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Outline	
  
•  What	
  is	
  the	
  mesoscale?	
  Why	
  do	
  we	
  need	
  
mesoscale	
  models?	
  

•  What	
  processes	
  are	
  represented	
  in	
  mesoscale	
  
models?	
  What	
  are	
  the	
  sources	
  of	
  errors	
  in	
  these	
  
models?	
  

•  Why	
  are	
  parameterizaRons	
  needed?	
  Boundary-­‐
layer	
  parameterizaRons	
  

•  Coupling	
  between	
  mesoscale	
  and	
  microscale	
  
models,	
  some	
  insights	
  

•  Numerical	
  consideraRons	
  (if	
  we	
  have	
  Rme…)	
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Typical downscaling steps 

G 

Global 

Local 

Global wind resources 

Regional  

Mesoscale modeling 
KAMM, MM5, WRF, etc. 

Microscale modeling 
(WAsP, CFD, etc) 
or statistical technique 
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Mesoscale processes generate regional circulation 
systems and/or modify these general patterns 

sea-land breeze 
coastal jet 

gap flow (not thermally) mountain-valley breeze 
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Dynamical downscaling for wind 
energy resource estimation 

For estimating wind energy 
resources, mesoscale model 
simulations are: 

 
  Not weather forecasting, spin-up 

may be an issue 
  Not regional climate simulations, 

drift may be an issue 
 
For this application: 
 
  We “trust” the large-scale 

reanalysis that drives the 
downscaling 

  We need to resolve smaller scales 
not present in the reanalysis 

 
  

global model 
(reanalysis) 

mesoscale model 

von Storch et al (2000) 



The	
  (primiRve)	
  equaRons	
  that	
  	
  
are	
  the	
  basis	
  for	
  models	
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All	
  equaRons	
  have	
  Rme-­‐derivaRves	
  on	
  
the	
  leW…	
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+	
  equaRons	
  for	
  cloud	
  water,	
  rain,	
  snow…	
  etc	
  	
  	
  



Other	
  processes	
  are	
  treated	
  with	
  
separate	
  complex	
  sets	
  of	
  equaRons	
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effect	
  of	
  
fricRon,	
  

turbulence	
  

surface	
  heaRng,	
  
change	
  of	
  phase,	
  
radiaRon	
  	
  

cloud	
  processes,	
  
surface	
  evaporaRon	
  

Boundary-­‐layer	
  
processes	
  affect	
  
all	
  5	
  terms.	
  



These	
  basic	
  equaRons	
  

•  Are	
  common	
  to	
  many	
  different	
  types	
  of	
  
atmospheric	
  models	
  
	
  -­‐	
  operaRonal	
  weather	
  predicRon	
  models	
  
	
  -­‐	
  global	
  climate	
  models	
  
	
  -­‐	
  building-­‐scale	
  urban	
  (CFD)	
  models	
  
	
  -­‐	
  research	
  atmospheric	
  models	
  
	
  -­‐	
  models	
  of	
  flow	
  over	
  an	
  airfoil	
  
	
  	
  



The	
  sources	
  of	
  model	
  error	
  

•  Numerical	
  approximaRons	
  to	
  the	
  equaRons	
  that	
  
allow	
  us	
  to	
  solve	
  them	
  on	
  a	
  computer	
  

•  IniRal	
  condiRons	
  –	
  the	
  atmospheric	
  state	
  from	
  
which	
  we	
  begin	
  the	
  model	
  forecast	
  

•  Lateral	
  (+upper)	
  boundary	
  condiRons,	
  for	
  limited-­‐
area	
  models	
  

•  Lower	
  boundary	
  condiRon	
  –	
  land	
  surface	
  forcing	
  
•  ParameterizaRons	
  of	
  physical	
  processes	
  (e.g.,	
  
turbulence,	
  radiaRon,	
  etc.)	
  



Why	
  do	
  we	
  need	
  approximaRons	
  to	
  
the	
  equaRons?	
  

