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Introduc*on	  and	  OLYMPEX	  Overview	  
Landfalling	  extratropical	  cyclones	  on	  the	  west	  
coast	  of	  conEnents	  are	  important	  because	  of:	  
•  Copious	  precipitaEon	  producEon	  from	  

interacEons	  with	  coastal	  mountains	  
•  Hazards	  such	  as	  flooding	  and	  landslides	  
•  Snow	  pack	  for	  summer	  water	  supply	  
	  

The	  2015-‐16	  OLYMPEX	  field	  campaign:	  	  
•  Ground	  validaEon	  for	  GPM	  satellite	  
•  ModificaEon	  of	  frontal	  systems	  as	  they	  pass	  

over	  coastal	  mountains	  
•  Extensive	  observaEonal	  assets:	  

§ Four	  NASA	  aircraZ	  
§ Four	  dual-‐polarizaEon	  radars	  
§ Ground	  instruments	  measuring	  parEcle	  sizes	  at	  	  	  	  	  	  	  
a	  variety	  of	  elevaEons	  
§ High	  elevaEon	  snow	  pack	  measurements	  

	  

ObjecEves	  of	  this	  study:	  
•  Combine	  ground-‐based	  DSD	  measurements	  

with	  synopEc	  and	  radar	  data	  
•  Focus	  on	  periods	  of	  straEform	  rain	  
•  Determine	  mechanisms	  responsible	  for	  the	  

modificaEon	  and	  enhancement	  of	  
precipitaEon	  on	  the	  windward	  slopes	  of	  
coastal	  mountains	  

Past	  studies	  have	  shown	  that	  mariEme	  frontal	  
cyclones	  have	  4	  characterisEc	  regimes:	  
•  Prefrontal:	  leading	  edge	  of	  precipitaEon,	  warm	  

advecEon,	  rising	  melEng	  levels	  

•  Frontal:	  broad	  elongated	  cloud	  shield	  with	  banded	  
precipitaEon	  

•  Warm	  sector:	  contains	  a	  narrow	  filament	  of	  water	  
vapor	  flux	  (atmospheric	  river)	  

•  Pos`rontal:	  cold,	  small-‐scale	  convecEve	  features	  

	  

Site	  Loca*ons	  and	  Data	  Processing	  

Full	  Cold	  Season	  Stra*form	  Rain	  Sta*s*cs	  

Conclusions	  
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Fishery	  

Prairie	  
Creek	  

Bishop	  
Field	  

Graves	  
Creek	  

Wynoochee	  

NPOL	  

DOW	  

Prefrontal	  12-‐Nov	  21	  UTC	  	   Warm	  Sector	  13-‐Nov	  12	  UTC	   Late	  Sector	  14-‐Nov	  00	  UTC	  

MelEng	  Level:	  
	  
Prefrontal:	  
Rises	  from	  1500	  m	  
to	  2600	  m	  
	  
Warm	  Sector:	  
Steady	  at	  2600	  m	  
	  
Late	  Sector:	  
Remains	  above	  
2000	  m	  unEl	  end	  
of	  precipitaEon	  

Vapor	  Transport:	  
	  
Prefrontal:	  
Increases	  from	  250	  
to	  480	  kg	  m-‐1	  s-‐1	  
	  
Warm	  Sector:	  
Ranges	  between	  
400-‐600	  kg	  m-‐1	  s-‐1	  
	  
Late	  Sector:	  
Slowly	  decreases	  
from	  400	  to	  250	  
kg	  m-‐1	  s-‐1	  
	  

Upstream	  of	  
Olympic	  
Mountains:	  

Prefrontal	  12-‐Nov	  21	  UTC	  	   Warm	  sector	  (warm	  +	  cold	  processes)	  	   Warm	  sector	  (warm	  processes	  only)	  

Prairie	  Creek	  1-‐hour	  DSDs	  

PrecipitaEon	  Rate	  and	  DSD	  Time	  Series	  

A	  warm,	  intense	  Atmospheric	  River	  type	  system	  passed	  over	  the	  
Olympic	  Peninsula	  on	  12-‐13	  Nov	  2015.	  It	  produced	  over	  370	  mm	  of	  rain	  
(14.5	  inches)	  of	  rain	  at	  Prairie	  Creek	  with	  lesser	  amounts	  upstream,	  in	  
the	  interior	  valley,	  and	  at	  high	  elevaEons.	  The	  precipitaEon	  
enhancement	  pajern	  and	  Prairie	  Creek	  DSDs	  co-‐evolved	  following	  the	  
synopEc	  evoluEon	  of	  the	  storm.	  
Prefrontal	  period	  (blue	  circles):	  
The	  DSD	  was	  iniEally	  close	  to	  the	  most	  frequent	  distribuEon	  (small	  quanEEes	  of	  
small	  and	  large	  drops).	  As	  the	  warm	  front	  approached	  aloZ,	  large	  drops	  
increased	  first	  (12-‐Nov	  18	  UTC),	  followed	  by	  small	  to	  medium	  drops	  around	  12-‐
Nov	  22	  UTC.	  The	  rain	  rate	  at	  Prairie	  Creek	  	  
	  

