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IIIVVV...   AAAtttmmmooosssppphhheeerrriiiccc   BBBooouuunnndddaaarrryyy   
LLLaaayyyeeerrrsss   iiinnn   PPPrrreee---SSStttooorrrmmm   

EEEnnnvvviiirrrooonnnmmmeeennntttsss   
EEEvvvgggeeennniii   FFFeeedddooorrrooovvviiiccchhh   

UUUnnniiivvveeerrrsssiiitttyyy   ooofff   OOOkkklllaaahhhooommmaaa,,,   SSSccchhhoooooolll   ooofff   MMMeeettteeeooorrrooolllooogggyyy   

  



OOOuuutttllliiinnneee   
• Convection initiation environments: interplay 

of mesoscale and boundary-layer scale 
forcings 

• Convergence boundaries and horizontal 
convective rolls in pre-storm environments 

• Characterization of sheared CBL: 
discrimination between cells and rolls 

• Observed and simulated features of sheared 
CBL 

• Boundary layer convection and formation of 
dust devils 



NNNeeeccceeessssssaaarrryyy   cccooonnndddiiitttiiiooonnnsss   fffooorrr   dddeeevvveeelllooopppmmmeeennnttt   
ooofff   dddeeeeeeppp   mmmeeesssooossscccaaallleee   cccooonnnvvveeeccctttiiiooonnn   

• Existence of conditional unstable 
atmospheric layer with a significant 
vertical extension. 
Temperature lapse rate must be larger than moist 
adiabatic lapse rate: /w ddT dzΓ < Γ = − ≤ Γ  

• Substantial low-level (boundary-layer) 
moisture. 

• Low-level lifting capable of releasing the 
instability. 



CCCooonnnvvveeeccctttiiiooonnn---iiinnniiitttiiiaaatttiiiooonnn   eeennnvvviiirrrooonnnmmmeeennnttt   
Wallace and Hobbs (2005) 

   
Convective available potential 
energy (CAPE) and convective 

inhibition (CIN) 

Increase of −dT/dz in lifted 
inversion 

 



RRReeeaaallliiissstttiiiccc   sssooouuunnndddiiinnngggsss   ppprrreeeccceeedddiiinnnggg   cccooonnnvvveeeccctttiiivvveee   iiinnniiitttiiiaaatttiiiooonnn   
Browning et al. (2007) 

   



OOOnnnlllyyy   sssmmmaaallllll   llliiifffttt   iiisss   sssooommmeeetttiiimmmeeesss   nnneeeeeedddeeeddd   tttooo   iiinnniiitttiiiaaattteee   cccooonnnvvveeeccctttiiiooonnn   
Browning et al. (2007) 

   



MMMeeeccchhhaaannniiisssmmmsss   ooofff   llliiiffftttiiinnnggg///aaasssccceeennnttt   
Markowski et al. (2006) 

• Convergence along mesoscale boundaries 
- fronts 
- drylines 
- outflow boundaries 
- sea/land breezes 

• Differential heating 
- cloudy-clear air boundaries 
- heating of sloped terrain 
- spatial variability of buoyancy flux 

• Gravity waves and bores 



EEExxxaaammmpppllleee   ooofff   cccooonnnvvveeerrrgggeeennnccceee   bbbooouuunnndddaaarrryyy 
Browning et al. (2007) 

Convective Storm Initiation Project (CSIP), UK 2004/05 

   
Satellite image of clouds 
along a convergence line      

   

FFFooorrrmmmaaatttiiiooonnn   ooofff   ccclllooouuuddd   ssstttrrreeeeeetttsss   aaalllooonnnggg   aaa   bbbooouuunnndddaaarrryyy   lllaaayyyeeerrr   
cccooonnnvvveeerrrgggeeennnccceee   llliiinnneee   pppaaarrraaalllllleeelll   tttooo   ssstttrrrooonnnggg   lllooowww---llleeevvveeelll   wwwiiinnnddd   aaannnddd   

cccooonnnvvveeeccctttiiivvveee   rrrooollllllsss



MMMeeesssooossscccaaallleee   bbbooouuunnndddaaarrriiieeesss   ddduuurrriiinnnggg   IIIHHHOOOPPP___222000000222   
Weckwerth et al. (2004) 

   



DDDrrryyyllliiinnneee   iiinnn   ppprrreee---ssstttooorrrmmm   eeennnvvviiirrrooonnnmmmeeennnttt   

 Ziegler and Rasmussen (1998)   



OOOuuutttffflllooowww   aaannnddd   dddrrryyyllliiinnneee   ooonnn   JJJuuunnneee   111222,,,   222000000222,,,   ddduuurrriiinnnggg   IIIHHHOOOPPP   
Markowski et al. (2007) 

   
SSSuuurrrppprrriiisssiiinnnggg   fffiiinnndddiiinnnggg:::    convergence and vertical motion fields 

were dominated by boundary layer motions rather than 
by dynamics associated with the mesoscale boundaries.    



