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1. Introduction 

Since terrain - fo l lowing ver t ica l  coordina te  (s igma)  sys tem (Phi l l ips  1957;  Gal－ C h e n  a n d  

Somervi l le  1975)  has  been  used  extens ive ly  to  a c c o m m o d a t e orography in  models  fo r  a tmospher i c  

f lows ,  mos t  o f  ex i s t ing  communi ty  meso - sca le  a tmospher ic  numer ica l  mode l  in  the  word  a re  us ing  

the terrain - fo l lowing  coord ina te  as  the  ver t ica l  coord ina te .  However ,  a  p roblem tha t  has  rece ived  

a t t en t ion  ra the r  ea r ly  in  the  deve lopment  o f  sigma  sys t em p r imi t ive  equa t ion  mode l s  i s  t ha t  o f  t he  

noncance l l a t ion  e r ro r s  in  the  two  t e rms  o f  the  g rad ien t  fo rce  in  the  momentum equa t ion  

(Smagor ingsky ,  e t  a l .  1967) .  Mes inger  and  Jan j ic (1985) ,  among o thers ,  have  found  tha t  e r rors  in  

compu t ing  t he  ho r i zonta l  pressure  gradient  force  in  models  us ing  a  s igma coordina te  can  be  

substant ia l  in  the  vic ini ty  of  s teep topography.  To minimize this  error ,  a  s tep-mounta in  ver t ica l  

coordinate ,  the  so -cal led  “ e ta  coord ina te” ,  i s  implemented  in  the  Nat iona l  Centers  for  

Envi ronmenta l  p red ic t ion  (NCEP)  Meso  E ta  Mode l  (Mes inger  e t  a l .  1988)  in  which  the  topography  

is  represented as  discrete  s teps  (s tep mountain) .  Recent ly ,  representat ion of  topography,  i .e . ,  the  

“ shaved cel l”  app roach ,  and the  numerical  scheme for  the  equa t ions  of  geophysica l  f lows,  in  which 

the height  is  used as  vert ical  coordinate,  have been proposed (Adcroft  e t  a l .  1997;  Marshal l  e t  a l .  

1997;  Bonaventura  2000) .  I t  i s  reasonable  to  expect  tha t  a  goa l  of  running  a  reg ional  model  a t  a  

hor izonta l  reso lu t ion  o f  O(100)  m may  be  a t t a inab le  in  the  nea r  fu tu re ,  and  the  topography  may  then  

be more accurately  represented.  In  such a  s i tuat ion,  i t  seems natural  to  search for  an al ternat ive that  

wi l l  be  bet ter  su i ted  to  handle  the  s tep  topography and complex objec ts  o n t h e  surface  for  the  

high - resolut ion models  current ly  used as  wel l  as  a  future  model  expected to  run with  a  f iner  

reso lu t ion . 

2. Concept of the numerical framework 

In  th i s  work ,  F in i t e  Vo lume  Method  (FVM)  in  con junc t ion  wi th  the  S IMPLER (Semi- Impl ic i t  

M e t h od for  Pressure-Linked  Equa t ion  Revised ;  Pa tankar  1980)  a lgor i thms  i s  used  for  ca lcu la t ions  o f  

the  uns teady,  three-d imens iona l ,  compress ib le  Navier - Stokes  equat ions  on  a  s taggered  gr id .  

Abandoning  the  cus tomary  t e r ra in - fol lowing normal izat ion,  the  Car tes ian  coordinate ,  in  which the  

height is  used as  the  vert ical  one,  is  chose.  A Cartesian- gr id  sys tem approach,  which consis ts  of  the  

var iab le  regula r  ce l l s  and  a  spec ia l  t rea tment  o f  the  boundary  ce l l s ,  i s  p roposed  for  express ion  of  the  

arbi t rar i ly  complex geo me t r i e s .  B lock ing-o f f  Method  (Pa tanka r  1980)  i s  t hen  in t roduced  to  hand le  



the  s t eep  topography  and  complex  ob jec t s  above  the  Ear th’ s sea- level  surface ,  thus  resul t ing in  a  

robus t  and  e f f i c ien t  numer ica l  scheme which  a l lows  fo r  app l i ca t ions  to  meso - sca le  f lows  over  

complex  orography .  The  spa t ia l  d i sc re t iza t ion  i s  ob ta ined  by  a  f in i t e  vo lume technique  on  the  

s taggered  gr id ,  and  h igher -o rde r  upwind  convec t ion  scheme  i s  employed  to  r e l a t e  t he  f lux  a t  each  

cont ro l  vo lume face .  For  the  tempora l  in tegra t ion  of  the  equa t ion ,  the  fu l ly  t ime  impl ic i t  scheme i s  

u t i l ized.  As the  ful ly  impl ic i t  temporal  d iscre t izat ion is  used，the  t ime s tep  can  be  de te rmined  only  

physica l  cr i ter ia  and accuracy cons ide ra t ions.  

3. Cases test of the direct numerical simulation（DNS）on flow over a cube, complex objects and 

mountain 

As cases  tes t ,  the  model  has  been  run  on  f lows  over  a  s imple  cube ,  complex  ob jec t s  (F ig .  1 )  and  

mounta in  (F ig .  2 ) .  The  s imula t ions  show a  sa t i s fy ing  resu l t .  We found  tha t  th i s  approach  of  

p resen t ing  the  compl ica te topography in  Car tes ian  co o r d i n a t e i s  easy  and useful .  Some extens ive  

tests  are st i l l  performed for cases wit h  t h e  t h r e e -d imens iona l  computa t ions  on  f low over /a round  a  

s teep mountain  for  d i f ferent  s i tuat ions .    
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F ig .  1  F low over  complex  objec ts          Fig .  2 .  F low over  a  mounta in  

(hor izontal  veloci ty  u  near  surface;             (hor izonta l  ve loc i ty  u  on  ver t ica l  sec t ion; 

Re=800)                   Re=800) 


