
For	  my	  defense,	  I’ve	  chosen	  to	  focus	  on	  the	  piece	  of	  my	  research	  related	  to	  rain-‐shadow	  
variability	  in	  the	  Cascades,	  which	  also	  has	  implica<ons	  for	  other	  midla<tude	  mountain	  
ranges	  across	  the	  world.	  
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Eastern	  Washington	  accounts	  for	  85%	  of	  state’s	  $10	  Billion	  ag	  industry.	  
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The	  only	  good	  source	  of	  long-‐term	  precipita<on	  data	  in	  the	  Cascades	  comes	  from	  the	  
SNOTEL	  network,	  and	  we’ve	  chosen	  to	  focus	  on	  just	  six	  sta<ons	  comprising	  a	  roughly	  
100-‐km	  transect	  from	  east	  to	  west.	  These	  sta<ons	  were	  chosen	  because	  of	  their	  
rela<vely	  dense	  coverage	  from	  east-‐to-‐west,	  and	  because	  their	  records	  go	  all	  the	  way	  
back	  to	  1982,	  providing	  29	  years	  of	  con<nuous	  data.	  	  
Within	  the	  <me	  series	  of	  winter<me	  precipita<on	  at	  these	  six	  sta<ons,	  we	  find	  
essen<ally	  just	  two	  degrees	  of	  freedom,	  which	  are	  well	  characterized	  by	  the	  two	  <me	  
series	  at	  the	  westernmost	  site	  (site	  1)	  and	  the	  easternmost	  site	  (site	  6).	  
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In	  light	  of	  this	  fact,	  we	  can	  construct	  an	  orthogonal	  basis	  set	  for	  winter<me	  
precipita<on	  from	  the	  normalized	  <me	  series	  at	  sta<ons	  1	  and	  6,	  which	  I’ll	  call	  P1	  and	  
P6	  respec<vely.	  I’ll	  call	  P1	  plus	  P6	  the	  Total	  Precipita<on	  Index,	  and	  P1	  minus	  P6	  the	  rain	  
shadow	  index,	  since	  it’s	  a	  measure	  of	  the	  cross-‐barrier	  precipita<on	  gradient.	  And	  
because	  these	  indices	  are	  orthogonal,	  it’s	  easy	  to	  show	  that	  R	  explains	  about	  30%	  of	  
interannual	  variability	  in	  precipita<on,	  while	  T	  explains	  the	  rest.	  	  

8	  



Let’s	  now	  take	  a	  look	  at	  the	  circula<on	  pa]erns	  associated	  with	  these	  indices.	  These	  
figures	  show	  the	  regression	  maps	  of	  500-‐mb	  height	  anomalies	  onto	  the	  Total	  
precipita<on	  index	  (le^),	  and	  the	  rain	  shadow	  index	  (right).	  The	  le^	  figure	  shows	  that	  
high	  total	  precipita<on	  in	  the	  Cascades	  is	  associated	  with	  a	  WSW	  	  wind	  anomaly,	  which	  
is	  essen<ally	  an	  intensifica<on	  of	  the	  climatological	  flow.	  In	  contrast,	  a	  strong	  rain	  
shadow	  is	  associated	  with	  high	  pressure	  in	  the	  gulf	  of	  Alaska	  and	  low	  pressure	  over	  
Hudson	  bay,	  resul<ng	  in	  a	  NNW	  wind	  anomaly	  over	  Washington.	  	  
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And	  as	  it	  turns	  out,	  the	  RS	  pa]ern	  bears	  a	  striking	  resemblance	  to	  the	  ENSO	  
teleconnec<on	  pa]ern,	  as	  you	  can	  see	  here	  (point	  to	  maps).	  Their	  <me	  series	  are	  also	  
significantly	  correlated	  at	  0.5.	  This	  means	  that	  El	  Niño	  is	  associated	  with	  a	  weak	  rain	  
shadow,	  or	  weak	  east-‐west	  precip	  gradient,	  while	  La	  Nina	  is	  associated	  with	  a	  strong	  
rain	  shadow.	  In	  contrast,	  total	  precipita<on	  is	  unrelated	  to	  ENSO.	  [To	  understand	  this	  
connec<on	  between	  ENSO	  and	  rain	  shadow	  strength,	  let’s	  take	  a	  look	  at	  individual	  
storms.]	  