DDDrrryyyllliiinnneee   ooonnn   MMMaaayyy   222222,,,   222000000222,,,   ddduuurrriiinnnggg   IIIHHHOOOPPP   
Buban et al. (2007) 

   



KKKeeeyyy   qqquuueeessstttiiiooonnn:::   
HHHooowww   dddooo   mmmeeesssooossscccaaallleee   

fffooorrrccciiinnnggg   aaannnddd   bbbooouuunnndddaaarrryyy---
lllaaayyyeeerrr---ssscccaaallleee   ppprrroooccceeesssssseeesss   

iiinnnttteeerrrppplllaaayyy   iiinnn   ttthhheee   
dddeeevvveeelllooopppmmmeeennnttt   ooofff   dddeeeeeeppp   

cccooonnnvvveeeccctttiiiooonnn???   



RRRooollleee   ooofff   lllooowww---llleeevvveeelll   (((bbbooouuunnndddaaarrryyy---lllaaayyyeeerrr)))   ssshhheeeaaarrr   
Weckwerth and Parsons (2006) 

   
Convection inhibition 

without shear (a) 

Convection promotion 
with shear (b) 

   



VVVooorrrtttiiiccciiitttyyy   ooofff   uuupppdddrrraaafffttt   eeennnhhhaaannnccceeeddd   ttthhhrrrooouuuggghhh   
iiinnngggeeessstttiiinnnggg   bbbooouuunnndddaaarrryyy   lllaaayyyeeerrr   vvvooorrrtttiiiccciiitttyyy   

Wallace and Hobbs (2005) 

   



CCCBBBLLL   vvvaaarrriiiaaabbbiiillliiitttyyy   aaassssssoooccciiiaaattteeeddd   wwwiiittthhh   cccooonnnvvveeeccctttiiivvveee   rrrooollllllsss   

Weckwerth et al. (1996)   



SSSaaattteeelllllliiittteee   aaannnddd   rrraaadddaaarrr   iiimmmaaagggeeesss   
ooofff   cccooonnnvvveeeccctttiiivvveee   rrrooollllllsss   

      



RRRaaadddaaarrr   ooobbbssseeerrrvvvaaatttiiiooonnnsss   ooofff   IIIHHHOOOPPP’’’sss   MMMaaayyy   222222,,,   222000000222,,,   dddrrryyyllliiinnneee   
Buban et al. (2007) 

   



BBBLLL   ffflllooowww   ssstttrrruuuccctttuuurrreee   iiinnn   dddrrryyyllliiinnneee---nnnooorrrmmmaaalll   dddiiirrreeeccctttiiiooonnn   (((IIIHHHOOOPPP,,,   MMMaaayyy   222222)))   
Buban et al. (2007) 

   



BBBLLL   ffflllooowww   ssstttrrruuuccctttuuurrreee   iiinnn   dddrrryyyllliiinnneee---pppaaarrraaalllllleeelll   dddiiirrreeeccctttiiiooonnn   (((IIIHHHOOOPPP,,,   MMMaaayyy   222222)))   
Buban et al. (2007) 

   



CCCooonnnccceeeppptttuuuaaalll   vvviiieeewww   ooofff   ffflllooowww   iiinnnttteeerrraaaccctttiiiooonnnsss   iiinnn   dddrrryyyllliiinnneee   eeennnvvviiirrrooonnnmmmeeennnttt   
Buban et al. (2007) 

   



CCChhhaaarrraaacccttteeerrriiizzziiinnnggg   ssshhheeeaaarrreeeddd   CCCBBBLLL   ffflllooowww   ssstttrrruuuccctttuuurrreee   
Shear vs. buoyancy forcing in the surface layer (Lecture II): 
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 is the M-O length.   

Shear vs. buoyancy forcing in the CBL: 
/iz L− , where iz  is the CBL depth scale (inversion height).   

Can also be expressed in terms of ratio of two velocity scales: 
3
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, where 1/3( ' ')iw z w b∗ = , 1/2( ' ')u u w∗ = − . 

Large /iz L−  → dominance of buoyantly produced turbulence 
organized in cells on large scales.   

Small /iz L−  → dominance of mechanically produced 
turbulence organized in rolls on large scales.   



WWWiiinnnddd   tttuuunnnnnneeelll   mmmooodddeeelll   ooofff   ssshhheeeaaarrreeeddd   aaatttmmmooosssppphhheeerrriiiccc   CCCBBBLLL   
Experimental setup in the thermally stratified wind tunnel of KIT 
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Richardson numbers: 2
*Ri T iw z Tβ −

Δ = Δ  and 2 22
*RiN iN z w −=  

Shear/buoyancy forcing ratio: * */u w , where 1/ 3
* ( )s iw Q zβ=  

 Atmospheric CBL: RiΔT <100 RiN <100  u w* */ <1 
 UniKA wind tunnel: RiΔT <10  RiN <20   u w* */ ≈0.3 
 Water tank, D-W: RiΔT =15  RiN =100  u w* */ =0 (shear-free CBL) 

2 ( / )N dT dzβ=

sQ  sQ  

iz  



TTThhheeerrrmmmaaallllllyyy   ssstttrrraaatttiiifffiiieeeddd   wwwiiinnnddd   tttuuunnnnnneeelll   ooofff   KKKIIITTT   
 Interior of the tunnel Exterior of the tunnel 

