMs	
  
uncertainty?	
  	
  

•  Climate	
  change	
  downscaling	
  and	
  impacts	
  
community	
  need	
  to	
  understand	
  and	
  assess	
  
uncertainty.	
  	
  	
  
–  “..instances	
  of	
  fit	
  [e.g.,	
  bias	
  correc>on	
  approaches]	
  between	
  the	
  
model	
  output	
  and	
  observaEonal	
  data	
  do	
  not	
  confirm	
  the	
  models	
  
themselves..”	
  Curry	
  and	
  Webster,	
  BAMS,	
  2011.	
  	
  

17	
  Layer	
  1	
   Layer	
  2	
   Layer	
  3	
  



 
 
        
	
  

LAYER	
  3:	
  Hydrology	
  Approach	
  	
  

•  We apply atmospheric 
modeling output to force an 
integrated hydrologic model 
GSFLOW constructed for three 
watersheds in the Carson 
Range of the eastern Sierra. 

•  GSFLOW is the integration of 
surface-PRMS and 
groundwater-MODFLOW and 
most of the capabilities of these 
individual models. 

Layer	
  1	
   Layer	
  2	
   Layer	
  3	
  



Downscale	
  data	
  (Layer	
  2)	
  mesh	
  rela>ve	
  to	
  basin	
  of	
  
interest	
  

Layer	
  1	
   Layer	
  2	
   Layer	
  3	
  



Evalua>on	
  period:	
  1982-­‐2007	
  

Layer	
  1	
   Layer	
  2	
   Layer	
  3	
  

Mejia,	
  J.	
  F.,	
  Hun>ngton,	
  J.,	
  HatcheZ,	
  B.,	
  Koracin,	
  D.	
  and	
  Niswonger,	
  R.	
  
G.,	
  2012:	
  Linking	
  Global	
  Climate	
  Models	
  to	
  an	
  Integrated	
  Hydrologic	
  
Model:	
  Using	
  an	
  Individual	
  Sta>on	
  Downscaling	
  Approach.	
  Journal	
  of	
  
Contemporary	
  Water	
  Research	
  &	
  Educa>on,	
  147:	
  17–27.	
  doi:	
  10.1111/
j.1936-­‐704X.2012.03100.x	
  

Directly	
  from	
  
	
  layer	
  1	
  

Layer	
  2	
  



Other	
  high-­‐order	
  sta>s>cs	
  

Layer	
  1	
   Layer	
  2	
   Layer	
  3	
  



Evalua>on	
  Runs:	
  1982-­‐2007	
  	
  
	
  

runoff	
   streamflow	
  

Layer	
  1	
   Layer	
  2	
   Layer	
  3	
  



Recharge	
   Change	
  in	
  Storage	
  

Layer	
  1	
   Layer	
  2	
   Layer	
  3	
  



GSFLOW	
  with	
  Double-­‐Sta>s>cal	
  
Downscaling	
  Ensemble	
  

Layer	
  1	
   Layer	
  2	
   Layer	
  3	
  

CMIP3	
  and	
  CMIP5	
  	
  
Historical	
  (Blue;	
  1981-­‐2000)	
  	
  
Future	
  (Red;	
  2081-­‐2100)	
  
	
  
BASIN	
  AVERAGE	
  	
  
(a)  Volume	
  of	
  water	
  in	
  

snow	
  pack,	
  	
  
(b)  Streamflow	
  
(c)  Change	
  in	
  saturated	
  

zone	
  storage	
  
(d)  Groundwater	
  to	
  stream	
  

discharge.	
  	
  
	
  



Conclusions	
  
•  Upon	
  the	
  large	
  number	
  of	
  degrees	
  of	
  freedom	
  in	
  the	
  each	
  

model	
  layer	
  and	
  model	
  layer,	
  a	
  probabilis>c	
  (e.g.,	
  ENSEMBLE)	
  
approach	
  is	
  necessary.	
  

•  The	
  MULTI-­‐SCALE	
  modeling	
  framework	
  and	
  the	
  large	
  variety	
  
of	
  modeling	
  op>ons	
  LIMITS	
  THE	
  GENERALIZATION	
  of	
  the	
  
workflow/transferability.	
  

•  Model	
  connec>vity	
  needs	
  to	
  be	
  tailored	
  to	
  each	
  model	
  
applica>ons.	
  	
  

•  A	
  combina>on	
  of	
  Dynamical	
  and	
  Sta>s>cal	
  downscaling	
  
“Hybrid	
  Approach”	
  offers	
  the	
  best	
  meteorological	
  input	
  
and	
  impacts	
  hydrological	
  results	
  posi>vely.	
  

•  At	
  least,	
  Common	
  formats	
  (NETCDF)	
  facilitates	
  workflow	
  
structure.	
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Ques>ons?	
  

•  Contact	
  John.Mejia@dri.edu	
  for	
  guidance	
  and	
  
further	
  informa>on	
  on	
  GCM	
  applica>ons,	
  and	
  
their	
  strengths	
  and	
  limita>ons.	
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