•  Nonlinear,	
  nonhomogeneous	
  parRal-­‐
differenRal	
  equaRons	
  cannot	
  be	
  solved	
  
analyRcally.	
  Therefore:	
  
– Convert	
  the	
  derivaRves	
  to	
  algebraic	
  expressions	
  
– Computers	
  can	
  solve	
  algebraic	
  equaRons	
  	
  



Space	
  derivaRves	
  
•  Grid-­‐point	
  methods	
  (most	
  mesoscale	
  models)	
  –	
  
equaRons	
  are	
  solved	
  at	
  points	
  defined	
  by	
  a	
  
“quasi-­‐regular”,	
  3D	
  spaRal	
  grid	
  
o e.g.,	
  Cartesian	
  or	
  spherical	
  (lat-­‐lon)	
  coordinates	
  
o Space	
  derivaRves	
  esRmated	
  with	
  finite-­‐difference	
  
methods	
  

•  Spectral	
  methods	
  (not	
  as	
  common	
  in	
  mesoscale	
  
models)	
  –	
  esRmate	
  spaRal	
  variaRon	
  of	
  dependent	
  
variables	
  with	
  analyRc	
  funcRons	
  
o Space	
  derivaRves	
  calculated	
  analyRcally	
  	
  
o Global	
  or	
  local	
  funcRons	
  may	
  be	
  used	
  



The	
  size	
  of	
  the	
  grid	
  increment	
  

•  Δx	
  is	
  chosen	
  so	
  that	
  there	
  is	
  a	
  sufficient	
  number	
  
of	
  grid	
  points	
  to	
  represent	
  the	
  smallest	
  
meteorological	
  feature	
  of	
  interest	
  in	
  the	
  model	
  
soluRon.	
  A	
  rule	
  of	
  thumb	
  is	
  that	
  10	
  grid	
  points	
  
are	
  needed	
  in	
  order	
  to	
  adequately	
  resolve	
  a	
  
wave.	
  	
  

•  The	
  “truncaRon	
  error”	
  quanRfies	
  the	
  error	
  	
  
•  For	
  synopRc-­‐scale	
  processes,	
  Δx	
  =	
  100	
  km	
  may	
  be	
  
adequate.	
  For	
  moist	
  convecRon,	
  Δx	
  =	
  1	
  km	
  would	
  
be	
  more	
  reasonable.	
  



One	
  advantage	
  of	
  higher	
  resoluRon	
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From	
  Rife	
  and	
  Davis	
  (2005)	
  

terrain	
  elevaRon	
  on	
  different	
  domains	
  
Δx	
  =	
  30	
  km	
   Δx	
  =	
  3.3	
  km	
  

Adapted	
  from	
  Rife	
  and	
  Davis	
  (2005)	
  



ComputaRonal	
  requirements	
  for	
  
running	
  a	
  model	
  

•  The	
  total	
  computer	
  Rme	
  involved	
  in	
  producing	
  a	
  forecast	
  of	
  
a	
  given	
  length,	
  and	
  over	
  a	
  specific	
  area,	
  will	
  depend	
  on	
  	
  
–  the	
  number	
  of	
  grid	
  points	
  at	
  which	
  the	
  equaRons	
  must	
  be	
  
solved	
  at	
  each	
  Rme	
  step,	
  and	
  	
  

–  the	
  number	
  of	
  Rme	
  steps	
  it	
  takes	
  to	
  go	
  from	
  the	
  start	
  to	
  the	
  end	
  
of	
  the	
  integraRon.	
  

•  The	
  number	
  of	
  grid	
  points	
  depends	
  on	
  the	
  grid	
  increment	
  
that	
  is	
  needed	
  to	
  resolve	
  the	
  important	
  processes	
  (the	
  finer	
  
the	
  mesh,	
  the	
  more	
  points).	
  	
  

•  The	
  number	
  of	
  Rme	
  steps	
  needed	
  depends	
  on	
  the	
  Rme	
  
step	
  itself,	
  which	
  is	
  smaller	
  for	
  higher-­‐resoluRon	
  grids	
  and	
  
when	
  there	
  are	
  fast	
  waves	
  on	
  the	
  grid.	
  

(UΔt/Δx	
  ≤	
  1)	
  



Desirable	
  properRes	
  of	
  a	
  model	
  
verRcal	
  coordinate	
  system?	
  

•  Single	
  valued	
  
•  Does	
  not	
  intersect	
  the	
  ground	
  	
  
•  Pressure-­‐gradient	
  force	
  defined	
  by	
  one	
  term	
  



VerRcal	
  coordinate	
  systems	
  	
  
commonly	
  used	
  

•  Height	
  above	
  sea	
  level	
  
•  Pressure	
  
•  PotenRal	
  temperature	
  	
  
•  Sigma-­‐p	
  



Sigma-­‐p	
  

Adapted	
  from	
  
Warner	
  et	
  al.	
  (1978)	
  