Warm	  sector	  with	  warm	  processes	  dominaEng	  (yellow	  diamonds):	  
Most	  of	  the	  warm	  sector	  had	  DSDs	  in	  the	  ‘heavy	  rain’	  regime	  with	  high	  values	  of	  
Nw	  indicaEng	  the	  producEon	  of	  large	  quanEEes	  of	  small	  to	  medium	  sized	  drops	  
by	  warm	  processes	  (condensaEon	  +	  collision-‐coalescence).	  	  
	  

Warm	  sector	  with	  both	  warm	  and	  cold	  processes	  (red	  squares):	  
A	  frontal	  wave	  within	  the	  warm	  sector	  passed	  through	  the	  sites	  on	  13-‐Nov	  10-‐14	  
UTC	  (see	  satellite),	  temporarily	  reducing	  Nw	  and	  increasing	  D0.	  Surprisingly	  this	  
had	  lijle	  effect	  on	  the	  Prairie	  Creek	  rain	  rates,	  suggesEng	  the	  warm	  processes	  
are	  not	  dependent	  on	  ‘seeder’	  drops	  formed	  by	  melEng.	  	  
	  

Late	  sector	  (orange	  triangles):	  
Warm,	  moist	  flow	  conEnued	  for	  several	  hours	  aZer	  the	  cold	  front.	  	  
Large	  quanEEes	  of	  <	  1	  mm	  drops	  conEnued	  to	  fall	  at	  Prairie	  Creek.	  	  

NPOL+DOW	  combined	  RHI	  sectors:	  
ReflecEvity	  (leZ	  column):	  
•  Large	  drops	  =	  high	  echo	  top,	  strong	  bright	  band	  (12-‐Nov	  12:52	  

UTC	  and	  13-‐Nov	  11:52	  UTC)	  
•  Small	  drops	  =	  low	  echo	  top,	  weak	  bright	  band,	  low-‐level	  

enhancement	  below	  1	  km	  (13-‐Nov	  11:52	  and	  15:52	  UTC)	  
Radial	  Velocity	  (right	  column):	  
•  Large	  drops	  =	  low-‐level	  jet	  liZing	  through/above	  bright	  band	  
•  Small	  drops	  =	  low-‐level	  jet	  liZs	  below	  bright	  band	  

Nw-‐D0	  DistribuEon	  (top)	  and	  Rain	  Rate	  (bojom)	  	  

Difference	  in	  Rain	  Rate	  RelaEve	  to	  Prairie	  Creek	  

SynopEc	  Environment	  and	  Low-‐Level	  Stability	  

All	  of	  the	  plots	  in	  this	  secEon	  show	  the	  3-‐h	  
disdrometer	  data	  binned	  into	  2D-‐histograms	  by	  
median	  drop	  diameter	  (D0)	  and	  normalized	  
intercept	  parameter	  (NW).	  	  
	  
Compared	  with	  the	  upstream	  site	  (Fishery),	  the	  
mid-‐elevaEon	  site	  (Prairie	  Creek)	  has:	  
•  The	  most-‐frequent	  DSD	  in	  the	  same	  locaEon.	  
•  More	  outliers,	  especially	  in	  DSD	  bins	  that	  produce	  rain	  

rates	  >	  10	  mm	  h-‐1.	  
•  A	  greater	  variaEon	  of	  Nw-‐D0	  combinaEons,	  meaning	  the	  

DSD	  is	  more	  variable	  at	  Prairie	  Creek.	  	  

	  

The	  Prairie	  Creek	  DSDs	  fall	  into	  four	  different	  
regimes	  that	  are	  each	  associated	  with	  a	  unique	  
synopEc	  environment	  and	  precipitaEon	  
enhancement	  pajern:	  
	  
1.	  Low	  Nw,	  Low	  D0	  (Most	  Frequent	  DistribuEon):	  
•  Climatologically	  average	  melEng	  level	  (~1800	  m)	  
•  IVT:	  250-‐300	  kg	  m-‐1	  s-‐1	  
•  Low	  levels:	  staEc	  stability,	  southerly	  flow	  
•  Modest	  precip	  enhancement	  at	  high	  elevaEons	  
2.	  High	  Nw,	  Low	  D0	  (Large	  quanEEes	  of	  small	  
drops):	  
•  High	  melEng	  level	  (>	  2000	  m)	  
•  IVT:	  300-‐400	  kg	  m-‐1	  s-‐1	  
•  Low-‐levels:	  staEc	  stability,	  westerly	  flow	  
•  Not	  convecEve	  
•  Precip	  enhanced	  at	  low-‐to-‐mid	  elevaEons	  
3.	  Low	  Nw,	  High	  D0	  (Small	  quanEEes	  of	  large	  
drops):	  
•  Low	  melEng	  level	  (<	  1500	  m),	  weak	  IVT	  
•  Flow	  generally	  southerly,	  someEmes	  from	  west	  
or	  northwest	  