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Put	  in	  colored	  transects	  
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The	  contrast	  b/t	  east	  and	  west	  is	  remarkably	  robust,	  fully	  suppor<ve	  of	  the	  SNOTEL	  
analysis	  
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For	  this	  por<on	  of	  the	  analysis,	  I	  looked	  at	  6	  years	  of	  archived	  forecast	  output	  from	  
Cliff’s	  group,	  run	  at	  4-‐km	  resolu<on.	  I	  decided	  to	  focus	  on	  just	  the	  100	  strongest	  storms	  
b/t	  2005	  and	  2010,	  which	  I	  defined	  as	  the	  100	  24-‐hour	  periods	  of	  maximum	  
precipita<on	  within	  the	  Cascades,	  defined	  by	  the	  pink	  box.	  We	  calculated	  a	  rain-‐shadow	  
index	  just	  as	  before:	  by	  normalizing	  the	  western	  and	  eastern	  precipita<on	  <me	  series	  
and	  taking	  their	  sum	  and	  difference,	  and	  we	  divided	  the	  storms	  into	  three	  categories	  
according	  to	  rain-‐shadow	  strength.	  	  For	  the	  remainder	  of	  the	  talk,	  I’ll	  be	  using	  WRS	  and	  
SRS	  as	  abbrevia<ons	  for	  weak	  rain	  shadow	  and	  strong	  rain	  shadow,	  respec<vely.	  
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It’s	  well	  known	  that	  El	  Niño	  is	  associated	  with	  a	  more	  southern	  storm	  track	  and	  La	  Nina	  
a	  more	  northern	  storm	  track.	  And	  within	  our	  storm	  dataset,	  there	  are	  three	  pieces	  of	  
evidence	  that	  suggest	  that	  ENSO’s	  rela<onship	  to	  storm	  track	  la<tude	  is	  in	  fact	  what	  
accounts	  for	  its	  influence	  on	  rain-‐shadow	  strength.	  	  
Firstly,	  as	  you	  can	  see	  from	  this	  figure	  showing	  the	  average	  precipita<on	  of	  strong-‐rain-‐
shadow	  storms	  minus	  weak-‐rain-‐shadow	  storms,	  not	  only	  do	  weak-‐rain-‐shadow	  storms	  
bring	  more	  precipita<on	  to	  the	  east	  slopes	  of	  the	  Cascades,	  they	  also	  bring	  more	  
precipita<on	  to	  the	  south.	  This	  implies	  a	  more	  southern	  path	  of	  maximum	  precipita<on	  
during	  weak-‐rain-‐shadow	  storms,	  and	  thus	  a	  more	  southern	  storm	  track.	  
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A	  second	  piece	  of	  evidence	  implica<ng	  storm-‐track	  la<tude	  is	  the	  seasonal	  distribu<on	  
of	  strong	  and	  weak	  rain	  shadow	  storms,	  as	  shown	  in	  this	  histogram.	  During	  the	  fall,	  
strong-‐rain-‐shadow	  storms	  are	  more	  common	  than	  weak-‐rain-‐shadow	  storms,	  while	  in	  
the	  winter,	  weak-‐rain-‐shadow	  storms	  are	  more	  common.	  This	  again	  is	  consistent	  with	  
the	  storm-‐track-‐la<tude	  hypothesis,	  since	  the	  storm	  track	  migrates	  south	  from	  fall	  to	  
winter,	  as	  you	  can	  see	  in	  these	  figures	  on	  the	  le^.	  	  
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Finally,	  weak-‐rain-‐shadow	  storms	  exhibit	  more	  warm-‐air	  advec<on	  than	  strong-‐rain-‐
shadow	  storms	  by	  a	  factor	  of	  two.	  This	  results	  in	  stronger	  during	  weak-‐rain-‐shadow	  
storms,	  as	  is	  clear	  from	  this	  histogram	  showing	  the	  direc<onal	  distribu<on	  of	  winds	  
during	  weak	  and	  strong	  rain-‐shadow	  storms.	  At	  850	  mb,	  the	  average	  wind	  orienta<on	  
during	  weak-‐rain-‐shadow	  storms	  is	  215	  degrees	  vs.	  242	  degrees	  for	  strong-‐rain-‐shadow	  
storms.	  The	  difference	  is	  more	  modest	  at	  500	  mb,	  however,	  implying	  much	  stronger	  
veering	  during	  WRS	  storms,	  consistent	  with	  stronger	  warm-‐air	  advec<on.	  	  