Sources	
  of	
  model	
  error	
  –	
  a	
  preview	
  

•  Numerical	
  approximaRons	
  to	
  the	
  equaRons	
  that	
  
allow	
  us	
  to	
  solve	
  them	
  on	
  a	
  computer	
  

•  IniRal	
  condiRons	
  –	
  the	
  atmospheric	
  state	
  from	
  
which	
  we	
  begin	
  the	
  model	
  forecast	
  

•  Lateral	
  (+upper)	
  boundary	
  condiRons,	
  for	
  limited-­‐
area	
  models	
  

•  Lower	
  boundary	
  condiRon	
  –	
  land	
  surface	
  forcing	
  
•  ParameterizaRons	
  of	
  physical	
  processes	
  (e.g.,	
  
turbulence,	
  radiaRon,	
  etc.)	
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Initial conditions usually come from a large-
scale (global) forecast or reanalysis 

Interpolation  
Assimilation of 

observations 
Interpolate to model 

grid using balance 
constrains  

22 

WRF  
Model 

WRF – Weather, Research and Forecast model 
Community mesoscale model – NCAR + other 
USA laboratories 
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Analysis vs. Reanalysis 
•  Analysis is the set of initial conditions produced by an analysis system, i.e, 

defined on the global model grid (interpolation + data assimilation + model 
balance)  

•  Reanalysis is the retrospective analysis onto global grids using a multivariate 
physically consistent approach with a constant analysis system.   

•  Newer reanalysis products provide a consistent dataset with state of the art 
analysis system and horizontal resolution as fine as that of real-time operational 
analysis. Reanalysis Horiz.Res Dates Vintage Status 

NCEP/NCAR R1 T62 1948-present 1995 ongoing 

NCEP-DOE R2 T62 1979-present 2001 ongoing 

CFSR (NCEP) T382 1979-present 2009 thru 2009, ongoing 

C20r (NOAA) T62 1875-2008 2009 Complete, in progress 

ERA-40 T159 
(0.8°) 

1957-2002 2004 done 

ERA-Interim T255 1989-present 2009 ongoing 

JRA-25 T106 1979-present 2006 ongoing 

JRA-55 T319 1958-2012 2009 underway 

MERRA (NASA) 0.5° 1979-present 2009 thru 2010, ongoing 

( are 
freely 
available) 
 

Operational 
weather 
centers 



But	
  mesoscale	
  models	
  can	
  also	
  be	
  run	
  
in	
  idealized	
  mode…	
  

The	
  Risø	
  Wind	
  Atlas	
  method	
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The Wind Atlas Method 
 

•  Determine the large-scale 
wind forcing of a region 
based on long-term, but 
spatially coarse, dataset. 

•  Classify the geostrophic 
wind (and stability) time-
series into wind classes 

•  Use a mesoscale model 
(KAMM) to determine how 
topography modifies the 
large-scale wind defined by 
each wind class. 

 

125 wind classes for Southern S. Africa 
– mean sea level geostrophic wind 

(NCEP/NCAR reanalysis) 

frequency (%) 

wind speed 
(m/s) 
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Example wind class profiles 

Wind Class: 095 
Frequency: 1.17% 
Wind speed 2.9 m/s 
Wind direction: 270° 

Wind Class: 098 
Frequency: 1.33% 
Wind speed 7.7 m/s 
Wind direction: 269° 

Wind Class: 101 
Frequency: 1.51% 
Wind speed 13.0 m/s 
Wind direction: 269° 
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Wind Class Freq: 1.17% 
Wind speed (0m): 2.9 m/s 
Wind direction (0m): 270° 
Simulated winds at 50m 

Wind Class Freq: 1.33% 
Wind speed (0m): 7.7 m/s 
Wind direction (0m): 269° 
Wind speed at 50m 

Wind Class Freq: 1.51% 
Wind speed (0m):13.0 m/s 
Wind direction (0m): 269° 
Wind speed at 50m 
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Original mesoscale model domains 



Sources	
  of	
  model	
  error	
  
•  Numerical	
  approximaRons	
  to	
  the	
  equaRons	
  that	
  
allow	
  us	
  to	
  solve	
  them	
  on	
  a	
  computer	
  

•  IniRal	
  condiRons	
  –	
  the	
  atmospheric	
  state	
  from	
  
which	
  we	
  begin	
  the	
  model	
  forecast	
  

•  Lateral	
  boundary	
  condiRons,	
  for	
  limited-­‐area	
  
models	
  

•  Lower	
  and	
  upper	
  boundary	
  condiRon	
  (land	
  
surface	
  forcing)	
  

•  ParameterizaRons	
  of	
  physical	
  processes	
  (e.g.,	
  
turbulence,	
  radiaRon,	
  etc.)	
  