•  CondiEonal	  instability	  
•  Negligible	  precip	  enhancement	  
4.	  High	  Nw,High	  D0	  (Heavy	  Rain):	  
•  High	  melEng	  level	  (>	  2000	  m)	  
•  Very	  high	  IVT	  (400	  –	  800	  kg	  m-‐1	  s-‐1)	  
•  Strong	  low-‐level	  flow	  from	  the	  west-‐southwest	  
•  Moist-‐neutral	  stability	  
•  Extreme	  precip	  enhancement,	  especially	  at	  low-‐
to-‐mid	  elevaEons	  near	  the	  front	  of	  the	  
topographic	  barrier	  

•  Modest	  precip	  enhancement	  at	  high	  elevaEons	  
•  Includes	  Atmospheric	  River	  type	  storms	  
	  
	  
	   LocaEon	  of	  the	  Four	  DSD	  Regimes	  

The	  combinaEon	  of	  the	  staEsEcal	  distribuEon	  and	  case	  
study	  reveal	  the	  following	  properEes	  of	  cold-‐season	  DSDs:	  
•  Four	  DSD	  regimes	  emerge	  based	  on	  the	  relaEve	  contribuEon	  of	  

small	  and	  large	  drops	  to	  the	  total	  rainfall.	  

•  TransiEons	  between	  DSD	  regimes	  are	  closely	  related	  to	  the	  large-‐
scale	  synopEc	  environment	  (flow,	  temp.	  stability).	  

•  The	  most	  frequent	  DSD	  contains	  modest	  drop	  concentraEons,	  a	  
climatologically	  average	  environment,	  and	  slight	  precipitaEon	  
enhancement	  at	  high	  elevaEons.	  	  

•  The	  greatest	  precipitaEon	  enhancement	  occurs	  via	  small-‐to-‐
medium	  sized	  drops	  in	  the	  warm	  sector	  at	  low-‐to-‐mid	  elevaEons.	  It	  
is	  associated	  with	  a	  high	  melEng	  level,	  high	  IVT,	  a	  west-‐southwest	  
low-‐level	  jet,	  and	  moist-‐neutral	  stability.	  	  

. Reproduced from Houze et al. (2017) 

DOW	  on	  Lake	  Quinault	   Graves	  Creek	  Parsivel	  and	  Gauges	   High-‐elevaEon	  Wynoochee	  Site	  

Data	  processing	  for	  staEsEcal	  secEon:	  
•  3-‐h	  synopEc	  data	  from	  NARR	  reanalysis	  
•  Rain	  gauge,	  Pluvio-‐400	  and	  Parsivel2	  

disdrometer	  data	  organized	  into	  3-‐h	  periods	  
centered	  on	  synopEc	  Emes	  	  

•  QC	  removed	  the	  following	  periods:	  
§  All	  pos`rontal	  periods	  removed	  (only	  straEform	  

precipitaEon	  is	  considered)	  
§  Snow/ice	  (Tipping	  bucket	  gauges	  and	  Parsivel)	  
§  CondensaEon/splashing	  on	  Parsivel	  opEcs	  
§  Minimum	  precipitaEon	  rate:	  1	  mm	  h-‐1	  

Ground	  Site	   ElevaEon	  (m)	   DescripEon	  

Fishery	   52	   Upstream,	  low-‐
elevaEon	  

Bishop	  Field	   85	   Front	  of	  valley,	  
low-‐elevaEon	  

Prairie	  Creek	   543	   Front	  of	  valley,	  
mid-‐elevaEon	  

Graves	  Creek	   180	   Interior	  valley,	  
low-‐elevaEon	  

Wynoochee	   1020	   Interior	  high-‐
elevaEon	  

Nw-‐D0	  Methodology:	  
Comparing	  DSDs	  from	  different	  Eme	  periods	  requires	  
the	  use	  of	  a	  normalized	  DSD	  (Testud	  et	  al.	  2001):	  
	  
	  
D0:	  median	  drop	  diameter	  (mm)	  
Nw:	  Normalized	  intercept	  paramete	  (mm-‐3	  m-‐1)	  
LWC:	  liquid	  water	  content	  measured	  by	  Parsivel2	  
	  

InterpretaEon:	  
Unlike	  the	  intercept	  in	  a	  gamma	  DSD,	  Nw	  does	  not	  
depend	  on	  DSD	  shape.	  So	  the	  relaEve	  number	  and	  
size	  of	  drops	  in	  different	  DSDs	  can	  be	  described	  by	  
the	  interplay	  between	  Nw	  and	  D0.	  
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Many	  small	  drops	  
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DSD	  

Heavy	  rain	  

Few	  big	  drops	  