To	  understand	  why	  this	  also	  supports	  the	  storm-‐track	  hypothesis,	  consider	  this	  simple	  
schema<c	  of	  a	  mid-‐la<tude	  cyclone	  I	  took	  from	  Wallace	  and	  Hobbes.	  	  The	  red	  line	  
represents	  the	  warm	  front,	  to	  the	  north	  of	  which	  is	  strong	  veering	  and	  warm-‐air	  
advec<on.	  In	  contrast,	  to	  the	  south	  of	  the	  warm	  front	  is	  the	  warm	  sector,	  where	  there’s	  
rela<vely	  li]le	  warm-‐air	  advec<on	  and	  veering.	  
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In	  par<cular,	  there	  are	  at	  least	  three	  possible	  hypotheses	  for	  why	  warm	  fronts	  result	  in	  
enhanced	  east-‐slope	  precipita<on.	  The	  first	  is	  that,	  in	  some	  cases,	  ahead	  of	  a	  warm	  
front,	  low	  level	  winds	  have	  an	  easterly	  component.	  And	  so	  perhaps	  this	  easterly	  
upslope	  flow	  enhances	  condensa<on	  and	  precipita<on	  over	  the	  eastern	  slope,	  
effec<vely	  reversing	  the	  climatological	  rain	  shadow.	  
	  	  
Another	  possibility	  is	  that,	  due	  perhaps	  to	  veering,	  or	  to	  low-‐level	  flow	  that’s	  parallel	  to	  
the	  axis	  of	  the	  mountain	  range,	  the	  overall	  influence	  of	  the	  terrain	  on	  precipita<on	  and	  
condensa<on	  is	  minimized,	  such	  that	  the	  large-‐scale	  precipita<on	  dominates.	  In	  this	  
picture,	  you	  have	  neither	  enhanced	  condensa<on	  over	  western	  slopes,	  nor	  do	  you	  have	  
strong	  evapora<on	  over	  eastern	  slopes.	  
	  	  
And	  then	  a	  third	  possibility	  is	  that	  WRS	  storms	  s<ll	  exhibit	  significant	  enhancement	  of	  
condensa<on	  over	  the	  western	  slopes,	  but	  that,	  for	  reasons	  yet	  unknown,	  more	  of	  this	  
condensate	  is	  allowed	  to	  spillover	  the	  crest.	  So	  now	  I’m	  going	  to	  put	  you	  on	  the	  spot,	  
and	  ask	  which	  of	  these	  you	  think	  is	  likely	  to	  be	  the	  most	  important	  factor.	  
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And	  then	  a	  third	  possibility	  is	  that	  WRS	  storms	  s<ll	  exhibit	  significant	  enhancement	  of	  
condensa<on	  over	  the	  western	  slopes,	  but	  that,	  for	  reasons	  yet	  unknown,	  more	  of	  this	  
condensate	  is	  allowed	  to	  spillover	  the	  crest.	  So	  now	  I’m	  going	  to	  put	  you	  on	  the	  spot,	  
and	  ask	  which	  of	  these	  you	  think	  is	  likely	  to	  be	  the	  most	  important	  factor.	  
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The	  idealized	  simula<ons	  were	  useful	  for	  understanding	  the	  essen<al	  role	  that	  stable,	  
stagnant	  air	  plays	  in	  suppressing	  descent,	  and	  allowing	  more	  precipita<on	  to	  spill	  over	  
the	  crest,	  but	  they	  provide	  no	  insight	  into	  the	  development	  and	  evolu<on	  of	  these	  
layers	  in	  nature.	  So	  for	  the	  final	  sec<on	  of	  this	  talk,	  I’ll	  be	  presen<ng	  a	  detailed	  analysis	  
of	  a	  single	  WRS	  storm	  (W3).	  
And	  to	  make	  our	  results	  as	  general	  as	  possible,	  we’ve	  replaced	  the	  Cascades	  with	  an	  
idealized	  ridge	  shown	  here,	  with	  a	  height	  of	  2	  km,	  running	  from	  45	  to	  50	  degrees	  north.	  
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