Lateral	
  Boundary	
  CondiRons	
  
•  Needed	
  for	
  LAMs	
  because	
  equaRons	
  cannot	
  be	
  
solved	
  at	
  the	
  edge	
  points	
  –	
  there	
  are	
  no	
  points	
  
beyond	
  the	
  boundary	
  to	
  use	
  in	
  calculaRng	
  
derivaRves	
  perpendicular	
  to	
  it.	
  

•  The	
  BCs	
  need	
  to	
  be	
  externally	
  specified.	
  
•  OperaRonal	
  forecasRng	
  with	
  LAMS:	
  Define	
  BCs	
  
based	
  on	
  previously	
  run	
  large-­‐scale	
  (global)	
  
forecast.	
  

•  Research	
  simulaRons	
  with	
  LAMS:	
  Define	
  BCs	
  
based	
  on	
  global	
  analysis	
  of	
  observaRons.	
  	
  

•  Other	
  modes	
  exist	
  in	
  idealized	
  simulaRons	
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Initial conditions usually come from a large-
scale (global) forecast or reanalysis 

Interpolation  
Assimilation of 

observations 
Interpolate to model 

grid using balance 
constrains  

31 

WRF  
Model 

WRF – Weather, Research and Forecast model 
Community mesoscale model – NCAR + other 
USA laboratories 



Upper	
  and	
  lower	
  BCs	
  

•  Upper	
  BCs:	
  Model	
  atmosphere	
  cannot	
  extend	
  
to	
  infinity,	
  as	
  does	
  the	
  real	
  atmosphere,	
  so	
  an	
  
arRficial	
  upper	
  boundary	
  needs	
  to	
  be	
  defined.	
  	
  
This	
  must	
  be	
  formulated	
  so	
  that	
  there	
  is	
  no	
  
arRficial	
  reflecRon	
  of	
  upward-­‐propagaRng	
  
waves.	
  	
  

•  Lower	
  BCs:	
  SpecificaRon	
  of	
  heat,	
  moisture	
  and	
  
momentum	
  fluxes	
  at	
  the	
  land	
  and	
  ocean	
  
surface.	
  	
  	
  	
  	
  	
  	
  	
  	
  Land	
  surface	
  model	
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Spin-up and resolution effects 

Downscaling run 5 km 
horizontal resolution grid 
over Northern Europe 

Time required to build 
up mesoscale 
structures: ~24 hours 

Effective resolution ~7 x 
grid spacing, depends on 
model numerics 

initial 
state 

Kinetic energy spectrum  

integration 
time (hours) 

This length depends 
on domain size, wind 
regime, orographic 
complexity and details 
of the model used. 



Sources	
  of	
  model	
  error	
  

•  Numerical	
  approximaRons	
  to	
  the	
  equaRons	
  that	
  
allow	
  us	
  to	
  solve	
  them	
  on	
  a	
  computer	
  

•  IniRal	
  condiRons	
  –	
  the	
  atmospheric	
  state	
  from	
  
which	
  we	
  begin	
  the	
  model	
  forecast	
  

•  Lateral	
  (+upper)	
  boundary	
  condiRons,	
  for	
  limited-­‐
area	
  models	
  

•  Lower	
  boundary	
  condiRon	
  –	
  land	
  surface	
  forcing	
  
•  ParameterizaRons	
  of	
  physical	
  processes	
  (e.g.,	
  
turbulence,	
  radiaRon,	
  etc.)	
  



Physical-­‐process	
  parameterizaRons	
  

• What	
  does	
  “parameterize”	
  
mean?	
  	
  

	
  Represent	
  a	
  process	
  through	
  a	
  
staRsRcal	
  or	
  algorithmic	
  
relaRonship,	
  rather	
  than	
  
through	
  a	
  physical	
  relaRonship	
  	
  

	
  



•  Why	
  do	
  we	
  parameterize	
  some	
  processes?	
  