  
 Visualized CBL flow Visualized neutral BL flow 

  



   

Entrainment in the horizontally evolving CBL

LES, instanteneous T

Visualization in the wind tunnel
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SSShhheeeaaarrr   vvveeerrrsssuuusss   eeennntttrrraaaiiinnnmmmeeennnttt   iiinnn   cccooonnntttrrrooolll   ooofff   ttthhheee   CCCBBBLLL   gggrrrooowwwttthhh   
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SSSiiimmmuuulllaaattteeeddd   ssshhheeeaaarrreeeddd   vvvsss...   ssshhheeeaaarrr---fffrrreeeeee   CCCBBBLLL   ssstttrrruuuccctttuuurrreee   

w at z/zi=0.25

 
zi/L=8 zi/L=11 



SSStttrrruuuccctttuuurrreee   ooofff   CCCBBBLLL   rrreeevvveeeaaallleeeddd   bbbyyy   ppplllaaannnaaarrr   ssspppeeeccctttrrraaa   ooofff   w   

   

   



SSStttrrruuuccctttuuurrreee   ooofff   ssshhheeeaaarrreeeddd   CCCBBBLLL   iiinnn   vvviiiccciiinnniiitttyyy   ooofff   dddrrryyyllliiinnneee:::   III   
Conzemius and Fedorovich, MWR (2008)    

   
   



SSStttrrruuuccctttuuurrreee   ooofff   ssshhheeeaaarrreeeddd   CCCBBBLLL   iiinnn   vvviiiccciiinnniiitttyyy   ooofff   dddrrryyyllliiinnneee:::   IIIIII   
Conzemius and Fedorovich, MWR (2008)    

   
   



IIInnnttteeerrraaaccctttiiiooonnn   ooofff   sssiiimmmuuulllaaattteeeddd   sssuuupppeeerrrccceeellllll   wwwiiittthhh   CCCBBBLLL   rrrooollllllsss   
Courtesy of Chris Nowotarski    

   



SSStttrrruuuccctttuuurrreee   ooofff   sssiiimmmuuulllaaattteeeddd   CCCBBBLLL   rrrooollllllsss   
Courtesy of Chris Nowotarski    

   

   



DDDeeevvveeelllooopppmmmeeennnttt   ooofff   ccceeellllll   mmmooovvviiinnnggg   aaacccrrrooossssss   CCCBBBLLL   rrrooollllllsss   
Courtesy of Chris Nowotarski    

   
(X,Y) cross sections of vertical velocity at 275 m AGL (shaded), vertical vorticity at 25 m AGL (red), from 0.005 s−1 at 0.005 s−1 intervals 
in (a,c,e), and at 4 km AGL from 0.01 s−1 at 0.01 s−1 intervals in (b,d,f) Simulated reflectivity >0 dbz at 1 km AGL is in transparent gray. 



DDDeeevvveeelllooopppmmmeeennnttt   ooofff   ccceeellllll   mmmooovvviiinnnggg   aaalllooonnnggg   CCCBBBLLL   rrrooollllllsss   
Courtesy of Chris Nowotarski    

   
(X,Y) cross sections of vertical velocity at 275 m AGL (shaded), vertical vorticity at 25 m AGL (red), from 0.005 s−1 at 0.005 s−1 intervals 
in (a,c,e), and at 4 km AGL from 0.01 s−1 at 0.01 s−1 intervals in (b,d,f) Simulated reflectivity >0 dbz at 1 km AGL is in transparent gray. 



FFFrrrooommm   

 

tttooo   aaannnooottthhheeerrr   tttyyypppeee   ooofff   cccooonnnvvveeeccctttiiivvveee   wwweeeaaattthhheeerrr:::   

ddduuusssttt   dddeeevvviiilllsss!!!   



DDDuuusssttt   dddeeevvviiilllsss   
Courtesy of Junshi Ito    

   

   



LLLEEESSSiiimmmuuulllaaattteeeddd   ddduuusssttt   dddeeevvviiilllsss   ooonnn   EEEaaarrrttthhh   aaannnddd   MMMaaarrrsss   
Gheynani and Taylor (2010)    

   



EEEffffffeeecccttt   ooofff   aaammmbbbiiieeennnttt   rrroootttaaatttiiiooonnn   ooonnn   ddduuusssttt   dddeeevvviiilllsss   
Ito et al. (2011)    

   
DDDuuusssttt   dddeeevvviiilllsss   iiinnn   LLLEEESSS   dddooommmaaaiiinnn   

(a)→ 
aω  ambient = pω  planetary 

(b)→ 
aω  = 10 pω  

(c)→ 
aω  = 100 pω     



CCCooonnnvvveeerrrgggiiinnnggg   ffflllooowww   aaannnddd   vvvooorrrtttiiiccciiitttyyy   iiinnn   DDDNNNSSS   ooofff   CCCBBBLLL   

   
Thanks to Jeremy Gibbs (my Ph.D. student, OU) 