 	
  The	
  complexity	
  of	
  a	
  process	
  makes	
  it	
  too	
  
computaRonally	
  expensive	
  to	
  represent	
  directly	
  	
  

 	
  There	
  is	
  insufficient	
  knowledge	
  about	
  how	
  a	
  
process	
  operates,	
  to	
  allow	
  it	
  to	
  be	
  represented	
  
explicitly	
  

 	
  The	
  small	
  scales	
  involved	
  in	
  a	
  process	
  make	
  it	
  too	
  
computaRonally	
  expensive	
  to	
  represent	
  directly	
  



Processes	
  that	
  are	
  oWen	
  parameterized	
  

•  Land-­‐surface	
  processes	
  (surface	
  
fluxes,	
  radiaRon,	
  hydrology)	
  

•  Cloud	
  microphysics	
  
•  RadiaRve	
  transfer	
  through	
  the	
  

atmosphere	
  –	
  long	
  and	
  shortwave	
  
•  Turbulent	
  fluxes	
  -­‐	
  heat,	
  moisture,	
  

momentum	
  
•  Cumulus	
  convecRon	
  (moist	
  

convecRon)	
  



Grid	
  increments	
  and	
  
parameterizaRons	
  

•  Many	
  parameterizaRons	
  are	
  designed	
  for	
  use	
  with	
  
a	
  certain	
  range	
  of	
  horizontal	
  grid	
  increments	
  –	
  i.e.,	
  
only	
  those	
  aspects	
  of	
  the	
  physical	
  system	
  that	
  are	
  
not	
  resolved	
  by	
  the	
  model	
  need	
  to	
  be	
  
parameterized.	
  
–  e.g.,	
  global	
  models	
  need	
  to	
  parameterize	
  mesoscale	
  
and	
  convecRve	
  scale	
  process	
  that	
  lead	
  to	
  summer	
  
precipitaRon,	
  but	
  mesoscale	
  models	
  only	
  need	
  to	
  
parameterize	
  the	
  convecRve	
  scale.	
  

•  For	
  high	
  resoluRons,	
  the	
  model	
  can	
  begin	
  to	
  
parRally	
  resolve	
  processes	
  that	
  are	
  being	
  
parameterized;	
  there	
  is	
  thus	
  a	
  risk	
  of	
  “double	
  
counRng”.	
  



Cloud	
  microphysics	
  processes	
  	
  
that	
  may	
  be	
  parameterized	
   Adapted	
  from	
  

Braham	
  and	
  Squires	
  
(1974)	
  



Turbulence	
  parameterizaRons	
  

•  Also	
  known	
  as	
  boundary-­‐layer	
  parameterizaRons	
  
•  Infer	
  turbulence	
  intensity,	
  to	
  represent	
  subgrid-­‐
scale	
  verRcal	
  transport	
  (mixing)	
  of	
  heat,	
  moisture	
  
and	
  momentum	
  between	
  the	
  surface	
  and	
  the	
  
free	
  atmosphere.	
  	
  

•  The	
  parameterizaRon	
  should	
  also	
  represent	
  
turbulent	
  mixing	
  anywhere	
  in	
  the	
  atmosphere	
  
(for	
  example,	
  associated	
  with	
  wind	
  shear	
  near	
  
the	
  jet	
  stream)	
  



Boundary-­‐layer	
  parameterizaRon	
  
closures	
  

∂ui

∂t
= −uj

∂ui

∂xj
− δi3g + f�ij3uj −

1

ρ
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∂xi

u = u+ u�, a� = 0, ab� = 0.
∂ui

∂t
= −uj

∂ui

∂xj
− δi3g + f�ij3uj −

1

ρ

∂p

∂xi
− ∂

∂xj
u�
iu

�
j

The	
  momentum	
  equaRons	
  in	
  tensor	
  notaRon:	
  

Reynolds’	
  stress	
  term	
  
Effects	
  of	
  turbulence	
  on	
  	
  
the	
  mean	
  flow.	
  

u�u�, u�v�, u�w�, v�v�, v�w�, w�w�
When	
  the	
  	
  covariance	
  terms	
  	
  
	
  
are	
  parameterized	
  in	
  terms	
  of	
  
	
  
It	
  is	
  called	
  a	
  first-­‐order	
  closure	
  
	
  	
  
	
  

u, v, w
ξ�u�

j = −K ∂
∂xj

ξ

where	
  ξ	
  is	
  u,	
  v,	
  w,	
  θ,	
  q,	
  etc.	
  

Only	
  verRcal	
  components	
  are	
  retained.	
  



Boundary-­‐layer	
  parameterizaRon	
  
closures	
  

In	
  second	
  order	
  schemes	
  
	
  
	
  
	
  
and	
  so	
  on.	
  	
  	
  
A	
  good	
  advantage	
  of	
  second-­‐order	
  
or	
  higher	
  method	
  is	
  that	
  the	
  
second	
  moments	
  of	
  the	
  wind	
  
components	
  can	
  be	
  used	
  to	
  
quanRfy	
  the	
  total	
  Turbulent	
  KineRc	
  
Energy	
  (TKE)	
  
	
  

∂u�
iu

�
j

∂t = · · · − ∂
∂xk

u�
iu

�
ju

�
k

There	
  are	
  also	
  combinaRons	
  of	
  these	
  
approaches,	
  parameterized	
  versus	
  
predicted	
  give	
  rise	
  to	
  for	
  example	
  1.5	
  
order	
  closure.	
  



Different	
  approaches	
  

Where	
  the	
  verRcal	
  
derivaRves	
  are	
  calculated	
  
	
  
Adjacent	
  grid	
  point	
  in	
  the	
  
verRcal	
  -­‐>	
  local	
  closure	
  
	
  
Significantly	
  farther	
  away	
  
in	
  the	
  verRcal	
  -­‐>	
  non-­‐
local	
  closure	
  	
  
	
  

ξ�u�
j = −K ∂

∂xj
ξ



Model	
  ConfiguraRon	
  –	
  Real-­‐Rme	
  
forecasRng	
  system	
  

One	
  month	
  long	
  experiment:	
  Same	
  
everything	
  except	
  for	
  the	
  PBL	
  +	
  surface	
  
layer	
  scheme	
  (ACM2	
  run	
  with	
  PX	
  land	
  
surface	
  model)	
  



DescripRon	
  of	
  PBL	
  parameterizaRons	
  
in	
  the	
  WRF	
  mesoscale	
  model	
  

C. Draxl et al. Evaluation of wind shear in the WRF model

Table I. Description of the seven experiments, PBL parameterizations, their closure type (Turbulence Kinetic Energy (TKE)) associated land
surface models (LSM) and surface layer physics (SLS) schemes, as recommended in [16].

Experiment PBL parameterization Closure type Land surface model Surface layer scheme

ACM2 Asymmetric Convective Model
version 2 [18]

First Order Closure Pleim-Xu Pleim-Xu

MRF Medium Range Forecast Model
[19]

Non-local-K mixing Unified Noah LSM Monin-Obukhov

MYJ Mellor-Yamada-Janjic [20] TKE 1.5-order Unified Noah LSM Eta similarity
MYNN2 Mellor-Yamada Nakanishi and

Niino Level 2.5 [21]
TKE 1.5-order Unified Noah LSM MYNN

MYNN3 Mellor-Yamada Nakanishi and
Niino Level 3 [22]

TKE 2nd-order Unified Noah LSM MYNN

QNSE Quasi-Normal Scale Elimina-
tion [23]

TKE 1.5-order Unified Noah LSM QNSE

YSU Yonsei University Scheme [24] Non-local-K mixing Unified Noah LSM Monin-Obukhov

Seven experiments with 30 hour forecasts were carried out for 1–30 October 2009. Each forecast was initialized at

12:00 UTC (UTC = local standard time - 1 hour). However, for the comparison we only used forecasts with lead times

of 7 to 30 hours to avoid using forecasts within the model spin-up period. The seven experiments differ only in the PBL

schemes, their associated land surface models and surface layer physics as recommended in [16], and are described in

Table I. All other model aspects, such as convective and radiation parameterizations, remained the same.

We chose the month of October 2009 due to its variable and representative weather conditions: The synoptic situation

in Denmark was characterized by a low pressure system over Scandinavia during the first few days, interrupted by a ridge

of high pressure on the 5th of October. From the 9th October, and for about 10 days onwards, anticyclonic conditions

prevailed, leading to stable conditions at night and unstable conditions during the day. After that, a upper-level low over

western Europe with neutral and slightly unstable conditions determined the weather conditions over Scandinavia again,

followed by a high pressure system and characterized by stable conditions during night times by the end of the month.

Stable atmospheric conditions in the lower boundary layer occur often in Denmark [17].

2.2. Observations

The WRF model simulations were verified against measurements from a meteorological mast/light tower at Høvsøre,

Denmark, situated on the northwest coast of Denmark, 1.7 km inland (Figure 2). Risø DTU manages the National Test

Station for Large Wind Turbines there. The terrain around the site is flat and homogeneous and the prevailing wind

directions are west and northwest. In our study we use measurements of 10 min sustained wind speeds at heights of

10, 40, 60, 80, 100 and 116 m from the meteorological mast and at 160 m from the light tower; further, the temperature

Wind Energ. 2011; 00:2–23 c� 2011 John Wiley & Sons, Ltd. 5
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Diagnosis	
  of	
  the	
  wind	
  shear	
  	
  

Høvsøre	
  test	
  center,	
  Denmark	
  

Why	
  focus	
  on	
  wind	
  shear?	
  
  Important	
  to	
  accurate	
  power	
  

producRon	
  esRmates	
  for	
  
modern	
  large	
  wind	
  turbines	
  

  Wake	
  loses	
  depend	
  on	
  
atmospheric	
  stability	
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Monin-Obukhov 
Length 

stability class 
 

-500<L<-50 unstable 

L <-500; L>500 neutral 

200<L<500 near-stable 

50<L<200 stable 

10<L<50 very stable 

Stability classes according to 
the Obukhov length L 
(Gryning et al 2007) 

Wind profiles grouped according to observed 
stability at Høvsøre, Denmark, Oct. 2009 

PBL 
scheme 

Evaluation of wind shear in the WRF model C. Draxl et al.

Table II. Error statistics between WRF experiments and the observations at Høvsøre for the period 1–30 October 2009. Only forecasts with lead
times between 7–30 hours are considered

BIAS (WRF-observations)
Experiment ACM2 MRF YSU MYJ MYNN2 MYNN3 QNSE

wind speed 10 m (m s-1) 0.68 0.32 1.19 0.13 0.34 0.59 -0.24
wind speed 60 m (m s-1) 0.16 0.34 0.37 -0.20 0.25 0.37 -0.33
wind speed 160 m (m s-1) 0.12 0.07 -0.27 0.04 -0.00 0.08 0.23
Temperature 2 m (◦C) 0.68 0.93 1.21 0.22 0.40 0.44 0.29
Temperature 100m (◦C) -0.03 0.32 0.20 -0.56 -0.28 -0.31 -0.65
α 10/60 m (×10-1) 0.09 -0.33 0.59 -0.38 -0.42 -0.22 -0.89

RMSE (WRF-observations)
Experiment ACM2 MRF YSU MYJ MYNN2 MYNN3 QNSE

wind speed 10 m (m s-1) 2.02 2.15 2.43 1.95 2.06 2.06 2.06
wind speed 60 m (m s-1) 2.52 2.69 2.63 2.49 2.66 2.57 2.56
wind speed 160 m (m s-1) 2.49 2.67 2.53 2.46 2.56 2.47 2.65
Temperature 2 m (◦C) 1.50 1.55 1.78 1.26 1.24 1.28 1.30
Temperature 100 m (◦C) 1.32 1.42 1.24 1.43 1.38 1.43 1.50
α 10/60 m (×10-1) 1.30 1.85 1.83 1.65 1.79 1.77 2.17

L = −(u3
∗T0)/(κgw�T �), where u∗ and w�T � are derived from sonic anemometer measurements, T0 is a fixed

temperature of 20◦C, and κ and g are the von Kármán constant (κ = 0.4) and the acceleration due to gravity, respectively.

For the model, the same relationship is used but with the model-derived values.

The overall error statistics between the forecasted values from experiments and the observations are presented in

Table II. Biases in wind speed are almost always positive (i.e., the simulated winds are larger than those observed),

except for the QNSE (at 10 and 60 m), the MYJ (at 60 m) and YSU (at 160 m) experiments that have small negative

biases. Biases are in general larger at the first model level than at 160 m. It is found that smaller errors at 10 m are not a

prerequisite for smaller errors at 60 and 160 m. Temperature biases are within ± 1◦C, except for the YSU experiment at 2

m. Thus, the experiments tend to be slightly warmer than the observations at 2 m in opposition to most previous studies.

The biases in α are mostly negative, i.e., the values of α from the experiments are more unstable than those diagnosed

from the observations. Because of the differences in height (10 and 60 m in the observations versus 14 and 53 m in the

experiments) and the higher surface roughness length in the model, it is expected that α is higher in the experiments

than the observed value under neutral conditions.

Very small differences in RMSE of wind speeds are seen among the various experiments, and the spread among them

becomes smaller with height. The RMSE in temperature is also similar among the experiments at both 2 and 100 m. The

RMSE in α varies between 0.130 for the ACM2 experiment and 0.217 for the QNSE experiment. Therefore, between 10

and 60 m, the QNSE experiment misrepresents the most the observed shape of the wind profile.

8 Wind Energ. 2011; 00:2–23 c� 2011 John Wiley & Sons, Ltd.
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Choice of parameterizations is 
important 

heat flux 

u* 

1/L α 

u1

u2
=

�z1
z2

�α
; shear exponent; 10-60 m

W
R
F 

OBS 

MYJ 

heat flux 

u* 

1/L α 

OBS 

YSU 



49 Risø DTU, Technical University of Denmark 

Validation of downscaling wind profiles, 
October 2009 
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15, 5km dynamical downscaling 
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6 boundary layer schemes 
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Monthly-mean (Oct 
2009) differences 
in wind speed – 2 
PBL schemes 

height: 42m QNSE - YSU 

height: 127m QNSE - YSU 



Land	
  surface	
  processes	
  –	
  background	
  	
  
•  There	
  has	
  been	
  an	
  historical	
  tendency	
  for	
  “atmospheric”	
  

models	
  to	
  become	
  more-­‐encompassing	
  of	
  the	
  enRre	
  physical	
  
system:	
  
–  Biosphere	
  (vegetaRon)	
  
–  Lithosphere	
  (ice)	
  
–  Hydrosphere	
  (ocean	
  and	
  lake	
  circulaRons)	
  
–  Land	
  surface/subsurface	
  
–  Air	
  chemistry	
  

•  More-­‐encompassing	
  models	
  oWen	
  called	
  Earth-­‐system	
  
models.	
  

•  Needs	
  for	
  non-­‐atmospheric	
  parts	
  of	
  the	
  physical	
  system?	
  
–  e.g.,	
  sea-­‐surface	
  temperature	
  may	
  be	
  specified	
  if	
  atmospheric	
  
simulaRons	
  are	
  sufficiently	
  short	
  (1-­‐2	
  weeks)	
  –	
  instead	
  of	
  having	
  an	
  
ocean	
  model.	
  

–  Longer	
  simulaRons/forecasts	
  (inter-­‐seasonal,	
  decadal)	
  require	
  that	
  
more	
  processes	
  be	
  involved	
  in	
  the	
  model	
  dynamics.	
  

•  The	
  land-­‐atmosphere	
  coupling	
  operate	
  son	
  sub-­‐diurnal	
  Rme	
  
scales,	
  so	
  must	
  be	
  treated	
  dynamically	
  in	
  all	
  models.	
  



Processes	
  that	
  must	
  be	
  represented	
  

Adapted	
  from	
  Chen	
  and	
  Dudhia	
  (2001)	
  



Importance	
  of	
  properly	
  modeling	
  
urban	
  landscapes	
  

•  Climate	
  change	
  and	
  human	
  health	
  
•  Sea-­‐level	
  rise	
  
•  Indoor	
  and	
  outdoor	
  air	
  quality	
  
•  Human	
  thermal	
  stress	
  
•  Water	
  resources	
  and	
  management	
  
•  Atmospheric	
  transport	
  of	
  accidental	
  or	
  
intenRonal	
  releases	
  of	
  toxic	
  material	
  

•  Severe	
  weather,	
  flood	
  

	
  
	
  	
  



Water	
  Surfaces	
  

NWP	
  models	
  usually	
  treat	
  these	
  simply	
  
Constant	
  Sea-­‐Surface	
  Temperature	
  
Wave	
  roughness	
  a	
  funcRon	
  of	
  wind	
  speed	
  

From	
  Warner	
  (2011)	
  



Coupling	
  mesoscale	
  and	
  microscale	
  
models	
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Mesoscale to microscale coupling: 
Need for generalization  

Jake Badger 

Risø DTU 
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micro local 
corrections 
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Meso ‘local’ 
corrections 

 direct   micro corrections only  meso & micro corrections 

Routes from mesoscale model to site 
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Verification of mean wind speed 
 
 

 meso & micro corrections 

u* Lmeso         u* Luser        u(z)             u(zj) 

Site in 
northern 
Spain 

Mesoscale ‘local’ 
corrections and 
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measurements 
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 direct   micro corrections only 

method 
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Verification of mean power density 
 
 

 meso & micro corrections 

u* Lmeso         u* Luser        u(z)             u(zj) 

Site in 
northern 
Spain 

Mesoscale ‘local’ 
corrections and 
microscale local 
corrections give best 
agreement with 
measurements 
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method 

 direct   micro corrections only 
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Importance of microscale... a motivation 
 
 

Wind resource (power density) at 50 m calculated at different resolutions 
 

10 km 5 km 

2.5 km 0.1 km 

50 km 

50 km
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mean power density of total area  mean power density for windiest 50% of area 


